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ABSTRACT

Intervalley Electron-Phonon and Hole-Phonon Interactions
in Silicon, Germanium and Gallium Phosphide:
Experiment and Theory

By

Orest J. Glembocki

Intervalley electron-phonon (e-ph) and hole-phonon

' (h-ph) interactions play an important role in many pro-
perties of semiconductors. Understanding indirect pho-
non assisted transitions requires a precise knowledge
of the e-ph and h-ph matrix elements. In these types
of materials the fundamental absorption of iight
proceeds via two scattering mechanisms involving both
e-ph and h-ph interactions and in such a way that they
can interfere either constructively or destructively.
The absorption coefficient in some indirect gap sem-
iconductors is sensitive to the magnitudes and phases.
of +the e-ph and hfph matrix elements. Consequently,
this area is ideal for studying the intervalley e-ph

and h-ph interactions.

in this thesis, we present a study of the e—bh and
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h-ph interactions in GaP, Si and Ge. A piezospectros-
copic experiment is performed in GaP for the [-X phonon
assisted transitions (LA,TA,LO,TO) and the ratio of the
e~ph and h-ph scattering matrix elements is obtained'
for the LA and TA phonons. The e-ph and h-ph matrix
elements are evaluated individually by comparing the
above results together with experimental values for the
absorption coefficient to theoretical expressions for
theAabsorption coefficient. A similar analysis is per-
formed for the TO phonon assisted transition in Si and

its e-ph and h-ph matrix elements are also obtained.

A theoretical calculation of the [-A and [-L
matrix elements of Si and Ge is performed. This work
uses the "rigid-pseudoion" model, which represents the
lattice displacements through a rigid-ion model and the
potential and electronic states by local pseudopdten—
tial +theory. The theoretical and experimental values
of the matrix elements for the TO phonon of Si are in
good agreement. Consequently, we can now account for
the absolute as well as relati&e intensities of the
indirect transitions in both 8i (I - A) and Ge ("= I).
The determination of the e-ph and h-ph matrix elements
in GaP, Si and Ge permits us to gain insights into the
mechanisms respoﬁsible for the indirect transitions in

these materials.,
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The calculation is also performed for points mid-
way into +the Brillouin zone along /\ for Si and Ge and
along in Ge. These results, in conjunction with the
[<A and [“L numbers and the values in GaP allow us to

probe the nature of the scattering in these materials.
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CHAPTER I. INTRODUCT.LON

Electron-phonon (e-ph) and hole-phonon  (h-ph)
interactions play an important role in many optica.l1"17

and transport18"21

properties of gsemiconductors.
Despite nearly three decades of research into processes
which involve intervalley e-ph and h-ph interactions,
little is known about them either experimentally or
theoretically. This deficiency in our knowledge can be
traced to the difficulty in obtaining reliable experi-

mental values for the matrix elements ( S and

e-ph

S h) of these interactions. Consequently theoretical

h-p
calculations had no basis for comparison and hence
there could be 1little confidence in their results.
Because of this situation, theoretical work was rarely

attempted in this area.

in transport phenomena, intervalley e-ph (or h-ph)
interactions provide a scattering mechanism which lim-
its the electron (or hole) drift velocity when the cry-
stal 1is placed in a high electric field.18’20 A meas-
urement of only the velocity-field curves of a semicon-
ductor will not provide a value for the e-ph matrix
element. This is a result of the fact that several
valleys ([-X,[-L,L-X) may be involved in the scattering
process and one does not know the strengths of the

individual contributions to drift velocity.
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Furthermore, the calculations of the drift velocity are
dependent on the model used to obtain the relaxation
time and therefore, the e-ph matrix elements are not
easily differentiated from the other unknown parame-

ters.zo

Despite these difficulties, transport calculations
were still carried out. To circumvent the problem of a
lack of information about the intervalley e-ph and h-ph
Ainteractions, one level scattering was assumed and the
value of the e-ph matrix element was estimated.zo The
number for Se—ph was obtained by considering the energy
differences between the scattering states, band widths,
sizes of energy gaps and the fact that the e-ph
interaction is a perturbation to the band structure.
This crude approach to obtaining a value for the e-ph

(h—ph) matrix element resulted in reasonable agreement

between transport measurements and theory.

Phonon-assisted absorption and luminescence in
indirect gap semiconductors is an area which requires a
precise knowledge of the e-ph and h-ph matrix elements.
The phonon assisted transition proceeds via both e-ph
and h-ph scattering mech:a.nism.<.=,.7’8’12’15’16’2‘2"26 The
"ogcillator strength" of the absorption coefficiént is

proportional to the square of the sum of terms involv-

ing e-ph and h-ph matrix elements and thus constructive
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or destructive interference can occur between +the two
scattering mechanisms. This is a result of the deli-
cate balance between both the magnitudes and relative
phase of the e-ph.and h-ph matrix elements of a given
process. In a material such as Si, where more than one
indirect +transition occurs, this balance is more com-
plicated. The relative intensities of +the observed
processes depend wupon the relationship between the
pairs of matrix elements (e-ph and h-ph) of all of the
allowed phonons. For example, in Si, four transitions
(T0,L0,TA,LA) can occur, but only three are observed.
Among the detected processes, the TO transition is much

stronger than the LO and TA ones.1’5’6’13

Therefore,
the e-ph and h-ph matrix elements of the TO phonon are
in a delicate balance with those of the LO and TA pho-

nons.

The sensitivity of the indirect transitions to the
e-ph and h-ph matrix elements makes this area ideal for
the evaluation of Se—ph and Sh—ph‘ However, the nature
of the indirect +transition, i.e.,the interference
phenomena does not allow us +to determine the matrix
elements directly by measuring only one parameter,
i.e., the absorption coefficient. This difficulty was
overcome by various workers, including Cardona, Pollak,

Capizi, Balslev, Pikus, etc., who realized +that the
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application of uniaxial stress along appropriate crys-
tallographic axes can be used to reduce the symmetry of
the valence and (or) conduction bands in such a way
that would produce additional +transitions for each
phonon-assisted process that takes

7,8,10,22,27-23 14 yag proposed that this extra

place.
information can be utilized in evaluating the ratio of

the e-ph and h-ph scattering matrix elements.

Using this idea, Pollak, et al.7 and Capizi et
a1.24 independently performed wavelength modulated
absorption (WMA) experiments on Si stressed along the
[001] and [111] directions. From their results, both
groups were able to determine the ratio of the contri-
butions to the oscillator strength of the electron and
hole scattering for the TO ([~A) phonon-assisted tran-
sition of this material. However, a more complete
analysis of the data allowed Pollak et al. to evaluate
the ratio of the e-ph and h-ph scattering matrix ele-

ments. They found that Se_phTo/Sh_phTO=—o.73.

A similar experiment was also performed for the
L , LA phonon-assisted transition in Ge and a ratio
of the e-ph and h-ph matrix elements was obtained.8
However, in +this material the electron scattering can
proceed via two intermediate conduction band states,

ré',c and f}5’c. The rHS,c state lies much higher in
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energy than fé.’c and therefore its contribution to the
oscillator strength was neglected. The result of this
experiment was not similar to the ratio obtained for
the TO phonon of Si. In Ge, the ratio,

S ==0.16 , indicated that +the conduction

e-phy,/Sn-ph,
band coupling was much weaker than the valence band
coupling, where as in Si they were comparable. This
result was accepted by many, but with some reserva-
tions. It was generally felt that the e-ph and h-ph
'matrix elements for a given transition shoﬁld be simi-
lar in magnitude and that the small Se—ph/sh—ph ratio

for the LA phonon of Ge was a result of neglecting
r‘15,0'

This survey of the experimental progress in the
study of the role of e-ph and h-ph interactions in
indirect transitions brings us to the start of the
present work. To this point in time, there were no
known theoretical calculations of the e-ph and h-ph
matrix elements of phonon-assisted absorption
processes. It must be pointed out here that interval-
ley e-ph and h-ph matrix elements were calculated in
the study of the intervalley deformation potentials in
PbTe and SnTe,BO the temperature dependence of the
direct gaps in Ge,31 PbTe and PbSe32_and coupling con-

19

stants in graphite. However, in these calculations,
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only the magnitudes were obtained and in the latter
three cases averages were performed over various
scattering mechanisms. Obviously, these calculations
were not sensitive to the fine details of the e-ph and
h-ph matrix elements, which become crucial in indirect

transitions.

The work prior to this study left many unanswered
questions, which we will address. In this thesis we

. will approach the problem of obtaining values for the
e-ph and h-ph matrix elements from both experimental
and theoretical points of view. We have performed a
piezospectroscopic investigation of the WMA spectra of
GaP. From an analysis similar to the ones carried out
in Si and Ge, we have obtained experimental values for
the Se-ph/sh—ph ratio for the [-X LA and TA phonon-
assisted +transitions in GaP. By comparing the values

of S in 8i (T0) and GaP (LA,TA), together

e—ph/sh—ph
with experimental numbers for the absorption coeffi-
cient to the theoretical expressions for the absorption
coefficient, the e-ph and h-ph matrix elements are

evaluated individually. Ge was left out of this

analysis for the reasons mentioned above.

Theoretical calculations of S and Sh—ph are

} e-ph
carried out for the [-L and [> A scattering in both Ge

and Si, using the "rigid-pseudoion" model, which was
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first proposed by M. L. Cohen twelve years ago.30 In
this calculation, the e-ph (h-ph) interaction is
represented by a '"rigid-ion" model, the scattering
states by pseudopétential wave functions and local form
factors (Vq) for +the potential. The previously men-
tioned theoretical work on intervalley scattering was
performed in +this fashion, but it could not test the
"rigid-pseudoion" model. On the other hand, indirect
transitions are sensitive to the magnitudes and rela-
tive phases of the e-ph and h-ph matrix elements. In
order for the calculation +0 be successful, these
details must be correct not only for one of the
observed indirect +transitions, but for all of them.
Consequently, phonon-assisted +transitions provide a
rigofous test of the "rigid-pseudoion" model, as well
as any other technique which may be used in calculating

the e-ph and h-ph matrix elements.

Finally, we will calculate S and S h for

e-ph h~p

points midway into the Brillouin zone along the sym-
metry lines 4 for Si and Ge and along A. in Ge. From
this information and the calculations for the fundamen-
tal indirect transitions, we hope to explore the ¥ and
materials dependence of the matrix elements and find

any trends which may exist.

This thesis is divided into 6 chapters and 4
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appendicies. In the body of the text, we try to
present only the information which is needed to under-
stand the problem and its solution. Additional details
are placed in the appendices, which contain the selec-
tion rules for optical +transitions and +the phonon
scattering processes, data fitting programs, pseudopo-
tential band structure calculations, the rigid-ion

model and their associated computer programs.

in chapter II, the results of +the theory of
‘indirect absorption are presented. Both excitqn and
free electiron-hole pair formation are considered. The
absorption coefficient is written as a product of three
terms, a line shape factor, a density of states con-
stant and an oscillator strength. The last term is

considered in detail for [~ A(X) and [~L transitions.

Chapter 1Ii sets up the theoretical background of
the experimental procedure. 1In this section, we con-
sider the effects of uniaxia} stress along the [001]
and [111] crystallographic directions on the indirect
absorption edges in diamond and zincblende (DZB)
materials. ©Stress dependent expressions for the oscil-

lator strength are presented.

Ln Chapter IV, we describe a piezospectroscopic

experiment, in which we take advantage of of the stress
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effects described in Chapter ILl1. TFrom the experimen-
tal data, we determine the ratio of the e-ph and h-ph
matrix elements for the LA and TA phonon assisted tran-
sitions (J*X) in GaP. These results along with those
of the study of Pollak et al. in Si are then combined

with the theory of Chapter Il in determining S n and

e-p
Sh-ph individually in Si (TO) and GaP (LA,TA).

In Chapter V, we perform a theoretical calculation
of the values of +the e-ph and h-ph matrix elements.
This is accomplished through the use of +the '"rigid-
pseudoion" model of Cohen.30 The calculation is per-
formed for the [-A and [*L scattering in both Si and
Ge. We also consider the scattering to points midway

along A (both materials) and A (Ge).

All of the experimental and theoretical results
are analyzed in Chapter VL The mechanisms responsible
for the relative as well as absolute intensities of
indirect +transitions in a given material are discussed
in general and then applied to GaP, Si and Ge. In this
section, we also make a comparison of all of the exper-
imental and calculated matrix elements and search for
any +trends which may exist. Future experimental and

theoretical work is discussed.

At this point, we would like to discuss the system
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of units which are used in this work. We will present
many of our results in atomic units in which +the unit
of energy is a Rydberg, 1Ry = 15.6 eV, the mass of a
free electron is 1/2 (m0=1/2) and its charge, e, is 2.
The wunit of length in this system is the Bohr radius,
2, and A = 1. In addition to this we will at times
use a commonly used mixed system of units in which the

unit of length is a cm and the unit of energy is an evV.
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CHAPTER II. THEORETICAL BACKGROUND

During the past twenty five years, indirect-gap
semiconductors have been +the subject of extensive
theoretical and experimental research. It has been
shown that the absorption coefficient can be expressed
as the product of a density of states constant, an
oscillator strength and a line shape factor. A variety

1-5

wavelength-

14

of experiments such as absorption,
6-13 electroabsorption,
17

modulated absorption,

15,16 etc.

luminescence, resonant Raman scattering,
‘have provided considerable information about the nature
of the phonon-assisted absorption process. These stu-
dies have indentified the various phonons which parti-
cipate in the absorption process. in addition, they
have yielded detailed 1line-shape information, i.e.,
fine structure related to the "camel's back" effect in

11 etc.. However, in spite

zincblende +type materials,
of this large body of knowledge, the underlying reasons
for the observed relative intensities of the various
phonon-assisted transitions have not been ellucidated.
As mentioned in +the first chapter, this lack in our
understanding is related to the fact that phonon-
assisted absorption proceeds 1in general via two
scattering mechanisms involving both e-ph and h-ph

interactions. The "oscillator strength" of these tran-

sitions contains contributions from both effects and in
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such a way that they can interfere either construc-

tively or destructively.

In this chapter, we will present the theory of the
absorption coefficient, By making certain assumptions
regarding the natu}e of +the conduction and valence
bands, we will be able to obtain simple expressions for
the absorption coefficient. Of central interest to us
is the oscillator strength, which contains the e-ph and
h-ph matrix elements and hence some very important phy-
sics of indirect +transitions. Expressions for this
crucial quantity will be derived for both [~L and
[~A(X) scattering of diamond and =zincblende (DZB)

materials.

2.1 The Absorption Coefficient

The absorption coefficient, «, of an indirect-gap
semiconductor, resulting from an electronic transition
between states differing in energy by Eg and accon-
panied by the creation or annihilation of a phonon of

the 1 th branch is given by22’24’26

o =Af] (L[h0 - BFaw, (Q) [/fe)(ng + 1/2 + 1/2)  (2.1)

23

-y

where, fiw is the photon energy, Q the wave vector of a
-

phonon of frequency h&(Q), where the upper and lower

signs of ¥ and + refer to phonon emission and absorp-

tion respectively and nQ is the phonon occupation
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number. The frequency independent (only over sm#ll
energy ranges) term, Af, , of Eg. (2.1) is related to
the "strength" of the transition. A is a density-of-
states constant involving certain materials parameters
such as the index of refraction, electron and hole
effective masses, etc. In Equation (2.1) T, is the
"oscillator strength" of the indirect transition
between the valence state'yg;g and a conduction state
Yg;g. and proceeding via an intermediate state'yg;f (or

j;X') and is given by22

E:Z_mejwmﬁmeEmemj»

£, = T .
1 E (k" )-E; (k)=hw, (Q)

vt i

(2.2)

t R =
+_zz_<¥;;§|H1(Q)|?3;g.><¥33g.le ¥, 3> |2
. 1
‘ B, (k)-E;(k")~tw, (Q)
3
N . : .
where Hl(Q) is the effective electronic perturbation
due to +the creation or annihilation of a phénon of
=2 .

polarization t and wave vector Q, € is the unit polari-

zation vector of the incident electric field and 7 is

the linear momentum of the electron.

