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. Resonant Raman Scattering; 1
as a Probe of Intrinsic Defects in GaAs

Abstract

This thesis presents a series of Raman scattering measurements
performed on GaAs samples that have been irradiated with either hiéh
energy electrons o; neutrons. The irradiation creates fairly high
concentrations (10l - 1018. cm-3) of intrinsic defects. It is
demonstrated that Raman scattering can give useful information abqut
such defects.

One important result of this work is the observation of new and

relatiyely sharp peaks in the Raman spectra of the irradiated samples.

These are attributed to vibrational modes of a specific point defect

created by the irradiation. On the basis of annealing experiments it

is concluded that one of these modes is most likely associated with '

an -As vﬁcancy. The observed polarization dependence suggests that this
can be a '"breathing" vibration of.ﬁhe atoms surrounding the vacancy.
In addition, experiments were performed that measured thé
lineshape of the enhancement of the Raman cross section of both. the
intrinsic and extrinsic modes qeér the band gap of GaAs using a
tunable near infra-red laser. It was observed that the enhancement of
the defect indﬁcedvmodes was strong relative to the enhanéement of the

allowed TO phonon, which itself exhibits a strong enhancement. The

observed enhancement lineshape can be explained by assuming that the

scattering involving the defect induced modes occurs via a fourth

order process. During this process quasi-momenﬁuﬁ conservation is
relaxed when electrons or holes scatter-elastically from defects. On
the basis of this model it is concluded that the strong resonant
enhancement occurs when the vibrational modes involved have a

component ‘that is well localized around a defect. Thus resonant Raman

Y e



sééttering has. greater sensitivity tovmotion within the first few
lattice constants surrounding a point defect and is well suited to
prbvide micro#copic infdrmation.about such defects. Another important
conclusion is that the strong enhaﬁcement of the Raman cross section

of the defect induced modes should be present at critical points other

than the fundamental gap.
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Chapter 1

Introduction
1.1 Overview and Motivation

Defects in semiconductors play a pivotal role in the operation of
devices made from ;hgse materials. This has spurred an intense effort
to understand the underlying physics of these defects.

Due largely to inherently high carrier mobilities and efficient
light emitting properties, the semiconductor GaAs is in the process of
gaining widespread use in a variety of technological applications such
as high speed computer ciréuits and optical communication systems.
Thus the study of defects in GaAs is of especially great practical
concern. In particular, there is currently much interest in the nature
of intrinsic defects in GaAs such as vacancies and antisite defects
due to their impact on device characteristics. Very small
concentrations of such defeﬁts can exert a very large influence. For
example the famous deep level EL2, which is thought td involve an
intrinsic defect introduced during the crystal growth process, is
responsible for the semi-insulating nature of high quality liquid
encapsulated Czochralski (LEC) GaAs.l While technidues such as Deep
Level Transient Spectroscopy (DPLTS) have proved very useful in the
study of manvy macroscopic aspects of these centers (e. g. position in
the gap, concentration, whether the center traps electrons or holes),2
very little is %nown about their microscopic identity. Electron Spin

Resonance (EPR), which has provided a lot of information about



intrinsic defects.ih Si3, has so far only been detected for the Asg,
antisite defect in GaAs.4 Even in this case the EPR peaks are quité
broad and tell little about the local environment of the defect. Thus
it is important to develop additional techniques of high sensivitf
that can yield microscopic information concerning these defects.

In this thesis I will demonstrate the usefulness of another
microscopic probe of igtrinsic defects, namely Raman scattering. Raman
scattering is an inelastic light scattering process which is depicted
schematically in figure 1.1. The difference in energy between the
incident and scattered photons is taken up by some elementary
excitation of the écattering medium. Here I will consider Raman

scattering involving phonons. Conservation of energy then implies

ﬁwi = Piws * “mp (1.1.1)

where Hw;, Hug and Hw, are the éhergies of the incident photon, the
scattered photon and the ( emitted(+); absorbed(-) ) phonon
respectively.

If the scattering medium is crystalline then there also exists a

quasi-momentum conservation law:
(1.1.2)

- - - ’ 7 B
where ki, kS and k_ are the wave vectors of the incident photon, the

P
scattered photon and the (emitted(+); absorbed(—))'phonon

-1 and so are very

-+ ->
respectively. Since ky and kg are typically < 106 cm
small in magnitude compared to the size of the RBrillouin zone,

(tvpically :108 cm'}), it follows that for a crvstalline scattering



medium only near zone center phonons can participate in one phonon
Raman scattering.

There are several aspects of Raman scattering that make it
"particularly well suited for studying intrinsic defects. For example,
part of the difficulty in determining the electronic energy levels of
iﬁtrinsic defects originates from the fact that intrinsic defecfs
often form electronic states where the electron or hole is well
localized in the vicinity of the defect. These are referred to as
deep levels. Because of the localization of charge they will often
Couple strongly to the lattice. Thus the radiative efficiency of
transitions involving such levels is often quite low énd techniques
such as photoluminéécencé lose some of their usefulness. Ramaﬁ
scattering on the other hand—iﬁcreases in strength as the electron
lattice interaction increases. |

Raman scattering is a higher order optical process. Therefore it
provides symmetry information not available from commonly used
optical probes such as absorption or luminescence, which involve first
order processes. Fdr example, in cubic materials such as GaAs,
absorption and luminescence are not sensitive to the polarization of
the light whereas the polarization dependence observed in Raman
scattering'provides information on the symmetry of the phonons.
Furthermore, lattice vibrations are sensitive to local environments so
it is possible to use Raman scattering to obtain structural
information on the scale of a few lattice constants surrounding a
defect. For these reasons Raman scattering has proved.to be effective
for the study of vibrational excitations in imperfect cryvstals, being
complementary to infra-red techniques in many cases. BRoth of thesg

methods are much more sensitive than neutron scattering for



investigating cr&stal defects pfesent in small concentrations ( <
1 7).

So far; Raman scattering has been succeséfully used to study
intrinsic defects in solids in a large number of irwestigat:'Lons.S"'8
Indeed it is interesting to note that wﬁile one of the important
conclusions of this thesis is the observation of Raman scattering due
to vacancies in GaAs, it was twenty years ago that Worlock and'Portog
reported Raman scattering induced by vacancies (F-centers) in alkali
halides. Although many examples of defect related Raman scattering
have been observed in alkali halide materials, relatively little work
has been done in semiconductors. This is mainly due to the opacity of
many semiconductors to visible light which, combined with the low
cdncentration of defects, results in very weak defect related
scattering signals.

I show in this thesis that by using incident photons with energy

°

just below the band gap of neutron and electron irradiated GaAs I

could take advantage of both the relative transparency of the material .

and the strong resonant enhancement to observe defect related

scattering. The .resonant enhancement occurs when the incident photon
energy coincides with real electronic transitions in the medium. This
phenomenon is known as resonant Raman scattering (RRS). These
experiments were conducted using incident photons with energies that
coin;ide with real electronic transitions of the medium (so called
resonant conditions). This situation and its relatidn to non-resonant
‘scattering is depicted in figure 1.2. In addition, by ﬁeasuring how
the Raman cross section changés as the incident photon energy is tuned

through electronic resonances in the medium much valuable information

-



can be obtained about the electronic transition and the electron-
phonon interactions of the medium. Chapter 3 presents a RRS study of

defect related scattering in GaAs.

1.2 Background Material

1.2a. Macroscopic Theory of Raman scattering; The Raman Tensor

and Selection Rules

The starting point in éeveloping a macroscopic treatment of Raman

-
scattering is with a general expression for the polarization P induced
in a medium by an applied electric field ., This is expressed in terms

of a second rank susceptibility tensor X:
P=%XE; E-E exp (iu, ) (1.2.1)

where w; is the frequency of the electric field. If X does not vary
with time then it follows that P also oscillates at frequency w;. If
the scattering medium consists of a single atom then the oscillating

polarization will radiate at frequency w; in different directions to

produce scattered light whose intensity I, is given by
2
g = B % « [Bee_|? (1.2.2)

-
wvhere Es is the scattered electric field and eg is a unit vector in

-,
the direction of fge If the scattering medium is macroscopic and

nerfectly homogeneous then there is a coherence hetween light-

scattered by different molecules within the medium. The result is that
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light is only scattered in the forward direction. If, on the other
hand, there are entropy fluctuations within the medium then the

2 directional dependence of equation

scattering again exhibits the cos
1.2.2, This is the familiar elasticvscattering of light known as-.
Rayleigh scattering.

In the matroscopic picture of Raman scattering the suséeptibility
'Y is assumed to be'aifunction of éome generalized parameter Q_that
describes the amplitudé of a fluctuation. For example, in the case of
phonons, Q would correspond to the'émplitﬁde of vibration. Then |

-

PeX@F | L aay

By Taylor expanding ¥ about the equilibriﬁm coordinate Q; we have

P =X € + dx] )-F+ ...
dQ QO ‘ ' (1.2.4)
= PO + P1 +
where
AQ = -
Q _ Q QO

Tf the phonon frequency is mp then

A « exp (i -1 '
Q(t) er(lpr) + exp( 1wpt) | (1.2.3)

- : - .
so that Xnow is time dependent. It follows that Py has frequency w; #

wp e Thus the 51 component of the induced polarization will radiate at



these frequencies. The - (+) sign correspoﬁds to Stokes (adti—Stokes)
scatteriﬁg in which the 5catteréd radiation is down-shifted (up-
shifted) in frequency froﬁ the incidgnt radiation.

- It is convenient to define a second rank tensor known as the

- v
Raman tensor R in the following manner:

4—>— ‘ .
R = rdx TAQT ~ - _ ‘ (1.2.6)
dQj [aQ
so that the scattered intensity Il can be expressed as

R ->
I, = leg-p]

2 > 9 2 ' — 9 ) :
o é ® . < 3 o e &
l2g-R-E" [aQ|® = 1 ]e_-Ree | aq] (1.2.7)

where éi and és are the polarizations of the incident and scattered

radiations respectively.

A more complete treatment10 shows that
< 3 2 04_’- a 2 2 :
I1 Vwi wsles R eil <AQe> (1.2.8)

where V is the scattering volume and < > denotes a thermal average.
(Taking a thermal average reflects the fact that the_phdnons
responsible for Raman scattering are thermally generated.) It can be
shownlO from a quantum mechanical treatment of lattice vibrations that
2
<4Q”>=A(n + 1) + B(n) (1.2.9)
wvhere the first term describes Stokes scattering, the second term

describes anti-Stokes scattering and n is the occupation number of the

phonon.,



The symmetry properties of the scattering medium impose
restrictions on the polarizations and propagation directions of the

scattered radiation. This is because the relation
1 Xl‘E , (1.2.10)

must be invariant under any operation that leaves the scattering
medium unchanged (e. g.‘rotation about a symmetry axis, reflection
about a symmetry plane, etc.) This requirement has two main
consequences.

The first is the existence of selection rules that limit the

symmetries of the excitations that can participate in the scattering.

That is, the invariance condition mentioned above is satisfied only
for excitations whose symmetries are such that both sides of
eqn.(1.2.10) have the same transformation properties.l1 It is
important to note that in the standard derivation of these selection
rules for so-called allowed Raman scattering it is assumed that the
phonons invol?ed have EEO.'This greatly simplifies the analysis
because a zoﬁe center phonon produces a lattice deformation that
preserves the translational symmetry of the crvstal, Thus it is vaiid
to use a group theoretical treatment based on the point group of the
crystal.

The second consequence is the imposition of restrictions on the

—— e

g T - — . ———
components P. . of the Paman tensor R. These restrictions depend on

1]

hoth the polint group symmetry of the scattering medium and on the
symmetry of the excitation that participates in the Raman process. 2

complete calculation of these Raman tensors was performed by YVve



(1957)12.The result for materials of the zincblende structure like
GaAs, which possess the so-called Ty point group symmetry, are shown
in Table 1.1 for all of the allowed excitation symmetries. Once these
tensors are known it is straightforward to calculate the dependence of
the Raman scattering on the scattering geometry for various phonon

symmetries. The results are shown in Table 1.2.
1.2b Properties of GaAs

In this section I summarize some of the electronic and
vibrational properties of CGaAs that are most relevant to this thesis.
Table 1.3 lists many of the parameters that characterize GaAs. The

13

recent review article by Blakemore"~ provides a fairly complete survey

of the properties of GaAs.

i. Electronic Properties of GaAs
The theoretical band structure for GaAs is shown in figure 1m314.
The various critical points are labelled. Of particular note is the
transition F,, which has an energy of 1.52 eV at 4 K. This is the
fundamental gap and the fact that it is direct is the main reason that
GaAs ié an efficient light emitter. The Raman measurements described
in this thesis were carried out in the vicinity of En. ds we shall
see, the~di;ect nature of the gap contributes to the large resonant
enhancement that I observe. ilso noteworthy are: 1) the large spin-
orbit splitting in the valence baﬁd so that a two band model to be
used later is a good approximation and 2) the warping of the valence

band so that a spherical approximation to he used later is not that
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good.

ii. Vibrational Properties of GaAs

The experimental and theoretical pﬁonon dispers%on ;elations
along high symmetry directions in GaAs are shown in figure 1Aa15’16.
Note that at the zone center, the longitudinal optical (LO) phonon
lies higher in frequency than the transverse optical (TO) phonon. This
splitting is a.consequgnce of the macroscopic electric field
associated with lopg wévelength LO phonons in a polar material, which
provides an additional restoring force for theseé oscillations.

The phonon density of states for GaAs calculated from the
theoretical'dispefsion curve is shown in figure l.4b. One
characteristic feature ofvmany zincblende materials with two
atoms/unit cell is a gap in the density of states between the
acoustical and the optical phonons. However, due to the similar masses
of Ga and As, the zone edge agohstical and optical phonons are nearly
degenerate in}GaAs° Thus in this case-no‘prominent gap exists but
there is a region of low density (a so-called "pseudo-gap") near 240
cm‘l. However, there is a fair amount of uncertainty in the exact

density of states in this region.

l.2¢ Defects in GaAs

i. Defect production by irradiation.
NDefects or impurities can be introduced into semiconductors
intentionally or unintentionally during the growth process or during

subsequent heat treatments such as diffusion or annealing. Quenciing
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from high temperatures, plastic defqrmation and irradiation with high
energy particles such as ions, electrons, neutrons or gamma rays are
other ways in which defects can be ;reated. It is difficult to
control the defect concentration and spatial profile by quenching or
blastic deformation. Also these techniques often tend to produce
defect compléxes,'rhese problems are less severe with irradiation.
Understanding the effects of irradiation is also important because of
interest in the performance of semiconductor devices that have been
subjected to high energy irradiation in space, inside nuclear reactors
or from nuclear explosions. |
A simple picture of the interaction of radiation with solids
starts with an atom in a solid that is fixed in position by an energy
barrier. If sufficient energy to overcome this barrier is transferred.
to this atom during a collision with an energetic particle then the
atom will be displaced and defects are created. The amount of energy
transferred in acollision is calculated by assuming that energy and
momentum are conserved in the scattering process. The kinetic energy
transferred depends on the scattering angle and on the relative masses
of the atom and the impinging particle. The amount of kinetic energy
transferred to a silicon atom as a function of incident energy for
various types of irradiating particles is shown in figure 1.5. The
main conclusion to be drawn from these results is that the more
massive the irradiating particle, the less kinetic energy it will
require to create a defect.
For GaAs the atomic masses are roughly twice as great as the Si
mass so that eneégy>transferred is decreased by a factor of two:

Txperimentally it has been found that the threshold energy for

displacement of Ga or As is found to be roughly 10 ev.17 When the
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energy transferrea éreatly exceeds the threshold energy then the
ejected atoms will possess sufficient kinetic energy to produce
secondary defects, Since the mean free path of an ejected atom is very
small, the result is a cluster of defects. As an example that is
relevant to the work to be discussed in this thesis, an electron with
energies on the order of an MeV wiil typically produce one atomic
displacement per collision in GaAs while a 50keV neutron will produce

many tens of defects.

ii. Defect related vibrational modes.

