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CHAPTER |

INTRODUCTION

This chapter gives complete introduction to the present subject and survey of the
existing work. Various concepts, techniques and studies have been discussed in detail
. lon-solid interactions and the importance of the present subject have been highlighted.

Thiswill also provide an outline of the complete thesis.

11 INTRODUCTION

The main objective of this thesis is to discuss and highlight the importance of ion
beam methods to measure and engineer the strain and other parameters of semiconductor
multilayers. It contains the experimental and theoretical work that has been done in this
direction. Also described are the experimenta facilities that have been designed and
fabricated for performing the above mentioned experiments. Other experimental

techniques, facilities and theoretical models have also been described in detail.

"lon beam based research” plays mgor role in the development of science and
technology. Rutherford's a - scattering experiment was the first successful attempt to
study the structure of atom. Since then, ion beams have been used as probes to study the
structure of atom, nucleus and fundamenta particles. Such studies have originated the
development of modern science on one hand and technology on the other hand via ion
scattering and ion implantation techniques respectively. The ultimate goa of the subject
IS to understand the basic principles of ion - solid interactions and then to apply those
principles in the development of modern technology. It has its roots in almost al areas of

science like for example material science, medical and biophysics, atomic physics,



nuclear physics etc. Here we concentrate basically on material science where the major
interest in the current state of art lies in the studies of effects of high energy heavy ions
caled as Swift Heavy lons (SHI) on materid properties. lon beams are used to
characterize materials as well as to modify them. Hence one should be careful enough to
avoid any modification while using ion beams as characterizing tools by choosing proper
beam parameters and detection systems. Similarly one can combine both these techniques
to study the online modifications because the same beam that is causing modification can
simultaneously be used as material probe. This unique capability of ion beams opens up
the possibility to realize controlled modifications. Although this thesis doesn't contain
any online experiment, it shows a way to desgn and perform such experiments.
Necessary equipment has also been developed. One such experiment has been performed
as an initial step but it will present only qualitative results. Here both the characterization
and modification methods have been exploited to measure and modify the strain and
other parameters of semiconductor multilayers (superlattices) for the integration of

optoelectronic devices.

12 10N SOLID INTERACTIONS (BASIC CONCEPTYS)

When an energetic ion passes through a materia it will either interact with the
nuclei or the electronic subsystem of the materia or both, depending on its energy [1,2].
As aresult, it will loose its energy to the materia by two corresponding processes called
as nuclear energy loss (S,) and electronic energy loss (S.). The loss of energy at low ion
energies (<10 KeV/amu) is by elastic collisions referred as nuclear energy loss or nuclear
stopping, where as the energy loss a higher energies (>1 MeV/amu) is by inelastic
collisions resulting in excitation or ionization of atom is referred as electronic energy loss
or electronic stopping. In a narrow range of energy (in between the above two energies)

the contribution of electronic and nuclear process are comparable.

Nuclear stopping dominates in low energy region where the ion undergoes elastic
collisions with the atoms of the material. As a result the target atoms are displaced from

their sites, creating vacancies and displaced atoms in intergtitial sites. Large amounts of



such defects will be introduced into system and will modify some of the important
properties of the materials. Hence study of such process will help in engineering the
material properties. These ions will be implanted in the materials at certain depth (called
range) when they are completely stopped within the material. The range of the ion
depends on the ion energy and materia properties. Well established theory [1-3] and
simulation programs (like TRIM* [4]) are available to calculate these stopping powers
and ranges for different ion, target combinations. lon implantation has been exploited
extensively in the development of present day's technology [3,5]. Low energy irradiation
in multi/bi layer targets causes intermixing of different element at the interface [6]. This
will influence the diffusion properties of the materials and will help in making aloys of
different elements for various applications. Such process called as ion beam mixing has
also been studied and utilized rigoroudly [6,7]. Chemically immiscible systems can aso
be mixed with this technique. These elastic collisons are also used to characterize
different materials. In fact ion beams were initidly used only for characterization
purpose. These details are given in section 14. The interaction of low energy ions with

the matter has been thoroughly studied and applied in the technology devel opment.

The other process, i.e the electronic stopping of ions in matter, dominates in the
high energy region when the ion velocity is comparable or grater than that of valence
electrons of the target material. In the electronic stopping, the incident ions make
inelastic collisions with the atoms of the material and the atoms either get excited or get
ionized. This high energy (MeV) irradiation of materials causes modification to their
properties, which is distinctly different from the above discussed low energy
modifications. Therefore, ion beam modification of materials produced by swift heavy
ions has become an important area of research in the recent years. This process cause
different effects in different materials. It creates columnar defects in high T,
superconducting materials [8], cylindrical tracks in polymers [9], amorphization [10] and
re-crystalization [11] in some materials, phase transitions [12], structural changes [13]
etc. lon beam mixing discussed in the low energy region has a new dimension in this

energy region with several advantages [14]. This techniques has been applied in the

! TRansport of lons in Matter (TRIM).



bandgap tuning of semiconductor superlattices and other semiconductor materials [15].
The present work also deals similar problem [16,17]. These details along with complete
literature survey are given in chapter 4.

There are some important considerations while selecting ion-target combinations
for studying the electronic energy loss process. One should see, so that the nuclear
stopping is very low and can be neglected when compared to electronic energy loss. Then
one can study the pure effects of electronic stopping. The ion energy and film thickness
are to be chosen such that the S is constant (homogeneous) throughout the film. These

measures can easily be taken with the help of smulation software like TRIM.

In fact it is expected that the SHI interact only with the electronic subsystem of
the material. So no atom should move in the influence of the SHI irradiation, but the
movement of target atoms is evident from above mentioned effects. In this connection
SHI irradiation studies attain importance from the fundamenta need of understanding
this energy transfer mechanism in this energy region. It is believed that the high-energy
beam looses its energy to the electronic subsystem of the target material, and then this
energy will be transferred to the lattice atoms via the electron phonon coupling. There are
two models namely "Coulomb exploson modd [18]" and the "Therma spike model
[19]" to explain such energy transfer mechanisms. According to the Coulomb explosion
model, a positive ion core along the ionizing path of the energetic beam repels the nearby
atoms. This causes a radial motion of the atoms sitting around this core. This moddl is
applicable for the insulators like polymers. Therma spike model assumes that the
inelastic energy loss of the energetic beam produces very high temperature, which exists
for a very short time, thereby caled as therma spike. During the spike period the
material will melt because these temperatures are very well above the melting
temperatures. Diffuson occurs in this molten state but it cannot come back to the
equilibrium because of the rapid quenching. Therma spike is shown to be more
responsible for the mixing occurring at the metal-metal and metal - semiconductor
interfaces. These two models are described in fig.(l.I) in the form of atable. SHI induced

mixing (in various systems like metal-metal, metal-semiconductor and semiconductor-



emiconductor) has been recently studied by several authors [14,15, 20 &21]. The basic
thrug of such work is to understand the above mentioned energy transfer mechanism as
well as to make new materials for novel device applications. Very few such studies have
been reported in semiconductor superlattices. Here we studied the effects of SHI in such

technologically important structures.

Swift Heavy lons in Matter (SHlMﬂ

Passage of Ion through material causes excitation / ionization of atoms

£10Ys . v = lcm/ns

£~ Simultaneous / Competing process

!
Coulomb Thermal Spike
explosion
Et|+ >
+l+ Electrons emitted in secondary process & delta
+]+ electrons causes heating of narrow cylindrical zone ~

&+ + =% 1000 K in 10 "** s region

Preferred in Transfer of electronic energy to lattice by electron

insalators phonon coupling Temperature & time profile

Fig. 1.1: Description of Coulomb explosion and Thermal spike models

to understand the ion solid interactions in high energy region.
13 SYSTEMS OF INTEREST (THE MOTIVATION)

Semiconductor superlattices have potential device applications [22-26] for high
performance detectors, high speed and high frequency digital and analogue circuits. The
usefulness of these structures is that, they offer precise control over the states and
motions of charge carriers in semiconductors, which is possible because of the ability to
tailor the band structure of these materials. As a result, the electronic and optoelectronic
properties are enhanced manifold. These are basically multilayers with different band gap



on ether side of each interface, and therefore called as heterostructures. The band
structure of these materials depends on the band structure of each layer and the band
offsets at each interface. Such structures made of I11-V binary, ternary, or tertiary
compound semiconductors have more applications in the optoel ectronics because of their
direct band gap nature. For example, the direct band gap nature of GaAs is shown in fig.
12a in comparison with most famous indirect band gap semiconductor Si. The band gap
of these materials can be chosen by sdlectively choosing the composition of different
constituent elements as shown in figures 12b & c. [5,25]. They show very low electron
effective mass (fig. 1.2d) which is revealed itself by very high electron mobility and the
ionic component in the crystal binding. Crystal binding is an important difference
between these 111-V compound semiconductors and the elemental semiconductors. The
invention of semiconductor laser and the discovery of the Gunn Effect have mobilized
the researchers in this area. The hetero junctions, quantum wells and superlattices are al
byproducts of this research. They play mgor role in the present day's electronics and

optoel ectronic devices [25,26].
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Fig. 1.2a: Smple band structure of S and GaAS
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Fig. 1.2c: A part of fig. 1.2b to focus on InGaAs and InGaAsP materials
which are studied in this thesis.
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Fig. 1.2 (Taken from standard literature and text books)

All layers of a superlattice will have similar crystal structure and lattice
parameter. Alternating layers of two materials are grown with equal layer thickness of
layers of the same materials. The sum thickness of the bi-layer which is repeated to make
a superlattice is called as the period of the superlattice. The name superlattice is referred
to this extra manmade symmetry in the growth direction. This symmetry is reflected in
many experiments like X-ray diffraction (a superlattice interference pattern is commonly
observed for example see Fig. 4.4). Multi-layer with smadl lattice mismatch leading to
compressive or tensile strain in the alternating layers is called Strained Layer Superlattice
(SLS). With the advent of epitaxia growth techniques like Molecular Beam Epitaxy
(MBE) [27] and Organo Meta Vapor Phase Epitaxy (OMVPE) [28], it is possible to grow
crystals with monolayer precision, maintaining the crystalline quality to a very high
accuracy. Atoms deposited on a substrate take positions corresponding to the potentia



minima of the lattice sites. Hence in the strained-layer epitaxy, despite the difference in
substrate and deposit lattice parameters, deposit atoms are constrained to the substrate
interatomic spacing in the plane of the interface as shown in fig. 1.3. Corresponding
change occurs in the perpendicular lattice parameter due to the Poisson effect (figl.3).
The strain in the epilayer due to the tetragonal  distortion improves the device
performance and is a parameter for taloring the device performance [24]. The
strain energy increases with increase in thickness of the epilayers and beyond a critical
thickness, the strain relaxes to generate misfit dislocations (fig. 1.3) which deteriorate the

device properties.

;

Substrate Lattice Matched

Ep:? layer

O--16

o

Strained Misfit dislocation

Fig. 1.3: Growth process and conceptual diagrams to describe 9.S

Strained layers offer the ability to select an alternative energy band structure for

applications to various semiconductor devices which is not possible by lattice matched



systems. Band gap increases with compressive strain, hence it is possible to achieve new
range of band gaps. The strain across the interface increases the valence or conduction
band offsets which alow more electrons or holes to be accumulated in the two
dimensional electron gas. This increases both the speed and current drive of the devices
that are made by SLS such as MODFET?s, HBT’s. The emitter efficiency of HBT can be
improved by using strained layer hetero junction as base emitter junction. Presence of
strain lifts the cubic symmetry of unit cell which reflects on the band structure of the
material. The degeneracy in the valence band at k=0 point will be lifted by this effect.
Hence heavy hole and light hole bands will be split into two separate bands by decreasing
the density of holes at the valence band maximum. This will reduce the required
threshold current of strained quantum well lasers. Hence this splitting in the valence band

has been used in improving the emission properties of quantum well lasers.

Spatial bandgap tuning of SLS (or any heterostructure) is important because the
integration of photonic circuits demand different optical bandgaps for different devices.
Meeting such band gap requirements is quite difficult during the growth. Hence the
alternative way is to alter the bandgap after growing the structures. Compositional
disordering and mixing at the interface by ion implantation and subsequent thermal
annealing is normailly employed [29-31]. This intermixing can be achieved by swift
heavy ions, which alter the strain [16,17]. It will be useful in engineering the strain at the
interface. These details are discussed in detail with specific reference to current state of

art in chapter 4.

Both, the lattice matched and coherently grown strained systems have their own
applications. The strain produced in SLS is a parameter for tailoring the device
performance. Therefore the strain measurements and modification are of great interest.
We have studied such effects in strained In,Ga.xAS/GaAs and lattice matched
IN0.43Ga0.57AgINP systems. All these results will be discussed in detail in the following
chapters.

Modulation Doped Field Effect Transistor (MODFET) and Heterojunction Bipolar Transistor (HBT)
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14 10N BEAM CHARACTERIZATION TECHNIQUES

The use of ion beam techniques for materials analysis [32-34] is another but an
important aspect of ions in materials. Energetic charged particles have been used to probe
over a wide range of distances from a Fermi in Nuclear Physics (NP) to orders of
Angstroms in Condensed Matter (CM). The atomic structure was probed using alpha
particles, early last century and ever since the energetic particles have been used
extensively as probes in CM, NP and Atomic Physics. During last 3 to 4 decades even
other particles like electrons, positrons, protons and heavy ions have been used for these
studies. The properties probed are as wide ranging as electronic process, lattice
properties, radiation damage and more recently the strain produced due to lattice

mismatch in multi layers and quantum well structures.

lon beams are used for compositional analysis and the depth profiling of different
materials [32-34]. They are used for determining the crystalline quality of single crystals
and epitaxial films. lon beams are used extensively to diagnose the presence and nature
of different types of defects and strains.  The non-destructive nature of ion beam analysis
is akey positive feature as compared to other techniques like SIMS®, TEM? etc. There is
a possibility of radiation damage or materials modification (IBM) in the sample by
irradiation during the ion beam analysis (IBA) but one can take proper care while
choosing ion-target combination to avoid /reduce such effects to a negligible level. One
can also use the combination of both IBM and IBA for online monitoring of IBM as

discussed in the introduction.

14.1 RBS and ERDA

Rutherford Backscattering Spectroscopy (RBS) [32-34] and Elastic Recoil
Detection Analysis (ERDA) [34-38] are two powerful and complementary techniques to
determine the thickness, composition, defect densities and strains. These are well
established and well used techniques in lon beam analysis [34]. In RBS, a few MeV He



or other light ions are made incident on the sample and the scattered particles are detected
at back angle. The energy of the back scattered particles depends on the mass of the
scatterer and the depth at which the scattering took place. Therefore it alows the
determination of the masses in the sample and their distribution inside the sample. The
scattering yield gives a measure of the atomic concentration of each target element. RBS
has poor sensitivity for light elements especidly lighter than the substrate. The sensitivity
of RBS is overcome by its complimentary technique ERDA where the recoils emerging
from atilted target sample are detected in forward direction at an angle larger than the tilt
angle. Instead of light particles, heavier projectiles are employed from heavy ion
accelerators. Scattered ions and unwanted heavy recoils will be stopped in a stopping fail
placed in front of the detector.

14.1.1 Kinematics of RBS & ERDA

RBS and ERDA are governed by simple elastic collisions between the projectile
and the target atom. So the kinematics can be obtained using conservation principles
(both conservation of energy and momentum). Fig.(1.4) shows the schematic diagram of
the basic kinematics involved in these two processes. Part of the incident particle energy
will be transferred to the target atom depending on its mass and provides the signature of
target atom. The ratio of the scattered/recoiled particle energy to that of the incident
particle is defined as kinematic factor. These kinematic factors obtained from

conservation principles are given by

2
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Where M; and M, are masses of projectile and target atom; E,, Es and E; are the projectile,
scattered and recoiled energies respectively. € is scattering angle and @is recoil angle
which are actually detector angles in respective experiments. Since we know the incident
beam parameters and detector angle we can calculate M, if we can measure E; (eq 1.1) or
E; experimentally. Radiation detectors are generally used to measure these energy values
[2]. For example such an experiment on an ultra thin film gives different peaks on the
energy axis (scatter/recoil) corresponding to different elements in the film. Higher mass
will have maximum energy and vice versa. Hence one can identify the constituent
elements of a given target material. This capability of RBS/ERDA has been exploited

very well by researchers and industries.

RBS E;=f6E, m ,m,)
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Detector  *~.

Incident Particle
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Fig. 1.4: Kinematicsof BRSand ERDA



14.1.2 Compositional analysis

The identity of target atom is established by the energy of the scattered particle
after an elastic collision. The number Ns of target atoms per unit area (areal atomic
density) is determined by the probability of a collision between the incident particles and

target atoms using the simple formula

Where Yis the yield (total number of detected particles), Q is detector solid angle®, Q is
fluence (total number of incident particles per unit area), and o is scattering cross-section
(a function of 6 in RBS and @in ERDA). Scattering cross-section is defined as the likely

hood of acollision and is given by
| rdo

o(0)=0o(p)=— |—dQ 14
(0) =o(¢) a Jaa

where the differential cross-section do/d€2 is given by
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The area of the peak corresponding to an element in the (RBS/ERDA) spectrum is a
measure of Ns. Absolute concentration of any particular element can be obtained if we
can calculate the exact cross-section values or by comparing the result with a standard
calibration sample (with known composition). However relative compositions of different
elements can easily be obtained and hence the stoichiometry of a sample can be

determined using these methods.

14
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1.4.1.3 Depth Profiling

The above given concepts are applicable only if the film is too thin or the signa
is corresponding to near surface region. If scattering takes place underneath the sample
surface then scattered energy is less than that of a particle scattered from same element
but on the surface. This is because the incident particle looses its energy while traversing
in side the sample and similarly the scattered/recoiled particle will also loose its energy
while coming out of the sample. Hence detected energy is less than the actual expected
value. This is inherently carrying information regarding the depth at which scattering

took place. Depth scale can be generated if we know the stopping powers of incident and

“ Detector solid angle is defined as a ratio of detector opening area (active) to the distance between the
target and detector.



detected particles in the given target materia. Fig.(1.5) shows typical experimental
geometry of an ERDA experiment used for depth profiling. It also shows the method to
generate depth scale of different constituent elements. This will also affect the scattering
cross-section because scattering cross-section is a function of projectile energy. Hence
one has to consider the corresponding increase in the yield in compositional analysis in
case of thick targets. Well established programs like RUMP [39] are available to generate
such depth scales. Similar program for ERDA has been developed at NSC and was used
for simulating and analyzing ERDA experiments and data respectively. RBS data has
been analyzed with RUMP simulation code. Explicit formulas for generating depth scales

and for calculating depth resolutions are given in refs. [2-4].

14.14 Large solid angle detection

Large solid angle detection is desirable so as to improve the sensitivity of the
technique. It will improve the statistics and hence the sensitivity. This is very important
requirement in ERDA experiments because heavy ions are bombarded on the sample
during the ERDA experiment. Large solid angle is used to reduce/avoid the radiation
damage by reducing detection time and there by the irradiation time. However it has an
adverse effect in terms of the resolution of the technique. Large solid angle implies a
large detector acceptance (5¢) allowing an angular spread (¢-6¢  to ¢+56¢) instead of a
single recoil angle (¢). This introduces broadening in the energy signal and hence
deteoriates the depth resolution of the measurements. In the case of ERDA the recoil

energy being a function of ¢  (E(¢) =Kcos"'¢) will have a spread [dE(@)/E(@)] of -
2Tangd .

This problem can be addressed by using a position sensitive detector which not
only detects the energy but also the angular information (d¢) of recoils. The correction to
this kinematic broadening known as kinematic correction can be implemented with this
information. Detected energy is to be multiplied by cos’¢  and then normalized by
cos2(¢ia¢) to avoid such kinematic errors. Assmann et al.[40] demonstrated the use of

such a large area position sensitive detector with the position sensitive feature in ERDA.
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The advantage of such a scheme was to increase the sensitivity without compromising the
depth resolution. It became so popular that other accelerator laboratories including NSC
having high energy heavy ions developed similar detectors [41-43]. Such a detector has
been fabricated and kinematic corrections have been implemented in this thesis work

[43]. Further details and references are given in chapter 3.

14.15 Special features of ERDA

The above mentioned methods are suitable when the elements to be detected (for
determination of concentration) are well separated in mass. If there are elements in the
sample which have neighboring masses, the recoil/scattering energies overlap and it
becomes difficult to distinguish such elements in the sample. It is a sever problem in the
case of thick targets as shown in fig.(1.5). In such situation ERDA has an inherent
advantage in contrast to RBS. In RBS the scattered incident particle is detected al the
time i.e same particle but with different energy is detected corresponding to all
constituent elements but in ERDA different particles are detected as a signature of
different constituent elements. The target atom itself will be recoiled indicating its
presence in the sample. Hence one can selectively detect any required species
independently using mass (or Z) separation methods like magnetic spectrometers. One
can aso separate such recoils by measuring the flight time of recoils because different
masses will have different velocities. Similarly one can measure the energy loss (which is
proportional to MZ?/E) in a thin detector of known material to separate such neighboring
masses. This concept is used in telescope detectors. This particular feature of detecting
different species is an intrinsic advantage of ERDA when compared to RBS and made

ERDA more versatile and accurate technique.