Equation (2.2) contains the matrix elements of the

e-ph and h-ph interactions. These are given by7’1o
S - < TGN AR (2.32)
e—phl - i,k c,k! *
_ tR e
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where for S of DZB materials ¥ R is |1 o (f;.

e-~ ph
or r}S,c , depending on which phonon is 1nvolved

Excluding Ge, the valence-band intermediate state'Ya;f,
is XS,V'(‘A5,V) for all phonon modes of these semicon-
ductors. For Ge, the LA phonon-assisted +transition
proceeds via both r1',c and r:S,c , while for the other
allowed phonon (TO) scattering to L’r?S,c is the con-
duction band intermediate state. L3',v is the valence

band intermediate state for both phonons.33

Figures 1-3
depict the ©band structures of Si, GaP and Ge and
schematically represent the various scattering
processes which occur in these materials. Also shown
in these figures are the relevant optical transitions,
which can be used to evaluate the energy denominators

in BEq. (2.2). 1t can readily be seen that +the impor-

tant energy differences are given by
E(X1 )- E(r1 Eina—Eo
( ) E(F;S c) E1nd
( ) E(rg' 1nd E

E(L; ,)-E([] 5,c)=Eind_Ec'>
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E(X5 )-E(551 )=Ep-Ejpg
E(Ly, )-E([351 )=E;-Bing

Theoretical expressions for fl have been derived
for the [ L (Ge)8:34 ana [“x(A)7:10,11,16,24 Lnonon
assisted transitions in DZB indirect—gép semiconduc~
tors. Equation (2.2) is evaluated by using the sym-
metry of the phonon and the various states which are
involved in +the process. The selection rules for the
optical transitions and intervalley phonon scattering
along with the details of the calculation are presented
in Appendix A. In Tables 1. and .I. we display the
equations for the J-X(A) and [-~L processes. Also
listed in these tables are the expressions for fl for
transitions from the spin-orbit split bands. In Table
LI and throughout the thesis, we will take i, Y, and 2
to be X = (1/2)E-Y), Y= (1N6)(X+1-22Z) and
7 = (1/{3)(X+Y+Z), where X=yz, Y=xz and Z=xy.

The form of the line-shape factor in Eq. (2.1)
depends upon whether excitons or free electron-hole

pairs are formed. In the excitonic region, it is given

Doy [fiw - B3 %0y (D) = [ﬁw— B, 3 A (4) + %]1/2 (2.4)
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where R is the exciton Rydberg and n is the principal

quantum number. The coefficient A i822

2 * * 3/2
2¢“AV_|2(m. + m )
A = R~ 0 Vv |P(0)}? (2.5)

ex N mgc 'ﬁz

where ¢ is the speed of 1light, e 1is the electronic
charge, < is the index of refraction, m, is the free
electron mass, mz and m: are the mean conduction- and
valence-band effective masses respectively and IF(O),2

is the probability that the electron and hole occupy

the same site.2® 1In Bq. (2.5), Vp is the volume of a
primitive cell, which for DZB materials is given by37
= 1.3
VP = za (2.6)

where a is the lattice constant.

For our work, we will assume parabolic bands and
the Bohr model for the exciton. Corrections to this
model (degenerate valence-bands ) are made by using
experimentally determined exciton rydbergs to evaluate
the Bohr radius and the reduced mass of +the exciton.
Within the framework of this model, the exciton reduced

mass is given by26

1 =_1_.-}-_.1_._=—--——-e (2,7)
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and the quantity |F(0)]? 1s2°

’ (2.8)
X

|2(0) 1% = ——
rn’al

where 2oy is the Bohr radius of +the exciton and is

expressed a326

8oy = eg . (2.9)

Furthermore, the anisotropic conduction Dband 1is

replaced by a spherical Dband of mean effective mass

given by
1 (1/3 2 1
— = (1/3) + (2.10)
* __r_ ‘l’
B e s
where mé and mg are the perpendicular and parallel

conduction-band effective masses. This expression

allows us to evaluate mt by using Eq. (2.7)

When the photon energy is such that

[hw - Egifﬁui(g)J>>R, the absorption is due to the

26

creation of free electron-hole pairs. In this case

the line shape factor is given by22’26’35

Lifw - B, 3 1y (Q)] = (8w - B,¥ fw (@) (2.11)

and the coefficient A becomes35'36
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2 **}/2
- e th [ﬁch
&= WQcmﬁL hﬂ

where Mt is the appropriately averaged density-of-

A (2.12)

states effective mass for the valence band, while M: is
the conduction-band density of states effective mass

and is given by26

= [l (d)211/3, (2.13)

L have been defined above.

]
ere
wh m, and my

This concludes +the theoretical framework for
indirect absorption. The relative intensities of the
phonon assisted transitions in a given material are
determined by +the product fl(nq +1/2 +1/2). The
effects of the oscillator strength are clearly mani-
fested in phonon emission processes, for which ng < 1.
For temperatures up to room temperature this condition
is satisfied and fl becomes the principal factor
governing the relative strengths. TFor phonon absorp-
tion processes, the phonon occupation number has a
large effect on the relative.intensities. In this case
the role of the oscillator strength is ﬁot apparent.
In all of our work with relative intensities, we will
include the phonoﬂ occupation number. However, only
phonon creation processes will be considered when we

study the role of fl in indirect absorption.
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CHAPTER I.l. UNLAXIAL STRESS

in the previous chapter, we presented expressions
for the oscillator strengths of the various phonon-
assisted indirect transitions. From these equations
(see Tables I-II) it is evident that a measurement of
only +the absorption coefficient is inadequate for
obtaining values of the e-ph and h-ph matrix elements.
However, it is well known that uniaxial stréss, applied
along appropriate axes can be used to reduce the sym-
metry of the crystal and in such a way as to provide us
with enough additional information so that an evalua-

tion of the ratio Se—ph/sh-ph can be performed.

In this chapter, we will consider +the effect of
stress along (001) and (111) on the indirect absorption
edge of DZB +type materials. Prom the theory, we will
be able to obtain expressions for +the "oscillator
strength", fl of the strained crystal for the [-L tran-
sitions in Ge and the |- A (X) processes in the other
DZB indirect gap materials. For the [-~A(X) transi-
tions we will also include the stress-induced coupling
between the top of the valence-band and its spin-orbit
split component. 'ln Ge, the spin-orbit splitting is
large (300 meV) in comparison to the stress induced
splittings attainable in our work. Therefore, in Ge

the stress induced effect will be neglected. The
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expressions for the oscillator strength of the indirect
transitions in the strained crystal will' allow us to
obtain the ratio of the e-ph and h-ph matrix elements
from the experiment which will be described in Chapter

IV.

5.1 General Theory

The total Hamiltonian, H for the {25.(}15) valence

band can be written a89’27’39

H=Hy +H +H, (3.1)
where HSo is the spin-orbit Hamiltonian without stress,
H1 and H2 are the orbital-strain and stress-dependent

spin-orbit components of the Hamiltonian respectively.

It has been shown that H1 can be written asz7’39

H = - (éxx+e‘i‘)+ez-a) “35\[“—3;(“ ’Ev,‘l}) Exx
+C'P]""E; C{l [(LXL‘I'+L$ Lx}éxﬂj + C'p_-I (3.2)

where, €

-y
I is the angular momentum operator, a4 is the deforma-

i3 is the ijth component of the strain tensor,
tion potential for +the hydrostatic pressure shift,
while b1 and d1 are the uniaxial stress deformation

potentials. In Eq. (3.2) cp denotes cyclic permuta-
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tions with respect to the indices x,y,z.

The stress-dependent spin-orbit Hamiltonian, H2 is

given by27’39

- -
Hy= = Oy (€ + €yt €a2) (L7 6)

_3Ll{(on'x~-§f'-?)ém+cP—_{ (3.3)

_ d&[(Lxmﬁ Ly 0i) €y + CP]

where a,,b, and d, are deformation potentials describ-
ing the effects of a strain on the spin-orbit interac-

tion and © is the Pauli spin matrix.

Furthermore, uniaxial stress may also cause a
shift and splitting of any equivalent conduction band
minima. In the notation of Brooks, this effect can be

expressed as40’41

A &
éEC: V\’S€|(exx+€‘i‘j+€2z) ‘
- 220 A (3.4)
")_‘ ga[e —Jj(.éxx"'e"l)’*-ét%)ll‘g‘,n
where N is a unit vector in the direction of the criti-
B 4 &
cal point in k space , 1 is the unit dyadic and €1 and

é% are the hydrostatic and shear deformation poten-

tials.

A uniaxial stress may also result in a coupling

between the conduction band minima and the next highest

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 22 -

(in energy) state at (or near) the zone edge, i.é.,
Aﬂ,c - z&z.’c in 8i and X; , - X5 . in GaP. However,
this effect is expected to be small at +the stresses
used in our work, about 2 meV at the higher stresses in
¢aP?+42 and less in 5i.27 The magnitude of this shift
is approximately equal to the energy resolution of our

experiments and thus will be neglected in our analysis.

3.2 Stress Along [111]

3.2.1 <001> Conduction Bands

For stress along (111), no intervalley splitting
of the <001> conduction bands takes place. However,
they experience a hydrostatic pressure shift which can

be obtained from BEq. (3.4) and is given by

ES=& (S, +aS,3)X
o F (S ) (3.5)

where S11 and 812 are elastic compliance constants and

X is the applied stress.

3.2.2 <111> Conduction Bands

For the case of the <111> conduction bands, there
is both a hydrostatic and shear effect. The (111) val-
ley splits away from +the (711), (111) and (111)

equivalent valleys. The energy shift of the (111)
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valley is given by28

oy 5 Ec_
e 3R (3.6)

- and for the (?,?,1), (1,?,;), (?,1,?) valleys

FE = 4 Sw B X 8

" T (3.7)

where, X is the applied stress, S44 is an elastic com-
pliance constant and Ez has been previously defined.

Fig. 4 illustrates this splitting schematically.

%.2.3 The Valence Band

The valence band, r;5',v (r15,v) is p 1like
(J=3/2) and sixfold degenerate. The spin-orbit
interaction splits the |1/2,1/2>111 state ( V3 ) from
the |3/2,3/2>111 and ]3/2,1/2>y,, states. A uniax-
ial stress along (111) removes the degeneracy of these
two states and produces AP which is purely
13/2,5/2>111 and v, which is mainly |3/2,1/2>111
, with a stress-induced admixture of {1/2,1/2)111.

However, the Kramer's degeneracy still remains. Fig. 4

depicts this splitting for GaP ([=X ).

With the valence band wave functions in the (J,MJ)
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representation

(see Appendix A ), the Hamiltonian matrix of Egs.
(3.1)-(3.%) becomes
215, 3aya [¥a,'RY, [lVaYa

E 3B -8y 6] O ]
0 -8E,- 8Ly SES /N (3.8)
i 0 SEg NG —Al-SEy

where d=[111], refers to the stress direction and

55“ = (o1 ag) S+ Sia) X= qcs.,+ag‘a)

& EH, = (Q" 9%)(&&&313\33( = a-l (Su +3~S|-_1)

— d
SE, = 55 (di#2da) 4y X = 5 S, X

4 !
SE,f, = V&(c‘\”cla3344X = %’-—; Sy X

where S11,S12 and 844 are elastic compliance constants,
X is the applied stress and ‘Ao is the spin-orbit
splitting in the absence of stress. Table IIL lists
the values of Sij and A, for the various DZB materials
are considered in this work.
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Diagonalizing the matrix of Eq. (3.8) yields the

following eigenvalues for the vy band
- - A -
SE, = "5 (B~ H3EY)-8E

_ 2 a'fa
3 J:l KAO +18EL) +&(5E4')] (3.9)
while, the 2 band energy eigenvalue is

E.= 18, - §E
& 2 2.9 %d H (5.10)

and for the spin-orbit split band, v3 we find

St,= - % (Bomh 85~ SEx
A T(E SR 2R G

where, Ao = Ao-3a2(811+2312)x .

Lt has previously been demonstrated tﬁat the
stress dependence of Ao is very small and thus we can
27,42

take Ao = ‘Ao in our calculations.

The stress dependent -eigenfunctions are given
py27139,42

\V3>ol: '\3/2)3/9~>o( (3.12a)
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VS = (:%“\ [(J‘a SES) \3/2,’/12 + (m-m;) I,’./z,’éa (3.12b)

lll){) -’-‘G\ \:(‘T’-‘ J Eg' |'/:1,'11L§cl ¥ (M;h,;\ 13, 'I::Z] (3.12¢)

where i=1 and ¢&111 for stress along [111]. These
eduations have Dbeen given in general Dbecause, for
stress along [001], they will have a similar form. In

‘EBqs (%.11) m,,n; and q; are given by

A

m;, = Ag + Jaégck

(3.13a)
2 RRE )
N, = [Wu +2(&Eo\)] (3.13D)
zi = [9«\;\ (ni- Mi\—_\l/& (5.130)
where we have used the approximation A, = & .

3.3 Stress Along [001]

3.3.1 <001> Conduction Bands

For this stress direction, +the <001> wvalleys
experience a splitting, i.e., the (001) valley splits
away from the (100) and (010) valleys. From Eq. (3.4),

the energy shift of the singlet, (001) valley is given
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py912,27,40

SECL -2 & (S X +8ES
]

(3.14)
and for the (010) and (100) valleys (doublet)
(o10) n ¢
— - S
SE, . = 5 2o (S-S X &+ SE, 5.15)

This splitting is shown schematically in Fig. 5

3.3.2 <111> Conduction Bands

For this case, there is no splitting and only a
hydrostatic pressure shift occurs. The shift is
obtained from Eq. (3.4) and is the same as that given

by Eq. (3.5) . TFigure 4 illustrates this effect.

5.3.2 The Valence Band

The degeneracy of the valence bangd, f;s, v is also
’
lifted producing two states vy and Vo . The Hamil-~

tonian matrix is just Eq. (3.8) with «=[001]
and9’27’39’41

S Eper = 2(b i+ ABY) (S Si) X (5.16a)
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SEap = 2(br bg) (Su-Sia)x (169

Equation (3.8) [ with @=001) and Eqs. (3.16) ] can
be diagonalized to obtain the eigenvalues and eigenvec-
tors of the Hamiltonian. These turn out to be Jjust

Egs. (3.10)-(3.13) with =001 and i=0.

.3.4 The Stress-Dependent "Oscillator Strength"

+n the previous section, we saw that the applica-
tion of a uniaxial stress along [001] and [111] reduced
the degeneracy of +the valence and (or) conduction
bands. Table IV summarizes the splittings which are

found for both stresses.

The polarization dependent (ﬁl[? and B [i} rela-
tive as well as absolute intensities of thé above tran-
sitions have been calculated by using Eq. (1.2) for the
oscillator strength, Eqs. (3.12) for the stress depen-
dent valence band wave functions and +the optical and
phonon scattering selection rules from Appendix A. The
results of this calculation are presented in Tables V-
VII. The terms Qg and ) represent the contribution of
the stress-induced mixing of the |3/2,1/2>c and
[1/2,1/2>_ states.*? [f this effect is neglected,
'ng=1 and Y=0, our results are identical +to those of

Ref. 11 for GaP and Refs. 15 and 25 for Si. The fact
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that the ratios Wl/vl and Ul/Vl are real allows us to
write these expressions in the simplified form

presented in Tables V-VIi.

