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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 high 

energy electrons or neutrons. 
17 18 

concentrations (10 10 

The irradiation creates fairly high 
-3 

em ) of intrinsic defects. It is 

demonstrated that Raman scattering can give useful information about 

such defects. 

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

relatively 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 vacancy. The observed polarization dependence suggests that this 

can be a "breathing" vibration of .the atoms surrounding the vacancy. 

In addition, experiments were performed that measured the 

lineshape of the enhancement of the Raman cross section of both the 

intrinsic and extrinsic modes near the band gap of GaAs using a 

tunable near infra-red laser. It was observed that the enhancement of 

the defect induced modes was strong relative to the enhancement 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-momentum 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 

1 
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scattering has greater sensitivity to motion within the first few 

lattice constants surrounding a point defect and is well suited to 

provide microscopic information about such defects. Another important 

conclusion is that the strong enhancement 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 these 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 circuits and optical communication sys terns. 

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 charact~ristics. Very small 

concentrations of such defects can exert a very large influence. For 

example the famous deep level EL2, which is thought to involve an 

intrinsic defect introduced during the crystal growth proc~ss, is 

responsible for the semi-insulating nature of high quality liquid 

encapsulated Czochralski (LEC) GaAs. 1 lv'hile techniques such as Deep 

Level Transient.Spectroscopy (DLTS) have proved very useful in the 

study of many macroscopic aspects of these centers (e. g. position in 
.., 

the gap, concentration, \Yhether the center traps electrons or holes),~ 

ve<y little is known about their microscopic identity. ~lectron Spin 

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



intrinsic defects in Si 3 , has so far only been detected for the AsGa 

an tisi te defect in GaAs. 4 Even in this case the EPR peaks are quite 

broad and tell little about the local environment of the defect. Thus 

it is important to develop additional techniques of high sensivity 

that can yield microscopic infor~ation concerning these defects. 

In this thesis I will demonstrate the usefulness of another 

microscopic probe of intrinsic 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 u~ by some elementary 

excitation of the sea ttering medi.um. Here I will consider Raman 

scattering involving phonons. Conservation of energy then implies 

(1.1.1) 

where ~wi, ~ws and ~wp are the energies of the incident photon, the 

scattered photott and the ( emitted(+): absorbed(-) ) phonon 

respectively. 

If the scattering medium is crystalline then there also exists a 

quasi-momentum conservation law: 

7fl<i = V{lts + ~P ( 1.1.2) 

.. ~ ... 
\vhere ki, ks and kp are the wave vee tors of the incident photon, the 

scattered photon and the (emitted(+); absorbed(-)) phonon 

respectiYely. Since ki and ks are typically < 106 cm-1 and so are very 

small in ma~nitude compared to the size of the Brillouin zone, 

(typically = 108 cm-1), it follows that for a crystalline scattering 

·-
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medium only near zone center phonons can participate in one phonon 

Raman sea ttering. 

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 

intrinsic defects originates from the fact that intrinsic defects 

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 and techniques 

' 
such as photoluminescence lose some of their usefulness. Raman 

scattering on the other hand increases 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. For example, in cubic materials such as GaAs, 

absorption and luminesc~nce are not sensitive to the polarization of 

the light whereas the polarization dependence observed in Raman 

scattering provid~s 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 crystals, being 

complementary to infra-red techniques in many cases. Both of these 

methods are much more sensitive than neutron scattering for 



4 

investigating crystal defects present in small concentrations ( < 

1 ~). 

So far, Raman sc~ttering has been successfully used to study 

intrinsic defects in solids in a large number of investigations.5- 8 

Indeed it is interesting to. note that while one of the important 

conclusions of this thesis is the observation of Raman scattering due 

a 
to vacancies in GaAs, it \..ras twenty years ago that ~Jorlock and Porto·· 

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 material~, relatively little work 

has been done in semiconductors. This is mainly due to the opacity of 

many semiconductors to visible light which, combined '..rith the low 

concentration 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 incid-ent 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 

coincide with real electronic transitions of the medium (so called 

resonant conditions). This situation and its relation to non-resonant 

scattering is depicted in figure 1.2. In addition, by ~easuring how 

the Raman cross section chan~es as the incident photon energy is tuned 

through electronic resonances in the medium ~uch valuable information 

.• 
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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 Rainan Tensor 

and Selection Rules 

' The starting point in developing a macroscopic treatment of Raman 

+ 
scattering is with a general expression for the polarization P induced 

in a medium by an applied electric field E. This is expressed in. terms -of a second rank susceptibility tensor X: 

+ _ ..... 

P = x·E 
+ 
E = (1.2.1) 

-where wi is the frequency of the electric field. If X cl.oes not vary 

with time then it follows that P also oscillates at frequency wi. If 

the scattering medium consists of a single atom then the oscillating 

polarization 1¥ill radiate at frequency ~ in different directions to 

produce scattered light whose intensity Is is given by 

I ~ /E 12 ~ /P·e 12 
s s s (1.2.2) 

.... 
where ~s is the scattered electric field and ~s is a unit vector in 

.... 
the direction of ~s· If the scatterin~ ~edium is macroscopic and 

per feet 1 y homogeneous then there is a coherence het ~•een 1 i ~ h t · 

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 

scattering again exhibits the cos2 directional dependence of equation 

1.2.2. This is the familiar elastic scattering of light known as 

Rayleigh scatteting. 

In the macroscopic picture of Raman scattering the susceptibility 

-X is assumed to be a function of some generalized parameter Q that 

describes the amplitude of a fluctuation. For example, in the case of 

phonons, Q would correspond to the amplitude of vibration. Then 

~ - -+ P = x(Q)·E ( 1.2.3) 

-By Taylor expanding X about the equilibrium coordinate Oo we have 

where 

6Q = Q - Q 
0 

Tf the phonon frequency is wp then 

~Q(t) ~ exp(iw t) + exp(-iw t) 
p p 

- ... 

(1.2.4) 

so that X nD\v is time dependent. It follo1vs that P1 has frequency wi ± .. 
'.Up. Thus the P 1 component of the induced polarization will radiate at 

.. 

II 
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these frequencies. The - (+) sign corresponds to Stokes (anti-Stokes) 

scattering in which the scattered radiation is down-shifted (up-

shifted) in frequency from the incident radiation. 

It is convenient to define a second rank tensor known as the -Raman tensor R in the following manner: 

( 1.2.6) 

so that the scattered intensity I 1 can be expressed as 

( 1.2. 7) 

-
where ei and es are the polarizations of the incident and scattered 

radiations respectively. 

A more complete treatment10 shows that 

( 1.2.8) 

where V is the scattering volume and < > denotes a thermal average. 

(Taking a thermal average reflects the fact that the phonons 

responsible for Raman scattering are thermally generated.) It can be 

shown10 from a quantum mechanical treatment of lattice vibrations that 

7 
<2lQ-> = A(n + 1) + B (n) (1.2.9) 

where the first term describes Stokes scattering, the second term 

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

phonon. 
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The symmetry properties of the scattering medium impose 

restrictions on the polarizations and propagation directions of the 

scattered radiation. This is because the relation 

(1.2.10) 

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. 11 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 involved have q=O. ·This greatly simplifies the analysis 

because a zone center phonon produces a lattice deformation that 

preserves the translational ~ymmetry of the crystal. Thus it is valid 

to use ~ group theoretical treatment ba~ed on the point group of the 

crystal. 

The_ .se_CO!ll! _cE_nsequence is the imposition of restrictions on the .. 
- . --------- -:w: ------ --

components P ij of the ?.a man tensor R. These restrictions de·p-endon---

both the polnt group symmetry of the scattering medium and on the 

symmetry of the excitation that participates in the Raman process. A 

co~plete calculation of these Raman tensors was perfor~ed bv Vve 
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(1957) 12. The result for materials of the zincblende structure like 

GaAs, which possess the so-called Td 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 sea ttering 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 GaAs that are most relevant to this thesis. 

Table 1.3 lists many of the parameters that characterize GaAs. The 

recent review article by Blakemore13 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 1.3 14. 

The various critical points are labelled. Of particular note is the 

transition F. 0 , 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 is an efficient light emitter. The Raman measurements described 

in this thesis were carried out in the vicinity of E0• As we shall 

see, the direct nature of the gap contributes to the large resonant 

enhancement that I observe. Also noteworthv are: 1) the large spin

arb it splitting in the valence band so that a two band model to he 

used later is a good approximation and 2) the warping of the valence 

band so that a spherical approximation to be used later is not that 



good. 

ii. Vibrational Properties of GaAs 

The experimental and theoretical phonon dispersion relations 
• 

along high symmetry directions in GaAs are shown in figure 1.4a 15, l6. 

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 consequence of the macroscopic electric field 

associated with long wavelength LO phonons in a polar material, which 

provides an additional restoring force for thes~ oscillations. 

The phonon density of states for GaAs calculated from the 

theoretical dispersion curve is shown in figure 1.4b. One 

characteristic feature of many zincblende materials 'Yith 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 acoustical and optical phonons are nearly 

degenerate in 9aAs. Thus in this case no prominent gap exists but 

there is a region of low density (a so-called "pseudo-gap") near 240 

cm-1• However, there is a fair amount of uncertainty in the exact 

density of states in this region. 

1.2c Defects in GaAs 

i. Defect production by irradiation. 