The introduction of point defects can influence Raman scattering

by creating new types of vibrational modes which may appear in the

6

Raman spectrum.” These vibrations can be grouped into the following

categories,

1) Localized modes. These types of vibrations occur when atoms in
the vicinity of a defeét vibrate at frequencies different from those
of the phonons found.in the perfect crystal. Thus the vibrational
energy cannot propagate away from the defect and remains localized
around the defect. The linewidth df'these modes is quite narrow and
therefore they give rise to sharp Raman lines. The amplitude of a
localized mode is large near the defect and dies away rapidiy with
distance from the defect. (Figure l.6a).

2) Resonance modes. These have frequencies which lie within the

phonon bands of the perfect crystal. The amplitudes of the resonance
modes are enhanced near the defect but these modes may propagate

throughout the lattice and closely resemble the bulk phoﬁon'modes at
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distances far away from the defect. Hence they are refered to as
quasi-localized (figure 1.6b). The frequency spread of such modes is
broader than that exhibited by local modes. For some crystals there is
no sharp dividing line between what is considered a local mode and
what is a resonant mode. In general, the higher the density of bulk
phonons at a given energy, the less localized and broader in frequency
are the defect vibrational modes.

3) Spatially confined phonons. The presence of defects can limit

the spatial extent of a bulk phonon (figure 1.6c). In general, the
dimensions of the volume in which the phonon is confined are
determihed by the sepq;#tion between defects. Such a phonon no longer
has a Qell defined wave vector. Thus in a Raman process involving such
phonons the wave vector conservation law (1.1.2) may no longer hold
and it becomes possible for spétially confined pﬁ&nons.from throughout
the Brillouin zone to participate in one phonon Raman scattering (see
section 2.2b).

Phonons that are localized around point defects are interesting
because théy have the potential to provide microscopic information
conéerning the defect. Therefore it is important to calculate the
vibrational modes associated with defects. Such calculations are often
not easy. One first needs an accurate knowledge of the bulk modes in a
defect free crystal. This in turn requires that the effective spring
constants connecting the various atoms be known. Then one must
calculate the changes in these spring constants and in the local
geometry (i. e. lattice relaxtion) introduced by the defect. This is -
particularly difficult when deep levels are involved. Recent examples

of these types of calculations can be found in references 18.
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One important benefit of uéing Raman scattering to study
vibrational modes of defects is thét the symmetry of the vibration can
be deduced from the observed Raman seiection rules. To give the reader
a physical picture of what these symmetries mean I show in figure 1.7
an example of a 'y and a Tjg symmetry vibration of a point defect

(vacancy) that has tetrahedral symmetry.
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Figure Captions
1.1- Schematic depiction of a Raman process involving phonons.
1.2~ Schematic view of resonant Raman scattering.

1.3- Band Structure of GaAs as calculated by Cheilkowsky and Cohen in

reference 14,

1.4~ a) Phonon dispersion along high symmetry directions in GaAs.
'Symbols such as triangles; circles and squares are determined
experimentally by neutron scatteringls.'Solid lines are the results of
a calculation based on a sheil mode116;b) Phonon density of states

derived from the shell model calculation.

1.5~ YXinetic energy transferred by various irradiating particles to a

silicon atom. From reference 19.

1.6~ Various types of defect induced vibrational modes. a) Local mode.

b) Resonance mode. c¢) Spatially confined mode.

1.7- Iy and T;g vibrational hodes of a tetrahedrally coordinated

vacancy.



Table 1.1 Raman tensors
crystals of Td
reversal invariance then

c=0.

A,

‘Table 1.2

b

symmetry.

- 3! zb

3

o

c -
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for allowed excitation symmetries for
If it is assumed that there is time-
the Raman tensor must be symmetric or

d d

r, E T, I,

Selection rules for Raman scattering by [,,. (I, 4) phonons in germanium and zinc-
blende-type materials for the three principal surfaces [001], [111]. and [110] in backscattering.
The efficiencies are given in lerms of the irreducible components a. b. c. d of Table 2.1

Surface Incident Scatiered Raman
polarization polarization efliciency
é é,
(110] {110] [110] @ +b2+d3(TO)
. [1io] {oo1)] oot} a? +4p?
[170] foo1] {110] A TOV+ 8
(170} {1113 [111] a* +34*(TO)
{100} (011} (o11) a?+b°+d*LO)
{100] {o11] on b ect
(100] [010] (oo1} d*(LOV+¢*
{100] [010] [010] at +4p3
(1] {170] {170} a® +{d* (LO)+§d% (TO)
{11} [170] mi a +4d* TO)
(111 (i m @ +4d* (LO)+342(TO)
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Table 1.3-Some properties of GaAs. All values are for room

temperature unless otherwise noted.

Crystal structure zincbieade Eaergy gap (V] 300K
- Space group F43m 7K
Lattice constaat {nm]} 0.5653 ' 0K
Ey(=E,(0) «(10eV/K]
Linear thermal expansion 57 weT?/(T+8) 8K}
Atoms per primitive cell 1+l Ezxciton binding energy [meV]
Primitive cells per uait . 291 .8t lowest energy gap
volume (102/cm’] Shallow donors
Deasity (gm/cm’) 31 Binding ecergy [meV]
Cleavage pianes {110} ' Shallow ampto[n “
indi me
Thermal conductivity 300 K 0.5 Binding cnergy
(watt/cm K] 7K 3
3 . Intriasic carriers/cm’
Meiting temperature [°C} 1238
Debye temperature (K] 0K 340 Coaduction bands:
Bulk meduius [10!9 Py} 7.8 Energy -[evl, (symmetry)
J/m. my/m
Elastic stiffness Sy 11.8
coanstants € 5.38 Energy [eV], (symmetry)
{109 pa] Cot - 5.94 m,/m, @,/n
e ] - ‘ Valley degeneracy
® i Density of per valley
Electroa affinity (V] 41 staies mass (m] total
Dielectric constant optical 11.0
Qptical phonon enerygy TO - 33 Density of states mass {m]
1q=0 (meV] Lo 36 Eaergy (eV], (symmetry)
Electroa mobility 300 K 9000 Interband matrix element P2 {¢V]
(cm?/V sec] 7K 2510 A.B.C (3?/2ml]
Hole mobility 300K 400
(cm?/V sec] 7K 7000 Energy {eV], (symmetry)

m*/m

1.424
1.510
1.519

-5.4

L7LY
0.075, 1.9

1.43(T
0.067

1

0.07
0.07

0.55

oTy)
, 29
£.3.-4.0,7.1

0.34Iy)
0.15
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Figure 1.1 Diagrammatic fepresenta_.tion of light scattering processes
in a medium.
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Figure 1.2

(a) Schematic electron energy bands in an insulator.
Non-resonant (b) and resonant (c) light scattering processes
in insulators..
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Maximum (dashed line)
and average (full.line) energy
transmitted to a silicon atom as
a function of the incident energy
for electrons (e), protons (p),
and neutrons (n) :
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Figure 1.7
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Chapter 2-
Raman Study of Neutron and Electron Irradiated GaAs
2J.Introductibn_

In this chapter I present results of Raman scattering
measurements that have been performed on samples that have been
damaged by irradiation with either high energy electroné or neutrons.l

As mentioned in chapter 1, there are basically two ways in which
disorder affects Raman scattering: |

1) Localized 6; resonant vibrational modes caused by the presence
of defects appear as new structures in the Ramaﬁ spectrum, |

2) Defect induced Raman forbidden modes such as those which
become observable because of a relaxation of the k-conservation
selection rule brought about by a disorder induced loss of -
translational invariance.'fhere is é large body of previous work in-
which these two types of disorder related Raman scattering have been
used to study defects in semicohductors.

A good e;ample»of the first class of defect related Raman
scattering is the work of Cerdeira et. al.? in which the local modes
of boron impurities in silicon were observed. Figure 2.la shéws a

020 ¢p-3

Raman spectrum of silicon that has been doped with 4 x 1
boron. As a result of the lighter atomic mass the boron vibrational
modes occur at frequencies above the optical phonon frequencies of Si

and hence theyv are local modes. There are two local mode peaks due to

the two naturally occurring isotopes 310 and 8ll. The positions of
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these peaks are in good agreement with a simple model that assumes
. that only the mass of the defect changes while the spring constant
remains unchanged. While such a model often gives accurate predictions
when shallow impurities like boron in silicon are involved, it is

often found:to be inadequate in describing local modes associated with

defects that produce deep electronic levels3’4.0ne should note the

extremely high doping density required to observe the Raman scattering

due to local modes. Many other examples of Raman studies of local

modes have been reported in semiconductorso5

One example of the second type of disorder related Raman

»

scattering that has been frequently studied is disorder activated

first order Raman scattering (DAFORS). In this case a relaxation in

E;conservation allows zone edge phonons to participate in one phonon
scattering. The types of disorder responsible for previéus
observations of DAFORS include effects due to the finite size of
microcrystallites (in silicon6), ion implantation (in GaAs7’8) and
disorder introduced by alloyingg'lz° In agreement with a simple theqry
to be described in section 2.2, the observed lineshape of the DAFORS
was found to roughly reproduce the phonon density of states. As an

7 results in ion implanted GaAs

example, figure 2.1b shows Ushioda's
which can be compared to the calculated phonon density of states.

In this chapter I examine the effects of both neutron and
electron irradiation»on the Raman scattering observed in GaAs. In
addition to scattering which I identify as DAFCRS I observe new modes
-which are assgciated with intrinsic defects in Gais. The narrow

linewidth of these modes implies that they are due to quasi-localized

(resonant) modes. The observed annealing behavior suggests that they

-
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are due to the vibrational modes of an arsenic vécancy.
2,2 Microscopic Theory of Raman Scattering Involving Defects

2.2a) Microscopic Description of Raman Scattering in a Perfect

Crystal

Before presenting the microscopic theories of defect induced
scattering, it is first necessary to examine the microscopic theory of
Raman scattering in a perfect crystal.

- First order Raman scattering in;olves a third order perturbation
process with two virtual intermediate states la> and ib>. For
semiconductors and insulators, lad is a state in which an electron is
excited from the valence band to the conduction band via the
absorption of a photon. 1b> is a state in which an excited electron or
hole is scattered into another state emitting (Stokes) or absorbing
(anti-Stokes) a phonon. The electron and hole then recombine, emitting
the scattéred photon. Such a process can be represented by a Feynman
diagram of the type shown iﬁ figure 2.2a. The transitions involved
can occur in ahy time order, leading to six processes which give rise
to six terms in the scattering cross section. The total probability
for scattering a photon into a solid angle dQ while emitting or
absorbing a phonon of energy~6mp.calculated for the diagram in figure

2.2a is:



< Tha, — Wag) Chop - Hag)

ks
X S(wi 7 wé - ws)

. i
1 = 27 D(u) <€ [Hpp [b><b [, |a>sali | 1> » .
1 22 Dy (2.2.1)
R | ab

where HER and HEP are the interaction Hamiltonians for the electron

and photon and the electron and phonon respectively; wy, wg and w, are
the frequencies of the initial photon, the scattered photon and the
emitted (-) or absdrbed (+) phonon respectively; D(wp) is the phonon

density of states; and Mma and Mmb‘ are the energies of the

intermediate states. For the diagram shown in figure 2.2a

ﬁwa = Mmo + le + Mm3; ﬁmb = Hwo + Mw2+ Mw3;

Hwos gap energy;

where Mmj (31 =1, 2>or 3) denotes the energy of the electron or hole
relative to the vband.éxtrema. In a perfect crystal since quasi-
momentum is conserved at each vertex of the diagram in figure 2.2a the
ovéréll guasi-momentum is conserved. Thgrefore i} - E; = 7 where E;,

-

Kg and § are the wave vectors of the initial photon; the scattered

photon and the emitted (+)_or absorbed (-) phonon respectively. The
summation over E; in equatibﬁ 2.2.1 includes only thése photons
scattered into the solid angle df.

Let us now éonsider how the preéence of defects might modify the
above description. In the remainder of this section I will examine

three different microscopic mechanisms for Raman scattering involving-

defects.
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2.2b) Third Order Spatial Correlation Model

This type of mechanism was first proposed by Shuker and Gammon13

to explain the Raman lineshapes observed in amorphous silicon. They
éssumed that the electronic system is undisturbed by disorder; only
the phonon system is affected. The relevant Feynman diagram for one
phonon Raman scattering is shown in figure 2.2b. It is assumed that
the only difference between the defect related Raman scattering shown
there and the allowed Raman scattering of figure 2.2a is that the
phonon in 2.2b is confined spatiaily so that it is no longer a plane
wave of infinite extent and therefore does not have a well defined
quasi-momentum. Note that even though momentum conservation is net
required at the HEP vertex the possible values of the intermediate
electronic state momenta Q} and Ebvaré still subject to the constraint

- - . ‘
ky = ky. This is because of momentum conservation at the Hgp vertices,

i.e.

ki = kl - k3 = 0
and

kS = k2 - k3 = 0

In a perfect crystal the wave function for a phonon with wave vector

-+ .
q, can be written

9(q,, T) = u(q,) exp(-13_-T) (2.2.2)

where u(&b) has the periodicity of the lattice and describes the

atomic displacements within a unit cell for the phonon mode labelled

-

by P

The present discussion is very general and our conclusions do not
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depend on the precise manner in which the effect of disorder is added
to the phonon wave function. Therefore I have arbitrarily localized
the spatial extent of the phonon by multiplying it by a Gaussian
envelope. (Such an envelope function has also been used by Richter et.
al.é, Tiong et. a18 and Parayanthal et. a]..14 to explain the LO phonon
lineshapes in various types of disordered éemiconducto:s.) The

localized phonon wave function is denoted by d’L(qo,r) with:
v (G, ) = exp (-2r7L2) 9@, ) (2.2.3)
*With this definition L characterizes the spatial extent. of the

confined phonon. This type of model is often referred to as a spatial

correlation (SC) model. Equation 2.2.3 can be rewritten as:
UIL(EO, —f) = ‘PI'_‘(-Q.O» ?)u(ioo)
with ‘ , - (2.2.4)
2r2
Y; = exp | =2 - iq. T,
L XP[ LZ q0 ]
w'L can he written in terms of its Fouri;er components:

S - 3= - - s
vr (@, T) = fd q'C(q,, q")exp (i7" *3) (2.2.5)

with
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c(,, q') = (27r)-3 /d3rw£(a"o, Texp(-iq'T) | (2.2.6)
2 - 2
= 1am 2 | L T - T

4

If I assume that the total wave function of the system can be

written as the product of an electron part and a phonon part
¥Yror = g®u (T, D) (2.2.7)

> . ) >
where R denotes the electron coordinates and k denotes the electron
wave vector, then the electron-phonon matrix element in (2.2.1) can be

written as:

<O, ¥ (@, D Hgplog , A
2 1

f d3’d3R°~ <R>w*<a , DU 0 (R)A
1

3 . . - (2.2.8)
ffd 7 R’{; Ui 4'C(T, 3")exp (-1 -?>u*<'q'o>} HEPMRM
f §'c@, 3 )U ] 3’d3i¢-<R>u*<qo>exp( -3 D, mmm}

where IwL(ig, T)> represents the state with one spatially confined

phonon present and |A> represents the phonon ground state in which

no phonons are present.

The expression in square brackets in the last liné of (2.2.8),
which I shall call M, is the matrix element for an electron-phonon
interaction involving plane wave phonons similar to those of (2.2.2).
(The only difference is that for the phonons in (2.2.8) the argument

of the function u is different from the phonon wavevector q'.) For
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Stokes scattering and the deformation potential type of electron-

15

phonon interaction ‘one can show that:

-

M= mp“Ea(El -k, - a" | (2.2.9)

Thus
-> > ’
<°§2wL(qo’ o) [Hgplog 4>
1
=3 3—-»' -> -
= wp fd q3'c(q,, q")G(-Izl -k - q" | (2.2.10)

- > -
C(qo’ q)mp

where q = l-cbl - !.:2 = 0 as in figure 2.2a.