1.4.1.6 ERDA with telescope detectors
ERDA is made powerful by combining it with other particle identification

techniques to discriminate different elements. Most commonly used techniques are time
of flight (TOF) [44,45] spectrometer, DE-E detector telescope [46,47], magnetic
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spectrograph [48,49] and Bragg curve spectrometer (BCS) [50,51]. TOF is best suited for
low recoil energies but has the disadvantage of low detection efficiency for hydrogen and
other lighter mass elements. TOF setups use micro channel plates for timing signals,
which are fragile and require careful handling and good vacuum conditions. BCS uses
relatively simple detector electronics but an additional detector is necessary if position
sengitivity is desired. Also, detection of H is difficult with this technique. A magnetic
spectrograph requires huge magnets and space for the same. It is expensive as well, but it
provides the best possible resolution and is a good choice. Considering al this, the use of
detector telescopes is an ideal choice for identifying neighboring mass elements with
good depth resolution. Such a set up can be designed and fabricated indigenously as per
the requirement. As mentioned above, Telescope detectors consist of two detectors. First
one is used in transmission mode so that the recoils going through lose a fraction AE of
their energy. Rest of the energy £re = E-AE is deposited in the second detector, which
has such a thickness that the recoils get stopped in it. The recoil energies have to be high
enough to overcome the detector entrance window and the transmission type AE detector.
The energy lost, AE in the first detector, depends on the atomic number and the mass of
the recoil. Thus the energy lost by the recoils of different elements having almost
identical energies is different and can be used to identify the atomic number (Z) of recoil.
Total energy is obtained by adding the energies AE and E.s Obtained from the first and
second detector after proper calibration of the electronic gains in the two detectors. Plots
drawn between AE and E, known as E-AE spectrum will have separate bands for each
element. These detectors are caled as E-AE telescopic detectors. There are different
possible configurations for telescope detectors. Using a transmission type thin solid state
detector as AE detector and thick solid state detector as Eiest detector is one of the choices.
The use of a gaseous detector for AE is another choice coupled to a solid state detector as
the E detector. The third choice is using the gaseous detector for both the AE and Eres
measurements. The main advantage of the gaseous type detectors is that these are
insensitive to radiation damage, rugged and can be fabricated indigenously. On the other
hand, the solid state detectors are prone to radiation damage, besides being fragile

(especialy AE detectors) and are expensive. A gaseous Large Area two dimensional



Position Sensitive AE - E Detector Telescope (LAPSDT) has been fabricated as a part of
the thesis work [43]. The design and development of this detector are given in chapter 3.

14.2 1on Channeling & Blocking

14.2.1 The channeling (blocking) effect

Initially, the scattering process discussed above is believed to be independent of
the sample orientation and hence scattering formulae did not consider any of such
information. Later on strong orientation effects were observed while performing
sputtering studies on a single crystal materia [52]. This specia effect observed in single
crystals is named as channeling effect. When the incident ion beam is directed along a
high-symmetry crystal direction, then it will undergo a correlated series of smal angle
gentle scatterings as shown in fig.(1.6), a phenomenon known as channeling [1, 32,33 &
52-56]. The yield of close impact parameter events like RBS, ERDA or Inner Shell

excitation is reduced drastically under this channeling condition

Channeling measurements can be made by measuring the incident angle
dependence of yield. These angle Vs yidld plots, known as angular scans, can be used to
map the crystal planes and/or axes. Angular scans define many structural properties and
deformations of the crystal. The Full Width at Haf Maximum (FWHM) of this scan
defines the channeling critical angle below which channeling occurs. Xmin Which is the
ratio of the backscattered or recoiled yield when aligned (Ya) to a crystallographic axis to
that of the random (Yg) condition (i.e., x min =Ya/YR) iS a measure of the crystalline
quality of the sample. The use of ion channeling in conjunction with RBS/ERDA
provides a measure of the crystalline quality as a function of depth. Channeling is
sensitive to lattice defects (or disorder) and has been enormoudly used to study many
types of defects exist in crystals [52,53].
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Similarly particles that are originated within the crystal and are emerging out will
be blocked in the directions of crystal axes or planes a phenomenon is known as blocking
(or blocking effect) [54]. Lindhard suggested and proposed [56] that the blocking effect is
a time reversal of channeling effect and all results obtained from both the techniques
should be identical. Scattered particles in RBS and recoils in ERDA are originated within
the crystal and will experience blocking effect. Hence recoil/scattering yield from such
targets is not isotropic in the space and patterns equivalent to those in transmission
channeling can be seen using a two dimensional position sensitive detector. Blocking
effect has long been used in nuclear lifetime measurements [57]. Karyaman [58] first
demongtrated the explicit use of Blocking/ERDA in material characterization.
ERDA/blocking has recently been used to monitor the online radiation damage [59] and

has magjor applications in performing controlled modification experiments.

1423 Channeling theory

When single crystals are bombarded with charged particles along one of their
mgor crystallographic directions or planes, they travel longer distances in the crystal than
their ranges predicted by simple stopping power theories like Bethe-Bloch formula
[56,1,2]. When a charged particle moves along some directions (around axes or planes),
under certain conditions it may not be able to fed the interaction due to individua atoms
sitting along particular axial or planar direction, so that the moving particle experiences
only continuum strings or planes. The condition for this to happen has been derived by
Lindhard [56] and Erginsoy [60] in an analysis based on the idea that 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. This
implies that before the particles feels presence of one atom, it is already in the field of
next atom along the same direction. It will see only continuum potential instead of
individual atom field. This model is called Lindhard's continuum model
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Fig. 1.7a: Axial case Fig. 1.7b: Planar case

Fig. 1.7: Channeling conditions & Continuum model (geometry)

Mathematically the above-mentioned continuum condition can be written as

rmin > d 17

vsiny  vecosy

Where ¥is the incident angle that the incident particle moving with the velocity v makes
with the channel axis, rn, is the minimum distance of approach to the string and d is the
interatomic spacing along the axis. This is depicted in fig.(1.7) for both axia and planar
cases. According to the continuum approximation, rn, is determined by equating the
repulsive interaction due to the continuum string with the transverse kinetic energy, the
effect of other strings being negligible when the ion is approaching one of them. The
continuum potential U(r) is obtained by averaging the interatomic potential along the

string within the framework of simple superposition principle and one gets,

Ui(r)y= W%V(

-

zz+r2) 18

where r is the distance from the strings and V(R) is the interaction potential. For Lindhard

standard potential
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Where R is the interatomic distance, C = (3)¥? is the Lindhard constant and a is the
Thomas-Fermi screening radius. Substituting this from of interatomic potential in eq.
(1.8) one gets

.2 o N2
U(r) = ‘—Z'—Zf— IHHEEJ + 1} 1.10

¥

The accurate value of r, can be obtained under the smal r conditions of the above
equation because the particle will be able to go much closer to the string. This equation

together with the eq (1.7) gives the range of validity of continuum approximation as

follows.
w <y, =+2Z,Z,e*/dE forenergies E > E, = 2Z,Z,e*d | a’ 111
and
v <y, =4Cay, /d~2 for lower energies E < E, 112

¥, and ¥, are then the critica angles for channeling in these energy regions. For the
planar case, the continuum potential can be obtained by averaging over the particular

plane and the corresponding critical angle can be derived as

v, =27V, Z,Z,e’al E 113

Apart from the Lindhard interatomic potential many other interatomic potentials were
derived by several authors [61-63]. Suitable interatomic potentials are used depending on
the problem and experimental conditions. Quantum mechanical approach with relativistic
considerations is necessary for describing the channeling of light energetic particles like
electrons and positrons [64-68]. Chapter 6 deals with such theory of light relativistic

23



particle channeling and the corresponding radiation called channeling radiation. This
theory has implications to the effects of strains in semiconductor multi-layers. However
the present theory is applicable to al experimental work that is presented here in this

thesis.

1.4.2.3 Channeling half angles and minimum yields

14.2.31 Channelins half angles (¥1,)

Critical angles discussed above cannot be directly measured experimentally. It is
because the above mentioned theories assume perfect crystal structures and they do not
consider the thermal vibrations of the lattice atoms. In addition to this, the effect of the
screening offered by the electron cloud to the projectile has also not been considered.
Channeling half angle (¥12) is actually measured during the experiment. ¥, is defined
as the FWHM of the channeling angular scans. Relations between this ¥}, and the above
discussed critical angles are given in standard refs. like [33,34 & 69,70] as fonews, MoONte
Carlo simulations are also available [70,71] to estimate these important parameters.

For axial case (if ¥; > a/d)

v, = 0.8F,s (&), 114

1
2
Where § = 12 u)/a with the therma vibration amplitude u;. Frs is square root of
adimensional string potential using Moliere's screening function. #; and ¢ Vs Frs values

are given in a Gemmel's famous review article [54] for different ion-target combinations.

For axial case (if¥; < a/d) (neglecting the thermal vibrations)

!

W, = 7.5?[%:;/,]2 115

b | -
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For planar case

Vi= 0.72F (45’7)'//;, 116

2
where & = 1.6 uy/a, and 1 =(inter planar spacing dp)/a and the Fpg (& 1), the square root
of adimensional planar potential using Moliere's screening function, values are available

in the review article [54]. These half angle values are comparable with the actual

experimental results.

1.4.2.32 Minimum vield (¥min)

Being a measure of the crystalline quality xmi» is an important quantity to estimate
and compare with the experiment. Best fit expressions to y.:» are given as follows (either

obtained from continuum theory or obtained empirically).

|
(Xmin) i :]‘8'8"]\;0(3""12(1+‘§_2)2 ]f 50)'/2 >Uf/d 1.17
= 18.8]\"'(_1’&"2 if Yyp <<uy/d 1.18
and
2a
: S 119
) =

where & =126u,/(¥,,d); ¥, given in degrees.

14.2.3.3 Secial note for diatomic crystals

All the above mentioned formulae are used for diatomic crystals (GaAs.) in the
present work. In this case of diatomic crystal one has to use the average atomic numbers
and lattice spacing along the rows and planes of interest (<110> in our case). Suitable
multiplication factors are given in ref. [54] to obtain d or d, from crystal lattice

parameter. In these structures some of the rows will have mixed effects with mixed atoms



on the axes or planes. On the other hand they may be mono atomic in which case each of

the mono atomic axis or plane has separate critical angle.

14.24 Applications of channeling

The above discussed theory is vaid only if the crystal is perfect one. In fact, no
crysta is perfect in real life. Some intrinsic defects are always present in actual crystals.
In addition to this some defects are generated using ion implantation / irradiation
performed for modern semiconductor device applications. The isolated potential
introduced by any defects (or defect clusters) present in crystal violates the continuum
potential offered by perfect crystal planes or axes and there by cause dechanneling.
Hence understanding of this dechanneling mechanism is essential prerequisite to
characterize these defects. It is important to know the sensitivity of the channeled
particles (channelons) to different types of defects present in the solids. For example if
the projectile directly hits the defect encountered along its trgjectory (or scatters in the
potential by this defect) then the trgectory is modified and particle gets dechanneled.
Such effects are called obstruction type [64]. Examples are stacking faults, interstitial
atoms, grains or twin boundaries. On the other hand if the defect gives raise to distortion
in a certain region of the crystal, disturbing the regularity of the material in that region
then the particle trgectory modification appears on the extent of distortion, which
depends on the distance from the core of the defect [72]. Such dechanneling is called as
distortion type. Most important example is the dislocation. These extended defects are
well characterized by dechanneling studies [73]. Suitable theory is developed to estimate
the type and densities of different defects from the dechanneling data [63-75].
Identification of different defects and mapping their coordinates within the crystal is also
possible by these techniques [55].

14.24.1 Point Defects

Simple RBS analysis gives the depth distribution of different elements in a given

target material. This information can be used to identify the presence of any foreign
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atoms. This technique combined with the channeling has been used to map the location of
these defects [33,34,55]. When the impurity is Situated on the regular site then it will not
have any effect on the channeling. However when it is located at an interstitial site then it
may obstruct the channeled particles in some crystallographic directions. Thus by
measuring the minimum yield in different orientations one determines the coordinates of
the defect. The theoretical description of these defects is based on the assumption that the
dechanneling is caused by Rutherford scattering of projectile with the impurity atoms.
The dechanneling probability (cross-section) from these theories has the E"? dependence
[1,76]. Hence by measuring the energy dependence of dechanneling cross-section, one
confirms the presence of interstitials. This knowledge combined with the RBS data gives
information on type and concentration of point defects present in a crystal. Their depth
distribution and in fact the location is uniquely determined. Hence channeling technique
combined with RBS has important applications in the development of the modern
advanced materials.

14.24.2 Sacking faults

A stacking fault is another good example of obstruction without any distortion. At
the stacking fault the potential valleys present on one side are obstructed by the potential
hills present on the other side. When a channelon hits a stacking fault, its transverse
energy is changed by 4V andthere is a critical value of 4V correspondingto two critical
positions in the channel, for which the change in transverse energy is sufficient to get
dechanneled. The dechanneling probability is then the probability of channelons
occupying a position between these two critica positions. The tota dechanneling
probability is then obtained by taking into the account of all possible values of the
transverse energy. Dechanneling probability obtained from these calculations is found to
be independent of the incident energy [73]. Hence once again by performing the energy
dependence experiments one can verify the presence of stacking fault in any material.
Smilar theory is developed for the dechanneling of light relativistic particles aso [64].
Severd experiments have been performed to characterize such obstruction effects on the
channeling [77].
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14.24.3 Distortion effects

The most important example of defects that produce the distortion in the channels
is the dislocation. Around the dislocation, the atomic rows and planes exhibit curvature,
which will alter the trgectory of the channelon. As is well known from the dislocation
theory [78], this distortion is maximum near the dislocation core and decreases as one
moves away from the core. Thus one can think of a cylindrical region around the
dislocation axis, the so called "dechanneling cylinder" [72,79] within the distortion is
large enough for most of the particles to get dechanneled. In the region outside this
cylinder the distortion is not enough for dechanneling to occur, although even here the
amplitude of the channelons changes. The dechanneling cross-section is linear with E and
for higher energies and/or heavy ions this is proportional to E? [1]. Hence once again by
performing the energy dependent studies one can characterize dislocations. These
concepts are in fact directly applicable to recently observed nanotube channeling [80].
This is very recent and interesting phenomenon which can be explained with the concepts
proposed in late seventies [72]. Quantum mechanical calculations are made for the case

of light relativistic particles [65,66].

1.4.2.4.3 Applicationto 9L.S

The strain in SLS has a significant role in tuning the important devices properties
for example like bandgap, band offsets etc.. Hence it is important to measure the accurate
value of the strain. On the other hand midfit dislocations generated beyond the critical
thickness deteriorate the device performance. Presence of any such dislocations /
obstructions can be identified by the dechanneling studies discussed above. Simple RBS
can be applied to measure the exact thickness and elemental composition of different
layers of SLS. The strain induced tilt in the off-norma axis can also be measured by
channeling experiments. Hence RBS/Channeling can be readily applied to characterize
these advanced materials [81,82]. These details are discussed in the following section.
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14.3 lon beam methods to probe strainsin SLS

Osbourn [83] gave the first theoretical approach to understand the electronic
properties of SLS. Matthews et al. [84] and People et al. [85] developed two different
theories to estimate the critical thickness and to understand the strain relieving
phenomenon. The results of these theories are not verymuch consistent with each other.
These phenomena are not well understood so far. Very recently Wang et al [86] pointed
out the lack of experimental techniques to study SLS. Severd optical techniques [87,88]
exig to characterize SLS but ion beam techniques give direct, smple and materia
independent results [89]. Lot of work has been done in this fied [89-97]. Kozanecki et al
[94] discussed the difficulty in measuring low strains using low energy channeling.
Moreover Hashimoto et al [98-100] have shown that the beamsteering effect misleads the
find measurements in this low energy region. Nolte et a[101] succeeded to prove the

advantage of high energy channeling/blocking -ERDA to probe strains.

lon channeling technique has emerged as a sensitive tool to measure the strains in
SLS. There are three classes of channeling measurements to determine the strain. They
are dechanneling studies and a special case of dechanneling studies called as catastrophic
dechanneling resonance (CDR) [102]. CDR is the most sensitive to strain, typically,
drain values as low as 0.02% can be measured by carrying out CDR. CDR occurs when
half wavelength k/2 of oscillatory motion of a planar channeled ion beam matches the
pah length per layer (s, aso caled the period of superlattice) 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. At shalow depths, the channeled yield is
smilar to that for a bulk crystal, whereas after penetrating a few layers, almost all of the
beam is dechanneled due to the resonance condition. Although it s a very sensitive
technique but is a complicated one. In the present conditions it is difficult to perform such
experiments with the infrastructure available in India The third and simple technique is
based on the channeling angular scans obtained from RBS/Channeling performed along

off normal axes. This technique has been used in this work and will be described below.
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Apat from these three techniques, a more sensitive method based on channeling
radiation has been proposed recently to measure lattice strains [103].

lon channeling experiments along the off-norma directions in SLS are sensitive
to lattice strains because there exists a samal misalignment of the channeling direction at
eech interface. Hence strain measurements by ion - channeling technique in multilayered
structures are based on the tetragonal distortion induced in the layers, which results in the
shift (A8) of the dip of the channeling angular scan measured around off-normal axis. The

two components of strain in tetragonal distortion are defined as

120

The suffix L indicates that the lattice parameter corresponds to the layer, which is grown
in a thick substrate (L is omitted in the following text because only layer constants are
used in what follows) and the superscripts distinguish between the paralel and
perpendicular lattice constants. Then the tetragona distortion €, isdefined asgy - €1 . The
off normal axis (<110> for <100> growth), being parald to the diagona of the cubic cell
makes an angle 0 with the sample plane. This angle can be defined in terms of lattice
parameters as Tan 0 - atx/a\\. Any smal change in these lattice parameters due to the
drain causes a change in 9, which can be obtained by differentiating the above equation
on both sides.
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Hence, one can estimate the strain value by mapping the off normal axis using the
channeling techniques as shown in fig. 1.8. The difference between the positions of dips
obtained from layer and the substrate around off normal axis gives the input AO for the
above equation. The FWHM of this curve is directly related to the channeling critical
angle, which varies inversely as square root of incident energy. Hence the angular scans

will be sharp in high energy channeling there by the strain resolution and the sensitivity
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of the method are improved [100,101]. If the energy is too low then the results are
midead by steering effect due to the broad critica angles [98-100]. Hence high energy

channeling measurements are recommended for strain measurements.

Lattice strain measurement using channeling

Subsirate

-.’-— - - - - - - b - = - -

strained layer

B Y I I A I
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Fig. 1.8: procedure of strain measurements using ion channeling.
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15 SIMULTANEOUS ON-LINE MODIFICATION
AND MEASUREMENT OF STRAIN

The modifications in the interface have been shown in severd works [104-106]. It
is expected that the strain in the SLS can be altered by SHI. One such work is reported
[29], where the PL peak position is shown to be shifting by SHI irradiation. It is inferred
from the previous discussion that SHI can be used for measuring the strain as well as for
atering the same. Normally, the fluence required for modification is an order of
magnitude higher than the fluence required for the strain measurements; it is therefore,
possible to measure the strain as a function of the ion fluence. Thus SHI alows on-line
measurement of modification of strain. Possibilities of on-line monitoring of ion induced
modifications have been demonstrated using blocking/ERDA in recent years [40].
Possibility of controlled modification using the online measurements is discussed in this

thesis.