Defects or irnourities ~an be introduced into semiconductors 

intentionally or unintentionally during the growth process or during 

subseauent he~t treatments such as diffusion or annealing. Quenching 
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from high temperatures, plastic deformation and irradiation with high 

energy particles such as ions, electrons, neutrons or gamma rays are 

other ways in which defects can be created. It is difficult to 

control the defect concentration and spatial profile by quenching or 

plastic deformation. Also these techniques often tend to produce 

defect complexes. These problems are less severe with irradiation. 

Understanding the effects of irradiation is also important because of 

interest in the performance of semiconducto~ 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 a collision 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 

~ass so that energy transferred is decreased by a factor of two. 

Experimentally it has been found that the threshold energy for 

displacement of Ga or As is found to be roughly 10 ev. 17 Yhen the 
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energy transferred greatly 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 

~mall, the r~sult 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 will typically produce one atomic 

displacement per collision in GaAs while a SOkeV 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 

Raman spectrum.6 These vibrations can be grouped into the following 

categories. 

1) Localized modes. These types of vibrations occur when atoms in 

the vicinity of a defect 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 of these modes is quite narrow and 

therefore they give rise to sharp Raman lines. The a~plitude of a 

localized mode is large near the defect and dies away rapidly with 

distance from the defect. (Fi~ure 1.6a). 

2) Resonance modes. These have frequencies \vhich lie tvithin the 

phonon bands of the perfect crystal. The amplitudes of the resonance 

~odes are enhanced near the defect but these modes ~ay propagate 

throughout the lattice and closely resemble the bulk phonon 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 

determined by the sep~ration between defects. Such a phonon no longer 

has a well 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 spatially confined phonons from throughout 

the Brillouin zone to participate in one phonon Raman scattering (see 

section 2.2 b). 

Phonons that are localized around point defects are interesting 

because they have the potential to provide microscopic information 

concerning 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. 



14 

One important benefit of using Raman scattering to study 

vibrational modes of defects is that the symmetry of the vibration can 

be deduced from the observed Raman selection rules. To give the reader 

a physical picture of what these symmetries mean I show in figure 1.7 

an example of a r1 and a r15 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 ana squares are determined 

experimentally by neutron scattering15• Solid lines are the results of 

a calculation based on a shell mode1 16• b) Phonon density of states 

derived from the shell model calculation. 

1.5- Rinetic 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- r1 and ~5 vibrational modes of a tetrahedrally coordinated 

vacancy. 



Table 1.1 Raman tensors for allowed excitation symmetries for 
crystals of Td symmetry. If it is assumed that there is time
reversal invariance then the Raman tensor must be symmetric or 
c=O. 

A, r, 

.. 

'Table 1. 2 Selection rules for Ram:~n scattering by r 15• 1r.,1 phonons in germanium :~nd zinc· 
blende-type materials for the three principal surfac~ [001]. (111]. and (110] in backscattering. 
The c:fficicmci~ are given in terms of the irreducible components a. b. c. d of Table 2.1 

Surf:~c:e 

[tiO] 
[ITO] 
(liO] 
[ITO] 

(100] 
[100] 
[100] 
(100) 
(Ill] 
[Ill] 
[Ill] 

Incident 
polariz:~tion 

iL 

(110) 
(001) 
[001] 
[111] 

[Oii] 
(011] 
(010] 
(010] 
[liO] 
(liO] 
[111] 

Saner.ed Raman 
polarization efficiency 
i, 

(110) a2 +b: +JliTOI 
(001] Ql +4bl 
[110] JliTOI+~ 
(Ill) D

1 +]J1 1TOJ 

(Oli] a2 +b: +J2 1l01 
(01 i] 3b1 +c~ 

(001] d2 1LOI+r 
(010] Ql +4b: 
[ITO] a: +1dlll01+td1 (TO) 
[1121 a: +id2 _1TOI 
(112] aZ + ]d:ILOJ + id: ITO I 
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Table 1.3-Some properties of GaAs. All values are for room 

temperature unless otherwise notede · 

Ctylt.IJ stnachlte ziacblnde EDcru PP (cV) 300 K 1.~ 
Spacepoup F~laa 77K 1.$10 

Lauir:e coastaat (am.) 0.$653 OK. 1.$19 

Eam-e,<ol c (lO"'eV /Kl -$.4 

l.iDcu thermal expansioa '·' -T1/CT+.) ~00 . 200 

coelfic:ica& (lo-4/Kl 
dE/dP (I rev /bar) 12 

Aloma per primitive ce1l 1+1 E.zcitoa biadiaa eactJY [meV) <U 

Primitive ceJis per uait 2.11 
a& lowest eacru pp 

volwae (toZZ/c:aa'l SJiallow doaon Sic;. Tc..u 

Deasicy [1m/ czal] 5.31 
Biadilla cacrl)' [meV] 6 6 

Ocavap plaacs U-101 ShaDow accepcon Zao. Si..u 

Thermal conducliricy lOOK Biadilla eacru [meV] 31 35 . o.s 
(wau/cmK) 771C. l. 

llltriasic carricn/ czal lxlo6 
MeJtiaa temperature [DC) 1%31 

De bye temperaaan [X) OK ~ 
CoeciiiCIMe MINk: 

Bulk modulus (1010 Pal 7.5 Energy · [eV). (syiDiftCU'Y) 1.71CL.> 

/m.m,/m 0.07S. 1.9 
Elastic stiffncsa cts 11.1 

COastaa&l Cu '·" 
EDCtV [eV). (symmetry) t.43<r .> 

(to10 Pal eM '·"' az/m. m-/ m 0.067 

Cu Valley dci'CftCnCJ 
c, 

Denlicyof per valley o.cn 
Elcctroa alfiaicy [c V] 4.1 staacs ID&II [aa) total 0.07 

Dielectric coastaat opdcal 11.0 
sca&ic 13.0 v--.-....: 

Optical pbonoa eaeru TO 33 Dasity of states maa [al} o.ss 
uq-o [meV] LO 36 EllUl)' [cV]. (symmcuy) 0(~.> 

ElcctrOa mobility 300 IC 9000 latcrbud matrix elemeat p1 (eV] %9 
[ar IV sec) 771C blo' A.B.C l!!l/laaJ 41.~.0.7.1 

Hole mobilicy 300 X. ~ 
[cm2/V ..:) 771C 7000 EAeru [cV]. (symmetry) 4~r1> ,..,.,. O.lS 
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Figure 1.1 Diagrammatic representation o! light scattering processes 
in a medium. 
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Figure 1.2 (a) Schematic electron energy bands in an insulator. 
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Non-resonant (b) and resonant (c) light scattering processes 
in insulators .• 
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Figure l. 6 
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Chapter 2 

Raman Study of Neutron and Electron Irradiated GaAs 

2.1 Introduction 

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 electrons or neutrons. 1 

As mentioned in chapter 1, there are basically two ways in which 

disorder affects Raman scattering: 

1) Localized or resonant vibrational modes caused by the presence 

of defects appear as new structures in the Raman 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. There is a large body of previous work in 

which these two types of disorder related Raman scattering have been 

used to study defects in semiconductors. 

A good example of the first class of defect related Ra~an 

sea ttering is the work of Cerdeira et. al. 2 in which the local modes 

of boron impurities in silicon were observed. Figure 2.ia shows a 

Raman spectrum of silicon that has been doped with 4 x 1020 cm-3 

boron. As a result of the lighter atomic ~ass the boron vibrational 

modes occur at frequencies above the optical phonon frequencies of Si 

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

the two naturally occurring isotopes glO and B11 . The positions of 
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these peaks are in good agreement with a simple model that assumes 

that ~nly 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 levels 3 ' 4• One 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 semiconductors.5 

One example of the second type of disorder related Raman 

scatte~ing that has been frequently studied is disorder activated 

first order Raman scattering (DAFORS). In this case a relaxation in 
... 
k-conservation allows zone edge phonons to participate in one phonon 

scattering. The types of disorder responsible for previous 

observations of DAFORS include effects due to the finite size of 

microcrystalli tes (in silicon6), ion implantation (in GaAs 7 ' 8) and 

disorder introduced by alloying9-12• In agreement with a simple theory 

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 

example, figure 2.1b shows Ushioda's 7 results in ion implanted GaAs 

which ca~ 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 DAFORS I observe new modes 

which are associated with intrinsic defects in GaAs. The narrow 

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

(resonant) ~odes. The observed annealing behavior suggests that they 
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are due to the vibrational modes of an arsenic vacancy. 

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 involves a third order perturbation 

process with two virtual intermediate states la> and lb>. For 

semiconductors and insulators, la> is a state in which an electron is 

excited from the valence band to the conduction band via the 

absorption of a photon. lb> 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 scattered photon. Such a process can be represented by a Feynman 

diagram of the type shown in figure 2.2a. The transitions involved 

can occur in eny time order, leading to six processes which give rise 

to six terms in the scattering cross section. The total probability 

for scattering a p~oton into a solid angle dQ while emitting or 

absorbing a phonon of energy nwp calculated for the diagram in figure 

2.2a is: 
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<fjH jb><bjH ja><ajH ji> 
2 ·-. 