In Table VII are displayed the polarization depen-
dent oscillator strengths for the LA phonon assisted
FlL transitions. In +these -expressions, the stress-
induced coupling of the top of the valence band and its
split off component have been neglected. The reason
for +this is the fact that Ge is the only DZB indirect
gap material in which +the fundamental absorption
proceeds via [-L transitions and in this material, the
spin- orbit splitting is large enough so that in our
experiment Ao>> SEm: Therefore, the stress-induced
mixing of the [3/2,1/2> and {1/2,1/2>  states can be
neglected (see Egqs. %.12 and 3.13). This concludes the
discussion.of the effects of wuniaxial stress on the

indirect absorption edge of DZB type materials.
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CHAPTER IV. THE EXPER.LMENT

Having established the +theoretical framework of
the effects of uniaxial stress on the indirect transi-
tions in DZB materials, we can now apply these results
to the experimental evaluation of the e-ph and h-ph
matfix elements. The experiment was performed 1in GaP
using a technique which had previously been utilized
for this purpose in Si7 and to study the effects of

stress on the indirect gap of Ge.8

From this work we
obtained the ratio K = Se—ph/sh—ph for the LA and TA

phonons of GaP.

The experimental procedure involves measuring the
wavelength modulated absorption (WMA) spectrum of the
strained crystal for stresses along [001] and [111]
with the electric field vector of the incident light
polarized parallel and perpendicular to the stress
axis. For a given phonon, ratios of the relative
intensities of the extra transitions resulting from the
stress will be compared to the corresponding theoreti-
cal expressions derived in the previous Chapter. By
performing this analysis for both stress directions and
light polarizations, we can obtain the ratio
K =‘Se-ph/sh—ph for +the phonon assisted transition

under consideration.
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By comparing the ratios found in Si by Pollak et.
al and bur results in GaP, along with experimental
values of the absorption coeffcient to the theoretical
expressions for fl from Chapter 1II., we can evaluate
individually the e¥ph and h-ph matrix elements in these
nmaterials. Ge will ©be left out of +this analysis
because the LA transition proceeds via two intermediate
conduction band states and therefore, fhe ratio, KLA
cannot be determined uniquely. In this Chapter, we
present the details of the experiment, its results and

the evaluation of the e-ph and h-ph matrix elements.

4.1 Experimental Details

4.1.1 The Optics and Electronics

The transmission measurements were made using a
Jarrel-Ash 1/4 meter Ebert design grating monochroma-
tor, with a SOOOK blaze grating. The wavelength modu-
lation was produced by vibrating the 45° mirror
(located behind the entrance slit) about its axis at
450 Hz by means of a General Scanning AX200 oscillator.

The slit width resolution was approximately DA.

The modulation was measured by attaching a small

2

mirror ( 1 cm® in area ) to the rotating shaft of the

monochromator mirror. A laser beam was then reflected
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from the mirror onto a distant wall approximately 20
feet away. The rotation of the shaft produced a rec-
tangular image, whose length was measured. The vibra-
tion was then turned off and the monochromator mirror
was rotated in such a way that the image of the laser
gpot was displaced by one half of the 1length of the
rectangle. This resulted in a shift of the zero of the
grating equal to the modulation amplitude and thus a
comparison of.the "zero-grating" spectrum prior to and

after the shift provided this value.

The light source used in +the experiment was a
quartz halogen lamp. The +transmitted 1light was
detected with a Hammamatsu R375, S-20 photomultiplier.
The a.c. signal was extrated by an Ithaco Dynatrac 391A
lockin amplifier. The d.c. level was held constant by
a servomechanism applied to the photomultiplier power
supply, similar to that which has extensively been used

41,42

for electroreflectance measurements. This pro-
cedure, i.e., normalized WMA gives a line shape which
is proportional +to +the derivative of the absorption

coefficient.

In the region of +the indirect exciton, the
7,42

transmitted intensity, ip can be written as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(4.1)

where Io is the incident intensity, R, i8 +the reflec-
tion coefficient, & , is the absorption coefficient and
+t is the thickness of the sample. The effects of mul-
tiple reflection can be shown to be negligible. The

wavelength derivative of Io is given by

i
T = 1,01 - B2t (n)dd | (4.2)

where we have neglected the wavelength dependence of R.
The spectrum of the grating was taken in the region of
the exciton and it exhibited no structure from Io.

Thus the wavelength dependence of IO can be neglected.

A normalized WMA spectrun is one in which dIT/d>

is divided by IT resulting in

(AIp/an )/Igp = ~t§> (4.3)

Therefore, from a knowledge of the sample thickness, t,
and the amplitude of the modulation, dn, one can obtain

da/dE where E is the photon energy.

The samples used in the experiment were obtained

from Metal Specialties and were silicon doped to a
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carrier concentration of n = 3 x 107 em=3. The bulk
pieces &ere x-ray oriented to +1° and cut along the
stress direction ([111] or [001]) into parallelopipeds
of dimensions 1.3x1.3x13mm3. Two opposite faces of the
long edge were ﬁechanically polished with various
abrasives down to 0.05um alumina powder and then etched
in a 1:10 solution of bromine and methanol for about
one minute. This procedure allowed us fo obtain spec-

tra with a large signal to noise ratio.

The measurements were performed at 77 K using a
glass dewar, capable of holding approximately one liter
of liquid nitrogen. The dewar was shaped to have a 4"
diameter cylindrical bulb, connected to a 1" diameter
long neck. The dewar was covered with tape, except for
approximately 2" near +the bottom of the neck, which

gserved as an optical window.

The temperature was kept constant by a . tem-
perature controller, which utilized a Si diode as a
temperature sensor. A nicrome wire through which a
current was passed served as a heating element. The
sample temperature was kept several degrees above 77 K
so that a small current was constantly being passed
through the wire. iIn this fashion, minor changes in
temperature could be compensated for by appropriately

adjusting the current through the nicrome wire.
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Figure 6 shows a schematic diagram of - the optics
used in the experiment. Figure 7 shows the stress

apparatus and the location of the heating element.

4.1.2 The Stress Apparatus

The stress rig used was of +the type extensively
described in the literature and shown in Fig. 7 (Refs.
39,42). The sample was mounted by epoxying approxi-
mately 1/4 of its length (at the ends) into tightly
fitting flat-bottom holes in brass plugs, which were

‘inserted into copper pistons. Before thé epoxy set,
the pistons were rotated to insure that the sample was
vertical. If +this procedure was not carried out, the

sample would readily crack at low stresses.

The force on the sample was applied in the follow-
ing manner. By turning the knob ( see Fig. 7 ), the
spring which is connected to a lever arm of ratio 10:1,
was elongated. This caused the pull rod to move the
pull frame upward. A pin connected to the pull frame
forced the pistons and the sample up against the stress

frame, thereby producing a compressive stress.

The extension of the spring was measured by a
linear differential +transducer (LVDT) mounted inside
the spring.44 The change in inductance of the

transformer caused by the moveable core attached to the
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spring was balanced by another matched LVDf, whose core
was mounted in a micrometer. These LVDT's formed two
arms of an a.c. bridge and were accurately balanced
with a voltmeter. Thus the extension of the spring was
measured by the micrometer and the stress could be com-

puted to +1%.

4.2 Experimental Results

Shown in Fig. 8 is +the normalized WMA spectum

- dq/dE at X = O which displays three well resolved
phonon-assisted transitions, involving the emission of
LA, TA and TO phonons. This spectrum is quite similar
to the zero stress results of Mathieu et al..9 In the
remaining portion of the figure, we show spectra for

-5 = -
B{IX end BL1X at X =2.65x 107 dyn-cm™2

2

and
X = 7.55 x 102 dyn-cm™2 applied along [111]. For this
gtress direction, the rg v valence band is split, but

H

the X conduction band minima remain equivalent and

1,c
hence two transitions ( A1 and A2 ) are observed for
each phonon mode. We have 1labelled +the various
observed structures A?(LA), Af(LA), etc., where the

superscript refers to the polarization direction and

the quantity in parenthesis is the phonon mode.

The complexity of the stressed spectra (two 1lines

- _
per phonon mode for X||[111] ) did not allow us to
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observe well resolved lines for both the LA and TA pho-
nons at a given stress. An examination of the spectrum
for X = 2.6% x 109 dyn—cm"2 (see Fig. 8 ) reveals that
the KT(LA) line shows up as a low energy shoulder of
the more intense K;(LA) peak and therefore cannot be
seperated from it. However, at this stress both TA
phonon lines A1(TA) and A2(TA) are well resolved for
both polarizations. On the other hand, at
X =7.35 x 109 dyn—cm"2 the LA peaks are seperated,
while +the weaker TA lines are seen only in the perpen-
dicular polarigation mode. For gstresses between

2 and 7 x 109 dyn-cm"2 we observed

3 x 102 dyn-cm™
interference between the Aé(TA) and A1(LA) lines for
both polarizations. For all of the stresses used in
this experiment, the AgCIA) gtructure was too weak to
be seen (i.e., see Fig. 8). In order to obtain complete
sets of data for-i Il [111], it was necessary to use

2

X = 7.35 x 102 dyn-cm™ for the LA peaks and

X =2.63 x 109 dyn—cm"z for the TA phonon lines.

In GaP, the WMA spectrum of the indirect transi-
tion is more complex in relation to Si and Ge. The
lack of inverion symmetry opens up a gap in the lowest
conduction band at the X point, i.e., X1,c and X3,c are
no longer degenerate. The z-i'interaction between the

two bands introduces a "camel's back" in the dispersion
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relations for X in the vicinity of the X point,

1,c
i.e., an M0 minimum occurs at.i = (0.015)(27/a) away
from the zone edge and an M1 saddle point is found at
the X poin‘b.11’45.’46’47 Consequently, the dispersion
relations are no longer parabolic. The WMA line shape
exhibits fine structure and cannot be represented by‘
the function F(W') which was successfully used in
5i7+45:48-49  ,na geB®43:49.  he function F(W') is

given by

- 2 1/2 . 11/2
F(w') = 1 (W( ;1% " 1+)‘1"/21 (4.4)

/ ! :
where W' = [(E —Eex)/F] and ' is the broadening parame-

ter and ex denotes exciton.

A linear combination of F(W'1) and F(-W'z) ( where
the subscripts 1,2 refer to +the two minima) can be
tried as an approximation to +the actual 1line shape.
The high resolution work of Humphreys et al.11 which
was performed at 4.2 K resolved the fine stucture and
showed +that the spectra indeed resemble F(W'1) at the
minimum and F(—W'z) at the saddle point, commonly
refered to as the hump of the "camel's back". When
these lines broaden, due to an increase of temperature

or an application of stress, the doublet becomes a sin-~
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gle structure which can be fit by a Gaussian. This
effect is illustrated in Ref. 11 where stress-induced

broadening is considered.

In our experiment, which was performed at 77 K,
temperature broadening of the lines and lack of high
resolution did not allow us to resolve the fine struc-
ture. We were not successful in fitting the spectra to
F(W'), linear combinations of F(W'1) and F(-W'Z) or a
Lorentzian line shape. However, we did find that the
best fit to the data was accomplished through the wuse

of a Gaussian given by

2

D(W) = D e | (4.5)

where Do is the height of the line and
W= (E- Eex)/JEr‘ and [' is the Gaussian broadening
parameter. 1in addition, the background was not loga-
rithmic as in Si and Ge. However, we successfully fit

it to a quadratic equation given by

G(E) = Ae® + Be +C (4.6)

where A,B and C were adjustable parameters and
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'The fit was performed on a Tektronix 4051 graphics
computer. The fitting program which is 1listed in
Appendix B allowed for both automatic and visual
adjustments of the parameters. At the beginning of the
procedure, an approximate background was subtracted
from the experimental data. The new points were then

used to compute D , E,, and ["and the resulting D(W),

e
along with +the adjusted data were displayed. Thé
iteration process which followed consisted of subtract-
ingb the experimental points from D(W) and using the
difference in a least squares adjustment of the parame-
ters A,B and C. The new background would then be sub-
tracted from the original experimental points and Do’
Eex and f1 would be recomputed. This procedure along

with visual adjustment of all of +the parameters was

repeated until the differences in Do’ E and [ between

ex

successive iterations were less than 1%.

4.2.1 LA Phonon

In FPig. 9 we have ploﬁted the experimental values
(solid 1line) of dcc/4E for the AZ(LA) peak of Fig, 8
for }(="{.53x109dyn—cm"2 after an appropriate subtraétion
of +the background given by Eq. (4.6). Also shown in
Fig. 9 is the theoretical fit (dashed 1line) from Eg.
(4.5). The agreement between the line shapes is very

good. Similar results have been obtained for the other
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LA peaks for both [111] and [001] uniaxial stress. The
f£it for the A?(LA) peak is shown in Fig. 10. In order
to obtain a measure of the integrated intensity dd, we
have multiplied the value dd /dE by the broadening

parameter [.

Listed in Table iX are the experimentally deter-
mined relative and actual (in parenthesis) values of
[dd /AE x [Y] for the various A and B peaks of the LA-
phonon assisted +transitions at the indicated stresses
for -ﬁl |3? and —E | -}? Although Ag(LA) is allowed (see
Table V ) we find experimentally that it so weak that
its intensity is taken to be zero in Table IX. Similar
results have Dbeen obtained at several other applied
stresses for both stress directions for the various TA

- phonon assisted peaks.

Comparison of the theoretical expressions of Table
V and the experimental results 1listed in Table IX
enable the ratio K;, = WLA/VLA to be determined.
Values of %% and ) were calculated from the equations
in Table V and the known spin-orbit splitting (0.090
eV), +the deformation potentials and elastic constants
of GaP listed in Table I[il. We find that the best
overall agreement with +the experimental numbers in
Table [X is achieved for a value of KLA = =4.5. ‘Using

this number for +the ratio we have calculated the
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relative theoretical values listed in Table IX. There

is good agreement between experiment and theory.

From the ratio KLA = -4.5 we can obtain a value

for S This quantity can be evaluated from

e-phLA/Sh—phLA
a knowledge of the ratio of the matrix elements of -3
and the appropriate phonon energy'ﬁu)LA. The energy
differences in the denominators of Wy and Vp, can  be
obtained from various experimentally determined quanti-
ties. From Pig. 2 it can be seen +that these energy
denominators are related to known optical transitions

in the following manner

(4.7a)

E(X1’c) = E([y’c) Bing - B

in o

E(lg ) - E(X5 () = By - By (4.7p)

The various values of the optical transitions wused in
Eqs. (4.7) are 1listed in Table X. The E0 and E; 4
numbers are 77 K values, while E2 is obtained from 2 K
reflectivity measurements. Since E2 is large in com-
parison to any difference which may arise between the
77 K and 2 K values, we have taken it to be the same at

both temperatures. From the values of +the phonon

energy listed in Table XL and the above considerations
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we find that

E(X1,c) - E(ra’c) - Qﬁo))LA -0.58 (4.8a)

E(lg,y) - B(Xg ) + (Aw)p, = +2.92 (4.8b)

The ratio of the optical matrix elements cannot Dbe
obtained from experiment, but can be deduced from a_izg
band structure calculation.45 The values of +these
matrix elements are listed in Table XII. From the above

considerations and the number for KLA = -4.5 we obtain

e-phy,’ “h-phy,

4.2.2 TA Phonon

The situation for the TA phonon is somewhat more
difficult in relation to +the LA phonon case. The
former transitions are weaker than the latter, as shown
in Pig. 8 for X = 0. Therefore, for'fll[oo1] not all
of the four TA-phonon lines can be resolved because of
the destructive interference between some of the weak
TA-phonon lines and the stronger LA ones. Similar

problems were encountered in Ref. 9.
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We have, however, been able to clearly observe the
B?(TA) and BE(TA) peaks for 3?]] [001] at several
stresses. TFor i?ll [111] all of +the 1lines A1(TA),
Ag(TA), KT(TA) and K;(TA) are clearly seen for
X = 2.63%x10%yn-cn™2 ( see Fig. 8). Displayed in Figs.
11 and 12 are the fits to the A?(TA) and A;(TA) peaks.
The agreement between experiment and theory is quite
good. The experimental value of BZ/B? = 0.6 and the
theoretical expressions of Table VI yield that
Kqpp (= UTA/VTA) can be either -1.6 or -0.7. This ambi-
guity is resolved by an examination of the results for
-}? {1 [111], where agreement Dbetween experiment and
theory is good only for Kg, = ~-1.6. Using this result
for the ratio we have calculated the relative theoreti-

cal values listed in Table XIII.