16 HIGH RESOLUTION X-RAY DIFFRACTION (HRXRD)

In the present work, HRXRD is used to measure the strain and quality of the samples
as a complimentary technique to channeling measurements. HRXRD aone is used to
sudy the ion beam mixing effects in some cases. In fact it is an accurate and non-
destructive technique [100,107] for characterizing epitaxid films, multi layers and the
interdiffusion. The strain present in the system modifies the interplanar spacing, hence
HRXRD is sensitive to this tetragonal distortion. In optimum conditions it is capable of
measuring the strain with a sensitivity of about 10° and a depth sensitivity of 0.Inm for
highly perfect and uniform structures whereas, for single layers the minimum thickness
needed for depth analysis is ~10nm. For example Figs. (4.4), shows an HRXRD pattern
measured from a superlattice and Fig. (4.9) corresponds to single strained layer. The
sharp and intense peak in the center corresponding to Bragg angle (for the substrate
material and for particular reflection) is known as the substrate peak. The width of the
peak determines the angular resolution of the measurement. A broad peak appearing on
the left side to the substrate peak in fig. 4.9 corresponds to the layer i.e the thin strained



layer grown on GaAs substrate and hence is cdled as layer peak. The tetragonal
distortion due to the presence of strain in this layer, modifies the interplanar spacing and
thereby the Bragg reflection angle. Hence the layer peak got separated from the substrate
pesk. It appears on the left side for the compressive strain and on the right side for the
tensle strain. The peak is broad and the intensity is low because it corresponds to a thin
layer. The layer thickness and the composition can be estimated using the simulation
programs. Figs. 4.4 shows the patterns obtained for a superlattice. The system of equi-
gpaced low intensity peaks around the substrate peek is due to the interference between
the reflections emerging from different layers. These are caled satellite peaks, a good
number of satellite orders appear if the interfaces are sufficiently sharp. Here the center
of the satellite system matches with the substrate peak for lattice matched samples. Hence
the shift (AO) in the layer peak position (or the center of the satellite system) with respect
to that of the substrate peak is a measure of the strain (€L ). It can be easily estimated by
differentiating the Bragg's law (2d sin® = nA), as Ady/ d -ABcot8. The superlattice
period (s) of multilayers can be calculated from the interference pattern. If 8, 6, are the
angular positions of two consecutive satellite orders then s = A/2(sin: - sin02). The
reduction of the satellite intensities after irradiation represents the interdiffusion. The
measured strain, composition and thickness help in understanding the mixing effects.
Hence HRXRD is a suitable technique for characterizing these materials and also to study
the mixing effects.

17 CONCLUSION

We conclude this chapter with an outline of the complete thesis work. Next
chapter provides the information of the different experimental facilities'techniques that
have been used in this work. Typical experimental specifications are aso given. Chapter
3 presents the development of experimental facilities that have been developed as a part
of this thesis work. Performance of these facilities is shown in the chapter. Results of ion
beam mixing experiments to engineer the strain in SLS are given in chapter 4 with
detailed discussions. Performance of the automated high energy channeling facility
developed at NSC (as a part of the thesis work) and results obtained are discussed in



chapter 5. Apart from this experimental work, some theoretical models are proposed for
understanding the effects of strains and defects on light relativistic particle
(positron/electron) channeling and consequent channeling radiation. Channeling radiation
is very sensitive to the strain/defects present in the crystal structure. However these
experiments cannot be performed in Indiain present situation. These theoretical models are
given in chapter 6. Last chapter is devoted for overdl conclusions obtained from all
results. Possibilities of the further work in this area are also discussed in this chapter.
Hence in a sentence the complete work done under the title "lon beam characterization
and engineering of strain in semiconductor multi-layers’ is presented in this thesis with

suitable introduction and discussions.
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CHAPTER Il

EXPERIMENTAL

This chapter gives complete details (section 1) of different experimental facilities
(/instruments) that have been used in this thesis work. Experimental details (section 2)
regarding the sample growth, irradiation and characterization are described. Sample
identities (IDs) and other nomenclature have been defined in this chapter. This

information will be used throughout the thesis.

21 EXPERIMENTAL FACILITIES

Severa experimental facilities and techniques have been employed to execute this
thesis work. Magjor part of the work was done in the Pelletron accelerator laboratory of
Nuclear Science Centre, New Delhi (an inter university research facility of UGC). This
section will provide the details of al these experimental facilities while the next section

will discuss the typical specifications of the experiments that have been performed.
2.1.1 The Pelletron Accelerator Laboratory at NSC

Nuclear Science Centre (NSC) has many research facilities including the
Pelletron accelerator [1-3]. Any ion of choice (if it can attain negative charge) can be
accelerated to higher energy using this 15 MV Pelletron accelerator. Here we describe
some of the specifications of the accelerator and facilities that were actually used in this

work. These are only brief descriptions and further details can be obtained
from ref. [1-3].
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Fig. (2.1) Schematic diagram of the NSC accelerator
2.1.1.] The Pelletron accelerator

Fig.(2.1)* shows a schematic diagram of the NSC Pelletron accelerator. This
illustration will aso describe the principle of acceleration and different steps involved in
the process. This is basically a heavy ion tandem type of electrostatic accelerator. A
SNICS (Source of Negative lons by Cesum Sputtering) source will produce required
negative ions. These ions are then pre-accelerated to ~400KeV within the ion source and
are injected into strong electrical field inside the accelerator tank which is filled with SF6
insulating gas. However beam passes through a UHV beam line caled as accelerator
tube. At the center of the tank is a terminal shell which is maintained at required high
voltage (<15 MV). This termina voltage is buildup based on the principle of Van-de
Graff accelerator. Here a chain of metal pellets is used instead of a belt for carrying the
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charge to terminal and hence it is caled as Pelletron. The negative ions on traversing
through the accel erating tubes from the column top of the tank to the positive terminal get
accelerated. There is a stripper foil (either thin carbon film or gas stripper) placed at the
terminal. Energetic negative ions are stripped while passing through this foil. The stripper
potential is set so that it can collect dl sripped electrons within required time span.
Hence negative ions are transformed into podtive ions at the terminal. These positive
ions are then repelled away from the positively charged terminal and are accelerated to
ground potential to the bottom of the tank. In this manner same termina potential is used
twice to accelerate the ions. On exiting from the tank, the ions are bent into horizontal
plane by analyzing magnet, which also sdectsa particular beam of ion and charge state.
The switching magnet diverts the high energy ion beams into a pre-selected beam line of
various beam lines (experimental areas) existing in the beam hall. The entire machine is

computer controlled and is operated from the control room.

2.1.1.1.1 Beam energy and current

One unit charge traveling in a field of one volt potential will gain energy of one
eV. Hence 1MV potential can produce IMeV of energy. Electrostatic accelerators work
on this basic principle of acceleration. Here in the NSC Pelletron, the acceleration
process involves two intermediate steps as described above. In the first step a singly
charged negative ion will be accelerated in the fidld of termina voltage (V) and will
atain an energy V (=1 X V). Then if the particle attains a charge state q after passing
through the stripper fail, it will be accelerated once again to energy gV under the same
terminal potential. Hence in tota the particle attains an energy of (I+q)V. Hence termina
potential is setup based on the required beam energy and avallable charge states. In
general most abandoned charge state is chosen so as to have stable beam. Beam current
depends on the nature of the ion species charge state, energy, stripper foil and other beam
tuning parameters. Gas stripper will provide a sable current. Required (within the

limits*) current can be obtained through proper beam tuning process.

obtained from www.nsc.ernet.in This site gives complete details regarding the NSC fecility



Two of the seven beam lines were used in this work. These are namely materials
science beam line (15°) and GPSC (Generd Purpose Scattering Chamber) beam line
(45°). A brief description of these beam lines and associated experimenta facilities is

given below.

2.1.1.2 Materials Science Beam Line

This beam line is used for carrying out Swift Heavy lon (SHI) based materials
research. Several users from different universties work in the area of materials
characterization and engineering with SHI at this facility. Fig.(2.2) shows a schematic
diagram of the beam line and associated facilities. There are three experimental chambers
on this beam line namely High Vacuum (HV) chamber, Ultra High Vacuum (UHV)
chamber and Goniometer (GM) Chamber. The UHV chamber is meant for surface and
interfacial studies. It is equipped with severa characterization instruments like STM,
RGA etc. However this has not been used in the present work while the other two
chambers have been extensively used. A brief description of these two chambers is given
below.

QUARTT WINDOW CRYD PUNP
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MATERIALS SCIENCE BEAM UNE AT NSC

Fig. (2.2) Materials Science Beam lineat NSC



2,1.1.2.1 The HV chamber:

This chamber is generally used for irradiation and ERDA experiments. This
chamber is equipped with a large solid angle telescopic detector for ERDA and related
3r+-line measurements. This chamber has two sector plates for detector mounting. One of
hem can be rotated from outside the chamber with the help of a stepper motor within the
vacuum. However here in this present work, we have used this chamber only for
irradiation purpose. A clean vacuum of the order of 10 mbar can be obtained using a
diffuson pumping system fitted with LN2 trap and a Cryopump. A remote controlled
LN2 cooled target holder can be postioned perpendicular to the beam line. Many
samples can be mounted on the sample ladder for irradiation/ERDA experiments,
required sample can be brought into the beam postion using a bellow sealed linear
movement of the target ladder (maximum possible movement is 140mm) without
breaking the vacuum. This target ladder can aso be rotated by 360°. The double O-ring
sedling mechanism on the vacuum jacket allows the rotation of the sample holder even at
LN2 temperature without breaking the vacuum. Irradiation is generaly performed in a
typicd vacuum of the order of low 10° mbar. A sample can be irradiated
homogeneoudly with the help of an electromagnetic scanner over a specified sample area
(of max.15 x 15 mm?). Apart from the fadility to irradiate the materials with an
appropriate fluence, various on-line and in situ measurements can aso be performed. In

the present work, al irradiations have been performed in this chamber only.

The Double Slit (DS) ingtaled in front of the HV chamber (fig. 2.2) is used for
cutting the beam. A fine (Imm) beam spot is used for ERDA experiments. This DS in
combination with the other DS installed recently in front of the GM chamber is used for
obtaining collimated fine beam required for channeling experiments in GM chamber.



2.1.1.2.2 The GM chamber:

A three axes goniometer has been installed in a high vacuum chamber (of 50 cm
diameter) dedicated for channeling, blocking, X-ray reflectivity and X-ray fluorescence
experiments. A clean vacuum of the order of 10’m bais maintained using turbo molecular
pump. lon channeling facility has been established by usng a UHV compatible 3-axes
goniometer (HV). The UHV sample manipulator provides three rotational and three
trandationa motions. The sample can be rotated by a complete cycle (360°) around the
axis of the goniometer (6 or R1) with a precision of 0.018°, 180° around the axis of the
incident ion-beam (¢ or R2) with a precision of 0.0125° and can be tilted around the
verticd axis perpendicular to both RI and R2 with a precison of 0.0071°. The
goniometer has been mounted from the base plate of a chamber having an inner diameter
of 50 cm and eleven ports having four view ports. The facility has been fully automated

for performing channeling/blocking experiments as a part of this thesis work.

2.1.1.3 GPSCBeamLine:

This beam line has one experimental chamber (GPSC) and is extensively used for
both materials science and nuclear physics experiments. This is a large diameter (1.5m)
chamber and is generaly used for ERDA experiments using detector telescope systems.
A time of flight set up is available for eectronic sputtering and desorption studies, which
can be installed at the end of GPSC as and when needed. This 15 m diameter scattering
chamber provides versatile flexibility for planning specia geometry experiments. It is
widely used for characterization experiments by elastic recoil detection technique besides
for the nuclear physics experiments. It has a remote control sample ladder and two
detector arms. Irradiation experiments can aso be performed using a hexagona faced
sample ladder, in which around 45 samples of 10 mm? size can be mounted. Also this
target ladder can be changed without breaking the vacuum. lon beam scanning in an area
of 15 x 15 mm? is possible. In this chamber, we have performed ERDA experiments

usng LAPSDT which was mounted on the 35° port.
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2.12 Experimental facilities at SSPL

Some of the samples have been grown a SSPL using the MBE facility Riber
2300 R& D machine. The growth rate can be kept aslow as 1 A°/s soasto grow layered
sructures of quantum wells and superlattices with good crystalline quality, uniform
chemicd composition and sharp rectangular interfaces. Substrate surface is generaly
prepared using 3:1:1 (H,SO.HO,HO;) incase where the epi-ready wafers are not
available. The growth specifications and other details can be found in ref. [4,5]. These
samples are then characterized by HRXRD before and after irradiation/annealing. Here
we give a brief description of the HRXRD fecility.

HRXRD experiments have been peformed using the X'Pert Materials Research
Diffractometer (MRD) at SSPL Delhi, with Cu Ka radiation set in point focus mode.
Primary optics consists of a Bartels 4 crysta (220) Ge monochromator Ko, radiation with
angular spread of about lzw.disn the scattering plane. All measurements are performed in
® - 26 mode, after tilt and azimuthal optimizations of the sample on the Eulerian cradle.
This MRD consists of a goniometer which is controlled by two position controls which
ae able to drive @ and 20 in steps of  00001° with a reproducibility of + 0.0001°. The
MRD cradle has five motorized movements 1) the @ rotation (360°, step size 0.02°) with
areproducibility of + 0.01° and a dew speed of 70°/Sec. b) atilt ¥(180°, step size 0.01°)
with a reproducibility of + 0.01° and a dew speed of 2°/Sec. ) X/Y trandation for wafer
mapping (x50 mm) with a step size of 0.01 mm and a precision of 10 . d) Z- trandation
(5 mm) with a step size of 0.001 mm and a precison of 1w and €) Sample oscillation
around any point on X and Y table perpendicular to diffraction plane. The cradle can be
ussd as a programmable automatic sample changer for multiple samples that have
different shapes. The diameter of the X-ray beam can be defined using the parale plate
collimators. This setup runs on windows based software supplied by Philips Company.

Smulation software (MADMX) is also available for smulation and data analysis.
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Fig. (2.3): Schematic diagram of the Accelerator facility at 10PB.

2.1.3 Channeling facility at IOP

2.1.3.1 The accelerator

Thisis a3 MV Tandem type electrostatic Pelletron accelerator. The operation of
this accelerator is same as that of NSC Pelletron accelerator. The only difference is the
maximum achievable terminal potential. This accelerator uses two ion sources namely
Alphatross and SNICS for producing He (or any gaseous) negative ions and negative ions
of other elements (from solid targets) respectively. Fig.(2.3) shows the schematic
diagram of the accelerator and associated beam lines.



2.1.3.2 Channeling facility

RBS and channeling experiments have been carried out in the generad purpose
scatering chamber.  This scattering chamber is equipped with a goniometer with five
degrees of freedom of which three (X, y, 2) are trandational and the other two (6, ®)are
rotational. On the goniometer, the € precision is of 0.1° and the @rotation has a precision
of 0.3°. The beam is collimated by a pair of collimators of diameter 15 mm, separated by
a distance of 0.5m. Scattered particles are generadly detected using an SSBD positioned
a back angles (150° to 170°). Initial alignment is done using laser beam. Complete

details are available in ref.[6,7]:

214 Other experimental facilities

One sample was obtained from Warsaw, Poland. This sample was grown using
the MOCVD (Metal Organic Chemica Vapor Depostion) fecility d Warsaw, Poland.
This sample has been annealed before and after irradiation using the RTA facility at
Rossendorf (FZR). These sample aong with some other samples were characterized
usng synchrotron based HRXRD a ROBL, Grenoble. ROBL stands for ROssendorf
Beam Line® . It is meant for the synchrotron radiation for the research center of
Rossendorf (FZR). The plant is a the European Source of Synchrotron Radiation
Facility (ESRF) in Grenoble, France. It has two experimenta stations of which one
(MRH) is meant for the materials research. HRXRD experiments have been performed
usng this radiation at MRH. This uses a goniometer with 6 independent axes of rotation
with precision better than 0.0001°. This aso has three trandational motions (z = 1u step
ad X, Y with 10p step). High load scintillation detectors or energy dispersive PIN
diode (with energy resolution better than 200 eV and sensitive area of 7mm?) detectors
are generally used. 2D Position Sensitive Detectors are dso available with the facility.

obtained from www.iopb.res.in. This site gives complete details regarding 10P facilities.
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22 EXPERIMENTAL DETAILS

221 Sample growth and specifications

Necessary multilayer or single layer samples were grown or obtained from
different labs in India and abroad. Following table (table 2.2.1) shows the sample
specifications, growth technique and their source. Sample IDs given in this table are used
throughout the thesis.

Table 2.2.1: Sample specificationsand IDs

Sample Specification Growth | Source
ID technique;
4201 |Ing1GaoeAs(100 A%)/GaAs MBE [SSPL, Delhi

2701 |Ing.1GageAs(150 A”)/GaAs . J
2601 |Ing.1GaosAs(250 A%)/GaAs S .
4101 |Inp.GaosAs(400 A%)/GaAs " "
4401 |Ino.14GaoseAs (75 A%)/GaAs (~200 A°)...x 10 /GaAs " .
MQWS5| Ing,12Gag gsAs (75 A%)/GaAs (150 A”) .....x 20 /GaAs g E
P520 &|Ing47Gaos3As (150 A%)/InP(150 AY)......x 10/InP  |MOCVD| Warsaw,
P523 (Lattice matched) Poland

Reasonably good crystalline and interface qudity has been observed and strain
vaues were measured for al samples using one or more characterization techniques like

low / high energy channeling, HRXRD as discussed in the following chapters.

222 Material treatment (Irradiation and/or annealing)

Each sample was cut into two or three counter parts with one part kept

unirradiated. The other parts were irradiated by energetic Ag ions delivered from the

© Complete details are available at www.fz-rossendorf.de
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15MV Pelletron accelerator at NSC. The irradiation details are given in table 2.2.2. Then
each of the (both pristine and irradiated) P523 samples was again cut into two parts and
one part was annealed (Rapid Therma Anneding (RTA)) a 450°C for 90 S .in N2
aimosphere using the RTA facility at Dresden, Germany. Annealed samples are referred
with atag "RTA" a the end of the sample name. The letter "U" at the end of samples ID
indicates that the sample is unirradiated one.

Table2.2.2: Irradiation details

Sample * Irradiation Details New name
ID | Energy Fluence
(MeV) (ions/cm’) |

4201 | 150 [1X 107 M201113
2701 150 |1 X 10" 2701113
2601 150 [5X10”1X10° P601512,2601113

& 2 X 10" & 2601213
4101 150 [1Xx10" 4101113
4401 | 200 [5X10" 4401 |
MQWS5 | 130 [5X 10" MWQ5I
P523 | 130 [5X10™”&5X 10”5231 & 12

2.2.3 RBS/Channeling

RBS / channeling on some of the pristine and irradiated samples were performed
usng 35 MeV He™ ions delivered from 3MV Tandom accelerator at |OP, Bhubaneswar.
A Silicon Surface Barrier Detector (SSBD) positioned at 150° (Scattering angle) was
usd to detect scattered particles. Target tilt was kept around 45° so as to dign the
incident beam to off normal (<110> direction) axis. Incident beam was collimated using a
pair of collimators placed in the beam line. Samples were initially aigned using LASER
beam.
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224 HRXRD

High Resolution X-ray Diffraction (HRXRD) measurements are performed on al
pristine, annealed, irradiated and irradiated+annedled samples to study their layered
sructure, interface quality and to measure the strain. HRXRD is very sensitive to the
|attice strain and is capable of detecting the strains with a sensitivity of about 10 Two
sets of samples were studied near the reflection <004> (GaAs) (for MQWS5) and <006>
(InP) (for P523) at ROBL Material Research Station, Grenoble using the synchrotron
radiation. The wavelength of radiation was determined to be 0.15362nm from the angular
position of Bragg lines. The other samples were characterized by Cu Ka radiation near
<004> (GaAs) reflection a SSPL, Dehi, usng the X'Pert Materials research
diffractormeter. Typically for <004> reflection of GaAs with Cu Ka X-rays, the
extinction and absorption lengths are 1.5u and 30u respectively [8]. Therefore al the
layers of the al samples are adequately scanned.

225 ERDA, High energy channeling and blocking

Two experimental facilities namely a Large Area two dimensional Position
Sengtive AE-E Detector Telescope (LAPSDT) and an automated high energy channeling
facility have been developed as a part of the thesis work. Design and development details
of these facilities are discussed in the next chapter. These facilities were used to perform
ERDA and high energy channeling experiments at NSC. Some of the ERDA experiments
ae peformed using 150 MeV Ag with a recoil angle of 35° in GPSC and some are
performed using 200 MeV Ag with a recoil angle of 55° in Goniometer chamber (GM).
The tage was 12° was for 4101 & 25° for all other samples

40 MeV S ions delivered from the 15 MV Pedlletron accelerator of NSC have
been used as incident beam in high energy channeling/blocking experiments. A pair of
double dlits separated from each other by roughly around 4m was employed to define the
incident angle and also to get the fine and paralel beam. Two SSB Detectors were placed
at 60° and 110° for alignment and data collection respectively. Forward angle was used
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for alignment process so as to reduce the irradiation time while back angle was used to
improve the energy resolution. Channdling studies have been performed on the strained
IN1Ga09As layer grown on GaAs subdtrate a SSPL, Delhi usng Molecular Beam
Epitaxy (MBE). Three samples with different layer thickness (100 A°, 250 A° & 400 A9
have been investigated in this study. The target tilt was aound 45°

23 CONCLUSION

An overal description of al facilities that have been used in this work is given
with experimental specifications. Further detalls are given in respective chapters as and
when required. Some of the above mentioned details may be repeated in the following
chapters just for the sake of completeness of those chapters.
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CHAPTER 111

DEVELOPMENT OF
EXPERIMENTAL FACILITIES

Two major experimental facilities i.e a Large Area two dimensional Position Sensitive
AE-E Detector Telescope (LAPSDT) and an automated high energy channeling facility
have been developed as a part of the thesis. All these details are given in this chapter in
two separate sections. The first section is devoted to describe the design, development
and the performance of the LAPSDT and the second section describes the automated high

energy channeling facility along with the necessary introduction and examples.