Using (2.2.10) in (2.2.1) yields:

_ _ 3-;. -3 2
T l(‘“p) « D(wp) wp : f : ,ka C(q°’ 0
(o, = Ho) (Ao = Ho ) (2.2.11)
. 2
=D0p) e, 0
“p

Squation (2.2.11) directly gives the lineshape for DAFORS that occurs
via this SC mechanism. Note that if C2 does not change gfeatly as 35
varies within the Brillouin zone, as would be the case if the phonon
is well confined (L < ap), then the lineshape approximately reproduces
the phonon density of states D(wPL

The exact form of the factor (C(S;,,O))2 depends on the specific
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manner in which disorder perturbs the phonons (equation 2.2.3). A more

general form of (2.2.11) is

T-l(wp) « D(ZE> FE) (2.2.12)
P

@

where the function F(E;) depends on the extent to which momentum
conservation has been relaxed. Equation (2.2.12) is of the same form

‘as the result obtained by Shuker and Gammonl3,

2.2¢) Kawamura-Tsu-Esaki Model

The SC model assumed that the disorder which activates the
normally forbidden Raman scattering crystal affects only the
vibrational modes of the solid. It is also possible that disorder
alters the electronic states of the scattering medium and hence causes
new Raman processes to become allowed. A theory for DAFORS due to
electronic disprder was pfoposed by Xawamura, Tsu and Esaki (XTE).
KTE include the effect of disorder in the electrodic system in a
manner similar to that for the phonon system described in section
2.2b. The electronic wave functions are no longer described by plane
waves characterized by a single wave vector but instead by a Fourier

sum over a range of wave vectors.

+

(2.2.13)

>

@% R) = /d3E' g, (k - k') exp(ik'-R)

In equation 2.2.13 the subscript &k denotes the wave vector of the

-
unperturbed wave function. The function g(%') is the Fourier transform
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of the perturbed electronic wave function ¢L§’and thus is analogous to
the function C(q) that appears in the SC model of section 2.2b.

As a result qf fhe assumption (2.2.13), all transitions involving
electrons or holes do not necessarily have to conserve.wave vector,
This allow5‘additional electronic states to participate in Raman
scattering that would otherwise.be forbidden by momentum conservation.
An example of one scattering process involving such localized
electronic sﬁates is shown by the Feynman diagram in figure 2.2c.
(Since all three of the vertices in this diagram involve electronic
transitions, disordered activafed Raman scattering can involve either
one, two or three momentum non—éonserving steps. uowever, if the
disorder is not too great then those processes with o&iy one momentum
non-conserving step will be most significant, In thisvcase, as in the
SC model, momentum conservation at the other two vertices constrains
the electronic states to be the same as those that participate in
a;lowed Raman scattering.)

XTE show that the rate for Raman scattering involving a phonon of

wave vector E satisfies the proportionality

2

a

(2.2.14)
(Mwa - ﬁmi) (Mwb - st)

) 3. ' 3+, >, - *>,
r‘laz _%f a7, fdk @ + D &)
w a
2 P
q

»

¥

where k_, is the wave vector of the electron/hole in the first

a

intermediate state la>. If the function g does not depend on the
>

subscript k, (i.e. all of the electronic wave functions within the

band are perturbed in the same way) then
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.
1 e Dlep) e @ (2.2.15)
(.Up :
where

R |
c'(q) = f3l'<" gk’ +q) g (k"
K 4l

The result (2.2.15) is thus of the same form as the result obtained

for the SC model (c.f. equation 2.2.11).

2.2d) Defect Mediated Higher Order Processes

A third possible mechanism for defe;t activated Raman scattering
is represented by the Feyﬁmann,diagram in figure 2.2d. In these types
of processes.an electron or a hole undergoes elastic scatterings with
a defect in addition to scattering with a phonon.Since'momentunlis
transferred to the defect during the elastic scattering, phonons from
throughout the Brillouin zone are allowed to participate in one phonon
Raman scattering. Thus, like the SC and XTE mechanisms, this mechanisz
predicts Raman lineshapes that resemble the phonon density of states.
However the resonance enhancement of the Raman intensity predicted by
such a model can be quite different from that predicted by the SC
and XTE mechanisms. This difference gives us an important means to
distinguish this mechanism from the other two mechanisms. A detailed
discussion of the resonance enhancement predicted by the above three

mechanisms is deferred until chapter 3.
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2.3 Experimental Aspects

The starting material for these experiments was semi-insulating
LEC grown GaAs. One sample was uniformly irradiated with a flux of 3
x 1017 /em? fast ( 50 keV) neutrons produced by the FRJ-1 reactor of

the XKernforschungsanlage Juelich under conditions similar to those

1.16. The (110) surface of a second sample

oot

was irradiated with a flux of 1.0 x 10} A1'6 Mev electrons produced by

described by Worner et. a

a Van De Graaf generator. Thé'beam was focused to a diameter of
'appfoximately 3mm as estimated from viewing a piece of fluorescent
material that was placed in the beam at the sémple position. Thus I
estimate that the peak intensity of the beam is approximately 1.1 x
1017 crn"2 . Since the beam size is smaller than the sample.dimensions
the sample is inhomogeneously damaged; The Raman spectra were recorded
with the laser beanm fdcused to a 75 micron spot on the sample where
the damage is at_a. maximum. From the estimated electron flux at this
ﬁoint and the fact that the defect introduction rate within the first

few millimeters of the sample for 1.6 MeV electron irradiation isl?

1 incident electron ;m"z <—> 5 total defects cm™>

T estimate that the total defect density in the region .under
investigation is approximately 5 x 1017 cm=3, The procedure for
locating this point is described below. ’Thus within the volume probed
by the laser beam the damage is effectively homogeneous.

During both the electron and the neutron irradiations the sample
temperature did not rise above 100 C. This implies that only defects
with characteristic annealing temperatures > 100 C will be present in

the samples after the irradiations.
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For both the electron and the neutron irradiated samples the band
-edge luminescence is compietely quenched, thus making it possible to
observe weak Raman scattering near the EO gap. I note parenthetically
that for a given concentration of defects, electron irradiation
appears to be more effective in quenching the luminescence than
neﬁtron irradiation. This is presumably due to the fact that the
defects produced by neutron irradiation occur in clusters. For
comparison I have also studied GaAs grown by the horizontal Bridgeman
technique and doﬁed with 1017¢n=3 of Cr. In this case Cr is
responsible for quenching the luminescence.

A standard experimental setup for recording Raman spectra was
employed (figure 2:3).TheAsamp1e was placed in an optical dewar éﬁd
cooled to temperatures betwen 10 k and 10U K, - The Raman spectra were
recorded in a near-backscattering geometry from either (110) or (111)
surfaces. Approximately 200 mW of excitation light was provided by a
Styryl 9 dye laser pumped by an Ar* laserls. The dye laser was tuned
to an energy of 1.47 eV, which is just below the fundamental band gap
of GaAs. Thus I was able to take advantage of the relatively large
scattering volume resulting ffom the large penetration depth of the
light. In addition there was a.very large,resbnant enhancement in the
defect related scattering which greatly increased the strength of the
scattered light. The scattered light was dispersed by a 3/4 m double
spectrometer apd'detected as single photons by a cooled
photomultiplier tﬁbé'with a GaAs photocathode. Since the sensitivity
of the tube falls off sharply below 11500 cm'l, tﬁe spectra were
corrected for the spectral response of the detection system thch was
determined by using a quartz halogen lamp as a light source. The Raman

spectra were also corrected for the frequency denendence of the
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absorption and relectivity of the samples measured in a separate

experiment,
2.4 Results

In figure 2.4 I show the Stokes Raman specﬁra recorded from (110)
surfaces for an unirradiated GaAs sample (a), a neutron irradiated
sample (b) and an eleétron irradiated sample (c and d), In the
frequency region below the transverse optical (T0O) phonon the
spectra of the irradiated samples are qualitatively similar to one
another but differ significantly from that of the unirradiated sample.
In this frequency region the Raman spectra of the irradiated samples
show three additional pegks that I have labelled A, B and C.

As mentioned above, the electron irradiated sample was
inhomogeneously damaged because the cross section of the electron beanm
was smalier than that of the sample. When the exciting laser beam is
focused on an arbitrary point on the sample that has been electron
irradiated; the resuitiné Raman spectra below the -TO phbnon frequency
can typically be interpreted as a superposition of two types of
scattering: 1) disorder related scattering similar to that shown in
figure 2.1b énd 2) allowed two-phonon overtone scatteriﬁg similar to
that shown in figure 2.4a. By monitoring the relative contribution of
these two conmponents as a function of the laser beam position on the
sample it is possible to map out a "damage profile”. The diameter of
the damaged region determined in this manner is 2mm, in good agreement

with the electron beam profile. This result confirms the supposition

that what I have identified as defect related scattering is in fact
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due to damage introduced by the electron irradiation. In the central
0.5 mm of the irradiated region the damage is large enough for the
disorder induced scattering to overwhelm the two-phonon scattering so
this region was chosen for more detailed studies.

The spectrum of the Cr-doped GaAs shown in figurekZ.Sb can also
be described qualitatively as due to a superposition of the spectra of
an unirradiated sample (figure 2.5a) and an irradiated saﬁple ( figure
2.5¢c), except for the fact that there is no clear evidence of the sharp
peak A at 227 cn~l - found in the‘irradiated samples. This point is
somewhat obscured by the presence of the broad shoul@er around 227 cud
due to two-phonon overtone scattering. It would be interesting to
look at GaAs with higher Cr concentrations, where the defect related
scattering will overwhelm the two-phonon scattering. Unfortunately the
1017 cm=3 Cr concentration present in my sample is alréady close to
the "solubility limit" of Cr in GaAs.

The spectra shown in figure 2.4a-c were recorded with the
polarizations of both the incidént and the scattered light parallel to
the same (100) direction. According to the selection rules listed in
table 1.2 phonon modes of T, and Iy, symmetries are allowed in this
scattering geometry. In figure 2.4d I show the Raman spectra recorded
for the electron irradiated sample with the scattered light polari;éd
perpendicular to the incident light. For a [110] surface only phonons
with a [Ij5 symmetry are allowed (see Tables 1.1,2). A new peak,
. labelled A' is apparent. The intensities of peaks 4, B, C énd.the
longitudinal optical (LO) phonon observed in this ;g geometry are all
roughly 1/10 of the corresponding intensities in the Iy and Ty,
configuration. Although the selection rules listed in Table 1.2 state

that LO phonon scattering is forbidden from a [110] surface, it is



" well known that forbidden LO phonon scattering can be observed under
resonance conditions and exhibits predominantly [y symmetry. This will
be discussed in more detail in chapter 3. On the other hand, the TO
phonon is 60 times stronger in the allowed 15 configuration than in
the forbidden geometries in accordance with the selection rules. I was
unable to observe any defect induced scattering in the I'js5 symmetry
configuration in ﬁhe neutron  irradiated sample. |

To help identify the defects responsible for our observed spectra
"1 subjected several pieces of the neutron irradiated sample to
isochronal (one hour) annealing treatments at temperatures ranging
from 220 C to 600 C. The results are shown in figure 2.6. The
relative intensitiés of  these spectra have been normalized by tne TO
phonon intensity. Peaks A, B and C remain unchanged in the sample
annealed to 220 C but decrease‘sharply in the sample annealed to 320
C. By 440 C only a weak ﬁdensity-of-states-like" structure is evident.
The sharp peak A is no longer present. For tﬁe sample annealed to 6CO
C (not shown) a strong band edge luminescence waé observed and it
masked whétever'Raman signal might be pfesent.

In contrast with the acoustic phonon energy region which shows a
great deal of disorder related scattering, the optical phonons appear
felatively unchanged by the irradiation. Yo changé at all is
observable in the neutron irradiated sample even when examined with 1

ca~l resolution at 10 K. In the electron irradiated samples only the

LO phonon lineshape apnears to be slightly asymmetrical, having a

greater intensity in the low energy tail than in the high energy tail.
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2.5 Discussion

19-21 on the

As pointed out in section l.2c, previous studies
nature of the damage produced by neutron and electron irradiation of
GaAs have produced the following picture. In neutron irradiated
samples, the materials surrounding a "primary knock on" contéin#
clusters of defects but are otherwise basically crystalline (i.e. they
are not amorphous). For samples irradiated with a flux of 3 x 1017

neutrons/cm?2

these damaged regions occupy roughly.SZ of the total
sample volume. It has Seen proposed that the primary defects in these
damaged regions are interstitial - vacancy pairs that are accompanied by
local strains. Larger defect complexes are not thought to be produced
in large numbers. For the case of electron irradiated Gais, the
_ damage is thought to be more homogeneous, consisting of intrinsic
point defects distributed unifdrmly throughout the irradiated region.
This is because a collision of the lighter eiectron with an atom
transfers only enough energy to eject a single atom. Thus the point
defects that are created are spatially uncorrelated with one another.
As mentioned in section 2.2, the simple theories of DAFUKS
predict that the Raman lineshape should -resemble the phonon density of
states. This is in accordance with what has been observed

6"'ll'who examined either ion-

experimentally by a number of workers
implanted GaAs or various III-V alloys. Similarly, I have identified
the peaks B and C in the irradiated éamples as due to DAFORS.:
Comparison of the spectra in figure 2.4b,c with a calculation of the
nphonon density of states (figure 2.4e) shows that the lineshape of

peak B is similar to the density of states of the longitudinal

acoustic (LA) phonons while peak C reproduces the transverse acoustic



44

(TA) branches. While this correspéndence suggests that peaks B and C
are related to the bulk LA and TA phonons respectively, it does not
unambiguously identify the exact nature of the phonons involved in
the peaks B and C. For éxampie, if the mechanism of XTE is responsible
 for the observed DAFORS then peaksz and C are due to processes
involving plane wave pﬁonons. On the other hand, if the SC me;hanism
is resﬁonsible for these peaks then the.involved phonons are not plane
waves, In this case the phonons might for example be spatially
confined phonons or even resonant modés which happen to have a
density of states that is qﬁite similar to the bulk density of

states. 3 ’ 4

In contrast, peaks A and A' have not 5een.obsér;ed in previous
Raman studies of disordered GaAs. These peaks are much different from
peaks B and C in that they are much narrower (full widths at half
maximum of 7 cm'l)vand are not reproduced in the phonon density of
states. One may argue that peak- A can be expléined by the broad

1

structure near 227 cm™ " in the theoretical phonon density of states

that arises from the LA(X) critical point. However, this explanation is
not likely based on the following observations. TFirstly, the

structure at 227 cm“l

in the theoretical spectra is broader than peak
A while all of the other péaks in the theoretical spectra are
sharper than the corresponding peaks inthe experimental spectra.