As in the case of the LA phonon a value for the

ratio, Se_phTA/Sh_phTA can be found. Figure 2 shows

that

B(Xy o) - B(li5 o) - (AW )gy = Bypq - By - (BW)gy

and
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E(Mg,y) - B(X5 ) + (Bw)gy = By - Bjpg +(BW)qy

number for KTA we find that

s =1¢1

/8
e-phTA h-phTA

4.2.53

TO Phonon

The TO phonon transition is approximately equal in
magnitude +to the TA peak. However, its stress induced
components are very weak and can not be readily
extracted from the Dbackground. The recent study of
Mathieu et al.9, which was carried out at 4 K has shown

- _
that for X || [111], A1(TO) and A2(TO) are observed

gimultaneously only for stresses above 12}{109(1y'n—cm"2

2

[for X<12x109dyn-cm— they observed only AZ(TO)]. For

-
X |] [001], their study yielded only B4(TO).

From our wofk which was carried out at 77 K, we
obtained similar results. For X Il [111] we clearly
observed AZ(TO) for stresses below X = 5x109dyn-cm"2.
At higher stresses +this 1line bhecame broadened and
obscured by the background. For 3(9 | -ﬁ’ and low stress
(X(g’x109dyn—cm"2 ), we found +two unresolved peaks,
which are labellé& with some uncertainty as A1(TO) and

AZ(TO). At higher stresses, these two lines rapidly

broadened and Dbecane indistinguishable from the
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background. The X = 2.63:{109dyn-—cm-2

spectrum of Fig.
8 illustrates these results. TFor X || [001]  we
observed only B4(TO). Since we could see just AZ(TO)
and B4(TO) clearly, it was not possible +to determine
the ratio of the e-ph and h-ph matrix elements for the

TO phonon.

4.3 Evaluation of the Electron-Phonon and Hole~Phonon

Scaftering Matrix Elements

Having obtained values for the ratio of ﬁhe e-ph
and h-ph scattering matrix elements for the LA and TA
phonons of GaP and having this ratio for the TO phonoﬁ
of Si, we now turn our attention to evaluating the
matrix elements individually. This can be accomplished
by comparing the ratio Kl along with experimental
values of the absorption coefficient to the theoretical

expressions for the absorption coefficient.

4.5.1 BSilicon

The case of Si will Dbe considered <first. The
piezospectroscopic investigation of Pollak et al.,7
found that for <001> scattering, Kny = Upg/Vpq = 1.0,

where
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o = {Todin 1P e T R, o

E(Dn) - E(Ne,) = (ko

and

o= LTasm | Hral 2558510 Ay
A

o — (4.9b)
£ (rgs"n)) - E(AS,'\)) + (-kw\-ro

The study of Macfarlane, McLean, Quarrington and
Roberts (MMQR) provides us with absorption data in both
the excitonic and free-pair energy regions.2 MMQR were
able to decompose the absorption coefficieht into a sum
of componenis, each having the same line shape and
corresponding to the creation or annihilation of TA and
TO phonons. In Fig. 13, where (dfﬁu))1/2 ( this func-
tion 1is convenient for the analysis of the Si data) is
plotted against hw , we exhibit the decomposition which
MMQR obtained for the absorption coefficient at 4.2 K.
Since at this temperature an.O, we do not observe the
phonon annihilation processes and thus the data of Fig.
13 correspond to transitions accompanied by phonon
creation. The low energy component is a result of the
emission of TA phonons, while the higher energy one is
a consequence of TO phonon creation. A further exami-
nation of the figure reveals that each component begins
with a well defined knee and ultimately rises linearly

with energy. In the "knee" region excitons are
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created, while in the linear regime free ‘electron-hole

pairs are formed.

More accurate studies of the indirect absorption
in Si have revealed LO-phonon assisted
transitions.3’13’48 This process is found just Dbelow
the TO 1line and is approximately a factor of 7 weaker
than the TO absorption. Since MMQR did not resolve
this transition, we can assume that it is part of their
TO phonon data. The error introduced by not accounting
for this is on the order of 15%, which is approximately
equal to the accuracy of the experimental values of the
Kl ratio. Because the more éccurate data is available
only at 1.6 K, while the study of MMQR produced numbers
at various temperatures for both phonon emission and
absorption, we will use MMQR's results. From this, we
should be able to establish the consistency of our pro-
cedure enroute to obtaining the e-ph and h-ph matrix
elements. The results of the evaluation using the more

3,48

accurate numbers will also be given.

In the knee (or excitonic ) region of Pig. 15,
MMQR were able to obtain empirical expressions for the
components of the absorption coefficient. For the [0

phonon, they found the following relationship
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= BTO [%u)*h% (hdyq + Q}’ (4.10)

0

where Bpg = 26.9x1072 Ry1/2/ao and a, is the Bohr
radius (=5.29x10 Jcm).

The value of Bpy enables us to evaluate Se-PhTO

and S The +theoretical expression for the

h—phTO |
absorption coefficient in this energy region 1is given
by Egs. (2.1), (2.2), (2.4), (2.5) and hence
BTO = AexfTO' The constant Aex can be evaluated Dby

using +the expressions for V_, m:, m* and lF(O)‘2 from

D
Eqs. (2.6)-(2.10) and the values for a , ml, m3, R and

c?
N{ from Table XII. Thus we can obtain a value for
fTo(=BTO/Aex). Using this value, the expression for
the oscillator strength 1listed in Table I and the
experimentally determined ratio KTO = 1.0 we compute
UTO and VTO individually. From these vaiues, the
expressions for Uy, and Vpy from Egs. (4.9), the opti-
cal matrix elements ( obtained from’iﬁ?calculations )
listed in Table XII and the energy denominators

obtuined from +the optical transitions and phonon fre-

quencies listed in Tables X-XI[, we find

S = 17.4+2.6 x 1072 Ry

e=Phqg

s = -22.9+3.4 x 1077 Ry
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Since the quantity Afl is an absolute magnitude of
the sum electron and hole scattering terms, it is sen-
gitive only to the phase of +the ratio Se-ph/sh—ph'
Therefore, the phases of the individual matrix elements
are arbitrary to within a common factor. We have

chosen this phase factor such that S is real and
e—phTo

positive, making Sh—ph real and negative. This sign
TO

convention will be followed throughout the thesis.

In the linear region of Fig. 13 +the theoretical
expression for the absorption coefficient is given by
Egs. (2.1),(2.2),(2.11) and (2.12). Multiplying this
equation for d‘TO by ‘Aw and taking the square root
produces a function linear in energy. Equating the
slope of this function with the experimentally deter-
mined slope of (d.Tdﬁu))1/2 ( in the linear region of
Fig. 13 ) allows us to obtain a value for fTO' The
constant A__, (Bq. 2.12) is computed by using Mj from
Table XII and Eq. (2.13) for M:. From here, proceeding

as we did in the excitonic case we find

s = 17.9+2.7 x 1072 Ry

e=Phyg

Sp_pn = ~25:613.5 x 107> Ry

TO
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We have also performed +this evaluation in the
linear region for the phonon creation and annihilation
at 170 K and phonon absorption at 363 K. Table XIV
lists the values of the slopes used in this work. in
addition to this, we have used more accurate data for
the quantity BTO‘ The absorption study of Dean et al.
found this number to be Bp, = 21.0x1079 Ry1/2/ao, while
the WMA  work of Nishino et al. found that

Bpg = 3O.Ox10—9 Ry1/2/ao. We have evaluated +the e-ph

T
and h-ph matrix elements using these values. Our
results from all of +the computations are 1listed in

Table XV. Averaging over all of these numbers and

estimatimg the error at 154 we obtain

S = 17.3+2.6 x 107> Ry

e—phTO

S = -22.9+3.4 x 107° Ry

h—phTO

4.%3.2 Gallium Phosphide

Now we turn our attention to GaP. As. previously
stated, the '"camel's back" effect plays a significant
role in the WMA spectrum of this material. The disper-

sion relations for the conduction band are no longer
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parabolic and the analysis of the previous .section is
not exact in this case. However, the study of Dean et
al. showed that the excitonic absorption coefficient
can be <fitted to an equation which is proportional to
the square root of the energy and thus has the form of
Eq.ﬂ2.1) with a line shape factor given by Eq. (2.4).5
This indicates that as a first order approximation, we
can neglect the "camel' back" effect and treat GaP as
we did Si. We will use this approximation in our

analysis.

Prom transmission studies, Dean et a1.5, were able
to perform a decomposition of the absorption coeffi-
cient into components resulting from the creation and
annihilation of LA, TA and TO phonons. Thegr analysis
was performed only in the excitonic region. Conse-

quently, we will restrict our evaluation to this energy

regime.
TA Phonon

First we consider the TA phonon, whose symmetry
and intermediate states are similar to those of the TO
phonon of Si. Consequently, the expression for the
"oscilator strength " of the TA phonon is identical in
form to fTO (see Table I). Dean et al. found that at

1.6 K the TA component of the absorption coefficient

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



can be written a35

where DTA = 3.32x10—7 a;1(RY)_1/2-

This expression differs in form from Eg. (4.10)
for +the TO phonon. In Eq. (4.11), iw is included in
DTA while in Eq. (4.10) it was not contained in Bpg-
This approximation can be used, since the energy range
of the exciton is much smaller than the photon energy
and thus h does not change very much in this energy
regime. For our evaluations we will let HwW = Eg -
ﬁ(ﬂTA = 1'72.3(10_3 Ry. Once again, the absorption coef-
ficient is given by Egs. (2.1), (2.2), (2.4) and (2.5).
The quantity Aex can be computed from the values of the
parameters comprising it listed in Table XII. Thus
from Eq. (4.12) we obtain the oscillator strength
fpp (= WD, /Ao, ). Utilizing Kpy = -1.6 and the pro-

cedure used for Si, we find

s 19.8+2.9 x 1072 Ry

e—phTA

-3
Sh-phy, 17.7+42.6 x 10”7 Ry
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We have performed this evaluation for the data of
Dean et al. for both absorption and phonon emission
processes at 77 K, 120 K and 218 K. Table XVI 1lists
the values of DTA which were used in our computation.
in all of this work, the phonon occupation number was
included. The results of these evaluations are
presented in Table XVII. By averaging these values and

estimating the error at 15% we obtain

S

-3
242, R
e-phy, = 19+2:2:8 x 10™°Ry

= 17.4+2.5 x 10 Ry
TA

LA Phonon

For the LA phonon, the conduction band intermedi-
ate state is different from that of the TA phonon i.e.,
P

the different phonon symmetry involved, the expression

instead of [;- .. As a consequence of this and
70 15,0

for the oscillator strength is not the same as that of

the transverse phonons (see Table I[).

For the LA phonon at 1.6 K, Dean lists the absorp-

tion coefficient as
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U
a LA - D4 [-ﬁ“‘)’ E% - G-‘w)LA + ’Q] &

6 a;1(Ry)'1/2.  Using

Aw= = 173. x ‘IO——j Ry, KLA = -=4.5 and the procedure

where DLA =1.25 x 10”

employed for the TA phonon, we find

- -3
Se-phy, = ~8:31.2 x 1077 Ry

S = -13.642.1 x 107> Ry

h-phy

where the phase factor was chosen to facilitate compar-
ison to the theoretical values of Si and Ge, which will

be calculated in the next chapter.

Table XVII contains the results of our evaluations
for +the various values of DLA listed in Table XVI.

FProm these numbers we obtain the following averages

S = —7.6+1.1 x 1072 Ry

e—phIJA

S - -13.0+2.0 x 1072 Ry

h—phLA

An examination of Table XV reveals that the
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results for Si from the excitonic region are very close
to those of the free-pair range. This indicates that
the simplifying assumptions made in performing the
evaluations in the excitonic regime are valid. The
validity of the assumptions is important in the case of
GaP, for which we have no data from the free-pair
region. Furthermore, we notice from Tables XV and XVII
that for both Si and GaP the values of the matrix ele-
ments are consistent over all of the temperatures con-
' gidered and are independent of +the phonon process
(absorption or emission) involved. The 218 K values
fall somewhat out of the range of +the others Dbecause
Dean et al. experienced some experimental difficulties
at this temperature. A detailed analysis of our results

will be presented in Chapter VI.
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CHAPTER V. CALCULATLON OF THE ELECTRON-PHONON AND

HOLE-PHONON SCATTERING MATR.X ELEMENTS

The calculation of the e-ph and h-ph scattering
matrix elements is a difficult problem. Its complexi-
ties are summarized by Ziman and Sham in an excellent
review article in "Solid State Physics" (vol.
15,1963).61 They point out the fact that many degrees
of freedom are involved, i.e., a quasi-infinite lattice
of ions is imbedded in a sea of electrons. The ions
and electrons interact with each other through Coulomb
forces. This is a many body problem, in which the
actions of a given electron or ion will effect the
whole ensemble, thereby introducing a complicated
screening of the bare particle potential. For example,
the displacement of an ion in such a system is expected
to cause not only a shift of the core potential, but
also a redistribution of the outer-electrons which are
not tightly bound to the ion.31'61’62 Thus, the calcu-
lation of the e-ph and h-ph matrix elements should Dbe

done self consistently.

Ziman's book, "Electrons and Phonons" and the
review article of Ziman and Sham consider this problem
in detail-62 Various approximations, such as | the
"rigid-ion" and "deformable-ion" models and long

wavelength approaches are developed. 0f particular
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interest 'to us 1is an application of the "rigid-ion"
model, the "rigid-pseudoion" model first proposed by
M.L. Cohen in 1970 (Ref. 530). This approach combines
the rigid-ion descfiption of the lattice vdisplacements
and local pseudopotential theory to provide the first
step in calculating e-ph and h-ph interactions. In
short, it neglects such effects as charge redistribu-
tion and the nonlocal nature of +the pseudopotential.
These effects should ultimately be included, however,
their neglect seems to provide a reasonable starting

point for calculating e-ph and h-ph interactions.

5.1 The Rigid-Pseudoion Model

The foundation of the "rigid-pseudoion" model is
the "rigid-ion" description of the lattice dynamics,
which wés introduced by Nordheim in 1931 (Ref. 63). In
this approximation, the ion-core potential of an atom
moves rigidly with it, when the atom is displaced from
equilibrium. Thus, +the potential seen by an electron

due to a lattice of such atoms is just61’64

V(?) = 12/5 Vd,/z-(?“ R;o’ﬂ) (5.1)

- -,
where Vj /5(57— Rg P ) is the atomic potential of an
’ ?
<S>
atom in its equilibrium position, Rg p having a lat-
?
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tice index, j, and basis index A . Within this approx-
imation, the e-ph (h-ph) interaction Hamiltonian due to
small displacements from equilibrium resulting from a

phonon of mode 1 and polarization, t, 1is given
py30132,35

- —>
t Lt - =2
Hl = ’(XZ/S é Q’é;/& -V \[63/3 (K‘— Ri)/l)

(5.2)

where éil % ig the displacement of +the atom from

i
equilibrium and can be written in terms of phonon coor-
dinates a531’30’35
'fa 2e.
e Ty A
A My W (@) (5.3)

where the phonon creation and annhilation operators are
.-)
implied. In Eq (5.3), Q is the phonon wave vector,

At
el’ﬂ

=
mass M/5 and &i(Q) is the phonon frequency. The index

is the polarization vector of the A2 th atom of

+t is used to distinguish between any degenerate phonons
of a given mode, 1. In the ébove equation, N is the
number of primitive cells in the crystal. Since N is
ultimately cancelled out in calculating measureable
quantities such as absorption coefficients, it will De
left out of the square root in any subsequent discus-

gsions. We can Fourier analyze the potential to obtain
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v (@rey=2k, (d45Vz, '“3 (7= Ri’/’), (5.4)
'3){3( éa{&) —@Tr)s % @8

where LL is the volume of a primitive cell. Writing
20 _ RO =0

Rj,ﬁ RJ + q:,; where RJ is a lattice vector and ftﬂ

is a basis vector of the A th atom. By putting Egs.