31 DEVELOPMENT OF LAPSDT:

This detector is basically a gas ionization chamber with telescopic features and
two-dimensional position sensitivity [1]. It is mainly intended to detect heavy recoils in
high energy ERDA experiments at NSC, New Delhi. Large solid angle is chosen so as to
minimize the detection time which in turn will reduce any possible radiation damage
during the measurement. The consequent kinematic broadening (due to large detector
acceptance) can be taken care by recording the postion information. Kinematic
corrections are implemented in both single and multilayered samples. Two-dimensional
position sensitivity has also been obtained [1]. Channeling/Blocking - ERDA, Transverse
heating/cooling, on-line radiation damage / modifications and sputtering and many such

studies can be performed using this detector.



This detector has been designed keeping the constantly increasng demand for
gaseous detectors [2-8] in heavy ion physics, especially for detecting heavy recails.
Initialy semiconductor detectors showed good performance [3] but they are expensive.
More importantly, they are often spoiled in heavy ion detection and produce unreliable
results due to various problems like pulse height effects. Another advantage with gas
filled detectors is that the effective length of a gas detector can be tuned accordingly
during the operation just by smply changing the gas pressure which is not possible in
any other type of detectors. This feature is important in the multi anode telescopic
detectors which are capable of detecting both high and low mass eements
simultaneously. Hence gas filled detectors are most suitable for this purpose and many
laboratories involved in such research, have aso opted smilar detector systems [4-8],
These are stable in operation and inexpensive to operate and maintain, hence many

researchers are currently working to improve the performance of such detectors [4-6,1].

Any radiation detector works based on the basic principles of ion matter
interactions. Energetic ions interact with gas medium primarily in two modes i.e the
excitation and the ionization of the gas molecules. Although the measurement of
excitation to detect the particle energy is used in some specid cases, the detection of
ionization is ssimple and most widely used in the particle detection [3]. Gas ionization
chambers are particle detectors in which ionization is measured and an equivalent
electrical signal is drawn. A detailed introduction to ionization chambers is given in the
next section and then the following sections are devoted to describe the design and

performance of the detector.

3.1.1 lonization Chambers

An ionization chamber is smply an enclosure containing a gas and two or more
electrodes. A thin window foil isolates the gas filled detector from the vacuum chamber.
Energetic particles entering the detector chamber ionize the gas molecules and these ions
and electrons, called ion pairs are collected on the electrodes with suitable eectric field.

Such an energetic particle looses a quantum of energy little more than the ionization
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energy of the gas in creating each ion pair. Hence if the particle is fully stopped within
the gas medium i.e if it deposits its totd energy to the gas then the tota number of ion
pars detected is proportional to the particle energy, Such ion pars are the basic
congtituents of the electrical signa developed by the ionization chamber as a measure of
the incident particle energy. As many other detectors, ionization chambers can aso be
usd in both DC current mode and the pulse mode. DC current mode is used for dose
measurements whereas the pulse mode is necessary for the energy measurements and

then to perform the spectroscopic studies.
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Fig. 3.1: Equivalent circuit of a two parallel plate ionization chamber

(operated in pulse mode)

In this work the detector has been operated only in the pulse mode al the time
and only this mode will be described here. Figure 3.1 shows the equivaent circuit (ckt) of
atwo parallel plate ionization chamber operated in pulse mode. The ion chamber works
like a capacitor and no net current flows in the absence of any ionization. The electrodes
are charged up to the bias voltage (Vo) and no voltage is developed at the load resistance
(R). When an ion pair is generated by an ionizing radiation then the drift of such an ion
pair under the influence of the applied eectric filed reduces the effective voltage
developed on the chamber capacitor. Hence such a drift induces a current flow in the ckt
and a voltage then appears a R which is equa to the amount by which the chamber
voltage has dropped. This voltage reaches its maximum when al charges are collected on
the electrodes and then will drop to zero dowly on a time scale determined by the time
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congtant of the external ckt. A triangular pulse whose amplitude is proportiona to the
incident particle energy is produced at R if the time constant is more than the collection

time.

In general the mobility of eectrons in a gas is 1000 times more than that of the
positive ions and hence the collection time for ions is 1000 times more than that of the
electrons. The collection time of the ions is of the order of milliseconds and hence the
detection of ions will restrict the pulse rate. Hence most of the detectors are used only in
the electron sensitive mode with a time constant which is intermediate to that of electrons
and ions collection times, so as to detect higher rate interactions. However such choice
needs further improvements because the signal depends on the position where ion pair is
generated. If the total effective charge ultimately transferred by an ion pair is g then the
part transported by an electron may range from zero to g, depending on the point of its
generation. Detailed mathematical expressions are not given here which are available in
fundamenta text books in this area [3]. This geometrical dependence of pulse height can
be eliminated up to a considerable extent by using a Frisch Grid [3, 9] which is a an
intermediate potential. Here the collector (anode) is screened electricaly from the entire
volume in which the particle tracks are formed. In this three electrode chamber called as
girded chamber, electrons are first accelerated by the grid which is placed very near to
the anode. Although these electrons develop a very smdl amount of voltage on the grid,
they pass through the grid and produce an effective voltage on the anode which is
independent of the position of its origin. Mathematical expressions can be found in refs.
2 3].

Such a girded ionization chamber is fabricated to detect high rate heavy elastic
recoils with good energy resolution. Telescopic features combined with position
sengitivity enhance the applications and performance of this detector and results in

accurate data collection needed in our experiments.

S/



3.1.2 General considerations

First requirement is to stop the incident ion completely within the gas and then to
collect the total ion pairs that are produced. This requirement determines the sizes of al
electrodes and the operating pressure. Some general condderations are necessary to
reduce any loss in the collection of ion pairs and aso to avoid the secondary ionization
process (delta rays). If electronegative molecules such as oxygen are present then the
ionization electrons may become attached to them to foorm dow moving negative ions [2,
3]. Another loss is caused by recombination in which the ionization electron gets
recombined with the parent ion to form a neutra atom [2, 3]. Hence we have to choose a
suiteble bias voltage and a pure gas which is less eectronegative and provides high
mobility to ion pairs. Recombination loss is more if the gas pressure is more hence it is
advisable to work with low gas pressures. The drift velocity of an eectron (or anion) isa
function of reduced field strength defined as X/p [10], where X is the electric field
grength and p is the gas pressure. X/p value is to be chosen so as to have maximum
possible drift velocity at its saturated value so that a smdl variation in the X/p vaue is
affordable. Also it should not exceed a value beyond which delta rays are generated due
to the secondary ionizations. Optimum value of X/p found from literature [2-4 & 9-11] is
around 1 V/an/mb.

A continuous flow of pure isobutane gas was used as ionizing medium with an
optimum field determined experimentally by optimizing the Sgna to noise ratio. Most of
thetime, the detector isoperated under very low pressures (10mbar to 60 mbar).

3.1.3 Z identification and position sensitivity

3.1.3.1Zidentification

As discussed earlier in previous chapter, ERDA combined with telescope detector
dlows us to separate the near Z atoms in both low and high mass regions [12]. Telescope
detector is a combination of two detectors namely AE and E detectors. AE is a very
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ahin detector in which the incident particle looses only a very smal amount of its energy
(AE) and will pass through. This particle then will be stopped completely within the E;ey
detector. Separate bands corresponding to different elements can be observed in the
graph (E-AE spectrum) drawn between E (SAE+E. ) and AE (=KMZ%E) [12]. These
telescopic features can be obtained in an ionization chamber smply by dividing the
anode into two parts [4-8]. Such anode is cdled as split anode. In this work the anode is
Flit into three parts so as to have flexibility on the effective lengths of AE and Eqeq

anodes.

3.1.3.2 X-Position (in the scattering plane)

X-position coordinate can be obtained by dividing the cathode into two equal
parts, say cathode left (CL) and cathode right (CR), such that the particle traverses more
area of the CL when compared to CR if the particle enters on the left Sde and vice versa.
Many researchers worked in this area to optimize a proper shape which can give linear
and reliable position coordinate. Such studies were initiated with a cathode which was
divided into two parts through one of its diagonals [13]. Later on many such geometrical
combinations have been tried to establish the Backgammon shape [4-11] in which the
cathode is divided in saw tooth shape as shown in fig. (3.2). We have aso opted the same
method to generate the X-Position coordinate [X= (CL-CR)/(CL+CR)]. Later on we have
shifted the Backgammon structure to one of the anodes to improve the performance [5] as

explained in the following sections.
3.1.3.2 Y-Position (perpendicular to the scattering plane)

Cathode signal depends on the distance at which the ion pair is originated because
no grid is used to screen the ions. However the total energy of the incident particle can be

measured from the anode. Hence Y-Postion signad can directly be derived from the

cathode signal just by normalizing it with anode signd (Y=C/E).

59



Anode / cathode

Fig. 3.2: Backgammon shape /Saw tooth shape for X-position measurements.

3.14 Design and Fabrication

The detector has been designed to suit our experimenta requirements along with
the genera requirements of al experiments that are likely to be performed in the
laboratory. Importance is also given for the mechanical design. The design of the detector
iIs more versatile and flexible. Hence the detector can be readily tuned to any
experimental conditions. Also it is easy to incorporate any improvements'modifications
in the design because it is more flexible with sufficient number of rotatable flanges and
feed-throughs. The detector can be moved as a whole, with its height adjustable stand
aong with its dedicated electronics. Fig. (3.3) shows the schematic diagram of the
detector chamber and Fig. (3.4) shows the images of this detector installed on the 55° port
of the goniometer chamber. This detector is instaled and tested on two experimenta
chambers namely GPSC and Goniometer chamber at NSC, New Ddhi and then it was

used in severa experiments.
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Fig. 3.4: Imagesof LAPSDT mounted on the 55° port of Goniometer chamber

(3 sideviews, Electronics modules and inside view)
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3.1.4.1 Thelnner-structure

The basic model for complete inner-structure is shown in Fig.(3.5), The inner-
sructure is made very rigid so as to avoid unnecessary noise generated by loose contacts.
Moreover necessary care is taken to have proper shidding and isolation (using Perspex
screws, bolts and supports). This detector has been designed to detect up to the lightest
semiconductor (B) of highest possible recoil energy (30 MeV) at NSC without using any
semiconductor detector. Hence the plate (anode and cathode) length is estimated to stop
30 MeV B within isobutane gas of reasonable pressure i.e 80mb. Since most of the time
the recoils are much heavier, it dlows us to work with very low pressures like 10mb.
Hence it is very easy to handle with very thin (~ 1.5 urn) window foils aso. The maximum
possible detector opening or the detector acceptance angle is decided by the inner
diameter of the 55 degree port of the goniometer chamber. The distance between plates
and the plate width are estimated by considering the fact that the beam entering the
detector through the cone defined by the solid angle should always be confined within the
plates. A geometrical representation of the above required information is provided in
fig.(3.6). These calculated values are listed below.

Cathode/anode/grid length 470 mm
Cathode/anode/grid width 160 mm
Separation between plates 160 mm

Fig. 3.5: Schematic diagram of the inner structure of an ionization chamber.



All dimensions are given in "mm" / / '\";‘!‘.
D

Coniometer Chamber

Fig. 3.6: Geometry for calculating plate dimensions

and distance between plates.

A schematic diagram which shows the structure of al these plates is presented in fig.
(3.7). Nickel coated Copper plated Glass Epoxy PCB board has been used with standard
etching techniques to make the above mentioned plates. Anode is divided into three parts
(AEL = 80mm, AE2 = 160mm and AE3 = 230mm) to get AE and E signals. Any two
anodes can be combined to form E or AE sgnd depending on the energy and pressure.
The cathode is divided into two equa parts in Backgammon shape to get the position
sgnd (X). Hencethekinematic spread (dE/E= - 2tan® d®) duetolarge acceptance can
be taken care by calculating d® from the postion signa. Later on this Backgammon
dructure is shifted to anode i.e AE2 because cathode signds are often noisy and aso
because generally positions signals are weak. Moreover it lifts the Y-dependence on the
X-coordinate. This arrangement allows us to test the position signas using Am source

dso.

Potential gradient plates are mounted between the grid and cathode on both sides
S0 as to improve the field homogeneity. Thirteen 5mm wide and 470mm long Ni coated
Cu strips separated from each other by 5mm etched portions, are connected by 10M

resstors in series to from a potential gradient network between cathode and grid. This



potentid gradient improves the 2D patterns obtained usng AE2 Backgammon, which
otherwise is to be corrected by software as done in other labs. Figures (3.8 & 3.9) show

the images of the inner-structure (viewed from different angles).
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Fig. 3.7: Schematic diagram showing the structure and dimensions of different plates
(likeanode/cathode/grid & PD) of LAPSDT

3.J.4.2 Detector chamber

A leak proof chamber has been made using SS (stain less steel) pipe to enclose
the inner-structure. From the above information the detector length and diameter are

estimated using simple geometrical formulae.

Detector length 500 mm
Detector diameter 270 mm



Fig. 3.8: Photograph of theinner structure (Sde view and front view) showing the

overall interior design.

Fig.3.9a Fig.3.9b

Fig. 3.9: lon implanted 2D position sensitive (semiconductor) detector mounted on the

"end flange " of the LAPSDT. (a) with inner structure (b) without inner structure



As shown in fig.s (3.8 & 3.9), the inner structure is mounted on the back flange
of the detector chamber. This flange has been provided with necessary arrangements to
mount the inner structure. Necessary feed-thorughs have aso been provided to
bias/collect signals to/from different plates. This setup is mounted in the detector
chamber with the help of rotatable flange. The "end" flange (last flange in fig. 3.3)
flange has a setup to mount any small detectors (like position sensitive semiconductor
detectors) as a back detector if necessary. Figure 3.9 shows an ion implanted position
sendtive (2D) semiconductor detector mounted on this flange with and without LAPSDT

inner structure.
3.1.4.3 The window, intermediate chamber and Gas ckt

This gas filled detector chamber is to be connected to the experimental chamber
which is normally in high vacuum. Hence a window fail is generally used to isolate these
two chambers. The thickness of the window fail should be as thin as possible so as to
avoid significant energy loss / straggling of the incoming ions. We have used either 6um
or 1.5um Mylar/Polypropylene foil mounted on the Teflon flange as window. Fig. 3.10
shows the schematic diagram of this window flange which is mounted on flange 1 of the

detector chamber.

?6.2 70
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P134

Fig. 3. JO: Design of the window flange (Material: Teflon & Dimensions. "mm™").
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An intermediate chamber is needed to control the gas flow during the
pumping/venting/gas filling process. This chamber will also serve as an adaptor if the
chamber port and the detector opening port or not compatible. Different adaptors have
been used while mounting the detector on different ports of GPSC and Goniometer
chamber. However since the detector has basically been designed for 55° port of the
Goniometer chamber, we have fabricated a permanent intermediate chamber for this
particular case. It is made using a "cross shown in fig.(3.11)" with Wilson screw facility
auch that it can be used for inserting or removing (or to rotate) mask (made of PCB
plate)/source during the calibration in vacuum. One of the pictures presented in fig (3.4)
shows an internal view of the detector chamber. It shows the window mount place and a
mask mounted on the cross. The gas is directly inputted from the isobutane cylinder and
is kept in continuous flow using a rotary pump. Gas ckt used to control gas flow is shown

in fig.(3.12) and images can be seen in fig.(3.4).



Cross and its associated flanges (1,2,3 & 5 arein same order below)

Wilson seal knd || mask arrangement
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Fig.3.11: Design of the intermediate chamber (cross) and associated flanges
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Fig. 3.12: GasCircuit.
3.1.4.5 Electronics ckt and data collection

Figure (3.13) shows the complete schematic diagram of the electronic ckt used for
collecting the data and a photo of the detector with electronic modules is shown in fig.
(3.4). All the detector plates are biased through pre-amps (two sets of home made 4-
channel pre-amp of type 142 IH / Ortec 142IH) and the signals have also been collected
from the same connections. Then these signals are amplified using shaping (Gaussian)
amplifiers (EG& G Ortec). The bias voltage and shaping time for different signals have
been optimized experimentally using both source (AmVCf) and beam. Timing Single
Channel analyzer (TSCA) and Gate and Delay Generator (GDG) have been used to
obtain the gate signal from AE signal and al the other signals are brought into gate using
ddays (amp internal delay / a delay amplifier). CAMAC (Computer Automation and
Control) based data acquisition system is used to collect the data in event by event mode
(list mode). All the channels of the ADC (AD811) are triggered by a single strobe
generated using TSCA/GDG. Hence every trigger will send a packet of data of dl signas
corresponding to same event to the computer. A linux based data acquisition software
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(FREEDOM [14]) has been used to collect and analyze the data. A simulation program
cdled SERDA (Simulation ERDA) to smulate ERDA has also been developed as a part
of this FREEDOM software. We provide some of the examples in the following section

to describe the performance of this detector aong with smulations.
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Fig. 3.13: Electronic ckt. .(used to collect the LAPSDT data in event mode.)

3.1.5. Results and discussion

Here we present some of the results to show the detector performance. Some of
the experiments are performed using 150 MeVAg with a recoil angle of 35° in GPSC and
some are performed using 200 MeV Ag with a recoil angle of 55° in Goniometer
chamber (GM). We refer these experiments with the name of chamber (say GPSC/GM).
GPSC experiments were performed with Backgammon structure on the cathode while
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GM experiments were performed with the Backgammon on the AE; anode.
3.1.5.1 z-identification
Example 1 (Calibration Sample): The inset of the figure (3.14a) shows the structure of

the calibration sample prepared for the LAPSDT based ERDA experiments. This sample

was grown by electron gun evaporation technique in the high vacuum chamber a the

target laboratory of NSC. Elements in the different layers were chosen so as to have
reference AE-E bands in different mass regions (From Li to Ni). Generaly AE-E, and
AE - Eiwoar Spectra are measured to identify different constituent elements of the target
material. Fig. (3.14a and b) show measured AE-E..y ad AE - Eww Spectra respectively
during the ERDA experiment in GM chamber on the calibration sample. The inset of the
fig.(3.14b) shows the simulation spectra obtained from SERDA program for the same
experimental conditions. Clear separation between different congtituent elements could
be observed from these spectra and bands are in agreement with the smulation spectra
shown in the inset. Kinematic broadening in this data will midead the depth analysis
hence depth profiling, thickness and composition analyss are given in section 3.1.5.3
with kinematic corrections. Both the axes of dl the spectra shown in this section are
given in channel numbers instead of MeV. Direct relation between energy and these
channel numbers has been obtained from the calibration data and the smulation program.
Cdlibration data is either obtained from the above mentioned calibration sample / thin Al
fail /thin C foil or from the standard radiation sources {Am & Cf). These calibrations are
usad during the analysis process but dl spectra (including the position spectra) presented
here are given in terms of channel numbers. Through smulations have been performed
before planning each ERDA experiment and they have aso been used in the analysis
work. However, hereafter simulations spectra are not shown while presenting the

experimental data.
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Example 2 (ERDA on a superconductor to monitor oxygen variation): This experiment

hes been performed to measure the ion fluence dependence on the evolution of oxygen
(ratio of O to Cu content in the film) from a superconducting sample (LaDyCaBaCuo /
LaAlOs). Hence gas pressure and other parameters were setup to detect lighter elements
like 0. The results of this experiment are not discussed here because they are out of
soope of this thesis work. However E - AE spectra obtained in this experiment is shown
in fig.(3.15) as an example to describe the z-sendtivity of the detector. This spectrum is
obtained in an ERDA experiment performed in GM chamber. O, Al Caand Cu bands are
shown in this figure. Also observed is the band corresponding to common impurity “C”.

LaDyCaBaCuO/L:aAlO

AE

96

£d

32

| 1
| | -
0 Kd L%8 197 256 Frota

Fig. 3.15: 4E; ~Ew  Spectrum obtained from the superconducting sample
LaDyCaBaCuo/ LaAlO;

Example 3 ( thin CuO film on Glass substrate) ERDA has been performed on this sample
in GPSC s0 as to see the bands'corresponding to different elements and bands related to

common impurity elements (because Glass contains dmost al light elements). This
spectrum is measured in the forward angle (35°) and contains a band corresponding to
scattering events also. All the spectra that have been measured in GPSC are containing
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the scattering events. The inset of the Fig.(3.16a) shows the E-AE spectra obtained from
CuO/Glass sample while the actua figure is showing the projections of O,Cu & Si bands
from both the film and substrate. From this figure it is clear that this could not have been
separated in the normal ERDA without telescopic detector. Bands corresponding to lower
elements are not clear in this spectrum. Hence smilar spectra were measured using very
low gas pressure (25mb where as the earlier spectrum was measured with 49mb) &Rs.