1 = 21T D(w ) L 2 ER EP ER 
(2 .. ~.1) - p (~wa- ~wi)(~~- ~ws) T }i6 - a,b 

ks 
X o (w

1 + w· - (I) ) 
p s 

where HER and HE.P are the interaction Hamiltonians for the electron 

and photon and the electron and phonon respectively;· wi, w
9 

and wp are 

the frequencies of the initial photon, the scattered photon and the 

emitted (-) or absorbed (+) phonon respe~tively; D(wp) is the phonon 

density of states; and nwa and n~b are the energies of the 

intermediate states. Fcrr the diagram shown in figu.re 2. 2a 

Mwa - ~(1)0 + ~(1)1 + ~w3; ~(l)b a ~(1)0 + ~w2+ ~w3; 

~w0 : gap energy; 

where Mwj (j = 1, 2 or 3) denotes the energy of the electron or hole 

relative to the band extrema. In a perfect crystal since quasi-

momentum is conserved at each vertex of the diagram in figure 2.2a the 
.• 

overall quasi-momentum i~ conserved. Therefore ki - k
5 

,; q where ~, 

k 5 and~ are the wave vectors of the' initial photon, the scattered 

photon and the emitted (+) or absdrbed (-) phonon respectively. The 

summation over k5 in equation 2.2.1 includes only those photons 

scattered into the solid angle dO. 

Let us now consider how the presence 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 

assumed 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 spatially so that it is no longer a plane 

wave of infinite extent artd therefore does not have a well defined 

quasi-momentum. Note that even though momentum conservation is n0t 

required at the HEP vertex the possible values of the intermediate .. .. 
electronic state momenta k1 and k2 are still subject to the constraint 

k1 = k2• This is because of momentum conservation at the HER vertices, 

i.e. 

k - k - k3 = 0 i 1 

and 

k =-k - k3 = 0 s 2 

implies that 
-

kl = k2 

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

.... 
q

0 
can be written 

(2.2.2) 

•,.rhere u(q
0

) has the periodicity of the lattice a~d describes the 

atomic displacements lvithin a unit cell for the phonon mode labelled 

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 th~ phonon by multiplying it by a Gaussian 

envelope. (Such an envelope function has also been used by Richter et. 

al. 6, Tiong et. al8 and Parayanthal et. a1.14 to explain the LO phonon 

lineshapes in various types of disordered semiconductors.) The 

localized phonon wave function is denoted by ~1(q0 ,r) with: 

·~ith 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: 

with (2.2.4) 

~· "" exp [-2r2 
L , 12 - iq

0 
•r. - -] 

~·1 can be written in terms of its Fourier components: 

(2.2.5) 

with 

.. 

.. 



.. 

.. 

C(ij
0

, q') • (2rr)-
3 
Jd

3r0/li.(<i
0

, r)exp(-iij'·<) 

• L(2rr)-3/2exp [-L21q~ <i'I2J 
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(2.2.6) 

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 

(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 

\'lritten as: 

where j '~L (q
0

, r) > represents the state with one spatially confined 

phonon present and jA> represents the phonon ground state in which 

no phonons are present • 

The expression in square brackets in the last line of (2.2.8), 

1•hich I shall call ~. is the matrix element for an electron-phonon 

interaction involving plane wave phonons similar to those of (2.2.2). 

(T!'le only difference is that for the phonons in (2.2.8) the argument 

of the function u is di ff eren t from the phonon ~Va vevector q' .) For 
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Stokes scattering and the deformation potential type of electron

phonon interaction 15 one can shmv that: 

(2.2.9) 

Thus 

-+ -+ 
<~k $L(qo' r)jHEPI~ A> 

2 1 

a: .wP-~~dJ.q'c(q0 , q',)o(k1 - k2 - q') (2.2.10) 

a: C(~0 , ~)wp-~ 

.. .. .. 
where q = k 1 - k 2 : 0 as in figure 2.2a •. 

Using (2.2.10) in (2.2.1) yields: 

2 

(2.2.11) 

Equation (2.2.11) directly gives the lineshape for DAFORS that occurs 

via this SC mechanism. N'o te that if c2 does not change greatly as q
0 

varies within the 3rillouin zone, as would be the case if the phonon 

is well confined (L ~ a0). then the lineshape approximately reproduces 

the phonon density of states D(wp). 

-+ ? 
The exact form of the factor (C(q

0
,0))- depends on the specific 
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manner in ~vhich disorder perturbs the phonons (equ_at.ion 2.2.3). A more 

general form of (2.2.11) is 

T-l(wp) ~ D(wp) F(to) 
wp 

(2.2.12) 

.... 
where the function F(q

0
) 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 Gammon13. 

2.2c) Kawamura-Tsu-Esaki Model 

The SC model assumed that the disorder which act·ivates 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 disorder was proposed by Ka1vamura, Tsu and Esaki (KTE). 

KTE include the effect of disorder in the electronic sy.stem 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) 

In equation 2.2.13 
.... 

the subscript !<denotes the ,.,.ave vector of the 

.... 
unperturbed wave function. !he function g(k') is the Fourier transform 
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of the perturbed electronic wave function ~Lk and thus is analogous to 

the function C(q) that appears in the SC model of section 2.2b. 

As a result ~f the assumption (2.2.13); all transitions involving 

electrons or holes do not necessarily have to conserve wave vector. 

This allows 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 states is shown by the Feynman diagram in figure 2.2c. 

(Since all three of the vertices in this diagram involve electronic 

transitions 9 disordered activated Raman scattering can involve either 

one 9 two or three momentum non-ions~rvi:; steps. Uowever, if the 

disorder is not too great then those processes with only one momentum 

non-conserving step will be most significant. In this case, as in the 

SC model 9 momentum conservation at the other two vertices constrains 

the electronic states to be the same as those that participate in 

allowed Raman scattering.) 

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

wave vector q satisfies the proportionality 

(2.2.14) 

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

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

subsc~ipt k, (i.e. all of the electronic wave functions within the 

band are perturbed in the same way) then 
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-1 a: D(w
2

) 
2 

T I C' (q) I (2.2.15) 
(jJ 

p 

t•here 

.. -+-

Jd~' -+- -+- -1> 
C' (q) - g* (k' + q) g,_. (k') 

It' k' 

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 defect activated Raman scattering 

is represented by the Feynmann 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 momentum is 

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 ~TE mechanisms, this mechanis= 

predicts Raman lineshapes that resemble the phonon density of states. 

HoweveT the resonance enhancement of the Raman intensity predicted by 

such a model can !::le quite different from that predicted by the SC 

and lCTE mechaniscs. '!'his 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 101 7 /cm 2 fast ( 50 keV) neutrons produced by the FRJ-1 reactor of 

the Kernforschungsanlage Juelich under conditions similar to those 

described by Worner et. a1. 16• The (110) surface of a second sample 

was irradiated with a flux of 1.0 x 10 1~'f.~l.~1ev electrons produced by 

a Van De Graaf generator. The beam was focused to a diameter of 

approximately 3mm as estimated from viewing a piece of fluorescent 

material that was placed in the beam at the sample position. Thus I 

estimate that the peak intensity of the beam is approximately 1.1 x 

1017 cm-2 • Since the beam siz~ .is smaller than the sample dimensions 

the sample is inhomogeneously damaged. The Raman spectra t-rere recorded 

\V'ith the laser beam focused to a 75 micron spot on the sample where 

the damage is at a maximum. From the estimated electron flux at this 

point and the fact that the defect introduction rate within the first 

few millimeters of the sample for 1.6 MeV electron irradiation is17 

1 incident electron cm-2 <---> 5 total defects cm-3 

I 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 

oy the laser beam the damage is effectively homogeneous. 

During both the electron and the neutron irradiations the sample 

terncera~ure did not rise above 100 C. This implies that only defects 

with characteristic annealing temperatures> 100 C will he 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 completely quenched, thus making it possible to 

observe weak Rama~ scatte~ing 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 

neutron 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 doped with Io 17cm-3 of Cr. In this case Cr is 

responsible for quenching the luminescence. 

A standard experimental setup for recording Raman spectra was 

employed (figure 23). The sample was placed in an optical dewar and 

cooled to temperatures betwen 10 K and 1UU 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+ laser18• The dye laser was tuned 

to an energy of 1.47 eV, which is just belo'" the fundamental band gap 

of GaAs. Thus I was able to take advantage of the relatively large 

scattering volume resulting from the large penetration depth of the 

light. In addition there was a very large resonant enhancement in the 

defect related sca~tering which greatly increased the strength of the 

scattered light. The scattered light was dispersed by a 3/4 rn double 

spectrometer and detected as single photons by a cooled 

photomultiplier tube with a GaAs photocathode. Since the sensitivity 

of the tube falls off sharply below 11500 cm- 1, the spectra were 

corrected for the spectral response of the detection system which was 

deter~ined by using a quartz halogen lamp as a light source. The ~arnan 

spectra were also corrected for the frequency dependence 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 spectra recorded from (110) 

surfaces for an unirradiated GaAs sample (a), a neutron irradiated 

sample (b) and an electron irradiated sample (c and d). In the 

frequency region below the transverse optical (TO) phonon the 

spectra of the irradiated samples are qualitatively similar to one 

another but differ sig~ificantly from that of the unirradiated sample. 

In this frequency region the Raman spectra of the irradiated samples 

show three additional peaks 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 beam 

was smaller than that of the sample. 1vhen the exciting laser beam is 

focused on an arbitrary point on the sample that has been electron 

irradiated, the resulting Raman spectra below the -·TO phonon frequency 

can typically be interpre~ed as a superposition of two types of 

scattering: 1) disorder related scattering similar to that shown in 

figure 2.lb and 2) allowed two-phonon overtone scattering similar to 

that shown in figure 2.4a. By monitoring the relative contribution of 

these two components 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 3mm, in good agreement 

with the electron beam profile. This result confirms the supposition 

that lvha t 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 figure 2.5b can also 

be described qualitatively as due to a superposition of the spectra of 

an unirradiated sample (figure 2.5a) and an irradiated sample ( figure 

2.5c), except for the fact that there is no clear evidence of the sharp 

peak A at 227 cm-1 ·found in the irradiated samples. This poi-nt is 

somewhat obscured by the presence of the broad shoulder around 227cm-~ . . . 

due to two-phonon overtone scattering. It would be interesting to 

look at GaAs with higher Cr concentrations, where the defect related 

s~attering will overwhelm the two-phonon scattering. Unfortunately the 

101 7 cm-3 Cr concentration present in my sample is already close to 

the· "solubility limit" of Cr in GaAs. 