(5.3) and (5.4) into (5.2) we obtain for the e-ph(h-ph)

interactlon /s
N = 2
Z (am w(@> SV (Q' 6) §
I = wm\ =7
v 6T, L(@-C)F
8-, S e (5.5)
-

where G is a reciprocal lattice vector and where we

used Bloch's theorem in the form

L Ry~ @-8) .
e = N 82,87

3

and changed the integral over g into a sum by the fol-

lowing relationship

SN 1o — Z
(amh?

in order to calculate the matrix elements of
Eq.(5.5), which is a general result within the context

of the "rigid-ion" model, the atomic potential and
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electronic states mnust be known. In principle, this
can become a very difficult program. However, pseudo-
potential theory provides an elogant method of obtain-
ing the electronic band structure of a solid.64_69 It
takes advantage of the fact that between lattice sites,
the potential is weak and thus the electron can be con-
gsidered as being nearly-free. Under these conditions,
the electronic wave functions can be chosen to be plane
waves, whose overlap with the core states is removed
‘through thé use of an effective potential, the pseudo-
potential. If we assume that the pseudopotential is
just a function of '?’—.ﬁgl then we are within the

64-69

regime of 1local pseudopotential theory in our
work, we will use this approximation. Sham has demon-
strated that if the scattering is on the Fermi sphere
(i.e., the phonon energy can be neglected), then using
pseudopotential wave functions and potential 1is
equivalent to the use of the real wave function and

actual potential.’® With this choice, the wave func-

tions are pseudo-plane-waves (ppw's) and can be written

0,64-6
ag30164-69 o ok
k+ é-)°r

-

. 0o+
Aé’,e("):% C‘Z” <

(5.7)

By using Eq. (5.7) in Eq. (5.6) we find the matrix
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element of the electron (hole) - phonon Hamiltonian to

be
Cepn, = erer) By Itesd

. R Ia i.G—"tp
=« = ( QM,;%LQ”)) V"‘.'(;"A <
3,6

-,

R .
Ge @07 () (&)

- - - - -
where k and k' are -related through Q = k' - k. For

hole scattering, the subscript h-ph replaces e-ph.
Equation (5.8) is the general form of the e-ph (h-ph)
matrix elements within the "rigid-pseudoion" model. We
will now apply it to the calculation of the e-ph and
h-ph' matrix elements in Si and Ge, which are diamond

type materials.

5.2 Application To Diamond Type Materials

In Eq. (5.8), the phonon polarization vectors, are
complex numbers. However, in diamond type materials,
such as Si and Ge, with two similar atoms within the
basis (B=1,2) a simplification can be made. If we
choose the origin for :E% to lie midway between the two
atoms, we find that‘ﬁ?é = JE; =T = (a/8)(111). By

employing time reversal invariance and inversion sym-

metry, we fird that the polarization vectors é? , and
’
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, are related in the followihg manner71
’
Ae at \%—
Sl = (€ha (5.9)

This relationship between the polarization vectors
allows us to make a transformation to a real set of

t

a 31,71
,1 and e,

vectors, éz 1» Which are given by

At o - 2t AR
e :‘)—9-; ei)l+€\

2,- 42 (5.10a)
At
— Q (5.10b)
e’,m» L\F-\(e’“ a% ) "

where (éf l)2 and (éf l)2 correspond to the fraction of
H ’

the mode which is "acoustic" and "optic", respggtively.

-

iG'T1

Ugipg Egs. (5.10) in Eq. (5.8) and expanding e and
e
el Té we obtain Y
. + 50‘ <
gQ-P\r\J = A am w.Q_U—S) %—\/@5"—? ( GSO
- = A -
(EF, cos €T+ & _cin € &) x
2,+ - S (5.11)
|
kS ¥ kyS
X %, < C.Z/*.Z?) (sz )

where we used the fact that for a diamond type material

m =m, =m and Vd;a’1 = Va—E,Z = Vg@- The computa-
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tion is further simplified ©because +the plane wave
expansion coefficients can be chosen to be real numbers
for these types of _semiconductors, i.e., the Hamil-
tonian matrix is real. Thus, Eq. (5.11) is just two

.sums of real numbers.

In the following section, we will appiy Eq. (5.11)
to ©Si and Ge. For both materials, we will consider the
fundamental indirect gap, refered to as +the "primary"
indirect gap and the next highest phonon-assisted tran-
sition, which is called the "secondary" indirect gap.
In the interest of comparing Si and Ge, and in order to
obtain some idea of the‘i dependence of the matrix ele-
ments, we have also evaluated Eq. (5.11) for points

‘midway-into the Brillouin zone along /\ and .

5.2.1 The Fundamental indirect Gaps

Silicon

in Si, the conduction Dband minimum is at
[&(ié%Z?T/a)(0,0,0.BS) and ([=A) indirect transitions,
assisted by TO, LO, TA and LA phonons are allowed. A
subsidiary conduction band minimum is found at L and
thus at a photon energy of 1.65 eV at 1.6 K, indirect
processes ([~L) can occur with the aid of LA and TO
phonons. iIn this section, we will concentrate on the

e-ph and h-ph interactions for the [%/\ scattering,
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which are associated with the primary gap. The secon-

dary gap will be considered in section 5.2.2.

The evaluation of Eq. (5.11) was performed by
using a 67 plane wave expansion for the wave functions
and a local pseudopotential form factor Vq, in the

range Vg gg < Vq < Voo (Ref. 72). V was interpolated

through the values of Pantelides, whi:h were used to
calculate the band structure. The form of Pantelides
reproduces the Cohen-Bergstresser form factors V3, V8
and V11 (Ref. 74). Convergence was checked by compar-
ing the wave functions from 59 and 74 plane wave expan-
sions and by examining the value of a given matrix ele-
ment as the calculation was performed, i.e., +the pro-
gram would print out the value of the matrix element
for éach plane wave component which was used. Computa-
tional difficulties with the subroutine, which diago-
nalized the band structure Hamiltonian 1limited the
number of plane waves to 89. The pseudopotential cal-
culation is discussed in Appendix C, where we also

describe the computer program used to generate the band

structure.

in evaluating Eq. (5.11). we wused experimental
values of the phonon frequencies, listed in Table XI.
The phonon polarization vectors were obtained from a

second neare3t neighbor "rigid-ion" model calculation,
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which utlilized experimentally determined phonon fre-
quencies at -i=0 and at the Brillouin zone edges at X
and L.71 Such an approach to the lattice dynamics is
inadequate for calculating dispersion curves and elas-
tic constant s.75'76 However, it‘was found to yield
ﬁhonon polarization vectors which were within 2% of
those derived from the more exact Weber "bond-charge"'
'model.77 This surprising result was obtained for both
3i and Ge and seems to indicate that for diamond type
materials, the phonon polarization vectors may be model
independent and not a major source of error in our cal-
culation. Thus within +the context of the model, the
most uncertain quantities are the interpolation of the
form factor and the pseudowave-functions. The lattice
dynamics of the "rigid-ion" model and the program
which was used to diagonalize the dynamical matrix are

described in Appendix D.

Now, we will consider the the wave function and
form factors. These two parameters are intimately
related, since the form factor is the potential in the
Fourier +transformed Schroedinger equation, whose solu-
tion ultimately determines the wave function (see
Appendix C). However, because of the structure‘factor,
only a few select values of Vq are needed to determine

68 2

the band structure. The values of q“ which are
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important for diamond type materials are 3, 8, and 11

2 do not

[in units of (27r/a)2].65’68 Larger values of q
enter, because the form factor approaches zero at large
values of the wave vector. It is not uncommon to take

V_ = O beyond q=4 (Ref. 68). On +the other hand as

q
q->0, the form factor should approéch a value of
v (—2/3)Ef, where Ep is the Fermi energy.66'69 In the

calculation of the e-ph and h-ph matrix elements, the
relevant values of @ are reciprocal lattice vectors
shifted by the wave vector of the phonon. 1In addition
to this, the structure factor is different (see Eq.
5.11). Consequently, the form factors which we use are
not those of the band structure work. In particular,
the values of q2<3 and q2>11 are important.77 Since
the form factor is not known in these regions, we have
a substantial amount of freedom in interpoiating Vq.

This g=0 limit is exact in the case of metals, but can

be relaxed for semiconductors +to some number near

(-2/3)E; (Refs. 31,57).

Prom the above discussion, we see that there . are
many form factors which can be used and that we have no
way of telling which one is right for our purposes.
However, ag stated in Chapter I., the resulting Se—ph
and Sh—ph must be in a delicate balance in order to

account for the relative as well as absolute intensi-
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ties of the indirect transitions in Si. In addition,
the values of the matrix elements for the TO phohon
should be in accord with the experimental ones
presented in the previous chapter. The large and small
q limits and the above requirements were used as guide-
lines in choosing the interpolation of the form factor.
In this thesis, we will only present the ‘form factors

which gave the best results.

Our first calculations utilized a histogram inter-

polation of V. (Ref. 72). The relevant values of q°

were chosen to :e integers between 1 and 25 [ units of
(27r/a)2] and for each of these, a value of Vq was
assigned from curve (a) of Fig. 14. Thus each point in
~ this get was used to approximate two neighboring points
which entered the calculation, i.e., the point at g=1
represented points at q=0.85 and g=1.15. The results
of this calculation for all four phonons, along with
the experimental values for the TO phonon are listed in
Table XVLII. The agreement between theory and experi-

ment is excellent for the TO phonon. At this point, it

must be noted that the phase of the ratio Se-phl/sh—phl

is fixed. However, the phases of the individual matrix
elements are arbitrary to within a common factor. ‘This

factor has been chosen so that the S _ is real and

Phyg

positive, thereby making Sh-ph real and negative.
TO
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A fu}ther test of the calculation comes from the
quantity Afl, which apart from the line shape factor,
describes the relative as well as absolute intensities
of the indirect transition. We have evaluated Afl in
the excitonic region for each of the [*A phonons of si.
For this computation, we used Egs. (2.5)-(2.10) for
Aex’ equations for fl from Table I, vélues of the
energy denominators obtained from the numbers in Tables
X and XL and the relationships presented in Chapter IIL,
the optical matrix elements and various materials
parameters listed in Table XiIl. The results of these
calculations along with experimental values from
several sources are listed in Table XIX (Ref. 178).
Excellent agreement is found between experiment and
theory for the values of the relative as well as abso-
lute ihtensities of the r%ﬁ transitions and thus a

correct description of the strengths of these processes

is obtained.

However, a histogram interpolation of VCl may not
be an accurate representation of the potential. In a
more detailed calculation, we fit the form factor of

Fig. 14 to a cubic equation of the form

\/%-: a.zg+ hg +eg + d

(5.12)
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where a, b, ¢ and 4 were adjustable parameters. The
actual form factor was a piecewise smooth curve con-
structed from ZEg. (5.12) in three regions, q2<3,
3£q2£11 and q2>11. The values of the fitting parame-
ters in the three regimes are given in Table XX. The
results of +this calculation are presented in Tables
XVIiII and XILX, just below those of the "histogram"
potential. A comparison of the two sets of numbers
reveals the sensitivity of the calculation to the form
factor. The values of Se—ph and Sh-ph have changed
somewhat, with those of the TA phonon showing the larg-
est wvariation. The quantity Afl is also effected.
Once again the the most sensitive phonon is the TA pho-
non, whose "intensity" has decreased by more than a
factor of two. Even though the ordering of the rela-
tive intensities is still correct, the quantity AfTA is

in poor agreement with experiment.

Various interpolations of the form <factor were
tried and similar effects were observed. In particu-
lar, the ordering of the relative intensities of the TA
and LA phonons was found to be very sensitive to Vq for
all values of q. For many form factors, the LA transi-

tion was stronger than the TA one.

The sensitivity of the relative intensities of the

LA and TA phonons can be traced to the destructive
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interference between the e-ph and h-ph scattering,
which +the LA phonon experiences and the small magni-
tudes of the matrix elements of the TA phonon. Conse-
quently, there exists a very delicate balance between
these two phonons, which serves to eliminate many of
the possible interpolations of the form factor which
may otherwise work well for the less sensitive T0 and

LO phonons.

The best overall fit to Afl was obtained through
the use of the above form factor, but having an oscil-

lating tail, which decays to zero for large q. Curve

2

(p) of Pig. 14 shows this interpolation. For q°<K11, V

2

q
coincides with curve (a), while for q

\/OC—; \é‘; Cos(thpe\

it is given by

(5.13)

where Vo = 0.88, R = 1.57 and & = -5.2.

The results using this form factor are presented
in Tables XVIIL and X.X along with those of the other
two interpolations. In +this case, the agreement
between theory and experiment is much better than for

the previous two potentials.

The reason why a form factor with an oscillating

tail works better than the usual one, which is cut off
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~ near g=4, is not known. This may be an indication that
nonlocality is important in Si, i.e., the core poten-
tial is not properly cancelled ou‘l:.66'69 ‘It may also

simulate effects due to charge redistribution.61

In a similar calculation, Bednarek} and Rossler
also had to wuse an unusual potential in order to get
good agreement between experiment and theory for the LA
and TA phonon assisted absorption.79 In their case,
the form factor was cut off at gq=4 and approached zero
for small values of q. They felt that their potential

simulated nonlocal and charge redistribution effects.61

A more detailed analysis is required to pin point
the source of the difficulty in obtaining good agree-
ment between theory and experiment for the LA and TA
phonons. In particular, a nonlocal calculation would

be a good starting point for such an analysis.

However, the agreement which we have obtained
through our potential is good and can be taken as a
demonstration of the validity of the "rigid-pseudoion"
model for calculating e-ph and h-ph matrix elements.
An examination of Table XIX reveals that only small
changes in the e-ph and h-ph matrix elements of the LA
and TA phonons would be required to produce very good

accord Dbetween experiment and theory. For example, a
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5% change in the ratio Se—ph/sh-ph for both phonons
would Dbe adequate. Thus our calculation provides a
reasonable description of the e-ph and h-p interactions

in Si.
Germanium

Ge, just like Si is a diamond +type material and
thus Eq. (5.11) can be used to calculate its e-ph and
h-ph matrix elements. However, in Ge, the fundamental
absorption results from FLL indirect processes assisted
by LA and TO phonons. The LA transition has two inter-
mediate conduction band states, fé',c and r;S,c, while
the TO phonon proceeds via [?5,0. Both phonons have

L3, y 28 their valence band intermediate state.
, .

Ekperimental data exists only for AfLA and the
polarization. dependent relative intensities of the LA
phonon in the strained crystal. For the TO phonon
transition, which is approximately one tenth as strong
as the LA process, there is no accurate experimental
data. The 1/10th estimate comes from the WMA work of
Pollak et al.. 1In Fig. 15 we display their zero stress
data. A careful examination of the figure reveals that
there is a weak structure approximately 9 meV beyond
the stronger LA peak. This is exactly the amount by
which the LA and TO phonon energies differ at +the L
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point. Consequently, the weak feature can be attri-

buted to TO phonon assisted transitions. Since, in Ge

there are only two phonon-assisted absorption
processes, the test of the "rigid-pseudoion" model is

not as rigorous as it was in Si.

We have evaluated Eq (5.11) by using a 70 plane
wave expansion for the wave function and a form factor

given by

WUy cos(9) Lo 2
\/‘L - Z’l+ 1> &x P[k'(z za\+ k*(%‘g"fﬂ

(5.14)

where the parameters u Ty and kg are determined by

o’
the known form factors V3, V8 and V11. The other quan-
tities are used to control the form factor in the
regions q2>11.2 and q2<3. The values of the potential
parameters are listed in Table XXI and the form factor
is diplayed in Fig. 16. The phonon polarization vec-

tors for Ge were obtained in the same manner as they

were for Si.