AE; spectrum shown in fig.(3.16b) shows clear separation between the light elements. It-
shows separate bands for C, O, Na, Mg & S and proves the existence of these elements

inthe sample.

H
-
Profile of O, 5i & Co
CnQ on Glass

0 from Cuo film

T ¥ ;
o 4 1 1ay 256 ne E

Fig. 3.16a Fig.3.76b

Fig. 3.16: a) Projections of O,Cu & S bands from the E-AE spectrum shown in the inset
(Showing the depth profiling of these elements from both thefilm & substrate).
b) AE3-AE2 spectrum obtained from the sample with low gas pressure (25 ) - More z-

resolution in the lower massregion.

Example 4 (InGaAs/InP superlattice grown on InP [P520]): lon beam mixing effects in
such lattice matched superlattice (P523) have been studied in detail in this thesis. lon
beam induced strains have been measured using ion beam and X-ray methods. These

results are discussed in the next chapter. Here we discuss the smple ERDA spectrum
measured using LAPSDT. The dtructure of this MOCVD grown sample has been

discussed in the previous chapter and a schematic diagram is shown as in inset in the left
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bottom corner of the fig.(3.1.17). The other inset of the same gigure shows the AE;-AF,
gpectrum obtained using low pressure (25 ) in the GPSC. This spectrum indicates the
existence of some impurity elements (like 0, C, Na/ Mg etc) in this MOCVD grown
sample. May be this is a reason for having some what diffused/smeared out interfaces
when compared to P523. Although these two samples have same thickness and
composition in each layer the interface in P523 are found to sharper than that of P520.
The actua figure shows the projection of Phosphorus (P) band. This sample
contains £ in the alternating layers TAP  and hence corresponding peaks are observed
in the projection of P band. This proves that the detector's depth resolution is better than
150 A° and it has further been improved after implementing the kinematic corrections.
All these examples witness considerably good performance of the detector in terms of
elementd identification. The other features of the detector like position sensitivity have
been described in the following sections.
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Fig. 3.17: Projection of P band from the AE3-AE2 shown in the upper inset.

Lower inset shows the sample structure.
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3.1.5.2 Position sensitivity

Position information is obtained and plotted using the methods and formulae
mentioned in the section 3.1.3. Two dimensiona position sengtivity of the detector has
been tested using a mask placed in the intermediate chamber (cross). Fig. (3.18a) shows
the measured X-position spectrum when a mask shown in the inset was placed in front of
the detector window. Fig. (3.18b) is the same spectrum when the mask was swapped
(rotated by 180°). This swapping is reflected in the position spectrum. The width and the
height of the various peaks depend on the dimensions of the corresponding dight. In
addition to this the height of the pesk depends on the recoil angle because the recoil
cross-section is a function of recoil angle. This fact can aso be observed from fig.(3.18).
This figure aso shows the relation between X-postion and the recoil angle (¢) or 6@
(wrt 55°). This calibration can directly be used for kinematic corrections. All these
spectra were measured with the Backgammon on the cathode in GPSC. The improvement
in the position signals after changing the Backgammon structure to the AE2 anode and
the further improvement due to the potential gradient are shown in figure (3.19). This
figure shows the 2D spectra measured using mask with four vertical dlits and one hole.
The importance of uniform and homogeneous electric filed between the detector plates is
clearly highlighted in this figure. Here the potentia gradient circuit has improved the
linearity of the 2D patterns obtained using AE2 Backgammon. This non-linearity of the
2D spectrum has  been corrected by software in other labs. Here we got perfect
linear 2D patterns directly from the experiment with no further treatment. Position
resolution of the detector is found to be better than 2mm from this data. We have used
this position information for implementing the kinematic corrections. A direct calibration
for the X-position spectrum to 6@ has been obtained from the above mentioned data and

has been used for kinematic corrections.
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Fig. 3.18: X- Position (a) Top one0: with mask and (b) Lower one: when mask swapped
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Fig. 3.19 (a): Theimage of the mask when potential gradient was not used. (b): The

image of the same mask when the potential gradient was used for field homogenization.
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3.1.5.3 Kinematic corrections & depth profiling:

The necessity of the kinematic corrections with large solid angle detection has
been discussed in the previous chapter and in some of the previous sections of this
chapter. The present detector has a large acceptance angle (8@~ 2° to 4°) and hence will
detect the recoils with recoil angle ranging from @ - 6@ to ® + 50 ingead of a single
recoil angle ®. The recoil energy ( E =Kcos’(®)) is a function of the recoil angle and
hence the recoil energy spectrum will be broadened due to this large acceptance angle.
This kinematic spread (dE/E = - 2 tan® d®) in the energy spectrum will detoriate the
depth resolution of the technique. Hence kinematic corrections are necessary to improve
the depth resolution. We can either use the above mentioned formula or cven a simpler
formula given below for correcting these kinematic effects if we can record the position
information. Kinematic corrections have been implemented for al the experiments

preformed in GM chamber.

cos’ (¢) " ( cos’(¢) )
E, =E4p|l ———— | = Egiia| ————— 3.1
¢ ¢l(f¢5{0052(¢id¢) det ecred C(]SL(¢+(1¢)J ( )

Where dO is measured experimentally from the postion information. Hence for the

experiments performed in GM chamber (#=55) we can smplify the above equation as

0.3289899 )
J (3.2)

de = Eflclt‘rum‘ 2 y
c052(0.9594 + dg* )

Example 1 (Calibration sample): The calibration sample considered as a first example

for z - identification in section 3.1.5.1 has been considered once again in this section.
The above mentioned corrections have been implemented in the E.i. In addition to this,
we have implemented corresponding correction in AE] sgnd also. AE| is inversaly
proportional to E.., because the stopping power of any ion in the gaslany medium is
inversaly proportional to its initial energy. We have derived and used the following

formula to implement the correction in AE; signd for the firgt time.
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K

AE, () = 3.3
(é) Eloraf(¢) ( )
AE)), = (AE cos’(ptdg) | _ cos’ (¢ + dg) _
( I);t ( l)¢1d¢[ cosz(qﬁ) (AEI)dcn-rmn’ cosr(gf)) (3.4)
For the present case
2 .
(AE)), = El.m.,,.d["“ et )] (35)

AE-Ewial Spectra have been obtained after implementing the corrections in E, and both
in Ewa and AE]. Fig. (3.20) shows the projections of three different bands (Cu, S & ¢)
on the Eww axis. These results confirm the improvements in the separation of bands /

depth resolution obtained after implementing the kinematic corrections.

Kinematic corrections in Calibration sample
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Fig. 3.20: Projections of uncorrectedand corrected C (CE & CK), Cu (CUE & CUK)
and S (SE & SK) bands obtained from Calibration sample.(axes X: Ejpa, Y: Yiled).
Example 2 InGaAs/GaAs sample: This sample has been used in different experiments
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presented in chapters 4 & 5. This is a single Ino1Gap9As (400A°) layer grownon GaAs
substrate. Ga and As bands could not be separated because these eements are coming
from depth also. "In" band could be separated in AE;- Ewal Soectrum shown in fig.(3.21).
Kinematic corrections have been used from the mask data presented in the previous
chapter. d® (= mXp,s+c) is directly obtained (m= 00000937 & c= -0m409) from the
caibration data obtained from the mask as shown in fig.(3.18). Figure (3.22) shows the
projection of Ga/As band on the Ei axis of both corrected and uncorrected data. The
depth resolution has been improved to 3.4% from 14% after implementing the kinematic

corrections.
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Fig. 3.22: Projection of Ga/As band of fig. 3.21 on Energy axis.
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32 DEVELOPMENT OF AN AUTOMATED
HIGH ENERGY CHANNELING FACILITY

The importance and applications of ion channeling technique have been
discussed in previous chapters. Moreover the technicd importance of dran
measurements/modification in SLS and the objective of this thess work have also been
emphasized in the first chapter. High energy channding is necessary for srain
measurements. Further details will be presented in the 5™ chapter. Here we discuss only
the development part of the facility with brief introduction. Presently there are two
channeling facilities are available for materia analysis in India. One at the II'T Kanpur is
not suitable for strain measurements due to non availability of sufficient high energy ions
[15, 16]. The other facility at |OP Bhubaneswar with 35 MeV He is suitable in this sense
[17] but there are some problems in measuring very low strains [18] due to the limitations
on the step size of various rotations of the goniometer (for example 0 step is 0.1°). In
addition to this the goniometer is manualy operated. Many channeling experiments [19]
have been performed on this system but it may not suit for measuring exact values in the
cae of low strains. Hence we have developed an automated high energy channeling
faclity for performing strain measurements [20]. However other usud channeling

experiments can also be performed as well.

In ion channeling one can find the axis direction by experimentdly plotting the
scattered/recoiled yield versus the sample tilt angle (cdled angular scan). Strain
measurements are based on the determination of the direction of the off-normd axis of
grained layer, which is shifted with respect to that of substrate. This smdl shift (4¥)
between epilayer and the substrate gives a measure of strain (4¥/sin'¥cos¥).Hence the
accuracy of the strain measurement by RBS/channeling depends on the sharpness of the
angular scan. The FWHM of this curve is directly related to the channdling critical angle
which has one over sguare root relation to the incident energy. Hence the angular scans
will be sharp in high energy channeling thereby the strain resolution and the sengtivity of
the method are improved [15, 16]. If the energy is too low then the results are midead by
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geering effect due to the broad critica angles [15-17]. In high energy case, heavy ions
can be used for a reasonably high scattering cross-section and also to avoid the possible
nuclear reactions. However there are two mgor difficulties with high energy heavy ion
channeling. First of dl the alignment becomes difficult due to smdl critica angle. The
other difficulty is to minimize the radiation damage. One can address to both of these
problems up to a considerable extent by usng an automated program for aigning the
sample and aso for collecting necessary spectra on an integrated control and data
acquisition system. Radiation damage can be minimized by keeping low fluence. The
use of LAPSDT in conjunction with ERDA for performing channeling/blocking-ERDA
experiments will improve the measurement qudity because of the higher recoil cross-
sections and Z - identification. Presently the system is ready for such an experiment but
the present experiments are performed with small usud SSBDs (Surface barrier detector)
only. Irradiation time has been greatly reduced by using the currently developed
automated system and also by using a separate detector at forward angles for alignment
process. Following sections describe the development, operation and results obtained
using this facility and further details regarding the strain measurements are presented in

chapter 5.

3.2.1 Development and operation of the facility

An automated high energy channdling facility has been developed at Nuclear
Science Center, New Delhi, using the existing goniometer (HV) and other facilities in the

materials science beam line.
3.2,1.1 Beamcollimation and Samplealignment

Figure 2.3 shows a schematic diagram of the material science beam line. There is
adouble dit existing in front of the high vacuum chamber for ERDA experiments. We
use this dit in conjunction with the newly ingtdled (in front of the goniometer chamber)
double dit to get fine collimated and parallel beam. The double dit shown in
fig.(3.238) has been designed and fabricated at NSC workshop as a pat of the
development of channeling facility. The internal structure of the dit is shown in
fig.(3.23b). Tantalum sheet mounted at the inner end of the Wilson based screw can be
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moved from outside for cutting the beam. Four such sheets were there to cut the beam
from al four sides. These two dits (HV & GM) which are separated each other by
roughly around 4m can from a wel defined collimated (paralel) beam which is an
important requirement for channeling experiments. The angle of incidence can aso be
kept constant with the use of these wel separated dits. Necessary arrangements have
been made for laser aignment. The sample will first be digned with a fine collimated
laser beam before starting the actual channeling experiment.

3.2.1.2 Sampleholder and degrees of freedom

A sample holder (shown in the inset of fig. 3.24) has been made using G10 with
soring ball locking system. A metal (AP) sheet pasted on this G10 sample holder will give
target current and the whole sample holder is electrically isolated from the body of the
experimental chamber because it is made of G10. This will reduce the possbility of
having short ckt problems in the target current measurements. The goniometer sample
ladder has six degrees of freedom of which three are trandational and the other three are
rotationa (RI, R2 & tilt). The axis of rotation of Rl (6 = 360°, with step 0.018°) isin the
vertica plane and is perpendicular to scattering plane while that of R2 ( ¢ = 200°, with
dep 0.0125°) is pardlel to beam direction. The axis of rotation of tilt (7°, with step
0.001°) lies in the scattering plane and is perpendicular to beam directions. These details
are depicted in fig.(3.24). This figure aso shows a photograph of the goniometer sample
ladder with a sample mounted on it. All these rotations can be controlled remotely using
the stepper motor controls provided with the goniometer. Suitable software and hardware
have been developed to control this precison goniometer usng the CAMAC based data
acquigition system.
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3.2.1.3 Automation and operation

Compatible software routines are written in C/C™ to integrate the existing data
acquisition system (Freedom [14]) with the goniometer control. A CAMAC module has
been designed and installed to indruct the stepper motor controls through data
acquisition system. Any or al of the rotors can be initidized to their lower limits using
the "Initialize" command. At a given time only one rotor can be operated while the other
two can be initialized if required. Every time, the active rotor will first be initialized to its
lower limit and then it will reach to the specified initid vaue. This method is used to
avoid the possible backlash and dso to keep the reference of rotor position during the
power failure. Once initialized, the rotor will reach the fina value in a given number of
steps. Required spectra will be collected at each angle (step) for a given amount of time.
At every interval the incident current will aso be recorded usng a CAMAC based Scalar
module which is normally inputted by a digital current integrator. The program will also
draw the online normalized angular scan corresponding to a given energy window.
However the normalization is only optional. The program is user friendly and dl inputs
can be fed through popup windows shown in fig.(3.25). All the data can be saved event
by event in list mode configuration. Offline routines have also been developed to obtain

the angular scans from different energy windows depending on the requirements.

3.2.1.4 Experimental Procedureand Results:

40 MeV S ions delivered from the 15MV Pdlletron accelerator of NSC have been
used as incident beam. A pair of double dits (described above) separated by roughly
around 4m was employed to define the incident angle and aso to get the fine and parallel
beam. Two SSB Detectors were placed a 60° and 110° for alignment and data collection
respectively as shown in Fig.(3.26). Forward angle was used for alignment process so as
to reduce the irradiation time while back angle was used to improve the energy
resolution. Channeling studies have been performed on the strained In0.1Gayg As layer
grown on GaAs substrate at SSPL, Delhi usng Molecular Beam Epitaxy (MBE). Three
samples with different layer thickness (100 A°, 250 A° & 400 A°) have been investigated.

However here we present only one channeling angular scan obtained from Ing;GayoAS
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We have followed the standard polar chat method [21] to locate the required axis.
Fig(3.27) shows some @ scans recorded while searching for planar dips as a part of
alignment process. Fig.(3.27) adso shows a polar chart used for mapping the axis and
Fg(8.28) shows a sample angular scan obtained from the substrate of Ing;GagoAS
(GayoA°)/GaAs sample. From this figure one can observe the good reduction of yield in

channeling condition.

33 CONCLUSION

Good z-separation and depth resolution have been observed from the LAPSDT
data [1]. The kinematic broadening caused by the large solid angle is taken care by
implementing kinematic corrections in al the LAPSDT based ERDA experiments
presented in this thesis. Large solid angle could be used to minimize the radiation
damage during the measurement with the help of postion sengtivity. 2D postion
sendgitivity has also been obtained and the angular resolution is found to be better than the
required value (<0.1°) for measuring sructural effects like blocking/ERDA patterns.
Hence Channeling/Blocking - ERDA, Transverse heating/cooling of channeled ions, on-
line radiation damage / modifications, sputtering and many such studies can be performed
using this detector. Some of such experiments have already been performed by severa
users of NSC.

The "automated high energy channeling facility" has been tested and found to be
working consistently. The facility has been checked three times in three different runs.
Reasonably good reduction is obtained from dl the scans that have been performed on
epilayers. This facility has been used to measure the strain in the above mentioned
samples. This facility can be used to perform any channeling/blocking experiments. It
can give the information related to crystalline quality. Most importantly on-line damage
studies can be performed to understand the SHI interaction with the crysta lattice. It is
possible because the SHI beams are used for probing the crystalline quality and these
beams can aso be used to modify the crystal structure and other parameters. Such studies
combined with blocking/ERDA will have more applicability in understanding the ion
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solid interactions [22]. This technique then can be used for introducing the controlled
damage in solids. Studies like ion beam induced amorphi-sation and re-crystallization
can aso be performed using this facility. Overdl facility developed in this work is shown
in fig. 3.29.

Fig. 3.29: Image of the complete facility (LAPSDT & Channeling)

developed as a part this thesis
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CHAPTER IV

|ON BEAM MIXING AND
STRAIN ENGINEERING

This chapter gives the details of irradiation and the characterization techniques
performed to study the effects ofion irradiation on the crystalline and interface quality,
composition / diffusion / mixing effects and the thickness of the individual layers. It is
shown that the stain can be tuned using the SHI mixing without loss of the crystalline /
interface quality. Thickness and fluence dependence studies have been performed on
single layer samples. Effects of annealing (RTA) have also been discussed. The possibility

of on-line monitoring and controlled modification of strain is shown in this work.

4.1 INTRODUCTION

As discussed in previous chapters, the integration of optoelectronic devices needs
different bandgaps to be accommodated on a single wafer because photonics circuits
demand different bandgaps for different devices. For example if we have to integrate a
laser, wave-guide and any other optical device like a photo-detector then we need to
choose different bandgap for wave-guide so as to reduce the absorption loss. Moreover,
most of the time optical devices require aignment to within fractions of a micron and
they should be stable under the operational conditions. Hence efficient circuits cannot be
fabricated wusing discrete optical components. So spatial bandgap tuning of
heterostructures and multilayer is important. Meeting such bandgap requirements is quite
difficult during the growth. The alternative way then would be to alter the bandgap after

growing the structures. Compositional disordering and mixing at the interface by lon

93



Implantation and subsequent thermal annealing is normally employed [1-3]. An ion beam
of a given fluence can cause intermixing of atomic layers at the interface, a phenomenon

called lon Beam Mixing.

lon beam mixing has become simple and promising technique because the
diffusion/migration of different elements is enhanced by the large concentration gradients
exist at each interface. Although these structures are inherently metastable due to these
concentration gradients, they are shown to be quite stable under normal operation even at
elevated temperatures like 900° C [4]. Increase in temperature beyond a point, say critical
temperature t; (900° C for InGaAs based structures) causes the intermixing, but it cannot
have -ay spatial selectivity. The value of this t. can be reduced to a lower value say t'
(around 600° C for InGaAs based structures) by creating some defects like vacancies and
interstitials which enhance the diffuson process. lon irradiation or implantation is found
to be more suitable for introducing such defects. Suitable masks can be used to
selectively implant the defects over specified area on a wafer and then the temperature of
this wafer can be elevated to t'. so as to get different bandgap on these selected spots
while the bandgap in the other areas is unchanged. Lot of study has been performed to

obtain this planar technology.

Xia et. a [4] gave a detailed review of the ion beam mixing of semiconductor
superlattices along with several suitable characterization techniques including HRXRD.
They gave an example [5,6] in which AlGaAs alloys were made at the selected areas on
an AlAs/GaAs superlattice using Zn ion implantation and subsequent thermal annealing.
It is interesting to note that the AlGaAs alloy stays as a single crystal and epitaxial to the
surrounding superlattice regions. Since this discovery, impurity disordering in the
temperature range of 600° C -900° C has been reported in many IlI-V compound
semiconductor systems [7-12]. Charabonneu et. a [1] have shown that the blue shift
occurs in the QW bandgap of a QW laser due to ion irradiation and subsequent thermal
annealing. INGaAs/GaAs and InGaAs/InP based laser structures have been studied using
the photoluminescence (PL) as a diagnostic tool. The PL peak position was shown to be

shifted due to the mixing effects. The broadening and distortion of PL spectrum of high
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fluence sample (8.56 MeV As irradiation at 2.5 x 10" ions/cm?) shows the structural
deterioration of the QW laser. Hence different bandgaps can be obtained without loss of
the sample quality by keeping the fluence below this value. The well thickness of the
irradiated sample was also observed to be increased, using the cross-sectional TEM. In
another experiment reported in 1999 [13], they have directly shown the shift in the
emission wavelength of an ion mixed QW laser. The bandgap-tuned laser was
characterized in terms of threshold current density and external quantum efficiency. They
exhibit blue shift in the lasing spectra up to 63nm. This allows laser with a range of tuned
wavelengths to be fabricated from a single wafer. Glodberg et. a [14] reported similar
experiments in 1997. They have shown the emission spectra of four laser diodes
produced from a single semiconductor wafer. The effects of multiple implants on the
mixing of AIAS/GaAs have been studied by Venkatesan et. al. [15] using TEM and
SIMS, to form AlGaAs dloy layers. The influence of ion mass and fluence on the
intermixing of GaAs/AlGaAs quantum well structures using PL and SIMS has been
studied in detail by H. Leier et. al. [16]. Diffuson length for Al was measured and
compared with the existing theory. Many more experiments have been performed to

study the ion beam mixing in semiconductor multilayers in this low energy region.