1 is weaker than the other

Secondly, the structure near 227 cm~

structures in the phonon density of states while peak A is much

stronger than the other DAFORS peaks. Of coﬁrse one may question the
\

accuracy of the calculated density of states. Fortunately there is

experimental support for these results as can be seen by examining the

Raman spectrum in figure 2.7, which was recorded with the laser beam



focussed at a point 1.5mm away from the point of maximum damage. In
this figure both the disorder induced scattering and the two-phonon
overtone scattering are visible. It is well known that the two phonon
‘overtone spectrum roughly mirrors the phonon density of states scaled
by a factor of 211. Indeed, two phonon peaks corresponding to overtone
scattering of peaks B and C are present (labelledIZB and 2C).
However, the two-phonon overtone scattering observed in the range
corresponding to twice the energy of peak A (455 cm'l)(labelled
2LA(X)) is too broad and weak to be identified as overtone scattering
of peak A; instead it is more consistent with an overtone scattering
assoéiated with the cfitical point LA(X) in the phonon density of

states.
I also rule out the possibility that peak A is due to a two

piionoa difference combination process involving emission of an
optical phonon and absorption of an acoustical phonon because peak A
is as strong at 10K as at 100K. For a difference combination process

the Raman cross section should be proportional to
(nop + 1)nac

where

n = (exp(huw /KT) - 1)1 ;a = (expGho /kT) - 1)L
op op ac ac

and Huw ) is the optical (acoustical) phonon energy. For

op (Hwae

waéb50-80cm'1 the factor n_.. would make this process much weaker at 10

ac

X than at 100 X, contrary to what is observed experimentally. The
differgnce combination process can also be ruled out because the
corresponding two phonon sum combination peak is not observed.  The
absence of peak A in GaAs that hés been disﬁrdered by a variety of

7,8

. . . . Q .
other means such as ion implantation , alloying” or Cr doping

(figure 2.5) implies that it is associated with the presence of a

[ve}
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specific defect introduced in relativel} large concentrations by both
neutron and electron irradiation.

I have therefore identified both peaks A and A' as due to eiﬁher
electronic or vibrational Raman scattering associated with some
intrinsic defects induced by the irradiation. Electronic Raman
scattering can be ruled out based on the dispersion of the Raman
intensity as the laser frequency is tuned across the band gap. I
found that the resonance enhancement of the Raman cross section of the
A mode is quite similar in electron and neutron irradiated GaAs and is
much too strong to be explained by electronic Raman scattering.22 On
the other hand this strong enhancement can be understood "if peak A is

a vibrational mode (local or resonant mode) of a defect. These results

will be presented and discussed in detail in chapter 3.

The Raman spectrum observed in the sample that has been annealed
to 440 C in Fig. 2.6 shows a weak DAFORS structure that is presumably
caused by disorder that has not yet been annealed out. Noticeably
absent from this spectrum is any evidence of the sharp peak A
structure. This observation suggests that peak A is associated with a
specific defect that has a characteristic annealing temperature in the
range between 220 C and 320 C.

That peak A' was not observed in the neutron irradiated sample is
most.likely due to the fact that the absolute magnitude of the defect
induced scattering is much weaker in this sample. If the ratio of tne
scattering intensities in the T} and [}g geometries were.the same as
for the electron irradiated sampies the signal would be too weak to be
detected in the neutron irradiated sample. In addition there is a

relatively large f2atureless background in the spectra of the neutron
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irradiated sample which makes it difficult to observe weak features.

The weakness of peak‘A' precludes any detailed measurement of its
properties such as dependence on laser frequency. It should however be
possible to examine its annealing characteristics which should shed
light on whether peak A' is associated with the same defect as peak A.
Its {5 symmetry suggests it should be infrared-active and thus may
be more conveniently studied by far infrared absorption spectroscopy.

I contend that the sharpness of peaks A and A' suggests that
they are associated with isolated point defects since Raman peaks
aésociated with large defect clusters are more likely to have
considerable inhomogeneous broadening. In principle ion implantation,
like neutron and electron irradiation, will introduce large quantities
of intrinsic defects, yet peak A has not been observed in ion
implanted samples. However, as mentioned above, of the three kinds of
high enefgy particles (ions, neutrons and electrons), ions and, to a
lesser extent, neutrons tend to produce defect clusters while
eleﬁtrons produce isolated point defects. ‘This is consistent with my
observation that in the electron irradiated sample peak A is
considerably stronger relative to the DAFCRS and there is also less
featureless background scattering than in the neutron irradiated
sample.

The very narrow linewidths observed for peaks A and A' suggests
that these peaks are due to. vibrational modes that are well localized
around a defect. Cne argument against such an identification might be
that a localized mode cannot exist at an energy so close to the LACY)
critical point. The conventional wisdom has it that truly localized

modes can only exist at energies where there are no bulk modes;
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otherwise motion which is initiélly localized éround.the defect can
very effectively propagate away into thevbulk, resulting in a non=~
localized mode. Firstly, it should be noted that while the exact
value of the phonon density of states is nbt precisely known in the
energy range where peak A is locéted, by all accounts this density is
not very high. Secondly é recent ‘calculation of the vibrational modes

p3+4 shows that it is possible to get

of the deep level oxygen in Ga
fairly well localized modes even when the energies of these modes are
coincident with a relativgly high density_of bulk modes provided the
localized modes do not couple to Bulk modes.

Another point that can be made concerns the rather special nature
of the atomic displacements associated with the LA(X) éritical point.
For this mode in GaAs all of the motion is taken up by the As atoms;
the Ga atoms remainAstationary323 On the other hand let us consider
for example a localized breathing mbde associated with an As vacancy.
Presumably this mode consists largely of motion of the Ga atoms
surrounding the vacancy. Thus it is not implausible that such a local
mode will not couple to the LA(X) bulk mode.

I-have argued that peak A is associated with a vibrational mode
of a point defect. The list of candidates for this point defect is
then IGa' IAs’ VGa’ VAs' AsGa and GaAs’ The annealing behavior allows
some of these to be ruled out. For example, ESR measurements in the
neutron irradiated sample show that it contains 7x1017/cm3 Asg,

24 Measurements by Worner et. 31.16 have shown that

antisite defects.
after one hour isochronal annealing the concentration of Asg, as
determined by ESR remains constant to 400 C above which the

concentration drops sharply bv a factor of 100. TFrom my annealing

results I conclude that the AéGa defects are not responsible either
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for peak A or for the bulk of the DAFORS that I observe. However it
is possible that the weak structure appearing in the sample which has
been annealed at 440 C is due to Asg,..

An annealing stage-in the vicinity of 225 C has been observed by
nearly everyone who has performed an annealing experiment on either
electron or neutron irradiated GaAs., A wide variety of experimental
techniques, ranging ffom-infré-red absorption to electrical
regsistivity, has been utilized to monitor the annealing. A summary of
much of‘this work is given by Langzs. In particular, Pons and

26

Bourgoin used DLTS to observe this stage in electron irradiated

GaAs. They demonstrate th;t the stage is due to the annealing of the
so-called E2 electron trap. The.microscopic identity of this level is
not definitely known, but they pfesent strong evidence that it is a
simple defect formed by displécement of the As sublattice (i.e. Vag
Asg, or IAS).’Their argument is based on an anisotropy in the defect
introduction rate when the electron bean Es incident in the (111) or
(-1 =1 -1 ) directions. Based on positron lifetime measurements, Cheng

a1.27 argue that the arsenic vacancy is the more likely

et.
possibility. Pons et al.28 also conclude that the vacancy is the more.
likely possibility. Recently Loualiche et al.29 have shown additional
evidence that this-angealing stage is associéted with As vacancies.
On this basis I tentatively conclude that peak A is most likely
- associated with V,..

The oﬁsgrved I} symmetry suggests a breathing mode (figure l.7a),
but care should be exercised in making such an identification as it is

well known that Raman selection rules often breakdown near resonance.

(For example, near resonance the forbidden LO phonon scattering is
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observed to be primarily of [} symmetry even though the LO phonon has
I'1s symmetry.Bo)

This proposed identification should be checked by a theoretical
calculation of the vibrational properties of vacancies and
interstitials in GaAs. (See section 1.2¢.) If thisidéntification of
the 227 cm~! Raman mode is confirmed by theoretical calculation, if
will be a powerful means to study the properties of As vacancies in

31 predict that

GaAs. In fact, recent theoretical calculations by Leite
the arsenic vacancy should have two local modes, one of Ty symmetry
and the other of 15 symmetry, whose energy lies in the gap in the
phonon density of states between the acoustical and optical branches.
It should be noted that Leite's calculatiqn assumes that there is a
gap in the phonon density of states between the acoustical.and
optical branches and that theéé local»modes lie within this gap.
However, theoretical calculations 6f the phonon density of states
(figure 2.4e), experimentai determination of the phonon-density of
states based on DAFORS (figures 2.1b and 2.5b) apd two-phonon
overtone scattering (figure 2.7) all indicate that the phonon density
of states is low near 230 cm‘l, but not zero.

Evidence that the defects involved in the 225 C annealing stage
involve displacement 6f the As sublattice comes largely from studies
in which differences in defect introduction rate as a function of
whether the crystal is irradiated in the (ill) or (-1 -1 -1)
directions are monitored. This suggesté that a useful experiment would
be to measure the differences in the strength of the defect induced
Raman signals asAa function‘of.ifradiation.direcﬁioﬁ as a means of.

confirming the identification of peak A as due to VAs'

Further examination of the annealing results yields some valuable
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clues concerning the nature c')f the DAFORS involving peaks B and C.
Comparison of.the lineshapes of the samﬁle annealed to 320 C with the
unannéaled sample reveals that not only has the intensity of the
scattering diminished in the annealed sample but the lineshape now has
losﬁ its sharp structures that resemble the phonon density of states
and taken on a mdre*"washed out” appearaﬁce. This can be qualitatively
understood within the framework of the models for DAFORS that were
described in sections 2.2b (SC) and 2.2c¢ (KTE). Both these models
predicted DAFORS scattering rates that satisfy the proportionality
givén in (2.2.12).

Let us see what the consequences of these types of models are by
investigating a particular idealized caée of the SC model (figure
Z.SL.FO: the purposes of demonétfation‘I assume a simple idealized
" one-dimensicnal dispersion relaﬁionship.that.may be appropriéte for an
acoustical branch (shown in‘figure 2.8a). The corresponding phonon
density of states is shown in figure 2.5b. As in section 2.2b, the
perturbed phonon is assumed to be described by a wave function that

has a Gaussian envelope of the form

2

(-» > 2 - > . ’
123 9, r) = exP[-Zr }fb(qo, r) - (2.2.3)
' L

where ?(5;,?) is the wave function of a bulk phonon.
The corresponding function F(i;), which describes the extent to

which momentum conservation has been relaxed is given by
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R 22
F(J,) = exp c‘oz (2.5.1)

Plots of F(&;) as a function of phonon frequency for several different
valueé of the parameter L are shown in figure 2.8c. As expected, the
more spatially confined the phonon, the greater the relaxation of
momentum conservation. For spatially confined phonon modes (fig 1.6c)
it is expected that L should increase as the defect concentration
decreases. The effect of such an increase in L on the observgd Raman
lineshape, as predicted by (2.2.12), is shown in fig 2.8d. It can be
seen that as L increases the Ramantspectra becomes more "washed out",
and no longer rasembles the density of states. Since in the
annealing experiment the defect -concentration should decrease as the
sample is heated, the disappearance df the phonon density of
atates.structure in the Raman spectrum can be understood.

On the other hand the above ‘explanation cannot account for the
reemergence of the sharp density-of-states-like Raman structure in the
sample annealed to 440 C. Similarly it cannot - explain the Raman
spectra of the samples that have been irradiated with lower electron
dosages (figure 2.9). I will concentrate on the DAFORS peak C measured
at two different locations within the electron irradiated region of
the sample. One measurement takes place at the center of the damaged
region while the other was recorded at a point 1.5 mm from the center.
From the measured intensities of peak C relative to the TO phonon
intensity (figure 2.9a) I eatimate tdat the_defect concentration

differs by about a factor of 6 between these two points. (This

estimate is roughly consistent with the measured Gaussian beam size of
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3mm). In spite of the significant difference in defect concentration
the 52323 of the DAFORS peaks observed at these two locations is
identical (figure 2.9b).

As mentioned abo;e, the phonons involved in the DAFORS peak C may
be either spatially confined phonons, resonant phonoﬁsror‘plane wave
phonons. Spatially confined phonons have localization lengths that
- depend on the separation between defeéfs (figure 1.6c). Resonant modes
on the other hand are associated Qith isolated poiﬁt defects (figure
1.6b) and their sﬁatial extent should be independent of the defect
concentration. Obviously, the spatial extent df a plane wave phonon
also does not depend on the defect éoncentration. Thus the
insensitivity of the peak C to electron dosage in the electron
irradiated sampleszsuggescs that peak C is due mostly to scattering
involving either resonant phonoﬁé or plane wave phonons. On the other
hand the same beak C is due to confined phénon modes in the neutron
~irradiated sample which has been annealed to less than 320C. I will
present additional evidence té suppofﬁ this proposition in chapter 3.

A number of previous studies have'fécused on the observéd
asymmetry and red-shifting of the LO phonon line6’8’14.‘rhis effect
has been successfully interpreted within the framework éf the SC
model. In order to make contact with this work, a few Qords
concerning the LO phoﬁon lineshapes in my GaAs sample are in order. I
have been unable to detect any distortion in the LO phonon lineshape
in the neutron irradiated sample and only a small asymmetry and
bfoadening_in‘tﬁe electron irradiated sample. Cne explanation for this
observation is that the "damage threshold" for observing disorder
rélated séattering is mﬁch lower in the écoﬁstic phonon energy range,

simply because the disorder related scattering is not competing with a
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strong allowed first order scattering; This is especially true for
the neutron irradiated sample. Since the neutron irradiated sample is
inhomogeneously damaged the epectra I observe are dominated by the
strong allowed first order scattering (sharp LO and TO peaks) from the

957 of the sample volume which is relatively undamaged while the weak

DAFORS from the remaining 5% of the damaged cores is completely negli-

- gible.

2.6.Conc1usions

In conclusion I have been able to observe new and'relativery
.sharp peaks due to intrinsic defects in the Raman spectra of both
neutron and electron irradiated GaAs. The symmetry and annealing

1 is consistent with its.

dependence of one of the peaks at 227 cm”
‘identification as a vibrational mode of an As vacancy. The use of
incident photons tuned to.just 5elow the band gap has allowed me to
simultaneously take advantage. of both the relatively large scattering
volnme and a large reeonant enhancement. This results in large:
scattering intensities for the defect relatedaRaman processes. (In the
electron irradiated sample rates were as high as several thousand
photons/sec when counted by a PMT with 1% quantum efficiency;)Tﬁis
suggests that it ehould be possible to examine defect related
scattering in samples with considerably lower defect concentrations.

While the narrow linewidths of peaks A and A' suggest that they
are associated. with well localized nibrations it ie inportant to test
this hypothesis with additional experiments. Two ideas which come
quickly to mind are:

1) Since a Iy local mode associated with an arsenic vacancy would
1 .
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.involfe mostly Ga motioﬁ one immediately things of isotope
substitution. Unfortunately there are no naturéllf occurring isotopes
of either Ga or As. The next best thing Qould'be to look at alloys
such as GaAlAs or GaPAs. If the peaks A .and A' were indeed Vyg local
modes that involved mostly motion of the nearest Ga neighbors-then the
frequency of these modes should be modified.differently in GaAlAs as
compared to GaPAs. ,
| 2) Observation of changes in the Raman spectrum induced by
h}drostatic or uniaxial pressure.
A third possibility is that the observed resonant enhancement
lineshape may shed some light on the degree of localization of the
vibrational modes that partiEipate in the defect related scatterihg.

In the next chapter I will show that this is indeed the case.
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Figure Captions .

Figure 2.1- Some results of defect related Raman scattering. a) Local
modes of boron in silicon. From reference 2. b) DAFORS resulting from
ion implantation of GaAs (upper curve) and comparison with calculated

phonon density of states (lower curve). From reference 7.