In Table XXII, we list the calculated Qalues of

S and S, _, for the LA and TO phonons (f*z). Por

e-ph h-p

the LA phonon, e-ph matrix elements are presented for

the two allowed conduction band intermediate states,

[—1‘5,0 and r‘2|’c-
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The TO phonon hole scattering requires .two matrix
elements. This is a consequence of the fact that
rgB',v is compatable with JK3’V + J&1,V and each com-
ponent couples to LB',V through the TO phonon.15 j\1

transforms as 2 = —l—(X + Y + Z) while 4A.3 transforms

as X =-—(X-Y) and Y =——(X + Y - 22), where X =
2 V6

yz, etc. Table XXII displays both of the matrix ele-
ments for hole scattering. Our results for the two com-

ponents are consistent with the luminesence study of
28 ko
h—phTO h-phTO

in order to explain their experimental data.15 From

Smith and McGill who found that |S

Table XXLI we see that this ratio is 1/2.6.

In Ge there are no experimental values for the e-
ph and h-ph matrix elements and therefore, the quantity
Afl becomes crucial in testing the calculation. MMQR
provide a value for Afl for the LA phonon, but they
could not resolve the TO transition and thus there is

no known value (to us) for the quantity AfTO.

The lack of data for the TO phonon can be remedied
by making use of the WMA spectra of Pollak et al.,8
which was used in their piezospectroscopic study of the
LA transition. Figure 15 shows their results at 77 K
and zero stress. As previously stated, a line is found

approximately 9 meV higher in energy than the strong LA
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. peak and is a result of TO phonon assisted indireojy
transitidns. This conclusion is based on the fact thal
at L the LA and TO phonons differ in energy by 9 meV, 4
result which was obtained from the study of Brockhouas

and Lyenar.

By using’the procedures described in Chapter IV.,
we were able to fit this peak to the function F(W').4U
The fit is shown in Fig. 17. From this data and Eqa,
(2.1) and (2.4) and by accounting for broadening, we
obtained a value for the quantity AfTO. As a check ot
the procedure, we also evaluated AfLA (see Pig. 18) and
found it to be in good agreement with the value of
MMQR. ' This result gave us confidence in this method,
which had previously been successful in 8i at 1.6 K
(Ref. 48). Consequently, we now have a value of AfTU
with which we can compare the theoretical number. Thy

results of +this analysis are presented, along with

those of MMQR and the theory in Table XXIII.

We have made a theoretical evaluation of the quanw
tity Afl for the LA and TO phonon assisted transitionuy
of Ge. In the case of the LA phonon, the conduction
band energy difference, E(fé.’c) - E(L1’c) - Hwp,, in

on the order of magnitude of S for tha

e--phLA

r}, c—» L1 c gscattering and thus the usual first-ordep
’ ’

perturbation term of Eq. (2.2) ( Se—ph divided by an
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energy denominator) is not adequate in calculating

Af;,. In our work, we used an exact expression for the

fé, 54? L, o, coupling coefficient, which is based on a
’ H :

two band model and is given by1o

1= (+un )R]

d(\’ﬁ) - T 'fa.
%Ll%’l + ["('*"‘IN ] g (5.15)
R
where
_ Se-eny
\/2 ”E(L,,()— E(,) - 7wy
= SQ’P’\L/AEL (5-16)

with this expression, Wl is replaced by
n: |
%: A(\)z\< asjrv' F‘Z]r;.',c.> - (5.17)

It is easy to see that as ,AE%—? 0, d(oe) =>-1/]2
and that as xﬁIEc becomes much larger (in magnitude)

than Se_Phl, d(yl)iv y; and the result of Eq. (2.2) is

recovered. Thus, the +transition intensity increases
asymptotically as AEC—%' 0, instead of becoming infin-

itely large. This phemomena is also important in other
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materials such as ternary compounds, whose fundamental
gap can Dbe changed from direct to indirect by alloy-
ing.81"83

Listed in Table XXiIl are the experimental and
theoretical values of Afl for the LA and TO phonons of

Ge. Included in this Table are the results obtained

from our analysis of the piezospectroscopic data of
Pollak et al.. The agreement between experiment and
theory is good even though the theory overestimates

AfTO'

As a further test of +the calculation, we have
evaluated the polarization dependent intensities of the
LA phonon assisted transitions in the strained crystal
for stresses along [001] and [111].8 This was accom-
plished through the use of +the equations 1listed in
Table VIIL along with Egs. (5.16)-(5.18). The results
of this calculation along with the experimental values
of Ref. 8 are presented in Table XXIV. The agreement
between experiment and theory is quite good for both of
the stresses, for the electric field vector, E polar-

ized parallel and perpendicular to the stress axis.

5.2.2 The Secondary Indirect Gap

Having established the validity of the model for

calculating the e-ph and h-ph matrix elements of the
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primary indirect transitions in Si and Ge, we now will
turn our attention to the secondary indirect gaps of
these materials. The calculation will follow the pro-
cedure, which was used in the last section. The zone
center wave functions and the form factors are the same
as in the previous work. The wave functions at the
other points (L for Si and A for Ge) are computed from
the program described in Appendix C and new phonon
eigenvectors are obtained from the calculation of

Appendix D.
Silicon

The secondary indirect gap of Si results from rLL
transitions, which have been observed to begin at 1.65
eV in the experiments of Formam54. Transmission stu-
dies show a break in absorption data in this energy
range84 and JIE; which is postulated to be a straight
line extrapolates to 1.65 eV. Consequently, a theoret-

ical calculation of the [~L e-ph and h-ph matrix ele-

ments may have a basis for comparison.

Since we are dealing with rlL transitions, the
results of this calculation should be similar to those
in Ge. We expect the electron scattering by LA phonons
to proceed via f;.’c and r‘S,c’ while for the TO phonon

hole scattering, two matrix elements will be required.
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We have evaluated Eq. (5.11) for the [-I scatter-
ing of Si. The phonon frequencies were experimental
values of Brockhouse et al. and the phonon eigenvec-
tors were obtained using the procedure of Appendix D.
In this case, we used only curves (a) and (b) for our
extrapolation of the pseudopotential form factor. The
"histogram" potential was not used, because the T A
work showed +that this was not an accurate representa-
tion of the form factor. The results of our evaluation
of Eq. (5.11) for [L scattering are presented in Table
XXV.

We can test our calculation by accounting for the
absorption in the vicinity of the secondary indirect
gap. Displayed in Fig. 19 are the experimental values
for. ch for photon energies between 1.4 eV and 3.0 eV.
The low energy portion (below 1.65 eV) results from
FL A tranéitions, while the higher energy portion is a
consequence of ~r processes.84 The LA and TO phonon
components have not been resolved. However, we can
presumably extract from the absorption curve the total
L contribution. This would be accomplished by sub-
tracting from the slope of [dfw beyond 1.65 eV, the
slope of the portion of the curve which corresponds to
the [~ A transitions. In this manner, we obtained an

-experimental value for the quantity Ae—h(fTO+fLA)’ In
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Table XVII we list both fLL and [l A contributions to

the absorption coefficient.

Using the theoretical values from Tables XVIII and
XXV [only those of curve (a)], along with the equations
for £; listed in Tables I and II and Eg. (2.12) for

A we calculated the theoretical slopes for the rLL

e-h’
and the {- A contributions to the absorption near 1.65
eV. TFigure 20 shows the phonon dispersion curves for
Si, which we used in our woi‘k.57 In +this evaluation,
the spin-orbit split band was included. The results of

this computation are also presented in Table XXVI.

The disagreement between experiment and theory is
substantial. In addition, the experimental value for
the [l A +transition is about 204 larger than the
theoretical one. This is not consistent with the
results of the previous section, in which the theory
overestimated +the "strength" of the absorption. From
Table XXVI we see that the experimental value of

S is smaller +than the theoretical one and that

e—phTO '
the h-ph matrix elements agree. This suggests that in
the region of the [-L transitions the theoretical F—A
contribution to the absorption coefficient would be
larger than the experimental one. Consequently, we

conclude that something is wrong.
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The fact that there is poor agreement Dbetween
experiment and theory for the [L A transitions gives us
s clue to the source of the trouble. A careful exami-
nation of PFig. (19) reveals that the experimental
points actually lie between 1.5 eV and 3.0 eV. This
energy range 1is quite large and begins approximately
0.3 eV higher than the fundamental gap. The 1linear
extrapolation in the free electron-hole region is based
on the assumption that A _,f, is energy independent.
However, this assumption is valid only for photon ener-
gies near the primary indirect gap. As the photon
energy increases, the energy of the final state begins
to approach that of the intermediate scattering state.
From Eq. (2.2), we see that this will result in an

enhancement of the oscillator strength.

Two other effects must be taken into account.
First, the density of states constant Ae—h may change
when the final state is not near +the conduction band
minimum. Secondly, the e-ph and h-ph matrix elements

can also change with the scattering states.

Based on the above considerations, we conclude
that a linear ‘extrapolation of | AW will not Dbe
representative of the actual absorption coefficient for
energies which are much larger than that of the funda-

mental gap. In particular, if we negelect any changes
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in +the density of states and the e-ph and h-ph matrix
elements, we expect the slope of Jdﬁd to increase with

energy.

An extensive study of the absorption coefficient
. in Si near 1.65 eV is beyond the scope of this thesis.
-
However, in order to gain some insight into the \kl
dependence of the e-ph and h-ph matrix elements, we
' - _omr .
evaluated Eq. (5.11) at k=?r(0,0,0.5). Indirect tran-
sitions to this state will occur at a photon energy of
approximately 1.65 eV to 1.8 eV. In the absence of
experimental data, this value for the photon energy was
obtained by assuming that the actual energy difference
. - _2T ‘o
in ‘A1 o Detween k"?T(O’O’O'S) and the band minimum
’

could be obtained from a band structure calculation.

The results of our calculation for scattering mid-
way into the zone are listed in Table XXVII. Below the
values of the matrix elements, we display Ae-hfl' In
computing this quantity, we assumed that Ae—h was a
constant. From Tables XVIII and XXVII, we see that all
of the matrix elements increase in magnitude. In par-

ticular, the absolute value of S is substantially

e—phTA
: -
larger than it was at the k=%§K0,0,0.85). Therefore,

f. is enhanced by the changes in both the matrix ele-

1
ments and the energy denominators (which have the

greatest effect). The slope of dfiw also increases
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from

76.0 (c—:’\f—cm)'”2 which is extrapolated from the funda-
mental gap to 102.0 (eV-cm)"1/2. This is consistent
with our contention that the the slope is energy depen-

dent.

We can take this analysis one step. further and
calculate a theoretical value for ﬁ;gz;for energies
beyond 1.65 eV. If we do this, we <find +that theory
yields Ao nfiotal = 150.O(eV—cm)_1/2, whereas from
experiment we obtain A _,fi .., = 214.O(ev—cm)'1/2.

Here, f is the total oscillator strength due to

total
both I'- L and I'- A transitions. In this case, the
agreement between experiment and theory is much better
" than if we just linearly extrapolated from the funda-
mental gap. . A more detailed analysis would require

that a calculation to be made at each photon energy of

both f; and A _;-

Prom the above results, we s8see that a simple
linear extrapolation of \Jdiw could easily lead to a
miscalculation.of the contributions to the absorption
coefficient of various scattering processes, such as
[-1 and [1 A. A linear extrapolation can be used only
over small energy regions. However, when large energy

regimes are considered, such as the one in Fig. 19 , a
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more detailed analysis must be made to account for
changes in the density of states, the e-ph and h-ph
matrix elements, the optical matrix elements and the

energy denominators of the oscillator strength.
Germanium

In Ge, the secondary indirect gap results from
[~ A "transitions" and occurs at a photon energy of
approximately 1 eV, which is higher than that of the

direct transitions from r;5' v to r; . Thermoabsorp-
14

',e
tion measurements provides some evidence of these
processes.85 The study found a weak structure near 1
eV, but it was never analyzed it in detail. Conse-
quently, there is no experimental value for the

strength of this absorption.

We have calculated the e-ph and h-ph matrix ele-
ments for each of the allowed (T0,L0,TA,LA) [-A tran-

%
aitions in Ge [ F to k = gaf;LQ,Q%OA.QQL;AAILe*iQ_mLEQ;,A

tors used in +this evaluation were the same as in the

1 work .50

The phonon frequencies were the experimen-
tal values of Brockhouse and iyenar and the eigenvec;
tors were obtained from the procedure of Appendix D.
The quantity Afl was not evaluated because there is no

basis for comparison. The results of our calculation

of the matrix elements are listed in Table XXVIIIL.
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5.2.3 Other Points In The Brillouin Zone

Once the e-ph and h-ph matrix elements of the fun-
damental and secondary indirect transitions are known,
one would like to know how Se-ph and Sh—ph vary as a
function of fﬁl along symmetry lines such as A and N\
in order to obtain this information, one should calcu-
late +the matrix elements at several points along vari-
oﬁs symmetry lines. Such a study is beyond the scope

of this thesis and will not be considered here.

However, in order to gain some insights into the
dependence of the matrix elements on-i and materials
properties, we have calculated them for scattering mid-
way into the zone along A for both Si and Ge and along

for Ge. The results of +these calculations are
displayed in Tables XXVII-XXIX. This work should
allows us to explore the nature of the e-ph and h-ph
scattering. A detailed discussion will be presented in

the next chapter.
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CHAPTER Vi. DISCUSSLON AND CONCLUSIONS

In the preceding chapters, we presented the
results of a piezospectroscopic experiment in GaP,
evaluations of e-ph and h-ph matrix elements is Si and
GaP and various calculated values of the matrix ele-
ments and strengths of absorption coefficients 1in BSi
and Ge. We found good agreement in Si and Ge between
various experiments and the theoretical work, thereby
‘establishing the validity of the "rigid-pseudoion"
model for calculating e-ph and h-ph matrix elements in

these materials.

in this chapter, we will take a closer look at the
results of +the previous sections and try to gain an
understanding of the mechanisms which are responsible
for the relative as well as absolute intensities of
phonon-assisted transitions in indirect-gap materials.
First, we will present a general discussion of the
quantity Afl, which ultimately determines the relative
strength of a given indirect transition. After this we
will present a specific discussion of phonon-assisted
absorption (luminescence) in GaP, Si and Ge. Finally,
an examination of all of the e-ph and h-ph matrix ele-
ments (experimental and theoretical) will allow.us to
examine trends which may occur. in the conclusion to

the thesis, we will present some possible directions
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for future research in this area.

6.1 The Oscillator Strength

An important consequence of our results lies in
understanding the mechanisms responsible for the rela-
tive as well as absolute intensities of indirect tran-
sitions. The following discussion apﬁlies to phonon
emission processes. For the case of phonon absorption,
the occupation number must be included. In a given
indirect gap material, apart from the line shape fac-
tor, the quantity Afl determines the strength of a par-
ticular phonon assisted transition. The oscillator
strength depends on the square of the sum of electron (
U, or Wl) and hole (Vl or Xl) scattering terms. By
considering the various parameters comprising these
terms, we will be able to show that the energy denomi-
nators of Ul’ Wl, etc. and the magnitudes and phases of
the e-ph and héph matrix elements are responsible for
the strength of fl. Both the electron and hole
scattering contributions have the same form: +the pro-
duct of an optical matrix element and S, ., (Sh—ph
divided by an energy difference (e.g. see Table 1I).

For the case of Ge, we must use the exact expression

from Chapter V, which is given by Eq. (5.15).

We will first consider +the optical matrix ele-
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ments. For a given phonon-assisted transition the opt-
jcal matrix elements associated with the electron and:
hole scattering contributions are not too different in
magnitude, e.g. in GaP the ratio of the optical matrix
element at [ to the one at X is 1.2 for the TA phonon
process and 1.4 for the LA mode. TFurthermore, the opt-
jcal matrix elements for different intermediate states
at r1(f}’c, f;s,c in GaP) are also not too different.
Table X illustrates this for all of the materials which
we are studying. Consequently, the optical matrix ele-
ments can in general be ruled out as the source of
large variations in the oscillator strength. However,
it must be noted that they are important in the case
when there is a large degree of cancellation between

the electron and hole scattering processes.