We study the effects of SHI irradiation on different prop ties of these materials.
This SHI induced mixing, rather than the implantation and subsequent thermal annealing,
is more suitable for the integration of optoelectronic devices because of the advantage
that the interface mixing can be confined to a narrow region at the interface as against the
lateral straggling effects in low energy ion implantation. Moreover SHI mixing studies
attain importance from the fundamental need of understanding the energy transfer
mechanism in this energy region. The high-energy beam looses its energy to the
electronic subsystem of the target material. Then this energy will be transferred to the
lattice atoms via the electron phonon coupling. There are two models namely "Coulomb
explosion model [17]" and the "Therma spike model [18]" to explain such energy
transfer mechanisms. According to the Coulomb explosion model, a positive ion core
along the ionizing path of the energetic beam repels the nearby atoms. This causes a

radial motion of the atoms sitting around this core. This model is applicable tor the
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insulators like polymers. Thermal spike model assumes that the inelastic energy loss of
the energetic beam produces a very high temperature, which exists for a very short time,
thereby called as thermal spike. During the spike period the material will melt because
these temperatures are very well above the melting temperatures. Diffusion occurs in this
molten state but it cannot come back to the equilibrium because of the rapid quenching.
Thermal spike is shown to be more responsible for the mixing occurring at the metal-
metal and metal - semiconductor interfaces. SHI induced mixing (in various systems like
metal-metal, metal-semiconductor and semiconductor-semiconductor) has been recently
studied by several authors [19,20]. The basic thrust of such work is to understand the
above mentioned energy transfer mechanism as well as to make new materials for novel

device applications. Very few such studies have been reported in SLS.

Here we studied the effects of 130 - 200 MeV Ag ion irradiation on the
In.s3Ga7A9INP based lattice-matched and strained INnGaAs/GaAs single layers /
superlattice structure by HRXRD, and RBS/Channeling. Experimental details regarding
the growth, irradiation and characterization are given in chapter2. The band structure of
these materials depends on the thickness, atomic composition and strain of/in each layer.
Hence as an initia step, we concentrate on the effects of ion beam mixing on these
parameters. Hence the chapter's title is "lon beam mixing and strain engineering” rather
than "Band gap tuning ..." However strain engineering ultimately results in the bandgap
modification. To the best of our knowledge, lon beam mixing and strain engineering
experiments of these materials in this high energy (100 MeV to 200 MeV Ag) region

have not been reported so far.

42 THE P523 (A lattice Matched Superlattice System):

lon beam mixing experiments have been peformed to introduce strain in an initially
lattice matched system (P523). RBS/C and HRXRD are used to study these mixing
effects. Fig. 4.1 shows the <100> aligned and the corresponding random spectra of
irradiated and unirradiated samples. A reduction up to 7% in the yield of <100> aligned

to that of the random spectra is observed. These spectra show considerably good
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crystalline quality of both the samples. Hence it is clear that the irradiation did not affect
the basic lattice structure of the sample. <110> channeling angular scan probes the strain
in such lattice mismatched structures [3, 19-24] as discussed earlier. 3.5 MeV He™ ions
were used for such scans keeping the earlier reported steering effects in view [22-24].
The peak in the random spectra contains the contribution of the GaAs signal from the
active superlattice. A very thin bin (about 20 channels) of the central portion of this peak
is obtained by suitably subtracting the Indium background. Angular scan performed from
such bins corresponds to the GaAs of InGaAs layer. This scan is compared with that of

the scan obtained from the InP substrate region.
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Fig. 4.1: <100> Aligned and random RBS spectra of P523U and P523 I,
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Fig. 4.2: <110> Channeling angular scans of (a) P523U and (b) P523l.

Fig. 4.2 a& b show <110> channeling angular scans of pristine and the irradiated
samples respectively. The scan performed on the pristine sample does not show any strain
within the experimental error. It is expected because the sample is lattice matched. The
<110> angular scan of the irradiated sample is broadened when compared to that of the
pristine sample. This reflects some structural differences at the surface caused by the
heavy ion irradiation. Although the scan is considerably broad it has a good minimum
indicating that the lattice is intact. Such effects are earlier observed when a thin
amorphous layer is deposited on the single crystal silicon [25]. Such thin amorphous
layer increases the divergence of the incident beam. However, good channeling spectra
can be obtained from the underneath crystal. From fig. 4.2b it is observed that the
minimum of InGaAs scan is shifted to about less than 0.1° with respect to that of the
substrate, corresponding to a finite tensile strain which is less than 0.35%. The strain
value is evaluated using the formula given by eq. 122 These measurements suggest the
fact that the irradiation introduces a finite tensile strain in an otherwise lattice matched
system but it did not allow us to estimate the exact strain values because of the

experimental limitations to probe such low strain values.
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Fig. 4.3 shows a zoom on the near surface region of <100> random spectra. The
solid line corresponds to the unirradiated sample and the dashed line corresponds to the
irradiated sample. The reduction of indium yield and the slope at the surface region of the
irradiated spectrum indicates that the indium diffuses from the surface. The peak related
to the GaAs also shifts towards the higher energy channels. These channels correspond to
the surface Ga or As like atoms. The top InP layer of the pristine sample does not contain
such impurities. So it can be inferred from this that there is a migration of Ga or As like

atoms to the surface from the underneath layers.

Although the strain values are very low, there is a considerable change in the
irradiated sample. Later these values were measured very accurately using HRXRD.
Effects of annealing (RTA) have aso been studied. Such study was extended to a high
fluence (5 X 10" ions/cm?) sample also. Including the pristine sample in every set, we
classify all these samples (P523) into two sets namely low dose samples (P523U, URTA,
| & IRTA) and high dose samples (P523U, 12 & 12RTA). Fig.4.4 shows the HRXRD
spectra of low dose samples. These spectra are displaced (Shifted upwards) on the
intensity axis for clarity. The inset shows the complete interference pattern of P523U.
Similar spectra of high dose samples are shown in fig. 4.5. Very high number of satellite
orders in the HRXRD spectra shown in these figures, indicate that the interfaces are very
sharp and the boundaries are abrupt . Also indicated fact is that these
interfaces remain considerably sharp even after irradiation. The width of the substrate
peak varies with the material treatment. The narrowest peak (More Lorentzian like) is
observed for the as grown sample and the broadest peak (More Gaussian like) is observed
for the high fluence sample. This width is reduced by RTA procedure but did not reach
the as grown value. This is caused mainly due to the implantation damage in the
substrate region (about 13 deep). The reduction in the intensity of satellite peaks shows
the interdiffusion of elements across the interfaces. Superlattice period and strain values
are obtained using the simple HRXRD formulas (given in chapter 1) based on Bragg's
law. Measured strain values and other crystal parameters are given in table 4.1. The

dependence of strain on the ion fluence (after RTA) is shown in fig 4.6.
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Fig. 4.5: HRXRD spectra and data fits: (a) P523U, (b) P52312 & (c) P523I12RTA

Table 4.1 Measured strain and thickness values of P523 series

Sample S (nm) (4d/d) ;
(Nominal 30nm)

P523 U 28.90 -1.10x 10™
P523 URTA [29.08 -1.44 x 10™
P523 1 29.01 -3.46x 107
P523 IRTA [28.93 -3.59x 10"
523 12 29.69 -

523 [2RTA  28.59 -6.92x 10




As a genera trend [2] the period of the pristine sample is found to be less than
that of irradiated samples. The mixing effects are more prominent for ion beam processed
(high fluence) and annealed sample as expected. Simple irradiation changes the strain but
the interface quality could be improved after annealing as it can be observed by the
asymmetry in the substrate peak. However annealing alone doesn't change the strain

value significantly. Hence atensile strain is induced in an initially lattice matched system

without loss of the sample quality.
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Fig. 4.6: Fluence dependence (P523)

TABLE 4.2: Structure details of the superlattice found from HRXRD (Composition)

Sample Name & Structure P523U P52312 P52312RTA
Structure Details X Y X y X y

In,Ga;,AsP., x 10 0.248 (0349 0321 0442 |0.668 [0.47]
InP Layers - - - - = -
InGa,As,P,., 0258 |0.180 |0.407 |[0.124 |0.668 |0.348
In,Ga, cAs ] 0513 |- 0548 |- 0.516
In,Ga,  As,P).y 0.407 |0.631 [0.233 0499 [0.524 |[0.544
InP Substrate - - - -
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For a detailed understanding we have analyzed the HRXRD data of high dose
samples using a computer code RADS Mercury. The thicknesses and chemical content of
al the layers are taken as free parameters of the fitting routine. Furthermore, a diffuse
scattering profile (due to uncorrelated lattice defects) is added to the pure dynamicX -ray
diffraction. Fig.4.5 shows the HRXRD spectra of these high dose samples along with
proper fits. This analysis suggests that the diffuson process will form a thin InGa..
ASyP., on the top of every layer. This effect is observed even in the pristine sample;
however the effect is more in irradiated and/or annealed samples. Table 4.2 shows
structure of the sample which is obtained by fittings and table 4.3 shows the thickness of
each layer. The thickness (superlattice period) values given in table 4.3 are little different
from the values that are given in table 1. It is because the superlattice was considered as a
homogeneous structure with perfect nomina structure while calculating these values
from the interference pattern shown in fig.4.4. These tables suggest the fact that the
diffusion is more effective in irradiated and annealed sample (P52312RTA).

TABLE 4.3: Structure details of the superlattice found from HRXRD (Thickness)

Sample Multilayer dimp dingaas | nGaasp dinGaasp Sum thickness of

treatment period(A) (A°) (A above InP below InP diffusion layers/ X
(A9 (A% (A%

P523U 289.8 151.5 1313 68 02 0.024

P52312 289.9 152.7 121.6 83 73 0.054

P523I12RTA 289.1 137.8 116.0 79 274 0.122

4.3 Application of LAPSDT (Onlineobservation of ion beam mixing
using ERDA - LAPSDT)

LAPSDT has been used to observe the online mixing in lattice matched
InGaAs/InP superlattice (P520). The structure of P520 is same as that of P523 but grown
in different batch. LAPSDT based ERDA experiment has been performed using 150
MeV ions at a recoil angle of 55°. Kinematic corrections have also been implemented.

The projection of P band of the AE-E spectrum for different ion fluence is shown in
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figure 4.7. A minimum fluence of 221 X 10" ions/cm? was necessary to get sufficient
statistics. Fig. 4.7a corresponds to this fluence and shows separate peaks corresponding to
different layers. It should be noted that the sample contains P only in alternating layers
which is reflected in fig. 4.7a. Fig. 4.7b, ¢ & d correspond to higher fluences as shown in
the respective figures. Higher fluences are chosen as multiples of the initial fluence so as
to keep same statistics for al the spectra. Intermixing is clearly observed in this figure,
the peaks in the P band are getting merged with increasing fluence. This type of online
monitoring is necessary for achieving controlled modification. Moreover one can study
al intermediate fluences rather than some selected fluences as done in off-line
measurements. This a mgor advantage of ion beam characterization technique when
compared to other off-line characterization techniques. In this work it is found that the
mixing effect starts appearing from a fluence of 454 X 10 ionscm in this system if
irradiated by 150 MeV Ag ions. In addition to this work, LAPSDT has been used in

several cases to determine the initia stoichiometry and layer thickness of some of the

samples.
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Fig. (4.7): Online observation of ion beam mixing using ERDA - LAPSDT (projection of
P band) (a) top left; (b) top right; (c) bottom left & (d) bottom right; Corresponding

fluence is given in eachfigure..



4.4THE MQWS5 and 4401 {Strained multi quantumwells):

Fig. 4.8a shows the HRXRD spectra of irradiated and unirradiated MQWS5 which
are displaced (Shifted upwards) on the intensity axis for clarity. It can be observed that
the irradiation did not spoil these structures significantly. The measured superlattice
periods, In content and the strain values are found to be lesser than that of the nominal

values. Measured strain values of pristine and irradiated samples shown in table 44.

Table 44-
Sample  Double layer Main system Secondary system
thickness (nm)
(Ad/d)% In content  |[(Ad/d)% In content
MQWU  [20.15 +. 08 0.325% 0.07 0.164% 0.04
MQWI 21.18 +.08 0.298% 0.06 0.120% 0.03

The reduction of In concentration represented by the reduction of the satellite intensities,
in the irradiated sample reflects the gradual diffuson of In from InGaAs layers.
Correspondingly there is a reduction of strain from 0.325% to 0.298%. Although the
measured periods of both the samples are found to be less than the nominal value, there is
a 10A° difference between MWQ5U and MWQ5I. The superlattice period of the
irradiated sample is found to be 10A° larger that that of pristine sample. An increase in
the well thickness or in the superlattice period is observed in al samples including the
P523. Such increase in well thickness is observed in the low energy mixing experiments
dso [1]. The other InGaAs/GaAs based systems, which will be discussed in next section,
aso show similar behavior. The reduction in the compressive strains can also be seen in
table 4.4 in which strain values of all samples are provided. Here we defined a quantity
A €% as a percentage ratio of the change (Ae) in strain due to the irradiation to that of the

pristine sample. This helps in comparing the mixing effects in different samples.
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Fig 4.8b shows the HRXRD spectrum measured on 4401U and 44011. The strain
value (0.192%) measured in 44011 is less than that (0.27609%) of the pristine sample
4401U indicating the reduction of compressive strain. Actually the superlattice period
calculated from the satellite peaks should not depend on the order of those particular
satellite peaks as long as they are consecutive peaks. But here in this sample the thickness
values measured from different orders of the HRXRD spectra turned out to be
different as shown in figure 4.8b. For example the superlattice period of 4401U is found
to be 322.8A° 340.6A° & 311.5A° when calculated from 19& 2", 2" & 3 and 3" & 4"
orders. This might be caused due to the possible in homogeneity of the supterlattice
structure. Here the super lattice period is found to decrease after irradiation as against to
all other samples. This inconstancy is caused due to in homogeneity / ambiguous
measurement and hence this case may be treated separately. So these values are not

considered while drawing the overall conclusions of this chapter.

45 SINGLE STRAINED LAYER SYSTEMS
(Thicknessandion fluence dependence)

The dependence of layer thickness and the ion fluence on the mixing effects of
single strained layer structures have been studied using HRXRD. Figs. 4.9 show the
HRXRD spectra of such single layer structures. The layer peak of 41011 is shifted
towards substrate peak when compared to that of the 4101U. Clear shift can be observed
in fig. 4.9a which indicates the reduction of compressive strain. Fig. 4.9b Shows similar
spectra for 2601 series. From this figure it is clear that the shift increases with increase in
fluence. HRXRD data of al the samples have been fitted using the MADMAX
simulation software. Fig. 4.9c shows one such fitting for 2601 series of samples, as an
example. Measured strain values (obtained from MADMAX - HRXRD fittings) are
given in table 4.4. Reduction of compressive strain due to ion irradiation is observed

consistent with all other samples.
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lon fluence dependence studies have been performed on a single strained (2601:
250 A° In0.1Gan.9AS) layer grown on GaAs substrate. HRXRD experiments have been
performed to study the effects that are caused by ion beam mixing. Measured values of
thickness (210 A% and composition ("In": 7.5 %) are less than that of nominal values.
These details and strain values are provided in table 4.5 along with al other samples.
Fig.(4.10) shows the influence of ion fluence (Q) on the strain and composition. The
compressive strain decreaseslinearly with increasein lon fluence and exactly fitsto astraight
line (€, = 0.01017 - 27 X 1077Q). Similarly the indium content will also reduce linearly
with increase in fluence. Here the maximum fluence was 2 X 10" ions/cm? in contrast to
P52312 where the maximum fluence was 5 X 10 ions/cm . Hence from fig (4.6) and fig
(4.10) one can observe a linear dependence of strain with increase in fluence. It is
inferred that the slopewill change after a critica fluence (fig. 4.6). Similar nature is
observed for all considered samples. The dependence of thickness and al other
parameters can be observed from table 4.5 where we present the data of all samples
including several single layer samples. We have considered single layer samples (4201,
26091 & 4101) for the thickness dependence on the mixing effects. Effects of irradiation
increase with increase in layer thickness. This is because the initial strain energy in thick
layers is more when compared to thin samples. This strain energy will decrease by
promoting the diffusion of In during irradiation.
From the following table it is also observe that the irradiation effects are more prominent

in multi-layers when compared to single layer samples.
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Table 4.5: lon beam mixing - HRXRD: Complete set of results presented in this
chapters

Sample Thickness/ | Indium content et% | Ae A%
Superlattice (X)%
period (A°
4201 (100 A°) 100 7.2 0.9769
42011(1X10%%) 6.2 0.8418 0.1351 |13.82
2701(150A°)* 150 8 1.0848
270111 (5X10%*) [150 75 10174 0.0674 6.2131
2601 (250A°) 210 75 1.0174
2601512 7.4 10039 [0.0135 |1.3269
2601113 - (7.2 0.9904 0.027 2.6538
2601213 - 71 09634 0.0538 [5.2879
4101 (400 A°) 450 75 10174
I 13
41011 (1 X 10%) 6.7 09094 108 10615
MQWS5 20.15 7 0.325
MWQ5I 21.18 8 0.298
0.027 8.308
4401 See text 0.2706
(section 4.4)
44011 see text 0.192
0.0787  29.07
(section 4.4)
P523U 28.9 -0.011
P523RTA 29.08 - -0.0144
P523l 29.01 - 00346 0.0236  [214.54
P523IRTA 28.93 -00359 0.0249  |226.36
P52312 29.69 -
P523I2RTA 28.59 00692 0.582 529.09

"-" Not calculated /not needed /given earlier, Spectrum not clear and not included in any

inter pretation/discussion



4.6 CONCLUSIONS

The general trend in al the samples indicates the gradual diffuson of In from
surface and the migration of Ga or As like atoms to the surface regions due to the SHI
irradiation and/or annealing processes. The compressive strain is found to decrease in the
initially compressive strained samples and tensile strain is induced in an initially lattice
matched system. General trend indicates the increase in the superlattice period after the
irradiation. The effect of irradiation increases with increase in the fluence and initial layer
thickness. lon beam mixing effects are more prominent multi-layer samples when
compared to single layer structures. Strain energy will promote the mixing effects and
hence the initial effective strain energy plays a key roll in the ion beam mixing effects.
Implantation damage in the substrate deep below (~13 p) the epilayers is observed some
of the samples and it could be annealed out up to an extent using the RTA. It is shown
that the SHI irradiation can be used to tune the strain without much loss of the quality of

the samples.
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CHAPTER V

HIGH ENERGY CHANNELING

40 MeV S channeling studies have been performed on the strained Iny;GagoAs layer grown
on GaAs substrate using Molecular Beam Epitaxy (MBE). Three samples with different layer
thickness have been investigated in this study. These experiments have been performed using
the currently developed automated high energy channeling facility. These details are given in

this chapter
51 INTRODUCTION

Rutherford backscattering spectroscopy and channeling (RBS/C) is a well established
technique [1-4] to determine the nature and the concentration of crystal imperfections.
Recently it has widely been used to measure the lattice strains present in technologically
important structures like strained layer superlattices (SLS) [5-8]. The strain being a key
parameter is very important to study. RBS/C has been employed to measure such strains by
severa researchers because it is a direct and depth resolved method. These details with

specific methods to determine lattice strains are discussed in initial chapters.

Basically strain measurements are based on the determination of the direction of the
off-normal axis of strained layer, which is shifted with respect to that of substrate. This small
shift (4¥) between epilayers and the substrate gives a measure of strain (4¥/sin¥cos¥).
Hence the accuracy of the strain measurement by RBS/channeling depends on the sharpness
of the channeling angular scan. As discussed earlier the sharpness of these angular scans

increases with increase in incident particle energy. Therefore the strain resolution and the
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sensitivity of the method are improved in high energy channeling [6-8]. If the energy is too
low then the results are misleading steering effect due to the broad critical angles [6,9]. At
incident energies that result in critical angles comparable or larger than the tilt due to the
lattice strain, angular scan measurement is not reliable due to the beam steering effect, in that

some of the channeled ions become random in one layer, although aigned in an other large

In fact there are two mgjor difficulties in high energy channeling experiments. They
are the alignment process which becomes difficult due to the smadl critical angels and the
radiation damage. Both these problems can be taken care by using the currently developed
automated channeling facility. One has to reduce the effective ion fluence during the
measurement to minimize the possible damage. The scattering cross-section can be improved
by choosing heavy incident ions and a forward angle detection. At the same time the forward
angle detection deteriorates the energy resolution so we used this method only for alignment.
Required spectra are collected using a detector placed at back scattering angles. In the
following sections we discuss the experimental conditions, results and conclusions drawn

from these experiments respectively.