Figure 2.2-Feynman diagrams- for various Raman processes discu'ssed in
the text; The various symbols used are defined within the figures. a)
Third order Raman process in a crystalline semiconductor. b) Third
order spatial correlation mechanism involving phonons of finite
spatial extent. ¢) Mechanism of KTE that involvgs localized

intermediate electronic statég.fd) Fourth order defect mediated

process.
Figure 2.3- Experimental setup for recording Raman spectra. -

-Figure 2.4- Stokes Raman ;pectré for GaAs (110) surfacg recorded at 90
K. a) Unirradiated sample. b) Neutron .irradiated sample; 1‘1 + 4I‘12
symmetry scattering geometry. c) Electron irradiated sample; Pl +~4F12
symmetry scattering geqmetrf; d) Electron irradiated sample; FlS
symmetry scattering geometry. e) One phonon dehsity of states
calculated using a shell godel from Reference 32. For spectra (b),
(c) and (d) the incident photon had a frequency of 11900 cm'l, For the
spectrum a) the 19436 cm'1 line of the Ar?t lasgr was used instead to
avoid the strong band gap iuminescence. The amplitudes of the spectra

have been rescaled for ease of comparison. For example, the rlS

symmetry spectrum shown ih (d)is actually 10 times weaker than the Tl
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+ 419 spectrum of spectrum(c). Comparison of spectra (b) and (c) to
spectra recorded in a Iy + Ty, + Ty scattering geometry has shown
that the I‘12 component in these spectra is negligible compared to the

T ] component.

Figure 2.5- Stokes Raman spectra recorded in I'; + 41’12 symmetry from
(110) surface of GaAs. a) Unirradiated sample. b) GaAs doped with 1017

emn™3 Cr. ¢) Neutron irradiated sample.

Figure 2.6- Stokes Raman spectra recorded for the neutron irradiated
sample following one hour isochronal annealing treatments. The
intensity of the spectrum for the sample annealed to 220 C is

unchanged compared to the unanrealed sample (figure 2.4b).

Figure 2.7- Raman spectra in electron irradiated GaAs recorded at a
point where the electron dosage is lower than the maximum dosage by

roughly a faéto_r of 6.

Figure 2.8- Simple example showing ﬁhe consequences of the épatial
correlation model on. the DAFORS lineshape.’ a) Model dispersion
relation used for the purposes of this example: w = 1 - exp(-2qa) for
0<q <qBz = n/a. b) Phonon density of states corresponding to the
dispersion relation of part a). c¢) Four different momentum relaxation
funct‘:ions‘F(q) of the form exp(-q2L2/2) with L = 0.5,0.75,1.0,2.0, d)
Raman spectrum predicted by eqn. 2.2.11 for the four different

correlation lengths of part c).
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Figure 2.9- Comparison of the Raman lineshépe observed in regions
irradiated with different doses of electrons. a) Spectrum recorded 1.5
mm from point of maximum irradiation (labelled "2"). Shown for
comparison is ,a spectrum recorded at point of maximum irradiation
(labelled "1"). These spectra are scaled so that the intensities of
the TO phﬁnons are equal. The difference in the intensity of the
defect related scattering is assumed to be due to a difference in
defect concentration. b) Same as in a) except that the spectra are
scaled so that the intensities of peak C are equal, so as to

facilitate a comparison of the lineshapes.



— A=4579 4
=e=== X515 A
~==A=6iN4

OPTICAL PHONON

INTENSITY (arbitrary units)

Figure 2.1la

INTENSITY (ARBITRAAY UNITS)

Figure 2.1b



-—————— PHOTON
——— ELECTRON
—_— HOLE
N\ PHONON

o HER

¢ Hep
.. .
Q= K-k,

Figure 2.2a

Tl
-~
~_iTsT Ay
->
huﬁ ’ k| hwz. k‘z
hu.a.l, k‘| Aw , k.
]
-
hus, ks

CONFINED PHONON

Figure 2.2b

Figure 2.2

63

X Electrbn/Holo-lmpurity intaraction (Elastic)

Figure 2.2a

h -
Up- q
huy: 9% hwp, 9y
L Tk - I - Sy
hui, ki hws. ks

3 —— |LOCALIZED ELECTRONIC STATE

Figure 2.2¢



PMT

MICROCOMPUTER

GaAs SAMPLE

|

SPECTROMETER

. DIFFRACTION

at IOK or 100 K

ARGON LASER

O

INFRA-RED

<=

N :
v GRATING

DYE LASER

Figure 2.3

%9



Phonon

T [I T 1 ] l i ¥ T T l 1 ]
a)
T0O
2| b
c
s |
>
S
£
3
= ©
AN
pd
(RE]
‘—
Z
d)
e
>3 )
‘GE
8:0
T 35
I

-300 ~200 -100 -40
RAMAN SHIFT (cm™)

Figure 2.4 XBL 853-10143

65



66

- _ -{
)\ex =19430 cm

RAMAN INTENSITY (ARB. UNITS)

-| - ' -
Aex -|182 cm

-260 200  -140 -80 - -20
'RAMAN SHIFT (CM )

Figure 2.5



| hour isochronal anneal

o -
ax =||823 ¢m

A

220 C

INTENSITY (A.U.)

25;2 C) (:j: A;_———"'f-‘-‘
440 C

-260 -200 -140 -80 -20

RAMAN SHIFT (cM™)

XBL 855-2645
Figure 2.6

67



w-HHZC

- WA ZH <X-HHWZMAZHW ZP>IXP A

68

2LA(X)

i ]

28

LO TO

! | : l

-5008

-4008

Figure 2.7

-388  -209

RAMAN SHIFT {(CM-1)>

-108

g



69

q)

——
L0

L=0.75

0]

L=0.5
L=0.75

L=1.0

L=2.0

o

Jgz

o

mo::.m hm
Ajjsusg uouoyy

b4

i L i
(siun "quy)
Aysusjuj uowoy

FREQUENCY CARB. UNITSO

Figure 2.8



c WA» ZH <X-HHWZM—AHAZH ZP>PI> AN

WwH4H2ZC

70

| - Maximum Electron Dose

2-1/6 Maximum Electron Dose

L

L " L

-2509

Figure 2.9

-289

-158 -188 -50

RAMAN SHIFT (CM-t>



CHAPTER 3 -

71



72

Chapter 3

Resonant Raman Study of Intrinsic Defect

Related Modes in GaAs
3.1 Introduction

In chapter 2 I examined the defect induced Raman.scattering found
in neutron and electron irradiated GaAs. In this chapter I discuss the
use of resonant Raman scattering (RRS) to study intrinsic defects in
GaAs. Specifically, I present results on the variation of the Raman
cross section for this defect related scattering as a function of
incident photon energy in the vicinity of the E gap.

The motivation for studyinﬁ RRS is several-fold:

1) The large resonant enﬁancement provides a means of increasing
the sensitivity of Raman scattering as a tool to study defects.' Thus
one goal is to understand the physics underlying the resonant

belCer
enhancement so as to-Best be able to takehﬁdvantage of it. There are
two possible scenarios for how the-sensitivity is increased. The first
is simply an across the board.increase in the intensity of ,all the
phonon modes. Secondly, there exists the possibility of selective
enhancement in which the mode of interest is enhanced more than the
other modes. Such selective enhancement can be useful . for a number of
reasons. For example it can result -in an increase in the strength of
the signal relative to a competing background. (A case in point is
depicted ‘in figure 2.9, where the disorder related modes are partially

masked by the two -phonon overtone modes.) Also, 1in this study I have

introduced large concentrations of intrinsic defects intoe GaAs by
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irradiating samples with either high energy neutrons or electrons.
Whiie this technique generates relatively High concentrations of
-intrinsic defects it is not a selective .technique in that it
inevitably creates a number of different types of defects. Tﬁus it can
be difficult to sort out which Raman mode is due to which defect. RRS
offers the possibility of selectively énhancing a particular type of
mode induced by defects. For example, I argue that here as the phonons
that participate in the disorder related scattering become "more
localized, the corresponding resonance enhancement becomes sharper. In
some situations one can tune the incident photéns to resonate with
electronic transitions associated with specific defects, thereby
selectively enhancing the corresponding scattering. This would aid in
the identification of defects.-

2) The enhancement linesﬁa;e of a Raman mode provides information
concerning the electron-phonon interaction and the nature of the
scattering mechanism. In particular, I show in this chapter that the
RRS 1lineshape for the defect related scattering can be explained by a
fourth order scattering process that involves a E-independent
electron-phonon interaction.

Since RRS is an excitation spectroscopy it is possible to study
excited electronic states that would not be accessible by techniques

.such as photoluminescence. Thus a connection can be made be;ween
information that is obtained from RRS and that obtained from other
techniques. As shown in chapter 2, Raman scattering gives information
regarding the vibrational modes associated with defects. Such
information is valuable because the nature of these vibrational modes

can be used to draw conclusions about the microscopic identity of the

73
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associated defect. Ultimately though, such information is most useful
when a correspondence can be made with the defect energy levels
provided by other techniques, such as DLTS. RRS potentially provides
the .means to make this connection. While the above was part of the
original motivation for undertaking this RRS study, I should state at
the outset that I have found no evidence that compels me to invoke
such localized electronic intermédiate states to explain my results.
Such a mechanism may however be applicable to the case where the
incident photon energy is tuned through deep levels in the gap.

Several previous studies have focussed on the resonant behavior
' 1
of defect related Raman scattering. For example, Bedel et. al.

stﬁdied the resonance behavior of DAFORS modes in the alloy system
InAs P in the vicinity of the E critical point. They observed a
rela:ii;Iy small resonant enhahcemint for these modes. Yu et. al.2
used RRS to study CdS:Cl. Tﬁey tuned the energy of the scattered
phoﬁons through an electronic level corresponding to an excitoﬁ bound
to a shallow acceptor. By observing a large enhancement in the Raman
scattering = of é V -=Cl complex they were able to deduce that such
complexes form a shagiow icceptor in CdS. Wolford et. al.3 used this
technique to study the deep level N in Al Ga . As. Usually in these
III-V alloys inhomogeneous broadening due :o é;;ferences in the local
environment prevents much useful information from being obtained from
the defect assisted recombination luminescence. However, by tuning the
incident photon energy Wolford et.al. were able to circumvent ﬁhe
inhomogeneous broadening by selectively‘ exciting only a narrow
distribution , of the N centers. By observing the details of the now

observable phonon replicas, they were able to deduce information

concerning the electronic wave function of the N level.
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3.2 Theory of Resonant Raman Scattering in a Perfect Crystal
3.2a General Description

To understand the kind of information that can be obtained by RRS
it is necessary to return to the microscopic expression derived from
time dependent perturbation theory with the goal of determining how
the scattering cross section varies as a function of the incident

photon energy:

2
o(wy) =« 2,<f,HER]b> <b|Hgp|a> <a|Hgg|i> (3.2.1)
ka

(wa - wi) (wb - ws)

When the incident photon energy coincides with the energy of an
electronic transition then the resonant denomigatots will become very
small (an imaginary damping component added to the elect;onic energies
prevénts the denominators from becoming zero) and the croﬁs section
will be large. Let us first consider a special case of equation 3.2.1
where there is a single isolated intermediate state whose energy is

hw . (see figure 3.la) In this case 3.2.1 reduces to:
0 /

I (wy)= 1 (3.2.1a)

The behavior of the cross section as a function of incident

photon frequency in the vicinity of w , assuming finite damping, 1is
0
depicted 1in the right hand side of figure 3.la. The result is two
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peaks that are symmetric about w + w /2 and located at w and w + w
0 p 0 0 p
(solid 1line). These two peaks are referred to as the ingoing and
outgoing resonances respectively. In this case only one of the tﬁo
factors in the denominator of (3.2.1) vanishes at a time and they
never vanish simultaneously. In practice broadening often causes the
two peaks to merge into one peak that is symmetric about w + w /2
(dashed line). ° ?
In the more genéral case of RRS in a solid with a band structure,
where there are many possible intérmediate states, it 1is often
necessary to .consider only the most strongly resonant terms in
equation 3.2.1. For example, those port;ons of the band structure that
have transition energies near the incident photon energy will make the

~

dominant contribution to the cross section. Also, ohly one time

ordering (the one shown in figufe 2.2a) contributes significantly. In
weighing the relative contrib&tions from various types of scattering
processes it is convenient to separate them into two classes referred
to as two-band and ;hree band processes. These processes are depicted
schematically in figure 3.2. As implied by the names, in the two-band
process only two bands are involved so the electron or hole remains in
the same band when emitting a phonon while in the three band process
the electron or hole scatters to a new band.

Consider a two band prﬁcess in a perfect crystal (e.g. figure
3.2a). Quasi-momentum eonservation implies that the phonon wave vector
q = 0. Therefore, for a typical band structure w = w , since quasi-

- a b

momentum is conserved at every vertex. The resonant denominator in

equation 3.2.1 at, for example, the ingoing resonance (w = w ) is’
: i 0
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(i) (i, + wy - wy) = (ir) (ira + wp) (3.2.1b)

‘where a damping I' has been added. On the other hand, for the three
a
band process shown in figure 3.2b the resonant denominator in equation

3.2.1 at the ingoing resonance is
(iFa) (ira +wg 8- ws) = (iPa) (ira + A+ gb) (3.2.1c)

where A is the separation between the two valence bands. Comparison of
equations 3.2.1b,c shows th#t if A >> w then the three band terms
will not be signigicant compared to the tgo band terms.

RRS allow; us to focus on contribution from a small portion éf
the band structure and gain information on scattering processes that
occur via these eléctronic states. In contrast, in the off resonance

case, information regarding specific electronic transitions and H
‘ ER
and H is lost due to the summation over all of the intermediate
EP
states.

The behavior of the ingoing and outgoing resonances for the case
of a semiconductor with a simple model band structure is shown in
figure 3.1b. In this case it is necessary to perform the sum indicated

in (3.2.1). It is found that o(w ) again exhibits peaks at w = w and
W =w +w. In contrast to t;e example in figure 3.la, ;heseo two
p;aks gre ng longer symmetric about w =w + w /2. This is because
now when w is tuned so that w = w zthe gutgogng resonance), there
is the pos;ibility that the incidentophoton,will also bé resonant with

a real transition. Thus both terms in the resonant denominator can
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simultaneously be very small (double resonance). On the other hand, a
double resonance is clearly ﬁot possible at the ingoing resonance. The
result is that the outgoing resonance can be much stronger than the
ingoing resonance. Therefore o(w ) tends to peak at the outgoing
resonance and is ''sharper' if dﬁublz resonance effects are possible.

Double resonance effects will be strongest when it is possible to
conserve energy in all of the steps in the Raman pro;ess. This is the
situation that is depicted in figure 3.1b for ﬁhe outgoing resonance.
Ordinarily though, in a one phonon process the phonon momentum is
small so the.restrictions imposed by momentum conservation prevent
this‘from occurring. This is the situation shown in figure 3.lc.

The key to deriving a correct expression for o(w ) from equation
3.2.1 is to properly perform the sum over the_intermesia;e states. It
is necesséry to coherently - sum (i.e. maintaining . proper phase
relatidnships) over a range;;f both real and virtual intermediate
states. Thus the éroblem reduces to properly evaluating a contour

integral in the complex plane. Let us now see how this is done for a

variety of different cases.
3.2b Allowed TO Phonon Scattering

We wish to evaluate d(w ) for the case of allowed one TO phonon
» . v i . , 4
scattering in the vicinity of the E c¢ritical point in GaAs. Such a
0 4,5
calculation has been performed by a number of authors. I' present
5

~here results similar to those of Cardona. (Since I am interested in
predicting the RRS 1lineshape I use as a starting point equation
(3.2.1) which includes only the most resonant term. Cardona's

treatment includes some less dispersive terms which do not appreciably
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affect the lineshape close to resonance.) The following assumptions
were made:
1) Only two band terms are included. In GaAs the critical point

that lies «closest to the E critical point is the E + A critical

-1 0 0 0
point, which is 2400 cm away. This separation is large compared.to
-1
w = 270 cm . In light of the discussion of section 3.2a it is

TO
therefore a good approximation to neglect the three-band terms. As

discussed above, the assumption that momentum is conserved implies

that the phonon 3 = 0 and for a two-band process this means that w =

, a
w .
b
2) The matrix elements in (3.2.1) are assumed to be constants

independent of w and can therefore be taken outside of the summation..
a 3 .
3) The intermediate states are a single set of parabolic bands.