We now focus on the e-ph and h-ph matrix elements.
From our experimental and theoretical results, we see

that the magnitudes of S and Sh-ph can vary sub-

e-ph
stantially. In addition, the relative signs of the e-
ph and h-ph matrix elements are vital because they
determine whether the scattering processes interfere

constructively or destructively. If +the signs of

S and Sh—ph are the same, the electron and hole

1
scattering interfere destructively (the valence Dband

e—ph1

energy difference is opposite in sign to that of the
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conduction band) and vice versa. The effect of this
phenomena can be pronounced and is best illustrated by
the expression for fLO of GaP. For +this case, if

ULO='VLO’ the osciilator strength vanishes.

The remaining parameter to be considered is the
energy denominator in the scattering terms Ul’ Wi, X
and Vl. The values of this parameter can show consid-
erable differences not only for a particular phonon
process (for Ul and V1 of fl), but also among the vari-
ous allowed transitions of a given material (e.g. IA
and TA of GaP). In materials such as Ge and GaP, the
energy difference for scattering proceeding via r;',c
(q,c) is much smaller than any of the other relevant
energy denominators. A resonanace can occur in the
electron scattering term if se—ph/ AE,~1.0. This
effect will be discussed further when we deal with Ge

and GaP.

The preceeding arguments enabled us to understand
which parameters are responsible for large variations
in the relative intensities of indirect +transitions.
We established that both the magnitudes and phases of
the e-ph and h-ph matrix elements and their correspond-
ing energy denominators are the causes of substantial
variations in the "oscillator strengths" of the

indirect transitions in a particular semiconductor. 1In

j
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the following sections, we will apply these arguments

to the indirect transitions of GaP, Si and Ge.

6.2 Gallium Phosphide

In GaP the fundamental absorption results from LA,
TA, TO and LO phonon assisted rLX transitions. The
most intense process is the LA phonon one, while the TA
and TO transitions are approximately a factor of three
weaker. The LO phonon transition is not observed.
Based on the experimental results and the considera-
tions of the 1last section, we can understand the
mechanisms which are responsible for the relative

intensities in this material.

The LA transition, which is the strongest of the
ones observed, is the only process which has r;;c as a
conduction band intermediate state. The energy differ-
ence for this state, E(X1,C) - E(ﬂ,c) -/ﬁwLA is much
smaller than any of the other relevant energy separa-
tions, including the one fér valence band scattering.
The ratio WLA/VLA=—4.5 indicates that the e-ph scatter-
ing dominates over the h-ph process and that destruc-

tive interference occurs between them. Since S
e--phLA

and S are  comparable in magnitude and have the

same phase, i.e., S =0.6, the strength of

- /8
e phLA h—phLA
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the electron scattering can be attributed to the small

energy denominator in WLA'

On the other-hand, the TA transition, which also
experiences destructive interference and has comparable

e-ph and h~-ph matrix elements (S =1.1) is

e-phTA/Sh-phTA

weak. The conduction band intermediate state of this

process is Y;S c which is much higher in energy than
’

B

tron scattering and +the ratio UTA/VTA=—1.6 confirms

c* In this case, no "resonance" occurs in the elec-
’
this. Consequently, destructive interference makes

this transition weak.

The TO phonon assisted transition 1is somewhat
stropger than the TA one, but also much weaker than the
LA process . In the absence of values for the e-ph and
h-ph matrix elements, we do not know which mechanism is
responsible forbits relative intensity. The only thing
that we can say with certainty, is that a resonance
does not occur for this phonon assisted process, 1i.e.,

it has the same intermediate states as the TA mode.

The LO phonon assisted transition is so weak that
it is not observed experimentally. As stated in the
previous section, the expression for fLO showé that
total destructive interference can occur between the

electron and hole gscattering processes. This
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phenomenon 1is probably responsible for the fact that

the LO transition is too weak to detect.
6.3 Silicon

For Si, we have both experimental (T0) and
theoretical (all phonons) values for the T~ A matrix
elements. In this material, the energies of [;5,c and
-fé.,c intermediate states are similar and well
separated from that of the conduction band minimum at

A. The valence band energy separation is'not too dif-
ferent from those of the conduction band. Thus, a
resonance in the oscillator strength can be ruled out
as a mechansism responsible for the dominance of the

intensity of any indirect transition in this material.

in the following discussion, we will show that a
delicate Dbalance between the magnitudes and phases of
the e-ph and h-ph matrix elements 1is responsible for
the observed relative strengths of these transitions.
From Table XVIII we see that constructive interference
is responsible for the dominance of the TO phonon.
Although the TA phonon also exhibits constructive

interference, it is weak because S, and Sh—ph

~Phpy TA
are substantially smaller in magnitude +than +the e-ph
and h—ph. matrix elements of the other phonons. For

both the IO and LA modes, the electron and hole
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gscattering interfere destructively. 1In the case of the
LA phonon, the transition is very weak despite the fact
that its matrix elements are large in magnitude. The

ratio S is such that almost complete des-

e‘PhLA/Sh‘PhLA
tructive interference occurs. On the other hand, for

the LO phonon, S -0.36, indicating that

e_phLO/Sh_phLO
the effect of destructive interference 1is reduced.
Furthermore, we see from Table I that the hole scatter-
ing term can never totally cancel the terﬁ for the
electron scattering, i.e., even if VLO=_ULO’ the e-ph
process will still contribute +to the oscillator

strength.

The above discussion allows us to understand the
gensitivity of the relative intensities of the LA and
TA phonons. In the case of the LA phonon, if the bal-

ance between Se_PhLA and Sh_phLA is not just right, its

intensity could become stronger than that of +the TA
phonon. In the case of the TA phonon, the matrix ele-
ments are small, indicating that a large amount of can-
cellation occurs in the sums of Eq. (5.11). If somé of
the terms do not add properly, the matrix elements
could easily change phase and thereby result in poor
agreement with experiment. These effects were illus-
trated in the last chapter, in which we saw that two

form factors which differed only at large values of gq
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produced significant differences in the relative inten-

sities of these two phonons.

From these considerations, we see that accounting
for the relative, as well as the absolute intensities
provides a rigorous test of the "rigid-pseudoion”
model. The calculation must yield the correct magni-
tudes and phases of the e-ph and h-ph matrix elements

for each of the |- A transitions in Si.
6.4 Germanium

In the case of Ge, the fundamental absorption
comes from rLL transitions, in which only LA and TO
phonons participate. The LA phonon process has Dboth
r;}’c and r;S,c as its conduction band intermediate
states, while the TO phonon transition proceeds via -
only r?5,0° LB',V is the valence band intermediate
state for phonons. The LA transition 1is at least a

factor of 10 stronger than the TO one.

In Ge, the energy separation, E(L -E([2, ) is
1,c 2',c
substantially smaller than the valence band or
L — [ energy differences. Therefore, the elec-
1,e 1§5C

tron scattering via f; dominates the oscillator

I’c
strength for the LA phonon. However, the other
scattering mechanisms contribute to polarization depen-

dent relative intensities in +the strained crystal.
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Without these processes, we would have
woun L 1 1 1 1,1 .

A3/A1=A4/A2=A3/A1=3 and A2/A3=1 ( see Table VIII).
From Table XXIV, we see that this is clearly not the

case, indicating that the 15 c—%L electron scatter-
1

1,c
ing and the hole process are important in understanding

the indirect absorption in Ge.

The role of the r?S,C scattering in the oscillator
strength can be understood by considering the magni-
tudes and phases of the matrix elements of this phonon.
Se-ph for the r:S,c process is greater in magnitude by
a factor of 2.5 than Se—ph for r;',c and opposite in
sign. Since the hole and r",c electron scattering
interfere constructively, the transition proceeding via
f}s,c reduces the effective "electron scattering" or
enhances the effective "hole scattering". This
phenomenon manifests itself when we use the expefimen—
tal data of Table XXILV to obtain a value for the ratio

of S for r;',c scattering and sh-ph . By

LA
neglecting r:S c in +the analysis we find that
’

e-phLA

Se_phLA/Sh_phLA=—O.16 (Ref. 8), whereas from Table XXII

we see that this ratio is actually -0.43. Thus the
hole scattering is "artificially" enhanced, in accord

with the picture presented above for the role of the

r;5 e gscattering.
?
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The fact that the TO phonon transition is much
weaker than the LA one can easily be understood in

terms of the fact that S is much smaller in mag-

e—phTO
nitude than the e;ph matrix elements of the LA phonon.
The h-ph matrix elements of both phonons are comparable
in magnitudé. Therefore, the combined effect of a
small e-ph and h-ph matrix element and the Ilack of a
resonance in its energy denominator, make the TO phonon

transition much weaker than the LA one.

6.5 Trends in intervalley Scattering

In addition to understanding the indirect transi-
tions in GaP, Si and Ge, we can use the results which
we obtained to explore the nature of the infervalley
scattéring in DZB semiconductors. In order to do this
more effectively, we have summarized the [- A(X) (also
midway into the zone) and the rLL numbers into two
tables, one for each scattering direction. All of the
materials which we studied are represented here. For
8i and Ge we listed the theoretical values and for GaP,
the experimental numbers are presented. Tables XXX and
XXX[ contain this information. In this discussion, we
will first compare the matrix elements of different
materials along a given direction and then we will
study the-§ dependence of the scattering in a particu-

lar semiconductor.
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An examination of Table XXX allows us to explore
the differences between the [~ A matrix elements of Si
and Ge. Excluding the TA phonon, +the magnitude and
phase of the ratio se-ph/sh—ph for a given phonon is
similar in both materials. However, the individual
matrix elements of Si are consistently larger in magni-
tude than the corresponding Ge numbers. This analysis

also applies to the [-L matrix elements.

The TA phonon r‘— ZX gcattering exhibits the
greatest difference between the +two materials. For
example the phases and the magnitudes of the ratio
Se-ph/sh—ph are not +the same in Si and Ge, e.g., the
absolute values of Se—ph/sh-ph differ by at least a
factor of two.. We should note that in both cases the
matrix elements are substantially smaller in magnitude
than those of the other phonons. In addition, the GaP
values for this phonon are substantially different from
the Si and Ge numbers?. This indicates that the TA
phonon e-ph and h-ph matrix elements are the most sen-

gsitive to materials properties.

A comparison of the f14A and fLL numbers for Ge
listed in Tables XXX and XXXI reveals that the longitu-
dinal phonon matrix elements for the two scatfering
processes are similar, while those of the transverse

phonons are not. We notice that the 1longitudinal
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phonons "which have ré. c 88 an intermediate state (LA
’
for rLL and LO forfl A ) have similar matrix elements

for both scattering directions. This also holds true

for the longitudinal phonon processes proceeding via
rHS,c‘ For the valence band, the analysis is not
straight forward, since for [~ A voth LA and LO phonons
have AS' ,v as an intermediate state. In this case, we
notice a similarity between Se—ph of the LA phonon for
both scattering directions. This analysis seems to
indicate that the longitudinal phonon matrix elements
are 1; independent, provided that the initial and final
gstates are at points of special symmetry. However, the
matrix elements of Ge midway into the zone along

support this idea only for the ré',c and the valence

band .scattering.

We will now compare the rl A longitudinal phonon
scattering in Ge +to similar processes in Si and GaP.
In GaP, the LA phonon (J*X) has F,c as its conduction
band intermediate state. The e-ph matrix element for

this phonon; S ==7.6+1.1x10"9Ry is very similar

e-phLA
to those of Ge for the P—l&(LO) scattering. However,
the h-ph matrix element of the LA phonon in GaP 1is
somewhat smaller in magnitude than the corresponding
one in Ge, indicating that +the hole scattering is

materials dependent.
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In the case of Si, our previous discussion showed
that all of its |- A matrix elements differed from
those of Ge. Furthermore, an examination of the
results for the scattering from r‘to L and from r'mid—
way into the zone along A reveals a '1? dependence of

the. matrix elements.

In order to gain further insights into our
results, we will examine the nature of the lowest con-
duction bands at [7 of these three materials.  From
Figs. 2 and 3 we see that Ge and GaP are similar in
that the 2,,0([;’0) state is ‘the 1lowest conduction
band at'z=0 and is well separated from the next highest
conduction band, r;s,c. The energy of r"',c lies just
above that of the conduction band minimum (X in GaP and
I, in Ge). in GaP this separation is approximately 0.5
eV and in Ge it is 0.1 eV. In Si (see Fig. 1), on the
other hand, the ordering of f;,’c and r;B,c is
reversed and both bands are much higher in energy than
the conduction band minimum at A . Our results suggest
that the location of ré',c(r;,c) has a bearing on the
ﬁ'dependence of the scattering by longitudinal phonons

from this state.

We will finally examine the scattering from r'to a

point midway into the zone along A . 7This calculation
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was performed only in Ge and is included because of its
interesting results. For this scattering, the LA and
L0 phonons have the same symmetry. This is also true
for the +transverse phonons. From Table XIX, we see
that the matrix elements of the LA and LO modes are
very similar and that their sum is approximately equal

at L. The transverse phonons also exhibit

-
this feature. The k independence which was discussed
previously, applies in this case if we consider Dboth
LA and LO phonons as a single mode with an "effective"

matrix element given by
e§§ g S
- + -
Q‘P“ [ eph e-ph ‘]

This value is somewhat smaller than the matrix element

Ifo.

for [LL scattering, but it is close enough to the other

so that the scattering seems to be "isotropic".

We conclude this discussion by summarizing our

results. We find that:

(a) The scattering along both A and /A in Si and Ge
is somewhat different, with most of the matrix
elements of Si being larger in magnitude than the

corresponding ones of Ge.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 102 ~

(b) The TA phonon matrix elements are the most sensi-

tive to materials properties.

-—p
(¢) "The location of ré',c(r;,c) has a bearing on the k
independence of the "s-like" scattering which

proceeds via this state.

(d) The [- A scattering, midway into the zone also
exhibits the k independence, if both the LA and LO

phonons are considered in the event.

Thus, we found some trends in the intervalley
scattering in Si, Ge and GaP. The underlying reasons
for these trends are presently not understood and can
only be ellucidated through a more detailed study of

the scattering mechanism.

6.6 Summary And Conclusions

In summary, we have performed an experimental
study in GaP of the intervalley e-ph and h-ph matrix
elements for [-X scattering by LA and TA phonons.
Using these results and similar experimental numbers
for the [- A TO phonon transition in Si, experimental
values and theoretical expressions for the absorption
coefficient, we were able to evaluate certain e-ph and

h-ph matrix elements in Si (TO) and GaP (LA,TA).

We then performed theoretical calculations of the
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e-ph and h-ph matrix elements in Si and Ge, using the
"rigid-pseudoion" model. [- A and [-L processes were
considered in both materials, as well as scattering
midway into the zone along A (Si, Ge) and _/A\ (Ge).
From the results of this work, we were able to account
for the relative as well as absolute intensities of the
indirect transitions occuring at the fundamental gaps
of both Si and Ge. In Ge, we were also able to calcu-
late the correct polarization dependent relative inten-
sities of the LA transition in +the strained crystal.
Based on the success of the calculations, we concluded
that the "rigid-pseudoion" model provides a  good
description of +the e-ph (h-ph) interaction in Si and

Ge.

ihe results of both the theoretical and experimen-
tal work allowed us to understand which mechanisms
governed the intensities of indirect +transitions. We
found +that %both +the magnitudes and phases of the
scattering matrix elements were important as well as
the energy separation of +the final and intermediate
states. The phases of the matrix elements determined
whether +the electron and holé scattering processes
interfered constructively or destructively. The effect
of the interference was found +to be crucial in Si,

while in Ge, the energy denominator was most important.
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In GaP, Dboth effects were utilized in explaihing the

intensities of the indirect transitions.

in studying the secondary indirect gap of Si, we
found +that a simple linear extrapolation of{dhw in the
free electron-hole pair energy region was not appropri-
ate for analyzing the absorption process. This was a
result of the fact that both A, , and the oscillator
strength were energy dependent over large range of pho-
ton energies. This effect was demonstrated for the

quantity fl.