The spectra shown in figure 2.4a-c were recorded with the 

polarizatlons of both the incident and the scattered light parallel to 

the same (100) direction. According to the selection rules listed in 

table 1.2 phonon modes of r 1 and r12 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 polarized 

per?endicular to the incident light. For a [110] surface only phonons 

with a r15 symmetry are allowed (see Tables 1.1~2). A new peak, 

labelled A' is apparent. The intensities of peaks A, B, C and the 

longitudinal optical (LO) phonon observed in ·this r15 geometry are all 

roughly 1/10 of the corresponding intensities in the r1 and r12 

configuration. Although the selection rules listed in Table 1.2 state 

that LO phonon scatterin; is forbidden from a [110] surface, it is 
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well known that forbidden 10 phonon scattering can be observed under 

resonance conditions and exhibits predominantly rl 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 r15 configuration than in 

the forbiddt!n geometries in accordance with the selection rules. I was 

unable to observe any defect induced scattering in the r15 symmetry 

configuration in the neutron irradiated sample. 

To help identify the defects responsible for our observed spectra 

I 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 ~hown in figure 2.6. The 

relative intensities 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 "density-of-states-like" structure is evident. 

The sharp peak A is no longer present. For the sample annealed to 600 

C (not shown) a strong band edge luminescence was observed and it 

masked whatever Raman signal might be present. 

In contrast with the acoustic phonon energy region which shows a 

great deal of disorder related scattering, the optical phonons appear 

relatively unchanged by the irradiation. No change at all is 

observable in the neutron irradiated sample even when examined with 1 

c~- 1 resolutio~ at 10 K. In the electron irradiated samples only the 

10 phonon lineshape appears 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 

As pointed out in section 1.2c, previous studies 19- 21 on the 

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" contiin~ 

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 5% of the total 

sample volume. It has been 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 producea 

in large numbers. For the case of electron irradiated GaAs, the 

damage is thought to be more homogeneous, consisting of intrinsic 

point defects distributed uniformly throughout the irradiated region. 

This is because a collision of the lighter electron 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 DAFOKS 

predict that the Raman lineshape should ·resemble the phonon density of 

states. This is in accordanc~ with what has been observed 

experimentally by a number of workers 6-ll who examined ~ither ion

implanted GaAs or various III-V alloys. Similarly, I have identified 

the peaks B and C in the irradiated samples as due to DAFORS. 

Comparison of the spectra in figure 2.4b,c \vit.h a calculation of the 

phonon densiti 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 
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(TA) branches. ~vhile this correspondence 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 example, if the mechanism of KTE is responsible 

for the observed DAFORS then peaks B and C are due to processes 

involving plane wave phonons. On the other hand, if the SC mechanism 

is re·sponsible 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 modes which happen to have a 

density of states that is quite similar to the bulk density of 

states. 3 ' 4 

In contrast, peaks A and A' have not been observed 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-1) and are not reproduced in the phonon density of 

states. One may argue that peak A can be explained by the broad 

structure near 227 cm-1 in the theoretical phonon density of states 

that arises from the LA(X) critical paint. Ho,.,rever, this explanation is 

not li!<:ely based on the following observations. Firstly, the 

structure at 227 cm-1 in the theoretical spectra is broader than peak 

A • . .,rhile all of the other peaks in_the _theoretical spectra are 

sharper than the corresponding peaks in the experimental spectra. 

Secondly, the structure near 227 cm-1 is weaker than the other 

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

stronger than the other DAFORS peaks. Of course one m~y 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 
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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 (labelled 2B and 2C). 

However, the two-phonon overtone scattering observed in the range 

corresponding to twice the energy of peak A (455 cm-1)(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 

associated with the critical point LA(X) in the phonon density of 

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

diff~r~nc~ cowtination proc~ss involving e~ission of an 

optical phonon and absorption of an acoustical phonon because peak A 

is as strong at lOK as at lOOK. For a difference combination 

the Raman cross section should be proportional to 

(nop + l)nac 

where 

n 
op 

-1 = (exp (;iw /kT) - 1) ; n 
op ac 

= (exp(~w /kT) - 1)-l 
ac 

process 

and ~wop (~wac) is the optical (acoustical) phonon energy. For 

wac"' 50-80cm-1 the factor nac \vould make this process much weaker at 10 

K than at 100 K, contrary to what is observed experimentally. The 

difference combination process can also be ruled out because the 

corresponding t•,..o phonon sum combination peak is not observed. The 

absence of peak A in GaAs that has been disordered by a variety of 

other means such as ion implantation7•8 , alloying9 or Cr doping 

(figure 2.5) implies that it is associated with the presence of a 
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specific defect introduced in relatively large concentrations by both 

neutron and electron irradiation. 

I have therefore identified both peaks A and A' as due to either 

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 ~aman 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 tne ratio of tne 

scattering intensities in the r1 and r15 geometries were the same as 

for the electron irradiated samples the signal would be too weak to be 

detected in the neutron irradiated sample. In addition there is a 

r~l3tively large featureless 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 r15 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 

associated with large· defect clusters are more likely to have 

considerable inhomogeneous broadening. In ~rinciple 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 energy particles (ions, neutrons and electrons), ions and, to a 

lesser extent, neutrons tend to produce defect clusters while 

electrons produce isolated point defects. This is consistent with my 

observation that in the electron irradiated sample peak A is 

considerably stronger relative to the DAFORS 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. One argument against such an identification might be 

that a localized· mode cannot exist at an energy so close to the L\(X) 

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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othenrise motion which is initially localized around the defe.ct can 

very effectively propagate away into the bulk, resulting in a non-

localized mode. Firstly, it should be noted that while the exact 

value of the phonon density of states is not precisely known in the 

energy range where peak A is located, by all accounts this density is 

not very high. Secondly a recent calculation of the vibrational modes 

of the deep level oxygen in GaP3 ' 4 shows that it is possible to get 

fairly well localized modes· even when the energies of these modes are 

coincident with a relativ~ly high density of buik modes provided the 

localized modes do not couple to bulk mocies. 

Another point that can be made concerns the rather special· nature 

of the atomic displacements associated with the LA(X) critical point. 

For this mode in GaAs all of the motion is taken up by the As atoms; 

the Ga atoms remain stationary.23 On the other hand let us consider 

for example a localized breathing mode 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 

sor.te of these to be ruled out. For example, ESR measurements in the 

neutron irradiated sample show that it contains 7xl0 17 /cm 3 AsGa 

antisite defects. 24 Measurements by Worner et. a1.16 have shown that 

~fter one hour isochronal annealing the concentration of AsGa as 

deter:nined by ESR remains constant to 400 C above which the 

concentration drops sharply by a factor of 100. i:rom my annealing 

results I conclude that the AsGa 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 AsGa· 

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 from infra-red absorption to electrical 

resistivity, has been utilized to monitor the annealing. A summary of 

much of this work is given by Lang25. In particular, Pons and 

Bourgoin 26 used DLTS to observe this stage in electron irradiated 

GaAs. They demonstrate that 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 present strong evidence that it is a 

simple defect formed . by displacement of the As sublattice (i.e. VAs' 

AsGa or IAs). Their argument is based on an anisotropy in the defect . 
introduction rate when the electron beam is incident in the (111) or 

(-1 -1 -1 ) directions. Based on positron lifetime measurements, Cheng 

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

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 annealing stage is associated with As vacancies. 

On this ~asis I tentatively conclude that peak A is most likely 

. associated with V As• 

The observed r1 symmetry suggests a breathing mode (figure 1. 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 r1 symmetry even though the LO phonon has 

30 r1s symmetry. ) 

This proposed identification should be checked by a theoretical 

calculation of the vibrational properties of vacancies and 

interstitials in GaAs. (See section 1.2c.) If this identification of 

the 227 cm-1 Raman mode is confirmed by theoretical calculation, it 

will be a powerful means to study the properties of As vacancies in 

GaAs. In fact, recent theoretical calculations by Leite31 predict that 

the arsenic vacancy should have two local modes, one of r1 symmetry 

and the other of r15 symmetryp 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 calculation assumes that there is a 

gap in the phonon density of states between the acoustical and 

optical branches and that these local modes lie within this gap. 

However, theoretical calculations of the phonon density of states 

(figure 2o4e), experimental determination of the phonon density of 

states based on DAFORS (figures 2.1b and 2.Sb) and two-phonon 

overtone scattering (figure 2.7) all indicate that the phonon density 

of states is low near 230 cm-1, but not zero. 

Evidence that the defects involved in the 225 C annealing stage 

involve displacement of 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 (111) or (-1 -1 -1 ) 

directions are monitored. This suggests that a useful experiment would 

be to measure the differences in the strength of the defect induced 

Raman signals as a function of irradiation direction 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 of the DAFORS involving peaks B and C. 