5.2 EXPERIMENTAL

40 MeV S ions delivered from the 15MV Pelletron accelerator of NSC, New Delhi
have been used as incident beam. A pair of double dlits separated by roughly around 4m
was employed to define the incident angle and also to get the fine and paralel beam. Two
SSB Detectors were placed at 60° and 110° for alignment and data collection respectively.
Channeling studies have been performed on the strained Ing1GayoAs layer grown on GaAs
substrate. Three samples with different layer thickness (100 A°, 250 A° & 400 A°) have been
investigated in this study.
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5.3 RESULTS AND DISCUSSION

The "automated high energy channeling facility" has been tested and found to be
working consistently. Fig. 51 shows the angular scans obtained from different samples.
Reasonably good reduction is obtained from the scans that are performed on epilayers. They
are either fitted by Gaussian or second order polynomial functions [6]. Each figure consists
of two angular scans corresponding to epilayer and substrate. These curves are obtained
from corresponding depth windows of same st of RBS spectra collected at different angles
in the vicinity of the off-norma axis (<110>). The minimum of the angular scan obtained
from the substrate dose not match with that of the epilayer . That is the centers of the two
angular scans that are obtained from the same sample and from the same set of RBS spectra
dose not match each other. It is because the ax  channel in the layer is tilted when compared
to that of the substrate due to the strain. The minima of al the curves that are obtained from
epi-layers are shifted towards lower angles when compared to respective substrate scans.

This indicates the fact that the samples are compressively strained.

The strain value (g, = 0.4%) obtained from Fig. 5.1a i.e for the 250 A° sample turns
out to be less when compared to that of the eXpected value (~ 1% [6]). This may be caused
due to irradiation effect during the alignment process. The ion irradiation causes ion beam
mixing and will reduce the strain in the layer as discussed in the previous chapter [8]. Hence
for the other samples we took angular scans on the fresh spot just by shifting the beam
position by 1 or 2mm vertically (or horizontally) after axis is found. Very smal but fine
search is sufficient to remap the axis if it is misaligned due to the above mentioned linear
motion. Fig. 5.1b shows the angular scans obtained on a fresh spot (unirradiated portion) of
400A° sample. The strain value obtained from the measured angular misalignment is till less
(0.56%). However in this figure one can see that the angular shift is well resolved when
compared to earlier low energy channeling measurements. It clearly shows the advantage of
the high energy channeling measurements. These strain values are less when compared to
nominal values. This can be understood up to an extent from HRXRD results presented in the
previous chapter which suggest the less In content (6% to 7% to that of the nominal 10%) in

all these samples.
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Fig. 5.1c shows the angular scan obtained from the fresh spot of 100A° sample.
Considerable asymmetry is observed in this angular scan. The yield goes down on the lower angle
side when compared to that of the higher angle side. However the angular scan (fig. 5.1d)
measured in the same energy window of the same sample but on the irradiated spot dose not show
any such asymmetry. This indicates that this asymmetry is directly related to the strain present in
the layer. The effect is reduced due to the decrease in strain in the vicinity of the irradiated portion.
Such asymmetric scans have been observed earlier by L.C. Feldman et. al.[10] in highly strained
SiyGer/Ge multi layers. Here the layers are very thin (mono layers) when compared to the
channeling wavelength of the probing beam. These asymmetric angular scans are analyzed using
Monte-Carlo simulations. The atomic rows of the tilted (strained) layers look like interstitial
impurities. This asymmetry is a good tool to measure the low strain values if Monte Carlo
simulations are used to anayze the channeling data. This will improve the resolution of the

measurement.

As discussed earlier, the measured strain values are less than the expected values. This may
happen because of three possible reasons. One of them is the possibility of strain relaxation during
the sample growth. Although HRXRD measurements give expected strain values, we cannot rule
out this possibility at this stage. HRXRD measurement aong asymmetric directions, energy
dependent dechanneling studies or some microscopic measurements might resolve this problem-
One can estimate the in-plane and out off plane lattice constants using asymmetric x-ray reflections
[6] to verify this possibility of strain relaxation. Similarly energy dependent dechanneling

measurements can be performed to estimate the didocation density at the interface.

The other reason for "low strain values’ might be due to the possible errors in the depth
profiling of RBS spectra. Especialy the measured strain values in the case of thin samples (100 A°
and 250A°) are too low. The effective thickness has been calculated considering the sample tilt (45°
for this case of <110> direction) for depth profiling as usual. The angular scans obtained from
substrate and epilayers are too close (fig. 5.1a for 250 A° sample, not shown for 100A° sample) and
hence the measured strain values are too low when compared to HRXRD measurements. Even if
the incident beam is aligned to the axia direction of the epilayers the yield may not go down if
there is a small contribution from the substrate GaAs to this angular scan. However one may expect

a small reduction due to the decreased scatterings in the epilayers. However one may get the actual
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dip aong the axia direction of substrate only. Such a feature of second minimum can be seen in
fig. 5.1a and fig. 5.1c. If we consder these second minima for strain calculations then we got
comparable results. These strain values measured for 100A° and 250A° sample are 0.696% and
112% respectively, which are comparable with HRXRD results (0.852% and 1.017%
respectively). These calculations are performed just to see whether this second dip corresponds to
the epilayers or not but at this sage we cannot comment further on this part. Although this
minimum appears in two samples measured during two different experiments, the data points in the
vicinity of this dip are very low. In addition to this the asymmetry in the <110> axis of these
samples may aso cause such subsidiary minima in the angular scans. Such an extra dip is not
observed in 400A° sample as it is considerably thick.

Finaly, it seems that the channeling measurements give low strain vaues when compared
to other methods (like HRXRD & Raman Spectroscopy [6]). Either it may be an inherent problem
in the channeling measurements or it may happen due to the possible material modification during
the measurement. We have greatly reduced the irradiation time (during the measurement) by
employing a separate detector for alignment purpose at the forward angle and the currently
developed automated high energy channding facility. This can further be reduced by using the
newly developed LAPSDT for channeling measurements. The application of this detector in ERDA
channeling will improve the measurement quality with its Z-separation capability. It may not be
possible to completely avoid the modification of strain during the high energy channeling
measurements but there is certain advantage in this technique if we want to study the dynamic
changes in dtrain during the irradiation. This is possible with the on-line monitoring of materia
properties using blocking-ERDA. This type of dynamic study is not possible with other off-line
measurements.  Although many other techniques exist to measure the accurate strain values, ion
beam methods are best suited to study the online modification and hence to achieve the controlled

modification of material properties.

54 CONCLUSIONS

The advantage of high energy channeling to measure lattice strains is shown in this work.

Results obtained on the irradiated spots are consistent with the corresponding results of previous
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chapter. They indicate that the ion irrediation will reduce the compressive strain. Asymmetric

angular scans have been observed in 100A° sample. Measured strain values are very low when

compared to the expected values. The conclusion on this part is still open for discussions as pointed

out in last paragraphs. Some more experiments are needed to settle this issue.

A blocking experiment has dso been performed for the first time in SLS. This is

preliminary result and needs to be refined before presenting it. So we did not include these results
in this thesis but this is a smple and direct method to measure strains. It will also indicate the

possibility of online monitoring and controlled modification of strain (strain engineering) in SLS.
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CHAPTER VI

EFFECTS OF STRAINS
AND DEFECTSIN MULTILAYERS
ON THE CHANNELING RADIATION

This chapter introduces the "Channeling Radiation (CR) "from the light relativistic particles
like electrons and positrons, which is very much sensitive to the shift/tilt existing at the
interfaces of LS. It also introduces the quantum mechanical formulation of the channeling
theory and gives the procedures to estimate the effects of defects on channeling and
channeling radiation in quantum mechanical framework. Results obtained in these methods
on the effects of stacking faults and strains in SLS will be presented in detail. The theory
developed on SLSwill be useful for strain measurements using the channeling radiation and

has become an important part of the thesis.

6.1 INTRODUCTION

Scattering studies play vital role in the development of radiation physics and
alied areas of material science. These studies laid a strong base for the present day's
science and technology. Channeling, a specid case of such scattering process, has been a
powerful tool in the defect diagnosis. In this connection, the light particles like electrons
and positrons are being used because of their sensitivity in probing irregularities and
crystal imperfections present in solids [1,2]. Although we don't have the experimental
facilities to perform such studies, we tried to put some light in terms of theory. We
developed a simple quantum mechanical framework to study the defects and strains



present in SLS. Here we dart with the definition of channeling for the sake of

completeness while previous chapters discuss the concept of channeling in detail.

When energetic charged particles are injected aong high symmetry
crystallographic directions of a single crystal, then because of the ordered structure of the
crysta atoms, such particles will undergo a correlated series of small angle gentle
collisions, leading to a phenomenon known as channeling. The oscillatory motion of such
channeled charged particles results in a specid kind of electromagnetic radiation called as
"channeling radiation (CR)" which is quditatively different from other types of
radiations [3-14]. Radiation energies are detectable only when light relativistic particles
like electrong/positrons are being channeled, because of the great enhancement of
energies due to relativistic effects combined with the Doppler shift. In the rest frame of
projectile, the relativistic motion results in Lorentz contraction along the axis or plane
and hence the strength of the continuum potential is enhanced by a factor y (wherey =

(1-v* /c?)). In the lab frame the emitted radiation frequency is Doppler shifted in the
forward direction by a factor 2y. So the overadl enhancement in the frequency is of the
order of 2 y? and hence the energy is shifted to KeV or MeV range from eV or KeV

range.

Channeling of such light relativistic particles should be treated in the quantum
mechanical framework. Here the longitudind motion is considered to be nearly free
particle type whereas the transverse motion is bounded by the atomic planes (axes). This
confined motion results in the discrete bound states in the transverse continuum potential.
Channeling radiation results due to the trangitions among various transverse energy
levels. Such radiation was in fact observed experimentally first for positrons [15] and
later for electrons [16,17]. This subject has been reviewed quantum mechanically [3,18],
where the characteristics of this radiation has been studied using an interatomic potential
operative between the atomic strings/planes. The direct observation of this radiation has
opened possibilities of new application as a tool for defect characterization. Hence
quantum mechanical estimates of the radiation parameters like for example, frequencies,

line widths, effects of monochromaticity etc., are of great importance in the light of
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defect diagnosis. Apart from this, the X-rays generated during channeling, open new
perspectives in plasma physics research, laser technology and medicine.

Many simulation programs based on Monte Carlo methods are devoted to
describe the channeling phenomenon and related effects. These programs mainly study
the shape and different parameters of the channeling angular scan (Angular dependence
of scattering yield). Such scans are important to study the crystal structure, defects and
thermal vibrations of lattice atoms. Complicated techniques based on statistical methods
are needed to describe classical channeling phenomenon where as simple quantum
mechanical methods can be implemented to study the light particle channeling. Keeping
these points in mind, we have developed quantum mechanica formulations both for
positron and electron channeling radiation in virgin crystals. Channeling angular scans
are obtained by calculating the initial occupation probabilities of various states at the
entry surface. In addition the influence of tilt angle / shift near the interfaces of the multi-
layers on the channeling radiation has been calculated and discussed.

6.2 CR FROM POSITRONS AND ELECTRONS

The channeling radiation emitted by the light particles (viz. €', €) and its
characteristics like radiation intensity, monochromaticity, line widths etc., are studied by
incorporating spontaneous transitions among the transverse energy levels and these
quantum mechanical estimates are in good agreement with experimental data [3-10].
Most of the theoretical investigations in this direction have been based on nearly perfect
crysta situations. However, no crystal is perfect in rea life hence it is important to
understand the role of these defects on channeling radiation. In addition to these intrinsic
defects the lattice dran in SLS will aso influence the trgjectory of channeled particles
and hence the corresponding channeling radiation. So it is important to incorporate the
effects of various defects on CR. In fact there are some very interesting results based on
the electron/positron channeling radiation experiments carried out by Park and coworkers
[10] using pefect and imperfect diamond crystals where, nitrogen platelets are buried
intrinsically deep inside these crystals. These platelets are equivalent to extended defects:



SFs with respect to one set of planes (i.e. along (1 1 1) and (1 10)) and dislocations with
respect to another set of planes (adlong (10 0) direction). These experimenta results
suggest that the presence of these platelets cause substantial reduction in the spectral line
widths (the centroid being intact) for positrons on one hand and shift in the frequency for
electrons on the other. These results suggest that such radiation studies can be used as a

tool for defect characterization through the intensity and line width measurements.

6.3 THE MODEL

For electron channeling, the electrons in the ground gtate of the transverse energy
spectrum are dechanneled faster than those in excited states. This is because the electrons
corresponding to lower transverse energy states oscillate around the atomic planes with a
smaller amplitude so that overall they spend larger fraction of their time in the vicinity of
atomic planes or axes and hence get dechanneled at a fagter rate than those corresponding
to higher transverse energy, i.e., excited states. This mechanism tends to dechannel the
ground state in the transverse energy spectrum of electrons much faster. The electron
because of its attractive nature towards target nuclei, takes spird path (known as rosette-
motion [19]) under the influence of axia channeling and the transverse potential is two
dimensional. However in the planar case it oscillates about the atomic plane in the
transverse space and the corresponding planar transverse potential seen by these electrons

Is one dimensional hydrogen atom type and can be expressed as

V(X) = »— 6.1

where A contains the information about host crystal parameters and projectile charge.

For positrons, because of opposite charge, Stuation is reversed to that for
electrons [20]. The transverse potential for positrons is well approximated by simple
harmonic oscillator, given by

V(x)-"”-VUJr:]ZkXZ 6.2



where V, and k depend on host crystal parameters and projectile charge.

The ground state wave function of the positron is strongly localized about the
channd axis (x = 0) so that the particle is confined along this axis. These particles refer to
well-channeled configuration as they have fewer tendencies to hit the atomic plane
directly. On the other hand, the excited states will have more tendencies to cause
dechanneling, since these particles come closer to hogt atoms (plane or axes). The

corresponding Schrodinger equation governing the transverse motion is given by

=M,
{ V:+ V(.x)JLP =E¥ (6.3)
2ym '

where V(X) is the corresponding continuum planar potential for electron/positron and E
represents standard transverse energy eigen states. The corresponding wave function for
planar channeled positron is that of the standard harmonic oscillator with the coupling

constant agiven by.

' a % ) 2
I, = exp(-a " x")H , (ax) 6.4
5 [\.GI"T'HJ : ©4)

The detailed calculation of eigen functions of planar channeled electron involves
hypergeometric functions and this is explained in Rd. [21]. These wave functions are
obtained for both even and odd parity states by matching them a x=0. In the present
quantum formulation we will make use of these wave functionswhich are given by

; 2
Vlﬂ = < T 7] CKD(“— E X ‘ f”u”J{X‘FI’:,(z | u‘ | }‘Ina”) (6.5)
agn’ (r}!)‘ .

Here L represent associated Laguerre polynomials of first kind and the function {x} is
defined as x if [n> is even and || if |n> is odd and with the usual meanings for al other

symbols[11,12].



Effects of defects and drans have been studied with corresponding
wavefunctions obtained by applying the necessary correction terms to the continuum

potential.

6.4 THE MOTIVATION

(Transition probabilitiesat the stacking boundary)

The basic motivation behind this work has been the quantum mechanical
formulation given by Goteti et. al.[11-14], to study the effects of extended defects on
channeling/dechanneling. Here we present an example {slacking faults) combined with
our contribution to those model caculations. Later in the next sections we present the
effects of defectg/strains on the channeling radiation.

A stacking fault is an example of obstruction without any distortion in the channel
where the potential valleys present on the one side of the fault are shifted w.r.t the
potential hills on the other side. For any particle passing through the stacking fault, the
longitudinal component of energy is not much affected but the transverse energy
undergoes a change. So quantum mechanicdly it's a transition of the particle from one
harmonic (Hydrogen atom like) potentia to other smilar potential shifted by an amount
as, the stacking shift. Hence by incorporating the shift in the right side wave function one
can calculate the matrix element at the stacking boundary. This matrix element governs
the transitions among the various available states. Here an expression for transition
probablity T, on the basis of sudden approximation for trangition for a given initia state

[n> to any fina state [m> is obtained.

I = ;ilc: m|n >‘? 6.6

m=)

Here the matrix element <m|n> is given by
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—ata’4) % ? ; S )
o exp(-a“a; /4) exp _[,+£) H.(I)Hm(’+b)d‘=wfmn 6.7
NZ2™ " min! % 2 V2™ min!

Where b = aa.,

In fact the above integra runs from -dp/2 (haf the channel width) to dp/2 but the
limits are considered to be infinity assuming that the wavefunction dose not have any
tails outside the channel. This assumption applies to dl integras considered in this
chapter. Ofcourse -dy/2, dy/2 are consdered during the numerical evaluation of integrals.
These matrix elements were first calculated by Goteti et. al. [11] for limited number of
maximum states using mathematical induction and they have discussed the behavior of
these transitions in detail. Here we have solved the integral analytically and gave a simple

and compact formula as follows.

Consider the generating function of Hermite polynomias

o n

Z‘h’,,()c)f—1 = exp[— t? 4 2xr] 6.8
e n!
:>Z(:H,I(x+a)%!a=cxp[—!2+2(x+a)(] 6.9
= [ZHn (x)t—]exp(ZaI) 6.10
n=0 n!

By comparing the coefficient of t" on both sides of the eg. 6.10

n

H,(x+a)=) "C,(2a)'H,_(x) 6.1

r=0
Using the equation (eq. 6.11) we can write

m

H, (t+b)=H, H; + %J ; %] =Y "C, by Hm_,(( + g) 6.12

r=0
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and

by b| &
H,0)=H, Hr + 5) . 5] -3 oy 1 g} 613

Substituting the equations 6.12 and 6.13 into 6.7

b b

nom » . A
Imn — ZZ mCr ”C_‘. (ﬂl)x(b).t+f jcxp{—(! + EJ }f“{ﬂ_.‘.[f + gJ}'{m_r(f + 5)({! 614

s=0 r=0 -

Now the integral can be solved using the orthogona property of Hermite polynomials

L,=Y3"C. C (1) ()" 2" (n-5)76,.,,., 6.15

s=0 r=0
Hence I, has avalue only if n-s = m-r and hence
r = m-n+s 6.16

By subgtituting eg. 6.16 into 6.15 and smplifying we get the general expression for

<m|n> given in ref. [11]

_h2 m |
n>= exp( b /4)"’ Z (_l)n—n|+-r2n1--r mC n. } 617

<m[ h+m " '
N2"" m!n! (n=m+r)!

r=max(0,m-n)

The most generdlized and compact expression for the above expression is written in

terms of associated Laguerre polynomials [22].

12
<m|n >=( J exp(=b* /4)(=b)" " L™ (b* / 2) 6.18

!
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The corresponding matrix element for planar channeled electron is evaluated from the
integral

nlx+b|+m|x|||ix+b,x}L il 4/ A dx
[ x+b]+m|x|] {x+b,x}L, .,

d, /2
<m|n>=C,, I exp| -
mA,

a2 Aymn
P

where C,,, = [—2———J

A (mn)*"?

This integral has been solved numericdly by splitting it into various intervals [23] and
the results are shown in fig.(6.1). The totd dechanneling probability for the ground state
of electron is very senditive to stacking shift as seen from the fig.(6.1), in contrast to the
positron case where the excited states show such behavior while the ground state
caculation show amost Gaussan in shgpe [11]. This reflects the fact that the
dechanneling of electrons and positrons is qualitatively different because of their opposite
charges and this is reveded clearly in the present quantum dechanneling calculations.
These predictions in fact explain the conclusions drawn by Park et. al. [10] where,
radiation spectrum yields affected by the platelets clearly indicate that the positrons with
smaller amplitudes (ground state particles) can survive even after encountering the shift,
while those in eectron case show higher tendency to get dechanneled. These are
highlighted in the present quantum description. The ground state for channeled electron
is localized along the plane while the excited states extend over to the either side of the
atomic plane. Therefore the particles in excited states of the transverse energy spectrum
propagate with higher amplitudes as compared to those in ground state. This can also be
realized from the corresponding angular scans presented in the next section.
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Fig. 6.1: Occupation probabilities of all possible states due to the redistribution after
crossing the stacking boundary (for planar channeled el ectrons)



6.5 INITIAL OCCUPATION PROBABILITY

When high energetic eectron/positron beam is injected into the crystal, depending
upon the angle of incidence and beam divergence, the particle flux gets populated among
various quantized energy levels. These two factors will effect the subsequent population
of excited states. When the angle of incidence is large (within the critical angle), the
transverse eigen state population is more as compared to smdl incident angle and less
divergent situations. The initia value of quasi-momentum is defined by matching Bloch
wavefunction to the incident plane wave a the crystal surface. By matching the
wavefunction at the crysta entry face, we obtain an expression for the initia population
of the energy levels (I1,) as

dpl? 2

[expig, Xy, (x)dx

—dp!?