The dispersion of the conduction (valence) band is given by

Qc(v) = I:. i _1:

= (3.2.2)
c(v)
where the ET are the effective mass tensors. Thus
’ c(v)
wa = uc - mv = wo+ H/2<E' 1 -'IE> (3.2.3)
ok
where
1 = 1 + 1 ,
i* .ﬁc cm—.v (3.2.4)

For a M critical point such as the E gap, the effective mass tensors
0 0
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are positive definite and the joint density of states N (w ) exhibits
1/2 d a
the familiar E = dependence:

_aly _3/2 _ 1/2 .
Ny(w) _\ﬁ%md (w, ~wq) W, > w (3.2.5)

where

my = (m"‘l“‘*p_“‘*3)l/3

and m* are the principal components of the effective mass tensor.
i
Note that the assumption that the intermediate states are uncorrelated

electron-hole pairs implies that exciton effects are neglected.

v

Qualitatively one expects the inclusion of exciton effects to shift

the o(w ) curve downward in energy by an amount on the order of the
i -1
exciton binding energy (34 cm in GaAs) and to cause a sharpening of
5
the resonance.

Making wuse of these assumptions and transforming the sum in

(3.2.1) into an integral yields:

' 2
| [du, N
Ipoluy) = J[ ©alg () (3.2.6)
wy = wy)(wg = wg)
Let us define
AGw) = [dwaNg(wy) C(3.2.7)
wa-w

(A(w) is proportional to the linear optical susceptibility.) Then

;%(w ) can be expressed as
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Awy) - Ay [?

wp (3.2.8)

Opplwg) =

Evaluating (3.2.7) by using a contour integral in the complex plane

leads to:
2
. {s) (|
GTO(wi) - 12 | - 3/2 (3.2.9)
A ’(1+A) (1-4)
where

>4
n

= w /20n; x = Y1 ; F(x) = (1L - )%
p o0 wg H{up/2) <2

A plot of this result with parameters appra{iate to one TO phonon

scattering at the E critical point of GaAs is shown in figure 3.3 for

0
the case of zero damping. Note that two peaks occur at w = w and w
; i 0 s
= w corresponding to the ingoing and outgoing resonances. The

0
lineshape is . approximately symmetrical. As discussed above in

reference to figure 3.lc, because of the constraints imposed by quasi-
momentum conservation there is no effect of double resonance.
The effect of damping can be incorporated by adding an imaginary

part T to the frequency w . The resulting effects will be significant
0 .

only when [ is appreciable compared to w . Otherwise the width of.the

P
resonance is roughly w .

P
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3.2c Forbidden LO Phonon Scattering

According to the selection rules listed in Table 1.2, Raman
scattering involving one LO phonon is not allowed in GaAs when the
spectrﬁm is recorded in a backscattering cohfiguration from a (110)
surface. Nonetheless, the experimental spectra displayed in figure 2.4

show strong LO phonon scattéring. This type of forbidden scattering
has been observed previously by many workers.S vThe forbidden
scattering has been found to exhibit a very strong resonant behavior
near critical points such as E and E + 4 . Away from these critical
points the forbidden 'scatgering 0becoges so weak that it is
unobservable. Also it has been observed experimentally that the
forbidden sé;ttering exhibits predominan;ly r symmetry 3 1i.e. the
scattered light is polarized parallel to the i;cident light. In this
section I present a theore;ical explanation of this forbidden
scattering based on the assumption that the scattering medium is a
perfect crystal. The treatment follows ;hat given by Cardonas.

The underlying reason for the forbidden LO scattering 1is the
macroscopic electric field f associated with an LO phonon. The
interaction energy of an electron (hole) in the presence of this field
was shown by Frohlich to be -(+) ieE/|q| and the interaction bears
his >name. It is the E-dependence of the interaction tbat ultimately
accounts for the forbidden scattering. |

As in the case of the TO phonon, a calculation of the scattering
cross section involves evaluating the pértﬁrbation theory expression
(equation 3.2.1) corresponding to the Feynman diagram shown in figure
2.2a with H assumed to be the Frohlich interaction. To do this a

EP
complicated integration over the intermediate states must be



performed. The details of the calculation tend to obscure the
underlyiné physics. Therefore I first present a simplified treatment
that yields the essential features. It is assumed in this treatment
that w --> 0 so that w =w .
p -»-Li s

Due to the |q| dependence of the Frohlich interaction, the
cross section calculated for a diagram-suéh as the one shown in figure
2.2a diverges in the limit q --> 0. However, it is necessary to
consider two such diagrams: one in which the Frohlich interaction
couples two electrons and a secodd in which two hole states are
coupled. Because the charges of the electron and hole are equal and
opposite these two terms cancel. However, since the expression for the
scattering cross section contains an explicit E-dependence we are led
to carry out the calculation to a higher order in 3. (Recall that

while quasi-momentum conservation implies that 3 is small, it is still

finite.) In terms of the Raman tensor this can be expressed as:

R@) ="R0) + @ q + i}i 199 +... 3.2.10
d9ig=0 dq 3=0

The term linear in 3 must also vanish as can be seen from the
-1
following argument: Since the hamiltonian H depends only on |3| |,
. . EP . . g
the scattering cross section cannot depend on the direction of q so
- 7 .
that dR/dgq = 0.
In order to choose an appropriate form for the term that is
second order in a let us first consider the mechanism by which the
Raman tensor depends on . Figure 3.4a(b) shows the transiticns

involved in a process in which electrons (holes) are scattered by

phonons with wave vector E. In this simplified treatment it is assumed
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that w =--> 0 so that w = w . Because of the constraints imposed by
p i s

quasi-momentum conservation the threshold energy for the valence to

conduction band transitions is raised above w . If parabolic bands are

0
assumed then the E-dependent effective gap is given by:

w(a) = wg + (K/2)me7h) (a/2)2 » (3.2.11)

Now, the susceptibility ‘?(w) is a measure of the reponse of the
electronic system when driven at frequency w. Obviously this response
~will depend on the.electronic resonance frequencies w (3).) Therefore
the magnitude of the modulation 6f”§'caused by a phongn Qill depend on
the phonon J. Recalling equation 1.2.6, which rglates the Raman teﬁsor

to the magnitude of the susceptibility modulation, the second order

term can be w;itten:

2
= ~n -l
N T o Y 3 wol \: 3q
dq” | g=0 g \ 3q2 3q2 - (3.2.12)
v

where the two terms correspond to the two processes indicated in
figure 3.4.
Inserting equation 3.2.11 into equation 3.2.12:

d%R|:§¢ = T - ‘5’1 _,‘1-{'1 ‘3 %% *
2 (3.2.13)

The main feature to note in this result is that the Raman tensor is
linear in |5|. Also, in the limit that the effective mass tensors are
isotropic the Raman tensor is isotropic and the scattering is of T

svmmetry. The breakdown of the standard selection rules for this q--
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dependent mechanism is not surprising. This is bécéuse the selection
rules were derived using symmetry arguments that assumed that the
phonons possesed the full symmetry of the poinf group of the crystal,
i.e. q=0 (see footnote 11 of chapter 1).

The main ingredient in the above description was the E—dependence
of the effective energy gap. This feature is carried over to the full
scale microscopic treatment based on perturbation .theory (i.e.
equation 3.2.1). The simplifying assumption is made that the bands are

iséttopic, which as mentioned in section 1.2b is not a very good

assumption. For the E critical point the perturbation theory result

0
can be expressed as: -
o ) = |22 Zmi —ug - )7L (3.2.14)
Tgl = 2m* . .
k -1
. <wi - wg = wg - (k- SCE)2>
Im*
m. , -1 2
-<¢ui—w0—wLo— (k + S,9) >
2m*

= m

where Sc(v) = _Be(v)

m, + m,

-3

and k is the electron/hole wave vector and where P denotes the
matrix element of H which is assumed to be a constant independent of
-
k. The two terms in parentheses correspond to the two processes shown

>
in figure 3.4. Carrying out the integration over k leads eventually

to:
2/, = 0
oy = |2 (:(qsc> - 2@y
where . (3.2.15)

2@ = nlght Can'l[iE(Zm*)_%wLo-l <(w1 - “o)% - (wg - wo)%)}

For small 5, the'intensity of the scattering is found to be quadratic

in |q|. Shown in figure 3.3 is the behavior of ¢ (w ) predicted by
Lo i
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equation (3.2.15) using parameters appropriate to the E critical
point in GaAs. The lineshape is seen to be symmetrical agout w +
w /2 indicating that double resonance effects are not strong in ghis
cgge either. This lineshape can be compared to the lineshape for the
allowed TO phonon scattering. Note that the forbidden LO phonon cross
section falls rapidlj to zero on either side of the c¢ritical point
while the TO phonon cross section decreases much more slowly.

As in the case of the allowed TO phonon scattering the results
are shown in the limit of zero damping. The width of the resonance is
then determined by the phonon energy.

In addition to the above discussed "intrinsic".intrabanq Frohlich
mechanism, a°’ number of authors have proposed a variety of extriﬁsic
mechanisms that can activate the forbidden LO phonon scattering. For
example, Pinzcuk and Béiﬁsiein7 have shown that surface electric
fields produced by depletion.%ayers in semiconductors can result in
forbidden LO phonon scattering. Several workers have suggested that
defects may be involved in forbiddgn LO phonon scattering. The basis
.fof this idea is that defects relax mdmenﬁum conservation and. allow

phonons of larger E to participate. This can lead to an enhancement of

the forbidden LO phonon scattering relative to the "intrinsic" process

for two reasons. The first is that the q-dependent Frohlich
. - : 16
interaction increases in strength as 3 increases forlaki < 2. Thus a

process that allows phonons with larger J to participéte is favored.
The second is that the relaxation of momentum conservation leads to a
strong \double resonance effect, which results in stronger scattering
near the outgoing resonénce.

9
Gogolin and Rashba proposed a mechanism for the relaxation of
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momentum conservation in LQ phonon scattering that involves an elastic
scattering between free excitons and defects. Thus the Raman process
is of fourth order. The Raman process they proposed can be
represented by a Feynman diagram like the one shown in figure 2.2d,
except for the fact that Gogolin and Rashba assumed the intgrmediate
states to be discrete exciton states. The mo@el of Gogolin and Rashba
is not appropriate for GaAs because the exciton binding energy is very
small so it 1is necessary to consider not only the discrete bound
states but also the continuum of the exciton as intermediate states.
Recently Menendez and Cardona?(MC) have developed a modification
of.the'theory of Gogolin and Rashba. Instead of an isolated excitonic
intermediate state the& consider a continuum of uncorrelated electron-
hole pairs as intermediate states. In this case the appropriate
Feynman diagram is exactiy the one shown in figure 2.2d, wi;h the
electron-phonon interactiqn‘ass;med to be a Frohlich interaction. Due
to a strong double resonancé effect their model predicts that the
enhancement in the forbidden LO phonon Raman cross section should peak
at the outgoing resonance. This agrees with their experimental data at
the E + 4 gap of GaAs. The details of their calculation are

0 0
discussed in the following section on defect induced Raman scattering.

3.3 Theory of Resonance Behavior of Defect Related Raman Scattering
3.3a Fourth Order Process Involving Plane Wave Phonons

In deriving their results MC draw on the result of an earlier
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: ' 10 .
theory for allowed two phonon scattering due to Zeyher. The Feynman

" .diagram for two phonon scattering is shown in figure 3.5.'_C9mparisonl
Qith»the fourth érder process shown in figure 2.2d shows that formally
these ' processes are quite similar; the diagram in figure 2.24 1is
obtained froh ‘the diagram in figure 3.5 by replacing an electron-
phonon vertex with an electron-defect vertex.

Zeyher's theory for the two (optical) phonon scattering utilizes

a Green function approach. The underlying assumptions are:

Only 2 band processes are considered.

Parabolic bands are assumed.

The excited states are assumed to be free electron-hole pairs.

Two types of electron-phonon couplings are considered: 1) q-
dependent intraband Frohlich couplihg ‘(for the LO phonon). 2)
deformation potential coupling for both the TO and LO phonons.

- The phbnons are assumed ;o be dispersionless.

Zeyher finds that the crfoss sections for the two TO phonon and

the two LO phonon scattering are

X
BZ :
-do « j° dx x2 IA(shx,—shx,xl,xz,x:;)l2
dQ
2TO 0
(3.3.1)
, Xpz ,
ggj x f dx IA(sex,—sex,xl,xZ,x3) + A(shx,wshx,xl,xz,x3)
& )z | )
2L0. 0 -A(sex,shx,xl,xz,x3) - A(shx,sex,xl,xz,x3)!

« where the symbols used in equation 3.3.1 are defined as follows:
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X = aq; X4 z ak,; a = | 2 ;
J Zukfw,,

q = phonon wave vector; q amplitﬁde of phonon wave vector;

se,h = me,h/(me+mh); M= mg + m,;
k, = (2 i 242y |
j = (_;(ngi + il - Hwg - (J-l)}iwp - szu q /(2M))> H
h v
. 16 2 A
400, Apd, ks ky kg) T —mmP—— tan~1 E‘ﬁ_) - tan~l i_2q_> ;
| (k; "=k, D2, [q] ky+ks kotky
- - A
AGLE, AT, kS kp, ky) = ML A0, A3, sY2 k), k)
' PESY
1+
+ 22 A0, 1,3, sY2, Ky, Ky
RSy 2 2> 73
1722
2 2
s = Mky+ Aok | A el .

}\l + 12

MC used Zeyher s result to obtain the Raman cfoss section of the
forbidden LO phonon by simply:-replacing one of the electron-phonon
interaction vertices with an elastic electron or hole scattering
vertex. They assume a E-dependent electron/hole-defect scﬁttering

potential V(q) of the form

V(q) = (q2 + sz)-l (3.3.2)

where q = 2/A and A is the mean distance between defects. The
qUalitative features of their results are not very sensitive to the
détails of the potential chosen and are #articularly insensitive to
the exact choice of q . Additional assumptions they made are: neglect
of multiple scatteriigs of electrons by defects and the validity -of

the Born approximation. With these assumptions the cross section for

the LO phonon calculated from the diagram in figure 2.2d can be shown
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to be

opolw) = ][qBqu Apuy) :
A ® + sz)z | (3.3.3)

a is the wave vector at the zone boundary and

BZ
A (w) = Als_x, -Séx, X, X, x3) + A(s x, -s X, X5 X, x3)
- A(s %X, s X, x , X , X ) ~-~A(s %, s X, x , X , X
e n° 1072 3) ho e 17 72 )
+A(s X, -8 X, X, X', X ) + A(s. x, -8 X, X, x', x
e e 10 2 3) (h’ R 1 T2 3)

-A(s %, s x, X , X', x) - A(s %, s x, x , X', X
e’ h 1° 727 73 h’e’1’23)

where the definitions of the terms are as in 3.3.1 except that now

1
2
)

- L4
’

k, = th < (Hwi + in - Hmo -.wa
2
Lﬁ
N, 2,02 |1
kz = (2u Mwi + in - ﬁwo - Bo(x/a)
M2 _ 2(m, + my

L
and where the rest of the notation is the same as in equation 3.3.1.

Piots of the RRS lineshape predicted by equaﬁion 3.3.3 for
various values of a can be found in figure 3.6b. A discussion of these
plots will be presented later in section 3.5b when they are compared
with experimental results.

The theory of MC can readily be adapted to develop a theory for
DAFORS in which the phonons are plane waveé and momentum conservation
is relaxed due to the electron/hole-defect elastic scattering. The
only changes are that the eiectronfghonon interaction is now assumed
to be J-independent - and the‘phonon branch involved 1is no 1longer
assumed to be dispersionless.

" Since the various phonons that  constitute a given branch
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represent distinct final states, it is appropriate to integrate over
the final distribution of states after squaring the matrix elements.

The expression for the RRS lineshape is then

Bz, 2
cj(wi’ ws) «/ dq q IAT(Qs wi)l d(wi - wS - wj(Q)) (3.3.4)
0

: th
where w (a) is the frequency of the j phonon branch.