Comparison of the lineshapes of the sample annealed to 320 C with the 

unann•aled simple reveals that not only has the intensity of the 

scattering diminished in the annealed sample but the lineshape now has 

lost its sharp structures that resemble the phonon density of states 

and taken on a more "washed out;' appearance. This can be qualitatively 

understood within the frameo/ork 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 

given in (2.2.12). 

Let us see what the consequences of these types of. models are by 

investigating a particular idealized case of the SC model (figur~ 

2.8). For the purposes of demonstration I assume a simple idealized 

one-dimensianaldispersion relationship.that may be appropriate for an 

acoustical branch (shown in figure 2.8a). The corresponding phonon 

density of states is shown in figure 2.db. 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 

(2.2.3) 

where ~(q0 ,r) is the wave function of a bulk phonon. 

The corresponding function F(q
0
), which describes the extent to 

which momentum conservation has been relaxed is given by 
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(2.5.1) 

Plots of F(q0 ) as a function of phonon frequency for several different 

values of the parameter L are sl\own 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 qefect concentration 

decreases. The effect of such an increase in L on the observed Raman 

lineshape, as predicted by (2.2.12), is shown in fig 2.8d. It can be 

seen that as L increases the Raman 3pectra becomes more "washed out", 

and no longer resembles the density of states. Since in the 

annealing experiment the defect ·concentration should decrease as the 

sample is heated , the disappearance of the phonon density of 

states 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 

~ample annealed to 440 C. Similarly it cannot - explain the Kaman 

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 estimate that the defect concentration 

differs by abouc 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 shape of the DAFORS peaks observed at these t~o locations is 

identical (figure 2.9b). 

As mentioned above, the phonons involved in the DAFORS peak C may 

be either spatially confined phonons, resonant phonons or plane wave 

phonons. Spatially confined phonons have localization lengths that 

depend on the separation between defects (figure 1.6c). Resonant modes 

on the other hand are associated with isolated point defects (figure 

1.6b) and their spatial extent should be independent of the defect 

concentration. Obviously, the spatial extent of a plane wave phonon 

also. does not depend on the defect concentration. Thus the 

insensitivity of the peak C to electron dosage in the electron 

irradiated samples suggests that peak C is due mostly to scattering 

involving either resonant phonons or plane wave phonons. On the other 

hand the same peak C is due to confined phonon modes in the neutron 

irradiated sample which has been annealed to less than 320C. I will 

present additional evidence 
i . 

to support this propo~on in chapter 3. 

A number of previous studies have focused on the observed 

asymmetry and red-shifting of the LO phonon line6 ' 8 ' 14• This effect 

has been successfully interpreted within the framework of the SC 

model. In order to make contact with this work, a few words 

concerning the LO phonon 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 

broa~ening in the electron irradiated sample. One explanation for this 

observation is that the "damage threshold" for observing disorder 

related scattering is much lower in the acoustic 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 spectra I observe are dominated by the 

strong allowed first order scattering (sharp 10 and TO peaks) from the 

95% 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 Conclusions 

• 
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 

dependence of one of the peaks at 227 cm-1 is cbnsistent with its 

identificatio.n. as a vibrational mode of an As vacancy. The use of 

incident photons tuned to just below the band gap has allo\11'ed .me· to 

simultaneously take advantage. of both the relatively large scattering 

volume and a large resonant enhancement. This results in large 

scattering intensities for the defect related Raman processes. (In the 

electron irradiated sample rates were as high as several thousand 

photons/ sec when counted by a PMT \Y'ith 1% quantum efficiency.) This 

suggests that it should be possible to examine defect related 

scattering in samples with considerably lower defect concentrations. 

~vhile the narrow linewidths of peaks A and A' suggest that they 

are associated.with well localized vibrations it is important to test 

this hypothesis with additional experiments. Two ideas which come 

quickly to mind are: 

1) Since a r1 local mode associated 1.-rith an arsenic vacancy would 
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involve mostly Ga motion one immediately thinks of isotope 

substitution. Unfortunately there are no naturally occurring isotopes 

of either Ga or As. The next best thing would be to look at alloys 

such as GaAlAs or GaPAs. If the peaks A and A' were indeed VAs 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 GaP As. 

2) Observation of changes in the Raman spectrum induced by 

hydrostatic 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 participate in the defect related scattering. 

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

Figure 2.~Some results of defect related Raman scattering. a) Local 

modes of boron in silicon. From reference 2. b) nAFORS 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 discussed 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. c) Mechanism of KTE that involves localized 

interme<,Uate electronic states. , d) Fourth order defect mediated 

process. 

Figure 2.3- Experimental setup for recording Raman spectra. 

-Figure 2.4- Stokes Raman spectra for GaAs (110) surface recorded at 90 
~ . 

K. a) Unirradiated sam.ple. b) Neutron irradiated sample; r 1 + 4r12 

symmetry scattering geometry. c) Electron irradiated sample; r 1 + 4r 12 

symmetry sea ttering ge<?metry. d) Electron irradiated sample; r 15 

symmetry scattering geometry. e) One phonon density of states 

calculated using a shell model from Reference 32. For spectra (b), . . 

(c) and (d) the incident photon had a frequency of 11900 cm-1~ For the 

spectrum a) the 19436 cm-1 line of the Ar+ laser was used instead to 

avoid the strong band gap luminescence. The amplitudes of the spectra 

have been rescaled for ease of comparison. For example, the r 15 

symmet·ry spectrum shown in (d)is actually 10 times weaker than the r 1 
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+ 4r 12 spectrum of spectrum(c). Comparison of spectra (b) and (c) to 

spectra recorded in a r1 + r12 + r15 scattering geometry has shown 

that the r 12 component in these spectra is negligible compared to the 

r 1 component. 

Figure 2.5- Stokes Raman spectra recorded in r 1 + 4 r12 symmetry from 

(110) surface of GaAs. a) Unirradiated sample. b) GaAs d~ped with 1017 

cm-3 Cr. c) 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 fqr the sample annealed to 220 C is 

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

Figure 2. 7- Raman spectra in electron irradiated GaAs recorded at a 

point where the electron dosage is lOlier than the maximum dosage by 

roughly a factor of 6. 

Figure· 2.8- Simple example showing the consequences of the spatial 

correlation model on. the DAFORS lineshape. · a) Hodel dispersion 

relation used for the purposes of this example: w = 1 - exp(-2qa) for 

0 < q <q BZ • rr/ a., b) Phonon density of states corresponding to the 

dispersion relation of part a). c) Four different momentum relaxation 

functions F(q) of the form exp(-q21L2/2) with L = 0.5,0.75,1.0,2.0. d) 

Ranian 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 lineshape observed in regions 

irradiated with different doses of electrons. a) Spectrum recorded 1.5 

rnm 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 phonons 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. 
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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. 
0 

The motivation for studyin~ RRS is several-fold: 

1) The large resonant enhancement provides a means of increasing 

the sensitivity of Raman scattering as a tool to study defects. Thus 

one goal is to understand the 

enhancement so as to~ be able 

physics underlying 
~rr~~ 

to take~advantage of 

the resonant 

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, in this study I have 

introduced large concentrations of intrinsic defects into GaAs by 
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irradiating samples with either high energy neutrons or electrons. 

While 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. Thus it can 

be difficult to sort out which Raman mode is due to which defect. RRS 

offers the possibility of selectively enhancing 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 photons 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 lineshape 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 lineshape for the defect related scattering can be explained by a 

fourth order scattering process that involves a q-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 between 

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 intermediate 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. 

• studied the resonance behavior of DAFORS modes in the alloy system 

InAs P in the vicinity of the E critical point. 
x 1-x 1 

They observed a 
2 

relatively small resonant enhancement for these modes. Yu et. al. 

used RRS to study CdS:Cl. They tuned the energy of the scattered 

photons through an electronic level corresponding to an exciton bound 

to a shallow acceptor. By observing a large enhancement in the Raman 

scattering of a V -Cl 
Cd S 

complex they were able to deduce that 
3 

such 

complexes form a shallow acceptor in CdS. Wolford et. al. used this 

technique to study the deep level N in Al Ga . As. Usually in these 
x 1-x 

III-V alloys inhomogeneous br?adening due to differences 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 the 

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 
cr(w1) ex L <f/HER/b> <b/HEp/a> <a/HER/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 denominators will become very 

small (an imaginary damping component added to the electronic energies 

prevents the denominators from becoming zero) and the cross 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 3.1a) In this case 3.2.1 reduces to: 
0 

1 
(w - w ) (w - w ) 

0 i 0 s 

2 

(3.2.1a) 

The behavior of the cross section as a function of incident 

photon frequency in the vicinity of w , assuming finite damping, is 
0 

depicted in the right hand side of figure 3.1a. 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 line). These two peaks are referred to as the ingoing and 

outgoing resonances respectively. In this case only one of the two 

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 
0 p 

(dashed line). 

In the more general case of RRS in a solidwith a band structure, 

where there are many possible intermediate states, it is often 

necessary to consider only the most strongly resonant terms in 

equation 3.2.1. For example, those portions of the band structure that 

have transition energies near the incident photon energy will make the 

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

ordering (the one shown in figure 2.2a) contributes significantly. In 
-

weighing the relative contributions from various types of scattering 

processes it is convenient to separate them into two classes referred 

to as two-band and three 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 remain·s 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 process in a perfect crystal (e.g. figure 

3.2a). Quasi-momentum conservation 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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(3.2.lb) 

where a damping r 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 

(3.2.lc) 

where ~ is the separation between the two valence bands. Comparison of 

equations 3.2.lb,c shows that if~>> w then the three band terms 
p 

will not be signigicant compared to the two band terms . 