1, = 6.20

where, g, is the quasi-momentum in transverse space. This integral has to be solved

numerically [23] for the case of electrons due to the complexity involved. For positron

case an analytical expression is obtained as shown below

Lk

Iexp(r’qx - ; JH" (a.x)dx] 6.21

I =| —= ]
[Wﬂ”n!

w 9:° 2
- jcxp[T'}Hn(z +in)dt 6.22

..
where 1=q/a, t = (ax-in) and A4 = exp(-7~)

a2 n!
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Using theeq. 6.11 (withr = n-r) the above integral can be written as

Z C,2in)"™’ Iexp( - ]H 0| 623
2 2
: o 1 [ T
=AY "C (2in)"" - —| |[H |=+=d .
; (2in) Flexp{ [\EJ ] ,(2+2J 1 6.24

The above eguation can be expanded using the genera properties of Hermite polynomials

as follows

2

6.25

IL =

Lnl(2in)" 45 r! by B H,_* o A
A A ,..nom!(nm)!;[c“p[ (JEJ ]H”(ﬁJH"(JEJd'

Once again the above equation has been solved using the orthogona properties of

Hermite polynomials.

Zn (21?]) Z

0 Ti(n- ms= nm'(r m)

IT! = A(2)? (J_ 2" mlé, i 6.26

Hence IT", has a definite value only if m = r-m = r/2. So r must be an even integer and

can be written as 2s (r=2s) for an integer s. Subsituting these values into eq. 6.26 we get

2
=2 {MJ ok 6.27
aJ_Z‘ !

(n/2]

nZs
| D (-1)° S,(n_z ),(2s

s=0

Hence
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2
I, Jn e‘(p{k qt}
4

T2

2
H_[q‘ ] 6.28

The above expression gives the relation between the incident angle and the
occupation probability of any particular state (n). The maximum number of bound states
(nmax) Can be obtained by equating the total transverse energy to the depth of the planar
potential [24]. nma iNcreases with mass and the energy of the incident particle and hence
the motion becomes classical. Low N Stuation should be considered in quantum
mechanical framework. Here we consider both the situations with different values of Ny
Fig. (6.2a) shows the incident angle dependence on the various states for the case of Npgs
=3. It is clear from the figure that the lower states have more occupation probability
while excited states are less populated. As expected, the ground state shows a Gaussian
distribution around the center of the channel. Higher states are populated if the incident
angle is increased. Total channeling probability shows the wiggles that are generaly
observed in the experiments with planar-channeled positrons [24-26]. )). In fact from
figure 6.2a one can visualize the shape of angular scan for the cases where N = 1 and 2
because they are smply the superposition of al lower states. Hence from this figure one
can determine the shape of angular scans for these two cases. Shape of such scans is in
good agreement with existing theoretical and experimenta results. Fig. (6.2b) shows the
channeling angular scan obtained from these caculations for pure classical situation with
Nmex 12. Such high number of states is considered so as to see more wiggles and also to

confine our calculations to the pure classical regime.

Pedersen et. a., [25] performed planar channeling experiments in both classica and
guantum regimes using 12 MeV positrons aong different planes of single crysta Si.
They measured the angular scans in back scattering mode and compared their results with
9-beam theory for three values of Ny (Nmex ~ 1,2 & 5 adong {115}, {110} & {100} planes
respectively). For the pure quantum case, the shagpe of the angular scan obtained
experimentally [25] for npnx =1 aso matches with our calculations (Fig. (6.2d)).
Andersen et. al., [26] considered the case of Ny = 8 aso. Qualitatively al these results
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[25-26] are in good agreement with our present calculations. The shape of the angular
scan comes in a quite natural way from smple quantum concepts. However quantitative
results can be obtained by estimating the exact values of a and nn Which depend on the
probing beam and the target materidl.
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Similar angular scans are computed numerically [23] for the case of electron with
Nmax =3 & shown in fig.(6.3). This figure clearly indicates the fact that the excited states
have more occupation probability while lower states are less populated. More rigorous
and refined experiments are to be carried out for both electrons and positrons because of
their importance in relativistic case. Especidly for the eectron case sufficient
experimental data is not available to sudy the effects of defects/strains. The complexity
involved in the electron wavefunction reflects on the further calculations. It is difficult to
attain analytical solutions and hence numerical methods were used. Hereafter we consider

only positrons and will present analytical results.
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Fig. 6.3: Occupation probabilities of all possible channeled stales
versus incident angle at the surface (for electron case).
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6.6 EFFECTSOF SLSON CR

When the particle flux gpproaches the tilted portion of the SLS, some of the
particles get dechanneled because of direct obstructions across the interface and this
beam attenuation depends on initial phase at the entry surface. As aresult, the subsequent
dechanneling is attributed partly to (i) the abrupt shift in the atomic planes (denoted by

a, ) and (ii) their relative orientation angle ‘8°. This angle influences the population

redistribution in xy - plane . If the layers are less strained, 9 ~ & (i.e,, critical angle) and
the shift a,, ~ a,., mgority of the particles are expected to survive during their passage
through the strained portion between the multi-layers. The intensity of a transition line
obtained for an incident plane wave with a definite transverse momentum (Pins/
proportional to the initial population. However, if there are irregularities/imperfections in
the crystallographic channels, then the population re-distribution near the defect sites
should also be suitably incorporated. The expresson for population re-distribution
(IT"ss) is obtained by matching the wave functions across the boundary, near the

strained portion.

ns.!.\‘ = |Bm|2 = "i Iemﬂ¢n (x)¢m(X+ aS.".‘u' )dxr 629
n=0
n l b ﬁ 2 2
I i oy T S —(: p 2 J }H"(I)Hm(t+b)dr 6.30
Z{; VII2"™" nim! / { 2

Where t=0x and |3=K0O/a with K being the longitudina component of the momentum.
By denoting b* + g2 = .2, the above integral has been solved analytically and result is
expressed in terms of associated Laguerre polynomials given-by
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|n—=ml| Fo- 2
4 -2 /2 (mln m, n})' i n-m re
II5,s =e Z ) (?J Lm.n(m,n)[7ﬂ 6.31

o (max {m,n}

The integral has been solved in the same procedure that had been adapted to solve the
integral involved in eg. 6.7 with

H, (t)= Z "Cr(—l)’(b—iﬂ)'Hﬂ_,(r % i fﬁJ and

r=0

H, (t+b)= i "C (=1 (b+ip)* Hm(z gl '2"7’ ]

s=0

The effects of stacking shift or the tilt at the tilted interface of an SLS can be
studied from the eq. 6.31. Fig. (6.4) shows the interdependence of stacking shift and tilt
on the occupation probability of ground state from dl initid states after passing the
interface. Maximum probability is observed when both shift and tilt is zero as expected,
because ground state is most populated in the case of positron channeling. However
excited states have lower occupation probability after passing the defected region. Fig.
(6.5a) shows similar graphs for an excited state m = 3. Here it is observed that the
tendency of occupying higher states is more in the presence of defects. A cross-sectional
view of m=3 case is shown in fig. (6.5b) for clarity, which suggests the oscillatory
behavior of the occupation probability of this state. Such transitions between the states
contribute to the intrinsic channeling radiation caused by spontaneous transitions. Hence
It is necessary to take these effects into account while calculating the radiation intensity

and other radiation characteristics.
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Fig 6.4: Interdependence of stacking shift and tilt on the occupation
probability of ground state fromall initial states after passing the interface.
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b > 0 3 2
fin u_n“a Df}) 4 P3 6 Q'.’r

Fig 6.5: (a) Interdependence of stacking shift and tilt on the occupation
probability of an excited state (m=3)from all initial states after
passing the interface, (b): Cross-sectional view of (a)
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6.7 EXPRESSIONS FOR RADIATION INTENSITIES

The intensities of various spectra peaks associated in the transmission of the
particle in dipole approximation are governed by various factors like the matrix element
|<m[n>f (= [Pam| ), the initid population of channeled states I, and the dechanneling of
the particle flux near the faulted region. If ‘s’is the penetration depth of the particle beam

into the crystal, the dechanndling effects can be phenomenologically introduced by a
depletion factor D, which is given by

Dy(t) = (sq /)(1- exp(-s/sp) 6.32

where s, denotes depletion length of the state |n> in a crystal of thickness V [20]. The

effective population governing the emisson of channeling radiation over the crystal
thickness 't' is given by

Iege (t) = T1,Dp(t) Bl 6.33

Total intensity of given transition peak in the channeling radiation spectrum is governed

by what is caled strength factor given by Fmn = Ipm,,[2 Ierr Dy The absolute radiation
intensity is given by

N =20+ 8 aef Eme) e, | p, 1w oF 1L, 634
; n '

c

where detector solid angle 8Q « y* and Il is effective fractiona population of state

after stacking fault boundary and  ® is photon energy emitted in forward direction. 8, L
and ¢ have their usual meanings [3].
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6.8 CONCLUSIONS

Complete procedure has been discussed here to study the effects of defects/strains
on the channeling and related effects using the quantum mechanical models developed by
Gotati. et. a [11-14]. The case of stacking fault has been taken as an example to study the
dechanneling of planar channeled eectrons [23] and positrons [22,27]. These earlier
results are improved and more generd as well as compact expressions are given for the
transition probabilities at the stacking boundary. Important physical concepts have been
discussed in detail. The theory has been extended to study the effects of SLS on
channeling radiation.

The total dechanndling for the ground state of eéectron is very sendtive to
stacking shift/tilt (fig. 6.1) in contrast to the positron case where the excited states show
such behavior while the ground state population distribution is Gaussian in shape, as
expected. This reveas the fact that the dechanneling of electrons and positrons is
qualitatively different because of their opposite charges. These predictions in fact explain
the conclusions drawn by Park and coworkers [10] where, radiation spectrum yields
affected by the platelets clearly indicate that the positrons with smaller amplitudes
(ground state particles) can survive even dfter encountering the shift, while those in
electron case show higher tendency to get dechanneled. Here the resolution of
electron/positron radiation spectrain (1 0 0) direction is very difficult and only a bump is
noticed from the yields, suggesting severe dechanneling of these particles due to
distortions originated by the platelets. This attenuation effect is severe and especialy in
the case of positrons because these wave functions are localized aong the middle axis of
the planar channel and hence the readjustment to the distortion might be very difficult. In
addition, the beam attenuation in didocation case of positrong/electrons aso indicates the
importance of relativistic effects on planar curvature. The eectron data in similar
situation indicates better yield (compared to the one noticed for positron case) as some of
the initialy well channeled electrons propagate through these distortions and get

channeled as they are steered adong the atomic sites. Contrary to the positron channeling,
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such readjustment is quite possible for electrons. In addition, the distortion dechanneling

inthis case is expected to be less compared to the dechanneling due to obstruction.

Expressions for the initial population of different states at the surface of an SLS
and for the population re-distribution due to the strain / shift preset at the interfaces are
obtained quantum mechanically [22,23& 27]. The expression for initial population yields
the channeling angular scans that are generally performed. On the other hand the
expression for population re-distribution helps in determining the tilt or shift existing in
the system. Results obtained from this formulation are quditatively in good agreement
with the earlier calculations and dso with the experiments [25,26]. Shape of the
channeling angular scans is obtained in a quite natura way using simple quantum
concepts, instead of using complicated statistical methods. It is shown that the ground
state is more populated (less populated) for positrons (electrons) when compared with the
excited states. The effects of stacking shift and the tilt present in the multi-layered
semiconductor structures are described using the graphica representation for the case of
positrons. It is observed that the higher states are more populated in the presence of
defects.

An expression is obtained to estimate the effect of stacking shift / tilt on the
radiation intensities. This has two fold applications. It can be used to estimate the
required shift/tilt to obtain the maximum intensity and on the other hand it can be used to
measure the strain present in SLS. This formulation can aso be used to estimate the other
radiation parameter like line width etc. Theory can be extended to the case of electron
channeling radiation also. More rigorous and refined experiments are to be carried out for
both electrons and positrons because of their importance in relativistic case.
Subsequently, detailed theoretica cdculations in accordance with experimental
observations are to be carried out. At this point it can only be concluded that extensive

research work is needed in this direction both in theoretical and experimental areas.
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CHAPTER VII

CONCLUSION

This chapter summarizes all conclusions drawn from different experiments and
calculations performed as a part of thisthesis and also address the possibilities of further
work in this direction. The detailed chapter wise conclusions are given at the end of each

chapter.

7.1 INSTRUMENTATION

A Large Area two-dimensonal Postions Sensitive AE-E Detector Telescope
(LAPSDT) and an automated high energy channeling facility have been designed (fig.
3.29) and developed as a part of this thesis work [1,2]. The performance of these facilities
has been tested and these facilities have been utilized for performing the thesis
experiments. Presently these two facilities are open to al universities and institutes in

Indiaat NSC, New Delhi.

Good z-separation and depth resolution have been observed from the LAPSDT
data [1]. The kinematic broadening caused by the large solid angle is taken care by
implementing kinematic corrections in LAPSDT based ERDA data. These kinematic
corrections could be implemented indigenoudly for the first time in India. Hence large
solid angle could safedly be used to minimize the radiation damage during the
measurement. This detector has been used to observe the online mixing in lattice matched
INGaAsInP superlattice. We found that the mixing effect starts appearing from a fluence
of 454 X 10" iong/em? in this system if irradiated by 150 MeV Ag ions. 2D position
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sensitivity has also been obtained and the angular resolution is found to be better than the
required value (<0.1°) for measuring structura effects like blocking/ERDA patterns.

Hence many new experiments can be performed using this detector.

The "automated high energy channeling facility” has been tested and found to be
working consistently [2]. The facility has been checked three times in three different
runs. Reasonably good reduction in aigned yield has been obtained from al the scans
that have been peformed on epilayers. This indicates the good performance of the
facility and the crystalline quality as well. InGaAs/GaAs samples have been characterized
using this facility. Measured strain values (Ex: 0.56% for 400A° Sample) are little lower
than that of the nominal (~1%) vaues. HRXRD also confirms that the indium content
and hence the strain (0.7%) in these samples less than those of the nomina values.
Asymmetric angular scans have been observed in 100A° Iny1:GayeAYGaAs sample. This
asymmetry is a good parameter to measure the low strain values if Monte Carlo

simulations are used to anayze the channeling data.

7.2 |ON BEAM MIXING AND STRAIN ENGINEERING

It is, shown that the strain in SLS can be tuned using SHI mixing without loss of
the quality of the samples [3]. The common trend in al the samples indicates the gradual
diffuson of In from surface and the migration of Ga or As like atoms to the surface
regions due to the SHI irradiation and/or annealing processes. The compressive dtrain is
found to decrease in the initidly compressive strained samples and tensile drain is
induced in an initidly lattice matched system. Genera trend indicates the increase in the
superlattice period after the irradiation. These facts are revealed by both RBS/Channeling
and HRXRD measurements. Thickness, chemical composition and strain values of each
layer of dl the irradiated and pristine samples are determined and presented in tabular
forms (in Chapter 4). The crystalline and interface quality of both the irradiated and the
unirradiated samples are found to be considerably good from these measurements. Hence
the heavy ion irradiation did not spoil the basic structure of the lattice. Broadening in the

150



substrate peak in HRXRD spectra is due to the implantation damage in the substrate
region (~13p below the epi-layer), which could be annealed out up to some extent by
RTA. Fluence dependence and layer thickness dependence on the mixing effects in single
InGaAs layers grown on GaAs subgtrate have been studied using HRXRD. Mixing effect
increases linearly with increase in fluence. Smilarly such effects are found to increase
with increase in layer thickness. This is because the initid strain energy in thick layersis
more when compared to thin samples. This strain energy will decrease by promoting the

diffusion of In during irradiation. Detailed discussion is given in chapter 4.

7.3 HIGH ENERGY CHANNELING

The importance of high energy channeling in lattice strain measurements has been
discussed and pointed out [4]. High energy channeling experiments have been proposed
and performed to measure the strains. Irradiation time has been greatly reduced by using
the currecntly developped automated channeling facility. In addition to this we have aso
used a forward detector for dignment purpose where resolution is not a primary
requirement. This will improve the count rate due to high scattering cross-section at
forward angles. These methods have been implemented so as to minimize the possible
damage during the channeling measurements. In fact this is the first experiment to study
the channeling in the high energy region in scattering mode, i.e 40 MeV S on GaAs at
90/100 degree. Some discussion is given in section 7.1. Here It is shown that this high
energy channeling is a sendtive technique to measure the lattice strains. A blocking
pattern has also been recorded for the firg time in SLS using the forward scattering of 40
MeV Si, which suggests a new and easy method to measure the strains. However this
blocking data has not been included in this thess due to poor statistics. Online monitering
and controlled modification of strain (strain engineering) is possible with blocking-

ERDA in these structures.
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4 CHANNELING RADIATION IN SLS

Quantum mechanica modds have been developed to describe the effects of
strains and defects on channeling of light relativistic particles like eectrons and positrons
[5]. Channeling of these relativistic particles is very sensitive to crystal imperfections. It
is found that the total dechanndling for the ground state of eectron is very sensitive to
stacking shift/tilt in contrast to the podtron case where the excited states show such
behavior while the ground state calculation show amost Gaussian in shape. It is shown
that the ground state is more populated (less populated) for positrons (electrons) when
compared with the excited states. This revedls the fact that the dechanneling of electrons
and positrons is qudlitatively different because of their opposite charges. These
calculations and predictions in fact explain the results of Park and coworkers [6].

When these relativistic particles are channeled along mgor planes or axes, they
emit a special kind of radition called channding radiation. Here we have studied the
effects of straing/defects on this channeling radiation. Expressions for the initial
population of different states a the surface of an SLS and for the population re-
distribution due to the strain / shift preset at the interfaces have been derived quantum
mechanically. The expression for initia population yields the channeling angular scans
that are generally performed. On the other hand the expresson for population re-
distribution helps in determining the tilt or shift existing in the system. Results obtained
from this formulation are qudlitatively in good agreement with the earlier calculations
and also with the experiments [7]. Shape of the channeling angular scans is obtained in a
quite natural way using smple quantum concepts, instead of using complicated statistical
methods. It is observed that the higher states are more populated in the presence of
defects.

An expression is obtained to estimate the effect of stacking shift / tilt on the
radiation intensities. This has two fold applications. It can be used to estimate the
required shift/tilt to obtain the maximum intensity and on the other hand it can be used to

measure the strain present in SLS. This formulation can also be used to estimate the other



radiation parameter like line width etc. Theory can be extended to the case of electron
channeling radiation also. In fact the avallable experimental data is not sufficient to
compare our theoretical models. Lot of experimenta and theoretical work is due in this

important area of research.

7.5 FUTURE PROSPECTS

The capability of the channeling technique can be enhanced by integrating both
the facilities (LAPSDT & automated high energy channeling) that are developed as part
of this thesis work (fig. 2.29). Blocking/ERDA can be performed using this facility.
Blocking experiment is smple and can be peformed with very low fluence when
compared to channeling measurements. It allows the online modification of strain and
hence controlled modification of drain is possble with. A grate verity of new
phenomenon can be studied using this facility. For example, severad new experiments like
channeling/blocking - ERDA, Transverse hegting & cooling of channeled ions, Stopping
Powers of channeled ions, re-crystdlization, online sputtering, mixing & radiation
damage studies can be peformed with the currently developed facility. These

experiments maybe performed as a continuation of this work.

The possibility of spatid band gap tuning for the integration of optelectronic
devices has been discussed and proved in this thesis. This band gap tuning technique can
be pursued using PL. STM/TEM and other characterization techniques may also be used
to promote this kind of work. To establish these techniques one has to rigorously work on
the fluence dependence studies. Diffuson properties of constituent elements can aso be
studied. Controlled modification studies are to be pursued to establish this useful
technology.

Channeling radiation theory can be extended to calculate radiation frequencies,
line widths for both positrons and electrons. Axid channeling studies can also be
performed. Efforts are to be put in the development of channeling radiation based

characterization techniques. More rigorous and refined experiments are to be carried out

153



for both electrons and positrons because of their importance in relativistic case.
Subsequently, detailed theoretical cdculations in accordance with experimenta
observations are to be carried out. At this point it can only be concluded that extensive

research work is needed in this direction both in theoretical and experimental areas.

As alast word, this thesis sets up a stage to perform severa rigorous experiments
and studies to establish the controlled spatid band gep tuning which is a primary
requirement for the integration of optoelectronics circuits. The theoretical models,
experimental conclusions and experimental facilities that have been developed in this
work are helpful to pursue such sudies. This work actualy lays a base for the
constructive work in the area of "lon beam research” in generd and the "lon Beam
Characterization and Engineering of Strains in Semiconductor Multilayers' in

particular.
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