J

3.3b Fourth Order Process Involving Non-Plane Wave Phonons

A fourth order Raman process can also involve various types of
non-plane wave phonons such as local moges or resonant modes. Let wus
first consider the case in which a local mode is involved. Then each
phonon has a broad distribution of 3 components which can be described
by a function C(J) (seé equatlon 2.2.6 in the limit L -> 0). The
various 3 components of this local mode do not represent distinct
‘final states. Therefore it is appropriate to carry outothe integration
over q before squaring the matrix elements. The expression for_the RRS

lineshape is then
q

BZ 2
c(wi, ws) « J/‘ dq qzc(q)AT(wi) G(wi - wg- wp)
0

(3.3.5)

It 1is instructive to examine the magnitude of the contributions made
by the different q components in the integrand of equation 3.3.5.
(This is plotted in figure 3.6a using parameters appropriate' for
GaAs.) It is seen that the magnitude of the contribution from a small
range of § values centered about|q]= 0.1/a , where a is the lattice

0 0
constant, 1is much greater than the contribution from any of the other
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q components (note log scale). These special g values correspond to
scatterigg wave vectors that allow the double resonance condition to
be satisfied. Since a small region in 3 space contributes dominantly
to the cross section interference effects should not be important and
the theoretical results are re;atively insensitive to whether one sums
and then squares the different 3 compohehts as in equation 3.3.5 or
squares and then sums as in equation 3.3.4. In figure 3.6b the
lineshapes of the different a components are compared‘by nofmalizing
their peak amplitudes. Note that the contributions from the special q
values are markedly asymmetric (peaked at the outgoing resonance) and
die off rapidly away from the critical point. Away from these special
E values the resonances are broader and ﬁéaked symmetrically midway
between the ingoing and the outgoing resonances.

Non-plane wave phonons -other than 1local modes may also
participate in the type of f&urth order Raman process illustrated in
figure 2.2d. Spatially confined phonons or resonant phonons'correspond
to a case that is intermediate between the case of plane wave phonons,
- which lead to equation 3,3.4,. and the case of a strictly local mode,
which lead to equation 3.3.5. For example, consider the case of a
spatially confined phonon derived from a zone edge bulk mode. Though
each distinct mode is composed of a distribution of g components there
still may be a large number of distinct modes in a narrow energy
range. As discussed above, there is no éignificant difference between
the lineshapes given by equatiqns 3;3.4 and 3.3.5 so it 1is . not
important to know a priori the nature of the phonon 1in order to

predict the enhancement of its Raman cross section.
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3.3c Third Order Process Involving Non-Plane Wave Phonons (SC)

The spatially confined phonon (SC) model, which was discussed in
section 2.2b, is based on the assumption that the defect related Raman
scattering is due to a third order process involving a non-plane wave
phonon. Equation 2.2.11 states that the scattering rate is
proportional to the square of the scattering matrix element for a near
zone center phonon of the same branch. It follows that, except for the
differences in the electron-phonon interaction matrix elementé, the
-expression for o(w ) is similar to that of the bulk TO phonon
(equation 3.2.6). ;his is due to the fact that as long as the

electronic states responsible for the enhancement are assumed to be
the same in the two cases, \perturbation theory will produce the same
frequency dependence in a(w ).

As shown in the case o; th;vforbiddén LO phonon scattering, a g§-
dependent electron-phonon interaction can aiter the RRS lineshape. For
the LO phonon the Frohlich interaction is caused by the macroscopic
electric field associated with the LO phonon. Similarly, in a polar
semiconductor like GaAs, ‘long wayelength acoustic phonons can produce
macroscopic electric fields via the piezoelectric effect: Coupling
resulting from the Coulomb interaction of the electrons or holes with
this macroscopic electric field associated with small § acoustic
phonons 1is therefore énalogous to the Frohlich interaction. From
electron 'mobility measurements it was found that the strength of the
piezoelectric electron-acoustic phonon coupling in GaAs is éomparable
to the deformation potenti#l coupling.S In section 2.2b I

demonstrated that spatially confined 2zone edge acoustic phonons

possess small q Fourier components. Since these long wavelength
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acoustic phonons have J dependent piezoelectric electron-phonon
“interactions, one may expect a sharper resonance for these spatially

confined phonons just as for the forbidden LO phonon.
3.3d Third Order Process Involving Plane Wave Phonons

The Kawamura, Tsu and Esaki (KTE) médel, which was discussed in
section 2.2c, is based on the assumption that the defect related
Raman scattering is due to a process that is third order and involves
an unperturbed phonon and non-plane wave electronic intermediate
states. As mentioned in section 2.2c, if the function g _ (k) does not

L
depend on the index ka(i,e., there are no electronic resonances) then

: 3= 2
o(wy) = -/~ d ka - (3.3.6)
(wa - “"i) (wa - wS)

Comparison of.equation 3.3.6 with equation 3.2.6 shows that in this

case the KTE vmechanism predicts a resonance lineshape that is
identical to thé TO phonon. On the other hand it is clear that if
electronic resonances exist the RRS lineshape can be different. For
example, an electronic resonance due to a particular deep level may
lead - to a Sharpening of the RRS lineshape. The reason is because in
general the RRS lineshape will be sharper ' near an  isolated
intermediate state than near a critical point where it is necesséry to
perform an integral over a range of intermediate étates when

2
calculating the Raman cross section. In particular, o(w ) a 1/(w -w )

i i 0
for an 1isolated - intermediate state (equation 3.2.la) while for a

continuum of intermediate states near an energy gap such as E , d(w )
: 0 i
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5

a 1/ (w -w Thus if the dominant electronic state for the defect

) .
i 0
related scattering 1is a narrow electronic resonance rather than an
entire band of states, then the resulting RRS lineshape will be

sharpened.

3.4 Experimental Aspects

The experimental set-up 1is the same as the one described in
chapter 2.

- The measured Raman intensity I(w ,w ) is related to the actual
i s
cross section ¢(w ,w )y assuming that the sample thickness is much
i s
greater than the absorption length, by

I(mi, ws) (a(mi) + a(ws))
@ - Ra)) (L - K@)

o(wyg, wg) = (3.4.1)

where a(w ) and a(w ) are the absorption coefficients of the incident
and scatt;red photzns respectively, and R(w ) and R(w ) are the
reflectivities. Thus in ordef to deduce the Ra;an cross"sthions from
these spectra it is necessary to know both the absorption and the
reflectivity of the sample.

The reflectivity was measured using a lamﬁ and spectrometer.” It
was found to vary by only 107 over the range of photon energies
investigated. Therefore, correcting for variations in the reflectivity
does not appreciably alter the RRS lineshape. On the other hand the

absorption coefficient a can vary by more than two orders of magnitude

in the vicinity of the E gap so it is necessary to carefully measure
0
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the absorption in this range. The above band gap absorption
coefficient is quite large (a > 104 cm-l). Therefore, in order to make
absorption measurements it was necessary to polish samples down to
thicknesses ranging from 55 to 10 um. The sample Ithicknesses were
measured optically with a microscope to an accuracy of only IOfZOZ for
the thinnest sample. However for the purposes of correcting the RRS
lineshape only the shape of o(w ) is imporfant and this shape is not
affected by inaccuracies in thelmeasurement of the thickness. Thesé
thin specimens were prepared using conventional mechanical polishing
techniques followed by chemical-mechanical polishing using a
bromine/methanol solution. In the case of the eiectron irradiated
sample, where the sample had not received a uniform exposure from the
electron- beam, care ;as taken to insure that the absorption was
measured at the same location as that used for recording the Raman
spectra. ’

Since the large variation in absorption coefficient in the
vicinity of the band gap causes a large uncertainty in the Raman cross
section it 1is often convenient to consider the ratio of the
intensities of two Raman peaks I(w ,w )/I(w ,w ). The corresponding

i1 i 2
cross section ratio is then related by

clugs wp) . L, w) fale) +aw,) 2\ 342)
olugs wy) Lug, wy) \aleg) + alup) /AL - Ry

Assuming that the absorption is a monotonically increasing function of
the photon energy it follows that the absorption correction will at

most alter the ratio by a factor of 2.
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3.5 Results and Discussion

3.5a Resonance Behavior of the Allowed TO Phonon Scattering

Figure 3.7a shows RRS results for the allowed TO phonon
scattering in the electron irradiated sample. The results were
obtained in a backscattering geometry from a (110) surface with
incident and scattered light both parallel to the (001) direction. The
open_circles in figure-3.7a represent-the -integrated “intensity of the
TO phonon peak as a function of incident photon energy. The data has
been corrected for only the incident laser.intensity and the response
of the detection system, but not for the variation in the sample
absorption.

As mentioned in section 3.4, the observed lineshape I (w ) is
dominated by the large changes in the scattering volume duzO t: the
rapidly varying penetration dépth. The absorption spectra used to
correct these data are shown in figures 3.8 (a) and (b). Also shown
for comparison are absorption spectra recorded in an unirradiated
sample and a neutron irradiated sample. the that the electron
irradiated sample still exhibits a clear exciton peak but that the
absorption edge is shifted down in energy by 20 cxn-1 relative to the
unirradiated sample (figure 3.8a). This small shift may be due to
local strains introduced by the irradiation. In the energy range at
and above the absorption edge these spectra look very similar to those
that have been observed previously.12 At energies further below the
band gép the @rradiated samples show increased absorption (figure

3.8b). This can be attributed to the presence of defect induced band

tail states. The neutron irradiated sample shows far greater defect
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: 11
induced sub-band gap absorption than the electron irradiated sample.

The solid circles in figure 3.7a represent the TO phonon cross
section after corrections for the absorption and reflectivity of the
sample and the w4 dependence‘of the cross section have been made.
Figure 3.7b shows a fit ofiequation 3.2.9 to the corrected TO phonon
- cross section in the electréd irradiated sample. There are three
adjustable parameters used in obtaining this fit:

1) Peak height-'Since I have not attempted to measure absolute
values for the‘Raman cross section the peak height must be treated as
an adjustable parameter.

2) Damping- The theoretical lineshape is quite insensitive to the
damping parameter provided that the damping parameter is small

relative to the phonon energy. It is found that the best fit to the

data 1is achieved in the limit of zero damping. Even in this limit

however the expetimental peak:is 407 narrower than the theoretical

lineshape. This may be explained by the fact that the theory neglects

exciton effects, which tend to sharpen resonances. Indeed, previous
4

workers have found that models that include exciton effects provide

for a better fit to the experimental data. (There exist theories such

as those of Trommer and Cafdonaé, Shah, Leite and Damen13 and Ferrari
and Luzzila that take exciton effects into account. However, all of
the theories that I am aware of also assume that w = 0. Thus these
theories are not accurate in ﬁhe immediate vicinitypof the enhancement
peak.)

3) Gap energy- The fit gives a value for the band gap of 12120t
40 cm-l, whereas a value of 12170% 20 ch-l is deduced from the

absorption measurements. Again this small discrepancy can be

qualitatively accounted for by noting that models that include exciton
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effects tend to shift the peak of the resonaﬁce downward in energy by
an amount on the order of the exciton binding energy; which is 34 cm-l
in GaAs. Also, models that include exciton effécts predict assymetric
lineshapes in which the low energy side rises more sharply  than vthe
high energy side. Such assymetry is evident in the experimental result
in figure. 3.7b.

Thus from a comparison of the experimental data with .theory I
conclude that a standard model for TO phonon scattering in crystalline
GaAs with small damping and without exciton effects gives a moderately
good description of the observed resonance lineshape. It appears that
a model that includes exciton effects will improve the quality of the
fit. This implies that electron irradiation has not drastically
altered the electronic properties of the sample. This is‘ consistent
with the absorption measurements, which show only a modest alteration
of the absorption spectrum coméared to the unirradiated sample. The
value deduced for the band gap is 12160% 40 cm-l

Finally, I note that it is normally very difficult to measure the
resonant enhancement lineshape near E due to the large luminescence.
Trommer and Cardonaavhave published gata well above and below the E

0
gap but to my knowledge this is the first detailed study of resonant

behavior of TO and LO phonon scattering very close to the E gap in
' 0
GaAs. This is a side benefit of studying irradiated samples in which

the luminescence has been quenched.
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3.5b Resonance Behavior of the Forbidden LO Phonon Scattering

Figures 3.9 and 3.10 show the enhancement iﬁ the LO phonon
intensity relative to the TO phonon intensity for the électron and
neutron irradiated samples respectively. In both cases the result is a
fairly sharp peak. The steepness of this peak on the lowveﬁergy side
implies- that the enhancement in the LO phonon cross section must be
much stronger than the TO phonon. Indicated in figures 3.9.and 3.10 by
arrows are the locations of the peaks of the enhancement lineshapes.
For the forbidden LO phonon scattering this peak occurs at 12470 * 30
cm-l in both figﬁres 3.9 and 3.10. It should be noted that this is one
full LO phonon frequéncy above the gap, which was deduced in section
3.5a to have a value of 12160=% 40 cmﬁl. Thus the peak of the RRS
linesﬁape for the forbidden Lo pﬁonon scattering occurs at ‘the
outgoing resonance. :

In the preceding discussion I have concluded from the absorption
and RRS of the TO phonon that the GaAs sample is only moderately
perturbed Sy the electron irradiation. It is thus reasonable to apply
the MC theory, which involves Bloch electrons scattered elastically
from ’ point defects, to interpret the LO phonon ‘RRS results.
(Obviously, when the defect density is high enough this model will
break down as the band structure becomes severely perturbed.)

A fit of equation 3.3.5 to the experimental data is shown in
figure 3.11. The parameters used in this fit are listed in the figure
captioh. Note that the value used for the gap is thé same as was
deduced from the TO phonon RRS data and from the absorption

measurements. Thus the only adjustable parameters of any significance

are the peak amplitude and the damping. The fitted value for the
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damping, which is 90 cm , seems reasonable. (It turns out to be
almost identical to the one used by MC in fitting their results at the
E + A gap.) The quality of the fit is seen to be quite good.
Sgecificglly, the theory explains the occurrence of the peak position

at the outgoing resonance and qualitatively reproduces the observed

lineshape.

3.5c Resonance Behavior of the Defect Related Raman Scattering

Figures 3.9 and 3.10 also show plots of the cross sections for
the defect induced peaks A and C relative to the TO phonon recorded at
100 K for the electron and the neutron irradiated samples
respectively. The most striking feature of these data is that, with
the exception of peak C in-the neutron irradiated sample, all of
these peaks exhibit an enhaﬁcement that is sharper than that of the TO
phonon, although not as sharp as the LO phonon.

A. second important result is that the maximum of the resonance
enhancement for peak A occurs at the outgoing resonance in both
figures 3.9 and 3.10. For peak C the difference between the ingoing
resonance and the outgoing resonance is only 80 cm-l. Therefore it is
not possible to distinguish whether the maximum in the RRS iineshape
occurs at the outgoing resonance or at a point midway between the
ingoing and the outgoing resonances.

Figure 3.125 shows a éomparison between the RRS results for peak

A in the electron irradiated GaAs recorded at 100 K and ‘results

recorded at 10 K. The corresponding results for the forbidden LO
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phonon are shown in figure 3.128. In both cases lowering the
température causes an upward shift of 70 cm~l in the peak. This i§
roughly the amount that the band gap is expected to change from the
known temperature coefficient. The lineshapes of the RRS results do
not change much upon lowering the temperature.