. RRS allows us to focus on contribution from a small portion of 

the band structure and gain information on scattering processes that 

occur via these electronic 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.lb. In this case it is necessary to perform the sum indicated 

in (3.2.1). It is found that a(w ) again exhibits peaks at w = w and 
i 

= w + w . In contrast to the example in figure 3.la, 
i 0 
these two 

i 
peaks 

0 p 
are no longer symmetric about w = w + w /2. 

i 0 p 
This is because 

now when w is tuned so that w = w (the outgoing resonance), there 
i s 0 

is the possibility that the incident photon .will also be 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 not possib.le. at the ingoing resonance. The 

result is that the outgoing resonance can be much stronger than the 

ingoing resonance. Therefore a(w ) tends to peak at the outgoing 
i 

resonance and is "sharper" if double 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 process. This is the 

situation that is depicted in figure J.lb for the 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 J.lc. 

The key to deriving a correct expression for a(w ) from equation 
i 

3.2.1 is to properly perform the sum over the intermediate states. It 

is necessary to coherently- .sum (i.e. maintaining .proper phase 

relationships) over a range.-of both real and virtual intermediate 

states. Thus the problem 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 a(w ) for the case of allowed one TO phonon 

scattering 

calculation 

i· 
in the vicinity of the E 

0 
has been performed by a 

critical point in GaAs. 
4,5 

number of authors. I 
5 

Such a 

present 

here results similar to those of Cardona. (Since I am interested in 

predicting the RRS lineshape 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 
-1 0 

critical point is the E + 
0 

fl. 
0 

critical 

point, which is 2400 em 
-1 

away. This separation is large compared-to 

w = 270 · em 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 q = 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) The intermediate states are a single set of parabolic bands. 

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

- -:a k· }{ ·k 

2mc(v) 
(3.2.2) 

-where the m are the effective mass tensors. Thus 

w :a w 
a c 

where 

c(v) 

- w v = w + V{/2(k·_l_·k) 
0 jiik 

For a M 
0 

critical point such as the E 
0 

(3.2.3) 

(3.2.4) 

gap, the effective mass tensors 
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are positive definite and the joint density of states N (w ) exhibits 
1/2 d a 

the familiar E dependence: 

Nd(w ) = '\[2 md3/2(w -w )1/2 
a -:-z- a 0 

7T 

where 

(3.2.5) 

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 . 
• 

Qualitatively one expects the inclusion of exciton effects to shift 

the a(w ) curve downward in energy by an amount on the order of the 
i -1 

exciton binding energy (34 em in GaAs) and to cause a sharpening of 
5 

the resonance. 

Making use of these assumptions and transforming the sum in 

(3.2.1) into an integral yields: 

2 
(3.2.6) 

Let us define 

A(w) - (3.2. 7) 

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

cr~(w;) can be expressed as 
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(3.2.8) 

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

leads to: 

where 

1 
2 

f F(~) F( ..1!_\) 1
2 

I 1+~ ~ 

I 
3/2 3/2 

(1+~) (1-~) 

X - '.'!i ; F(x) - (1 - x)~ 
x2 w0 +(wp/2) 

(3.2.9) 

A 1 f h . 1 . h.. p . TO h p ot o t 1s resu t w1t p~rameters appr1f1ate to one p onon 

scattering at the E critical point of GaAs is shown in figure 3.3 for 
0 

the case of zero damping. Not~ that two peaks occur at w = w and w 
i 0 s 

= w corresponding to the ingoing and outgoing resonances. The 
0 

line shape 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 r to the frequency w . The resulting effects will be significant 
0 

only when r is appreciable compared tow . Otherwise the width of.the 

resonance is roughly w . 
p 

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 

spectrum is recorded in a backscattering configuration from a (110) 

surface. Nonetheless, the experimental spectra displayed in figure 2.4 

show strong LO phonon scattering. This type of forbidden scattering 
5 

has been observed previously by many workers. The forbidden 

scattering has been found to exhibit a very strong resonant behavior 

near critical points such as E 
0 

and E 
0 

+ f:J. • Away from these critical 
0 

points the forbidden scattering becomes so weak that it is 

unobservable. Also it has been observed experimentally that the 

forbidden scattering exhibits predominantly r symmetry 
1 

i.e. the 

scattered light is polarized parallel to the incident light. In this 

section I present a theoretical explanation of this forbidden 

scattering based on the assumption that the scattering medium is a 
5 

perfect crystal. The treatment follows that given by Cardona . 

The underlying reason for the forbidden LO scattering is the .. 
macroscopic electric field E 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/jqj and the interaction bears 

his name. It is the q-dependence of the interaction that ultimately 

accounts for the forbidden scattering. 

As in the case of the TO phonon, a calculation of the scattering 

cross section involves evaluating the perturbation 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 
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performed. The details of the calculation tend to obscure the 

underlying 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 1 i s 

Due to the jqj- dependence of the Frohlich interaction, the 

cross section calculated for a diagram such 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 second in which two hole states are 

coupled. Because the charges of the electron and hole are equal and 

opposite these two terms cancel. However, si~ce the expression for the 

scattering cross section contains an explicit q-dependence we are led 

to carry out the calculation to a higher order in 
... 
q • (Recall that 

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

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

+ ditl -- q 
crcr q=o 

+ d4tl :qq 
d-2 

q - 0 q= 

+ ... 3.2.10 

The term linear in q must also vanish as can be seen from the 
-1 

following argument: Since the hamiltonian H depends only on lql 
EP 

the scattering cross section cannot depend on the direction of q so - .. that dR/dq = 0. 

In order to choose an appropriate form for the term that is 

second order in q let us first consider the mechanism by which the 

Raman tensor depends 
.. 

on q. Figure 3.4a(b) shows the transitions 

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

.... 
phonons with wave vector q. 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 q-dependent effective gap· is given by: 

(3.2.11) 

Now, the susceptibility x(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 (q).) Therefore 
0 

the magnitude of the modulation of)( caused by a phonon will depend on 

the phonon q. Recalling equation 1.2.6, which relates the Raman tensor 

to the magnitude of the susceptibility modulation, the second order 

term can be written: 

2-u :qq a: 

-2 dq q=O 
qq 

(3.2.12) 

where the two terms correspond to the two processes indicated in 

figure 3.4. 

Inserting equation 3.2.11 into equation 3.2.12: 

d2R : qq a: 

d-2 
q -o q= 

(3.2.13) 

The main feature to note in this result is that the Raman tensor is 

linear in jqj. Also, in the limit that the effective mass tensor3 are 

isotropic the Raman tensor is isotr~pic and the scattering is of r . 
1 

symmetry. The breakdown of the standard selection rules for this 
..... q-. 
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dependent mechanism is not surprising. This is because the selection 

rules were derived using symmetry arguments that assumed that the 

phonons possesed the full symmetr~ of the point group of the crystal, 

i.e. 
-+ q=O (see footnote 11 of chapter 1). 

-+ The main ingredient in the above description was the q-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 

isotropic, 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: 

(3.2.14) 

where 

-+ 
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 
-+ ER 
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: 

where (3.2.15) 

-+ For small q, the intensity of the scattering is found to be quadratic 

in jqj. Shown in figure 3.3 is the behavior of a (w) predicted by 
LO i 
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equation (3.2.15) using parameters appropriate to the E critical 
0 

point in GaAs. The lineshape is seen to be symmetrical about w + 
0 

w /2 indicating that double resonance effects are not strong in this 
10 

case either. This lineshape can be compared to the lineshape for the 

allowed TO phonon scattering. Note that the forbidden 10 phonon cross 

section falls rapidly to zero on either side of the critical 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" intraband Frohlich 

mechanism, a· number of authors have proposed a variety of extrinsic 

mechanisms that can activate the forbidden 10 phonon scattering. For 
v.r 7 

example, Pinzcuk and B~stein have shown that surface electric 

fields produced by depletion layers in semiconductors can result in 

forbidden LO phonon scattering. Several workers have suggested that 

defects may be involved in forbidden 10 phonon scattering. The basis 

. for thi$ idea is that defects relax momentum conservation and allow 

~ 

phonons of larger q to participate. This can lead t~ an enhancement of 

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

for two reasons. The first is that the 

interaction increases in strength as q increases 

q-dependent Frohlich 
. 16 

for lqla < 2. Thus a 
0 

process that allows phonons with larger q to participate 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 resonance. 
9 

Gogolin and Rashba proposed a mechanism for the relaxation of 
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momentum conservation in LO 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 intermediate 

states to be discrete exciton states. The model of Gogolin and Rashba 

is not appropriate for GaAs because the exciton binding energy is very 

small so it is necessary to consider not only the discrete bound 

states but also the continuum of the exciton as intermediate states. 
6 

Recently Menendez and Cardona (MC) have developed a modification 

of the theory of Gogolin and Rashba. Instead of an isolated excitonic 

intermediate state they consider a continuum of uncorrelated electron-

hole pairs as intermediate states. In this case the appropriate 

Feynman diagram is exactly the one shown in figure 2.2d, with the 

electron-phonon interaction assumed to be a Frohlich interaction. Due 

to a strong double resonance effect their model predicts that the 

enhancement in the forbidden 10 phonon Raman cross section should peak 

at the outgoing resonance. This agrees with their experimental data at 

the E + 6 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 ~llowed two phonon scattering due to Zeyher. The Feynman 

diagram for two phonon scattering is shown in figure 3.5. _C~mparison 

with the fourth order process shown in figure 2.2d shows that formally 

these processes are quite similar; the diagram in figure 2.2d is 

obtained from 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 proces~es 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 coupling "(for the LO phonon). 2) 

deformation potential coupling for both the TO and LO phonons. 

- The phonons are assumed to be dispersionless. 

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

the two LO phonon scattering are 

dcrl dn 
2TO 

(3.3.1) 

dcrl a: 

dnl 
2LO 

, where the symbols used in equation 3.3.1 are defined as follows: 
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x - aq; xj = akj ; a ~ ~~lbp 

Ci= phonon wave vector; q = amplitude of phonon wave vector; 

MC used Zeyher·s result to obtain the Raman cross 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 q-dependent 

potential V(q) of the form 

where q 
F 

2/A. and A is the mean 

electron/hole-defect scattering 

(3.3.2) 

distance between defects. The 

qualitative features of their results are not very sensitive to the 

details of the potential chosen and are particularly insensitive to 

the exact choice of q . Additional assumptions they made are: neglect 
F 

of multiple scatterings 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 

(3.3.3) 

~ 

q is the wave vector at the zone boundary and 
BZ 

. 
AT(wi) = A(s x., -s x, xl, x2, x3) + A(shx, -s x xl, x2, x3) e e h , 

- A(s x, s x, X ' X 
2' 

X ) - A(s x, S X, X , X 
2' 

X ) 
e h 1 3 h e 1 3 

+A(s x, -s x, X ' x' X ) + A(s x, -s x X ' x' X ) 
e e 1 2' 3 h h ' 1 2' 3 

-A(s x, s x, X ' x' X ) - A(s x, s x, X ' .x', X ) 
e h 1 2' 3 h e 1 2 3 

where the definitions of the terms are as in 3.3.1 except that now 
1 

k3 ~ [:~r <~wi + in - ~w0 - l(w/" · 

ki =. [2u]~[~wi +in- ~w0 - ~2 (x/a) 2 l~ 
~2 2(me + ~~ 

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

Plots of the RRS lineshape predicted by equation 3.3.3 for 

various values of q 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 waves and momentum conservation 

is relaxed due to the electron/hole-defect elastic scattering. The 

only changes are,that the electron-Qhonon interaction is now assumed 

to be q-independent and the phonon branch involved is no longer 

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 

l
qBZ 

a: dq 

0 
(3.3.4) 

th .... 
where w (q) 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 modes or resonant modes. Let us 
~ 

first consider the case in which a local mode is involved. Then each 

.... 
phonon has a broad distribution of q components which can be described 

by a function C(q) (see equat~on 2.2.6 in the limit L -> 0). The 

various 
.... 
q components of this local mode do not represent distinct 

final states. Therefore it is appropriate to carry out.the integration 

over q before squaring the matrix elements. The expression for the RRS 

lineshape is then 

J
~BZ 

dq 

0 

w - w ) s p 

2 

(3.3.5) 

It is 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 q values centered about lql= 0.1/a 
0 

where a is the lattice 
0 

constant, is much greater than the contribution from any of the other 
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~ ( ~ q components note log scale). These special q values correspond to 

scattering wave vectors that allow the double resonance condition to 

be satisfied. Since a small region in q space contributes dominantly 

to the cross section interference effects should not be important and 

the theoretical results are relatively insensitive to whether one sums 

and 
~ Q • 

then squares the different q components 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 q components are compared by normalizing 

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 

q values the resonances are broader and peaked symmetrically midway 

between the ingoing and the outgoing resonances. 

Non-plane wave phonons :other than local modes may also 

participate in the type of fourth 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 q components there 

still may be a large number of distinct modes in a narrow energy 

range. As discussed above, there is no significant difference between 

the lineshapes given by equations 3.3.4 and 3.3.5 so it is. not 

important to know a priori the nature of the phonon in 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 elements, the 

expression for o(~ ) is similar to that of the bulk TO phonon 
i 

(equation 3.2.6). This 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 o(~ ). 
i ~ 

As shown in the case of the forbidden LO phonon scattering, a q-

dependent electron-phonon interaction can alter 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 wavelength acoustic phonons can produce 
I 

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 q acoustic 

phonons is therefore analogous to the Frohlich interaction. From 

electron mobility measurements it was found that the strength of the 

piezoelectric electron-acoustic phonon coupling in GaAs is comparable 
5 

to the deformation potential coupling. In section 2.2b I 

demonstrated that spatially confined zone edge acoustic phonons 

possess small q Fourier components. Since these long wavelength 
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acoustic phonons have q 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) model, 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 
ka 

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

- w ) s 

2 
. (3.3.6) 

Comparison of equation 3.3.6 with equation 3.2.6 shows that in this 

case the KTE mechanism predicts a resonance lineshape that is 

identical to the 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 necessary to 

perform an integral over a range of intermediate states when 
2 

calculating the Raman cross section. In particular, cr(w ) a 1/(w -w ) 
i i 0 

for an isolated il',lterme~iate state (equation 3.2.la) while for a 

continuum of intermediate states near an energy gap such as E , 
0 

cr(w ) 
i 
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5 
a 1/ (w -w ) Thus if the dominant electronic state for the defect 

i 0 
related scattering is 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 is 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 a(w ,w ), assuming that the sample thickness is much 
i s 

greater than the absorption length, by 

(3.4.1) 

where a(w ) and a(w ) are the absorption coefficients of the incident 
i 

and scattered 
s 

photons respectively, and R(w ) and R(w ) are the 
i s 

reflectivities. Thus in order to deduce the Raman cross-"sections from 

these spectra it is necessary to know both the absorption and the 

reflectivity of the sample. 

The reflectivity was measured using a lamp 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 



the absorption in this range. 
4 

coefficient is quite large (a > 10 

96 

The above band gap absorption 
-1 

em ). Therefore, in order to make 

absorption measurements it was necessary to polish samples down to 

thicknesses ranging from 55 to 10 ~. The sample thicknesses were 

measured optically with a microscope to an accuracy of only 10-20i~ for 

the thinnest sample. However for the purposes of correcting the RRS 

lineshape only the shape of a(w ) is important and this shape is not 
i 

affected by inaccuracies in the measurement of the thickness. These 

thin specimens were prepared using conventional mechanical polishing 

techniques followed by chemical-mechanical polishing using a 

bromine/methanol solution. In the case of the electron irradiated 

sample, where the sample had not received a uniform exposure from the 

electron· beam, care was 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 is often convenient to consider the ratio of the 

intensities of two Raman peaks I(w ,w )/I(w ,w ). The corresponding 
i 1 i 2 

cross section ratio is then related by 

o(t.:i, wz) 
o(w

1
, w

1
) 

-
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 

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 
TO i 

dominated by the large changes in the scattering volume due to the 

rapidly varying penetration depth. 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. Note that the electron 

irradiated sample still exhibits a clear exciton peak but that the 
-1 

absorption edge is shifted down in energy by 20 em 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 
12 

that have been observed previously. At energies further below the 

band gap the irradiated 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 
4 

sample and the w dependence of the cross section have been made. 

Figure 3.7b shows a fit of equation 3.2.9 to the corrected TO phonon 

cross section in the electron 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 is achieved in the limit of zero damping. Even in this limit 

however the experimental peak-is 40% 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. 
4 

(There exist theories such 
13 

as those of Trammer and Cardona , Shah, Leite and Damen 
14 

and Ferrari 

and Luzzi that take exciton effects into account. However, all of 

the theories that J am aware of also assume that w = 0. Thus these 
p 

theories are not accurate in the immediate vicinity of the enhancement 

peak.) 

3) Gap energy- The fit gives a value for the band gap of 12120t 
-1 -1 

40 em whereas a value of 12170j:20 em 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 resonance downward in energy by 
-1 

an amount on the order of the exciton binding energy, which is 34 em 

in GaAs. Also, models that include exciton effects predict assymetric 

lineshapes in which the low energy side rises more sharply . than the 

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 compared to the unirradiated sample. The 
-1 

value deduced for the band gap is 12160± 40 em 

Finally, I note that it is normally very difficult to measure the 

resonant enhancement lineshape near E due to the large luminescence. 
4 0 

Trammer and Cardona have published data 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 in the LO phonon 

intensity relative to the TO phonon intensity for the electron and 

neutron irradiated samples respectively. In both cases the result is a 

fairly sharp peak. The steepness of this peak on the low energy 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 
-1 

em in both figures 3.9 and 3.10. It should be noted that this is one 

full LO phonon frequency above the gap, which was deduced in section 
.-1 

3. Sa to have a value of 12160 ± 40 em Thus the peak of the RRS 

lineshape for the forbidden LO phonon 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 by 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 

caption. Note that the value used for the gap is the 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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-1 
damping, which is 90 em seems reasonable. (It turns out to be 

almost identical to the one used by MC in fitting their results at the· 

E + ~ gap.) The quality of the fit is seen to be quite good. 
0 0 

Specifically, 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 enhancement 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 
-1 

resonance and the outgoing resonance is only 80 em Therefore it is 

not possible to distinguish whether the maximum in the RRS lineshape 

occurs at the outgoing resonance or at a point midway between the 

ingoing and the outgoing resonances. 

Figure 3.12h shows a comparison between the RRS results for peak 

A in tqe 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 3.12~ In both cases lowering the 
-1 

temperature causes an upward shift of 70 em in the peak. This is 

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 potentially account 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 see which, if any, of these 

processes can account for the data. 