In section 3.3 I discussed four different Raman processes that
could éotentially accouht for the Raman peaks A and C. I will now
compare the expected resonance enhancement behavior for each of these
processes with the experimental results to seé which, if any, of thesé
processes can account for the data;

Before such a coﬁparison it is important to note that the band
structure in the electroﬁ irradiated sample is noét strongly perturbed
by the radiation damage. This is important because once the
possibilityoflarge pérturbations of the band structure are allowed
. there appear very many unkna;n parameters. This adds a tremendous
amount of lattitude to the theoretical RRS lineshapes and the
significance of any agreement between theory and experiment is greatly
diminished. There are at least three pieces of evidence that suggest
that such large band structure perturbations are absent. The first is
that both the allowed TO phonon scattering and the forbidden LO phonon
scattering were accounted for by models that assumed that the band
structure is.unperturbed. The second is that the enhancement peak A is
observed to shift with temperature in the same way as the fundmental
gap E . This means that the dominant intermediate state responsible
for thg enhancement cannot be a deep level. Thirdly, the absorption
spectrum (at least in the electron irradiated sample) is only slightly

different from the absorption spéctrum in the unirradiated sample.

With the above assumption the KTE model predicts that the RRS
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lineshapes for the defect induced modes should be identical to that of
the TO phonon. It is clear from figures 3.9 and 3.10 that the KTE
model cannot account for the experimental results perhaps with the
exception of peak C in the neutron irradiated sample.

It was shown in section 3.3c that, if a deformation potential
electron-phonon interaction is assumed then the SC mechanism
(figure2.2b) also predicts that the enhancement lineshape for the
defect induced modes is identical to that of the allowed TO phonon
scattering. Thus, again with the possible exception of the peak C
scattering in the neutron irradiated sample, this mechanism also
cannot explain the RRS results.

It was pointed out in section 3.3¢c that a § dependent
piezoelectric electron phonon interaction could be appreciable for
non-plane wave phonons. In ﬁhiSecase the SC mechanigm becomes formally
similar to the forbidden LO sc;£tering in a perfectrcrystal discussed
in section 3.2c. This theory can account for why the resonance -of
peaks A and C in the electron irradiated sample are sharﬁer than the
TO phonon resonance. However, as happened for the forbidden LO phonon
scattering, this third order process cannot explain why the maximum in
the enhancement for peak A occurs at the outgoing resonance. Thus,
guided by our experience with the forbidden LO phonon scattering, we
are led to consider a higher order process.

First, I consider a fourth order process involving plane wave
phonons, which was discussed theoretically in section 3.3a. It is easy
to see thaﬁ this process cannot explain the experimental observation. °
If peaks A and C were due to plane wave phonons associated with the

acoustic .branch then the phonon dispersion curves in figure 1.4
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suggest that these phonons would mostly have wave vectors near the
zone edge because of the high density of states there. In this case
double resonance would not be possible ;nd the RRS 1lineshape should
look 1like the curve labelled q in figure 3.6. Thus this mechanism
predicts a resonance that is egin less pronounced than the allowed TO
phonon resonance and does not agree with experimental observation.
Next let 'us consider the »fourﬁh order scattering process
involving non-plane wave phoﬁons, which was.diSCussed in section 3.3b.
Shown in figures 3.13 (a) and (b) are the predictions §f equatioh
3.3.5 using phonon frequencies appropriate to peaks A and C
respectively. It is assumed in both casés that the phonons are well
localized in the sense that the function.C(E), which describes the
distribution of § values for a given mode, 1is a constant throughout
the Brillouin zone. The.values used for the gap w and the damping are

- 0
the same as those used in fitting the forbidden LO phonon scattering

in section 3.5b. Also shown in figures 3.13 (a) and (b) for comparison
are the experimental d#ta for peaks A and C. The main point to note is
ﬁhat the theory agrees reasonably well with experiment with no
adjustable. parameters. -In particular, the theory  accounts
qualitatively for ﬁhe fact that the enhancement in the defect related
modes is sharper than that of -the TO phonon and peaked at the outgoing
resonance. Comparison of the theoretical curves and the experimental
data points for the enhancement of the Raman cross section of the
defect induced modes in figure 3.13 with the corresponding results in
figure 3.11 for the fourth order forbidden LO phonon scattering, shows
that both the theoretically predicted and the experimentally observed

enhancements are less strong in the former case. This is a direct

consequence of the assumption that the electron-phonon interaction
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that occurs during the scatteringvof the defect induced modes is g-
independent. In contrast, the Frohlich intéraction responsible for the
forbidden LO phonon scattering is g-dependent.

As in the case of the forbidden.LO phonon scattering I find that
a theory based on a higher order process better describes the
enhancements of peaks A and C. Since the Frohlich interaction is not
involved fof these peaks it is not obvious why the fourth  order
scattering process should be more important than the' third order
scattering processes. The explanation is that most likely double
resonance effects are still important for these peaks.

As mentioned above, a requirement for double resonance to be
possible in the current model is that a non-plane wave phonon must be
involved. Then strong resonant enhancement will occur for those phonon
having large Fourier amplitude C(§) at those special § values that
satisfy double resonance. One iAteresting consequence of this model is
that the RRS lineshape is quite sensitive to the degree of
localization of the phonon. This can be demonstrated by assuming that
the phonon has a Gaussian envelope as was done in section 2.2b and
applying equation 3.3.5 to calculate the RRS lineshape. The results
are shown in figure 3.14 for localization lengths of 5 and 100 £. Even
though 100 & corresponds to areasonably well localized phonon, the RRS
‘lineshape is already quite broad (in fact it is broader than the
allowed TO phonon resonance) and is no longer peaked at the outgoing
resonance. .This results from the fact that in the model of section
2.2b, C(Tq) is very sensitive to the localization length L when qL 2
1. Thus, whether double resonance effects are important or not depends

critically on L.
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‘Ihev coﬁclusipn of tﬁe ab6ve discussion-is that more vlocalizeq
modes give risé té sharper resonances. Examination of thé expéfiment#li
data for the resonance behavior of thé defect induced modes (figures*
3.9 and 3.10)° suggests that peak A is wéll localized in' both the
neutron and the electron"irradiaﬁed samples ﬁhile'peak' C is well
localized only in the electron irradiated saﬁple. This is consistent
‘ with the p;oposal »made in ¢hapter 2 £hat peak C in the electron
'i:radiéted Sample involvqs\;eéonant mddes while éeakvt in the neutron
i;radiated sample is due to either spatially confined mddes 6r‘ blane
w;vé modes and is not due t6 isoiated defects. The difference between
the electron and neutron irradiated samples can be traced to the fact
that neutron irradiation produces more -damage resulting in a
clustering of defects; which tenHS'to spatially confine the phonon
modes in the neutron irradiated sample.

Note that even though #iresonant mode may extend over many
lattice constants in the crystal, such modes are still expected to
have an enhanced. amplitude at the defect (see figure 1.6b). This
enhancement will result in a broad range of Fourier components which
enables a strong double resonance to occur and léads to strong sharp
resonances. As an illustration of this idea I show in figure 3.15 a
simple model for the wave function of a resonance mode and the’
corresponding theorgtical prédictions for its RRS lineshape. The wave
function of this resonant mpde is assumed to be a linear combination

of two Gaussians (figure 3.15a):
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2 - 2

- -2
v'(r) = exp|=Z2L + ex ' )
L 2 P L.2 (3.5.1)
1 2 ,
Substitutingkequation'3.5.1 into equation 2.2.6 gives
’2L 2 q'2L 2
C(@Q) = L,exp| "9 %1 + L.exp| 2 ' '
15— 27— (3.5.2)
where 'z § - §.
BZ ’ : ,
In figure 3.15a, L corresponds to the length over which the
1

enhancement of the amplitude of the resonant phonon at the defect
decays. L is assumed to be a much longer decay length that
2 , :
corresponds to the spatial extent of the resonant mode. Two cases are
shown in figure 3.15a: 1) L =54&, L =100 R and 2) L =1L = 100 K.
1 2 1 Z
The first case corresponds to 4 resonant phonon in which there is an
ennanced amplitude of vibratién at the defect which decays rapidiy
away from the defect. The second case describes a confined ﬁhonon for
which there is no enhanced amplitude of vibration at the defect. The
corresponding functions C(E) are snown in figure 3.15b. TFigure 3.15c
shows the RRS lineshapes predicted by the theory for the fourth order
Raman process (equation 3.3.5). The result indicates that even though
these two phonons differ from one another only wiﬁhinvthe first few

lattice constants surrounding the point defect, the RRS lineshapes are

appreciably different. Thus the RRS lineshape is sensitive to the

enhanced motion in the immediate vicinity of the defect.
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3.6 Conclusions

Experimentally I have observed that the defect related scattering
exhibits a strong resonaht enhancement in the vicinity of the E gap
with a lineshape that peaks at the outgoing resonance. These rgsults
can be explained by a theoretieal model that assumes that the dominant
Raman procesé is fourth order and involves elastic scattering of the
carriers by defects. Within the framework of this model the observed
résonant enhancement behavior allows one to disﬁinguish between modes
that have an enhanced amplitude.of vibration at the defect that
decays over a short distance and those ﬁhat do not. Those modes that
are well localized in this sense are found to exhibit a stronger
resonant enhancement.. This result has very favorable consequences for
the use of Raman scattering as 4a pfobe of defects. It implies that one
can selectively enhance that’s;attering involving vibrational modes
with an increased motion in the immediate vicinity of the defect. It
is ‘exactly this type of mode that may contain important microscopic
information concerning the defect.

Another conclusion that can be reached based on this theoretical
understanding is that, due to double resonance effects, a mode that
shows a strong enhancement at the E .critical point should also show a
strong enhancement at higher lying 2ritical points. This suggests that
even in samples with defect ;oncentrations ¢onsiderably lower than the
ones used 1in this study, where the band gap luminescence is not
quenched, it should still be possible to utilize Raman scattering
to probe defects by tuning the laser tb resonate with energy
transitions such as the E + A4 or E transitions in zincblende

0 0 1
semiconductors. Although some signal will be lost due to the shorter
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penetration depth this loss will at least partially be offset by the
increased efficiency of detectors and the increased power of lasers

available in this frequency range.
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Figure Captions

3.1- Demonstration of ingoing (first column) and outgéing resonances
(second column) and the occurrence of double resonance. These drawings
all depict processes with the Feynmaﬁ'diagram given in figure 2.2a.
The numbers indicate the order of the electronic transitions. It is
assumed that step.(Z) also includes the emission of -a phonon of energy
Kw .and fwave vector 4§ . The length of the photon arrows denote the

P C .
photon energy. The third column shows the expected behavior of a(w )

- - . _ . i
for small damping (solid line ) and larger damping (dashed 1line). a)
Isolated intermediate state. b) Scattering in a model band structure.
The -phonon wave vector q is assumed to be unusually large. This

p

allows double resonance to occur at the outgoing resonance.

c) Scattering in a model band structure with g = 0. No double

S - P
resonance is possible.

3.2- Schematic drawings of two band (a) and three band (b) Raman
processes. Although these drawings portray hole-phonon scattering,
analogous drawings exist for electron-phonon scattering. The numbers

indicate the order of the electronic transitions.

3.3- o(w ) for TO phonon scattering according to equation 3.2.9 and
for forbidden LO phonon scattering according. to equation. 3.2.15. in_
GaAs at the E critical point. Both curves are in-the limit of zero

0
damping.

3.4- Schematic diagram of the two-band Raman processes involving the g
dependent Frohlich interactioq used in the heuristic calculation of

the forbidden LO phonon Raman scattering. a) Scattering with electrons
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emitting the LO phonon; b)'Scattering with holes emitting the LO

phonon.

3.5- Feynman diagram for a'fourth.order two- phonon scattering process
considered by Zeyher (reference 10). The notation is the same as in

figure 2.2.

3.6- Resonance behavior of the Raman cross section actofdingto'ﬁhe MC
theory for phonons of different §. The Q-values given in the figure
are 1in units of 1/a , where a is the lattice constant. q = 0.02
_ 0 0 _ MC
corresponds to the wave vector determined by momentum conservation for
the experimental conditions described in section 3.4. q .is the zone
edge waQe véctor. "a) Here the curves are notvno:malizzi so that the 
magnitude of ‘the contribution from different E‘cohponents can .be
compared. Note the log scale. b) Here the curves are scaléd to haye

the same peak amplitudes. This facilitates comparison of their

lineshapes.

3.7- Resonance behavior of allowed TO phonon scattering at'lOO K in
electron irradiated -GaAs. a) Shdwé experimental data that is
uncorrected except for normalization by the incident laser power (open

circles) and data that has been corrected for absorption and other

effects listed in the téxt'(closed circles). b) Fit of equation 3.2.9°

to the corrected experimental data using w = 12160 cm (dashed line)
: -1 -0 o
and w = 12120 cm (solid line). No damping is included.

0 :

3.8- Absorption data for electron irradiated, neutron irradiated and
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unirradiated GaAs (a) around the band gap; (b) below the band gap.

3.9~ RRS behavior of peak A, peak C and the LO phonon scattering in

These were recorded in a I + 4F -
1 12

e electron-irradiated GaAs at 100-K.

scattering geometry. Solid lines-are to guide the eyes only.

3.10- RRS behavior of peak A, peak C and LO phonon scattering in the
neutron irradiated sample at 100 K. These were recorded in a I + 4T

. 1 12
scattering geometry. Solid lines are to guide the eyes only.

3.11- Fit of the MC theory (equation 3.3.4) to the LO phonon RRS
. : - l
results. The parameters used are: w = 12160 cm and damping = 90
-1 0 B
cm .

3.12- Temperature dependence of RRS in the electron irradiated 'sample
a) LO phonon relative to TO phonon intensity at 10 K and 100 K. Note
the logariﬁhmic scale for the intensity. b) Peak A relative to TO
phonen at 10 K and 100 K. In b9th a) and b) the data are scaled to the
same peak aﬁplitude in order to facilitate a comparison of the
lineshapes. The ampliﬁude of both the peak A and the LO phonon
resonances (relative-;o the Toﬁphono;) was roughly 207 greater at low

temperature.

3.13- Fit of -equation 3.3.5 to the enhancement 1in -(a) -peak A

-1 -1
(parameters used are w = 12160 ecm , damping =90 cm , w = 227 cm
1 . 0 . Co-l P
) and (b) peak C (parameters used are w = 12160 cm , damping = 90
-1 -1 0

ecm , w =80 cm ).
’ p
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3.14 Resonance behavior of a spatially confined phonon mode calculated

from equations 3.3.5 and 2.2.6 for L = 5 & and L = 100 £.

3.15- Comparison between the enhancement in the Raman cross section of
a resonance phonon and a spatially confined phonon. a) Model for the

wave functions of the confined and resonance phonons. The confined
2 2
phonon is assumed to have an envelope given by exp(-2r /L2) while the

resonant phonon has an envelope given by exp(-Zr'z/L2 ) + exp(-
2 2 1
2r /L2 ). Here L =52Z%and L = 100 &. b) Corresponding distribution
' 1 2 _
of Fourier components for these two types of phonons. Note the

logarithmic vertical scale. c¢) RRS behavior for these two phonons as

predicted by equation 3.3.5.
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Figure 3.4
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Figure 3.5
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‘Chapter 4

.Future Directions

This work suggests many possible areas for future résearch. Some
of these havg already been mentioned in chapﬁers 1 through 3 such as:

- Tuning the excitation energy thiough localized electronic states
that lie in the gap. |

- Examining the behavior of the defect related scattering under
the application of hydrostatic or uniaxial pressure.

- Examining defect induced modes in alloys such as GaAlAs‘ or
GaPAs.

‘- Examining the dependence of the Raman spectra on whethef the
incident beam of high energy electrons travels along a (111) or a
(-1-1-1) direction.

Other possible avenues for research include:

- Using Raman scattering to study the kinetics of the annealing
process.

- The discussion concerning spatially confined and resonant:
phonons suggests that it may be possible to distinguish between these
two cases by monitoring how the Raman spectrum and the RRS lineshape
changes as a function of electron dose.

- It will be interesting to examine other semiconductors. GaP
appears an interesting place to start. It has the advantage of having
a fundamental gap that lies in the visible portion of the spectrum.
Alsb there is a distinct gap in the phonon density of states between
the acoustical and thé optical bfanches and true local modes are more

likely.
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