Before such a comparison it is important to note that the band 

structure in the electron irradiated sample is not strongly perturbed 

by the radiation damage. This is important because once the 

possibilityoflarge perturbations of the band structure are allowed 

. there appear very many unknown parameters. This adds a tremendous 

amount of !attitude 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 
0 

for the enhancement cannot be a deep level. Thirdly, the absorption 

spectrum (at least in the electron irradiated sample) is only slightly 

different from the absorption spectrum 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 3.3c that a q dependent 

piezoelectric electron phonon interaction could be appreciable for 

non-plane wave phonons. In thi~case the SC mechanism becomes formally 

similar to the forbidden LO scattering in a perfect crystal discussed 

in section 3.2c. This theory can account for why the resonance of 
. 

peaks A and C in the electron irradiated sample are sharper 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 that 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 tha high density of states there. In this case 

double resonance would not be possible and the RRS lineshape should 

look like the curve labelled q in figure 3.6. Thus this mechanism 
BZ 

predicts a resonance that is even less pronounced than the allowed TO 

phonon resonance and does not agree with experimental observation. 

Next let us consider the fourth order scattering process 

involving non-plane wave phonons, which was discussed in section 3.3b. 

Shown in figures 3.13 (a) and (b) are the predictions of equation 

3.3.5 using phonon frequencies appropriate to peaks A and c 

respectively. It is assumed in both cases that the phonons are well 

localized in the sense that the function C(q), which describes the 

distribution of qvalues for a given mode, is a constant throughout 

the Brillouin zone. !£! values ~ for !h! &!£ w ~ the damping ~ 
0 

the ~ ~ those used ~ fitting the forbidden LO phonon scattering 

ill section 3.5b. Also shown in figures 3.13 (a) and (b) for comparison 

are the experimental data for peaks A and C. The main point to note is 

that the theory agrees reasonably well with experiment with no 

adjustable parameters. In particular, the theory accounts 

qualitatively for the fact that the enhancement in the defect related 

modes is sharper than that of the TO phonon and peaked at the outgoing 

resonance. Compar~son 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 scattering of the defect induced modes is -q-

independent. In contrast, the Frohlich interaction responsible for the 

forbidden LO phonon scattering is q-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 for 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(q) at those special q values that 

satisfy double resonance. One interesting 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 A. ·Even 

though 100 A corresponds to a reasonably 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(~) is very sensitive to the localization length L when qL ~ 

1. Thus, whether double resonance effects are important or not depends 

critically on L. 
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The conclusion of the above discussion is that more localized 

modes give rise to sharper resonances. Examination of the experimental· 

data for the resonance behavior of the defect induced modes (figures.·· 

3.9 and 3.l0) suggests that peak A is well localized in both the 

neutron and the electron irradiate<i samples while peak C is well 

localized only in the electron irradiated sample. This is consistent 

with the proposal made in chapter 2 that peak C in the electron 

irradiated sample involve~,;esonant modes while peak C in the neutron 

irradiated sample is due to either spatially confined modes or plane 

wave modes and is not due to isolated 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 tends ·to spatially confine .the phonon 

modes in.the neutron irradiated sample. 

Note that even though a.resonant 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 s~rong double resonance to occur and leads to strong sharp 

resonances. As an illustration of this idea I show in figure 3.1~ a 

simple model for the wave function of a resonance mode and the 

corresponding theoretical predictions for its RRS lineshape. The wave 

function of this resonant mode is assumed to be a linear combination 

of two Gaussians (figure 3.l5a): 
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>' (r) • exp[~~{] + 
(3.5.1) 

Substituting equation 3.5.1 into equation 2.2.6 gives 

(3.5.2) 

where q' _ q - q. 
BZ 

In figure 3.15a, L corresponds t~ 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 ~ha~ 

2 
corresponds ~o the spatial ex~ent of the resonan~ mode. Two cases are 

shown in figure 3.15a: 1) L = 5 A, L = 100 A and 2) L = L = 100 A~ 
1 2 1 2 

The first case corresponds ~o a resonant phonon in which there is an 

enhanced amplitude of vibracion at the defect which decays rapidly 

away from the defect. The second case describes a confined phonon for 

which chere is no enhanced amplitude of vibration at the defecc. Tne 

corresponding funccions C(q) are shown in figure 3.15b. Figure 3.15c 

shows the RRS lineshapes predicted by ~he theory for ~he fourth order 

Raman process (equacion 3.3.5). The resu1~ indicaces ~ha~ even though 

these two phonons differ from one another only within the first few 

lattice conscancs surrounding the point defect, the RRS lineshapes are 

appreciably different. Thus the RRS lineshape is sensitive to the 

enhanced motion in the immediate vicinitv of the defect. . ---
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3.6 Conclusions 

Experimentally I have observed that the defect related scattering 

exhibits a strong resonant enhancement in the vicinity of the E gap 
0 

with a lineshape that peaks at the outgoing resonance. These results 

can be explained by a theoretieal model that assumes that the dominant 

Raman process is fourth order and involves elastic scattering of the 

carriers by defects. Within the framework of this model the observed 

resonant enhancement behavior allows one to distinguish between modes 

that have an enhanced amplitude of vibration at the defect that 

decays over a short distance and those that 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 ~ probe of defects. It implies that one 

can selectively enhance that scattering involving vibrational · modes 

with an increased motion in the immediate vicinity of the defect. It 

is exactly this type of mode that may con~ain 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 
0 

strong enhancement at higher lying critical points. This suggests that 

even in samples with defect concentrations considerably lower thanthe 

ones used in 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 to resonate with energy 

transitions such as the E + t. 
0 0 

or E 
1 

transitions in zincblende 

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 outgoing resonances 

(second column) and the occurrence of double resonance. These drawings 

all depict processes with the Feynman diagram given in figure 2.2a. 

The numbers indicate the order of the electronic transitions. It is 

assumed that step (2) also includes the emission of a phonon of energy 

~tl.l and 
p 

photon 

wave vector q . The length of the photon arrows denote the 
p 

energy. The third column shows the expected behavior of cr(w ) 
i 

for small damping (solid line ) and larger damping (dashed line). a) 

Isolated intermediate state. b) Scattering in a model band structure. 

The ·phonon wave 

allows double 

vector q is assumed to be 
p 

resonance to occur at the 

unusually large. This 

outgoing resonance. 

c) Scattering in a model band structure with q :: 0. No double 
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- cr(t~.~ ) for TO phonon scattering according to equation 3.2.9 and 
i 

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 tw~-b~~d Raman processes involving the q 

dependent Frohlich interact{on used in the hetiristic calc~lation 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 accordingto the MC 

theory for phonons of diff~rent cr. The cr-values given in the figure 

are in units of 1/a , 
0 

where a 
0 

is the lattice constant. q 
MC 

= 0.02 

corresponds to the wave vector determined by momentum conservation for 

the experimental conditions described in section 3.4. q- is the zone 
BZ 

edge wave vector. a) Here the curves are not normalized so that the 

magnitude of the contribution from different q-components can be 

compared. Note the log scale. b) Here the curves are scaled to have 

the same peak amplitudes. This facilitates comparison of their 

lineshapes. 

3.7- Resonance behavior of ~llowed TO phonon scattering at 100 K in 

electron irradiated GaAs. a) Shows 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 text (closed circles). b) Fit of equation 3.2.9 
-1 

to the corrected experimental data using w = 12160 em 

and w = 1212Q em 
0 

-1 . 0 
(solid line). No damping is included. 

(dashed line) 

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 

--elee-t-ron-i-r-rad-ia-ted-GaAs-a-t-100--K.~l:-hese--we-t'e--recot'ded-i-n a-f- +-4-f- ---~-
1 12 

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 r 
1 

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

+ 4f 
12 

3.11- Fit of the .MC theory (equation 3. 3 .4 ) to the LO phonon RRS 
-1 

results. The parameters used are: w = 12160 em and damping = 90 
-1 0 

em 

3.12- Temperature dependence of RRS in the electron irradiated"Tsample 

a) LO phonon relative to TO phonon intensity at 10 K and 100 K. Note 

the logarithmic scale for the intensity. b) Peak A relative to TO 

phoncn at 10 K and 100 K. In both a) and b) the data are scaled to the 

same peak amplitude in order to facilitate a comparison of the 

lineshapes. The amplitude of both the peak A and the LO phonon 

resonances (relative ·to the TO phonon) was roughly 207. greater at low 

temperature. 

3.13- Fit of equation 3.3.5 to the enhancement 
-1 

(parameters used are w = 12160 em 
1 0 

damping = 90 em 
-1 

) and (b) peak C (parameters used are w = 12160 em 
-1 -1 0 

em , w = 80 em ). 
p 

in 
-1 

- (a) -peak A 

, (JJ = 227 em 
p 

damping = 90 
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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 A and L = 100 A. 

3.15- Comparison bet~een 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 

phonon is assumed 

resonant 
2 2 

2r /L
2 

) . 

phonon 

Here L 
1 

2 2 
to have an envelope given by exp(-2r ILz) while the 

2 2 
has an envelope given by exp(-2r /L ) + exp(-

1 
= 5 J{ and L = 100 A. b) Corresponding distribution 

2 
of Fourier components for these t~o 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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Chapter 4 

Future Directions 
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This work suggests many possible areas for future research. Some 

of these have already been mentioned in chapters 1 through 3 such as: 

- Tuning the excitation energy through 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 

incident beam 

the dependence of the Raman spectra on whether the 

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 possibie 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. 

Also there is a distinct gap in the phonon density of states between 

the acoustical and the optical branches and true local modes are more 

likely. 
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