The study of the dependencé of the matrix elements
on material and scattering direction revealed some
interesting trends. We found that the matrix elements
for a given direction were somewhat different in Si and
Ge. The TA phonon values were found to vary substan-
tially within Si, Ge and GaP. In examining the_i
dependence of the scattering, we found that in the "g-
like" electron scattering by longitudinal phonons, the
location of the l‘é.,c(ﬂ,c) state was important. In Si
this type of scattering was anisotropic and ﬁa depen-

dent, while in Ge and GaP it was not.

In conclusion, this thesis has provided consider-
able information about the nature of indirect transi-

tions and their associated intervalley e-ph and h-ph
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scattering elements in GaP, Si and Ge. We also gained
some insights into other scattering along other high
symmetry directions. Prom a theoretical point of view
we showed that the "rigid-pseudoion" model is a good
description of the e-ph and h-ph interaction in Si and
Ge. In the next section, we will briefly consider some

possible future directions for research in this area.

6.7 Possible Future Research

In this thesis, we established the utility of
indirect +transitions in studying intervalley e-ph and
h-ph scattering and demonstrated experimental and
theoretical +techniques for obtaining e-ph and h-p
matrix elements. It is now possible to perform a sys-

- tematic study of these interactions in various semicon-
ductors. The experiment, described here can be used in
other indireét gap’ materiais such as AlAs and AlSb.
This would provide experimental values of the matrix
elements, which can be used as a basis for comparison

with a theoretical calculation.

From a theoretical point of view, the I'"rigid-
pseudoion" model can be extended to the III-V materi-
als. In this application many new aspects of the cal-
culation will be encountered. One of these lies in

calculating the phonon eigenvectors. In a recent arti-
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cle, Martin showed +that +the eigenvectors of the
transverse zone edge phonons in GaAs are model depen-
dent.87 Therefore, an accurate calculation of the lat-
tice dynamics will be required. At this point, it is
not certain which model should be used. Another prob-
lem which arises in these types of materials 1is the
fact that the electron distribution is not the same
around the two atoms of the basis. This may have an
effect on the form of the e-ph (h-ph) interactions. In
addition to this, the lack of inversion symmetry com-
plicates the evaluation of Eq.(5.8), which must be used
instead of Eq.(5.11).

From the point of view of basic solid state phy-
sics, the assumptions of the "rigid-pseudoion" model
should be examined. This can be accomplished by first
performing the calculation nonlocally and then changing
the form of the screening. In our calculation, we dis-
placed a screened potential, whereas in a more accurate
approach the bare ion e-ph interaction is first calcu-
lated and then it is screened nonlocally. Ziman and

Sham discuss this in more detail.t! A

study such as
this should permit us to understand the reason why the
usual local form factor (as in Ge) does not work well

for the LA and TA phonons of Si.

Other theoretical applications can come from a
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study of phonon scattering in ternary compounds whose
gap can be adjusted from direct to indirect by alloy-
ing. In these materials, we can study the effect of
alloying on the e-ph interaction. We can also consider

nonuniform alloying of ternary compounds.
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APPENDIX A : OPTICAL AND PHONON SCATTERING SELECTION

RULES

The various expressions for the oscillator
strength, fl, which were derived in the text, used the
gelection rules presented in this appendix. The |J,MJ>
ﬁave functions are given by the equations which are

listed below. Along the [001] direction, we have

13/2,3/2>55; = (/2] + i) (A.1a)
13/2,1/2> 40, = (1/{8) |22t - (X + i1)&> (A.1D)

[1/2,1/2>54, = (1/PNZd + (X + i) (A.1c)

while along [111] we have

13/2,3/2>,,, = (1/@D}E + DD (A.2a)
13/2,1/2> 1, = (1/{6) |22 + (X + iD)¥> (A.2b)
11/2,1/2>,,, = (1/B))2t - X - Db (A.2c)

where i, ?, and Z have been defined in the text.
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Ih the following section, we will present the
gelection rules for [ - X(A ) and ' - L processes. The
latter processes will not be treated in detail because

they can be derived from the - X(A) selection rules.

A.1 ['- X(A) Transitions

Optical Selection Rules

The matrix elements of &°'F between ré (orls )
'V T,v

and r; . are given by
,

o) a1y = el Ry | T =
(Mol RIThey # 0 (4.3)

For the case of ré v or r% y) and r;S o» the only
’ .

non-zero matrlx elements of e’p are

<15 \ P | ns,c7 < rﬂ,N\f’xl r'/JJc> =
<'P8,m \ P(@) r/'S,r.> <P& r\rl e\g\ r‘s,c.> =

. { 3,«;!?‘ ,SC_ ﬂ\P\U.;:c>¢0

At the zone edge, the only non-vanishing matrix ele-

(A.4)

ments of $°B between XS and X1 c are:
b

,v

(X Lo XLy = {0\ Rl X500 # 0
(A.5)

along (100) and
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<x,ac\&|xzm>:<xbc\Pz)XZ~> # 0 (1.6)

along (010) and

<Xla¢‘ P«‘X;ru>z <X‘a"~\ F‘{,\ XE(Q # 0
(A.7)

along (001).

Selection Rules for LA Phonon Scattering

The only non-zero matrix elements of HLA for

r;’é* X1,c scattering are:

TV HA XY # 0
(A.8)

for all of the valleys.

The only non-zero matrix elements of HLA for

X. .= scattering along the (100) valley are:
5,v 8,v

<Pl Ml X 27 = <R T hhal Xg
=)

while along (010) the only non-vanishing matrix ele-

(4.9)

ments of HLA are:

<Egjv \ HLA' Xz,~> - Ql:\ HLAlX—;>

(A.10)
%0 :

and along (001) the only non-vanishing matrix elements
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of HLA are:

<,—‘6:11H141X;m> = <P8?'U! HLAIX“}""’> #0
(A.11)

Selection Rules for Transverse Phonon Scattering

" Since both the TA and TO phonons have the same
symmetry (in this case), we will use the subscript T to
represent TA and TO scattering. For r;5 -+ X

yC 1,c
gscattering along the (100) valley, the only non-zero

matrix elements of HT are:

(T2 %= (T HE ) # 0

(A.12)

while along (010), the only non-vanishing matrix ele-

ments of HT are:

(T NHr ey = (hae el 20

15y ¢
(A.13)

and along (001), the only non-zero matrix elements of

HT are:

: <RZL\HT—IY‘JC>:<r}ch H?rlx\,c.» —',l' O i
’ (A.14)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 112 -

For X r" scattering along the (100) valley,
S,V 8,V '

the only non-zero matrix elements of Hp are:

(s TRy = AT IHE Iy # 0

while along (010), the only non-vanishing matrix ele-

ments of HT are:

Y ¥ 1vE S = (T HE | Y es
<P%WIHT \Yﬂ"’> < 1*)"’\ Tl 5, > #D (A.16)

and along (001), the only non-zero matrix elements of

HT are:

o Tyt
<F€,xu 'H | Xsp7 = <P“’“l HT\X&W> # 0 (A-17)

Selection Rules for LO Phonon Scattering

For r;5 o X, scattering along the (100) valley,
! ’ ‘

c
the only non-zero matrix elements of HLO are:

<P::’<,C\'HT_0\ Y‘sc\] + 0

(3.18)

while along (010) the only non-vanishing matrix ele-

ments of HLO are:
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<P13¢l Hl\-}o | ¥,y # 0 (A.19)

and along (001) the only non-zero matrix elements of

HLO are:

<rl:(. l thol X"°> + O : (A.20)

For X ~ [X . scattering along the (100) valley,
5,V 8,v

the only non-zero matrix elements of HLO are:
. X |7 > v vy
<P ,t[ HLO‘X6‘7»U7 - <P%w"" HLO\ Xb’;"’7 #' O (A.21)

while along (010), the only non-vanishing matrix ele-

ments of HLO are:

< P?;%'v } HL\}DIX:’,O> = <F€?(W) HZD\Y?{U>7€ 0

(A.22)

and along (001), the only non-zero matrix elements of

HLO are:

< r{fm ) Hfo lxi,'u>: < FQ\,’/U \ H;\Xz,u> + 0
(A.23)
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A.2 [~ L Transitions

The selection rules for r'— L processes can be
derived in +terms of the above selection rules and the
fact that Hp, transforms as Ly, = (1/J3) (x+y+z) [along
(111)] and that Hp, transforms as L3,, which can be
either T, = (1/NT ) (k-y) or I, = (1/J8) (k+y-22).

For example, we will consider the optical matrix
element for the +transition from réS',v(rg,v) to
'ré',c(r;,c)’ with the wave functions oriented along the
(111) axis. We write the optical matrix element along
(111) as: |

CZ|Ps\Ty >= -‘3- XY+ 2\ B R ) 10
= x| el T
— <\(\ Pv\ F&Lrﬁ
- <2\ PZ\PQ'_,(\>

where we used p; = (1/[5)(px+py+pz) and
1Z> = (W/VDIX*+Y+2Z),

(A.24)

The electron and hole scattering can be treated is
a similar manner by expressing the states and H1 in
terms of their components along the x, y, and z axes [

the (001) system] and proceeding as we did above.
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APPENDIX B. CURVE F.TTING PROGRAMS

in this appendix, we will discuss the procedure
used to fit the experimental WMA spectra to theoretical
curves. The two programs which are presented here were
specifically written to run on a Tektronix 4051 com-
puter and extensively utilize 1its graphics capabili-

ties.

The first progrém serves as a filter for the
second, which performs +the actual fit. Raw data,
obtained from a chart or automatically taken from +the
experiment 1is inputted into a file in a specific for-
mat. The first program 'then displays the complete
spectrum and allows the user to choose which portion of

" the data is to be fitted. The resulting set of points

is then placed into a temporary file on tape.

The second program reads the temporary data file
and plots its contents. The wuser +then chooses an
approximate background, which is subtracted from the
data. A Gaussian (Eq. 4.5) is then fit to the new
experimental points. The amplitude of the Gaussian is
chosen to correspond to the largest experimental value
of dd/dE. The broadening parameter is obtained from

the condition €2/(2["%) = 1.

The iteration process is carried out in the same

\
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fashion as described in Chapter IV. The advantages of
this technique lie in the fact that visual adjustments
of the fit provide an accurate aid to a very simple
procedure and allow one the option of terminating the
program when the best fit is attained. TFor the case of
Si and Ge, the function F(W') (Eq. 4.4) replaces the
Gaussian and a logarithmic background is used instead

of a parabola. The program listing begins on the next

page.
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APPENDIX C. PSEUDOPOTENTIAL CALCULATIONS

in this appendix, we describe the local pseudopo-
tential technique and present a computer program, writ-
ten in Fortran IV, which calculates the energy levels

and wave functions of Si and Ge.

Within pseudopotential theory, the Hamiltonian for

a electron in the crystal can be written as

H= {;‘o + VL, (C.1)

. 2. .
where m, is the electron mass, p is its momentum and

Vps is the appropriately screened pseudopotential.

When the full theory is employed, V is an opefator.

ps
A simplification which is often made is the assumption

that the pseudopotential is a weak function of posi-

tion, i.e., V__ = Vps(r). This approximation leads to

ps
the "local pseudopotential” technique. The wave func-
tions are plane waves and are given by Eq. (5.7) of

Chapter V. By Fourier analyzing v and using Eq.

ps
(5.7) for +the wave functions, we obtain the following

matrix Schroedinger equation
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der|L £ (R-CF-E)bgz Ug gl =0~ O

where E is the energy, k is the wave vector in the
Brillouin zone and QIG—G' is the PFourier transform of
the local pseudopotential. QIG—G' is called the form

factor.

The form factor of Eq. (C.2) 1is appropriately
gcreened. and includes the structure factor which con-
tains information about the geometry of +the crystal.

The form factor can be written as

U=z = SE) Vg

{ (c.3)
where Va is the atomic form factor and S(d) is the
structure factor and is given by

.= Do
7\ = e
S@)=n, 2
%

(C.4)

where Ntbis the total number of atoms and ﬁg is the
atomic position. For diamond +type materials, S(a)

becomes
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S@)= ws(T-* (c-5)

where 7 is a basis vector and has been defined previ-

ously in Chapter V.

In Eq. (C.4), Va is the screened atomic form fac-

tor and is given by

b -
vi = Vg /e@) (c.6)

where V% is the Fourier transform of the local bare-ion
pseudopotential and €(q) is the dielectric function.
The approach, which we are using for our work does not
consider the division of Eq. (C.6) explicitly, i.e.,
the values of Vq are empirical and not a result of a

model potential and dielectric function. In our calcu-

lation we have used the analytic form of V, from Pan-

q
telides, which is given by: !>
2
"G’/L|<l ' 3)a. ..{/L/a
_..g— ’11'3[3 ' m™ 2
\/CZ’——_).L b\(ﬁ—\) < + ba(qaﬁ e

(C.7)

where £ is the volume of a primitive cell, b1=20,
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b2=—17.7, a1=0.633 and a,=0.459. This form factor
reproduces the empirical values of Cohen and

Bergstresser (C—B).74 For Ge, we used the C-B values.

The computer program, which we used is an adapta-
tion of one written by S. Pantelides. It is written in
Fortran IV and is designed to run on an IBM computer,
wich contains an International Mathematical and Sta-
tistical Library (IMSL). The subroutine, which per-
forms the diagonalization of Eq. (C.2) is called DIAGRS
and can easily handle matrices wup to dimensions of
100x100. The subroutine allows one to output the
eigenvectors and (or) eigenvalues, thus facilitating
calculations of the band structures of Si and Ge. Since
the program is fairly straightforward, we will not
present it here. However, it 1is available from the

author upon regquest.

An adaptation to zincblende materials can readily
be made by' modifying Egs: (C.3) and (C.5). In this
case two form factors, symmetric and antisymmetric must

be used.
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APPENDIX D. RIGID-ION LATTICE DYNAMICS

In this appendix, we will outline +the lattice
dynamics which were used to calculate the phonon eigen-
vectors. The treatment presented here closely follows

that of Lax.!|

In the rigid-ion approximation, +the dynamical

equation is given by

Dap A
> RTe8 = Ma Ry

/3 ' (D.1)

where é/3is a polarization vector with a Dbasis index
&~y
' A . R*? is the dynamical matrix, which is related to

the forces between the atoms of the crystal through

- o —7?
L‘zv' ( R’&)/B— RLJ\)

Rpe =3 KPR R2y @
FEE s YA

4 (D.2)
*«.rhere‘f(x‘i-'3 is the force matrix between +the particles
located at RO and R® .

Jafp 1,4

In our calculations, we will consider only the
second nearest neighbors in diamond type materials.

For +these semiconductors, there are four nearest

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



_1"52_

neighboré. By considering +the symmetry operations
which leave the forces between +the atoms located at
7&:(&/4)(000) and -'Ez=(a/4)(111) invariant, we can show
that the force matrix between thesé two particles is

given by

T & A
K\,&\: P & A
|
VY- (D.3)

And in a similar manner, for the second nearest neigh-

bor, which are located at (a/2)(1,1.0) we find
AV CS'T

K‘A |y~ 9
2 s 5 X (D.4)

-}

where the subscript in Egs. (D.3) and (D.4) refers to
the neighbor type, i.e., first or second nearest. The
force constants for the remaining three first nearest

and seven second neafest neighbors are obtained by
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appropriate rotations of Egs. (D.3) and (D.4). With
this, we <find the elements of the dynamical matrix to
be.

Ry, = 4+ §a— ool tes(ry) + oo 0o

+H5 [l— cos (TTRy) eos (rrp%y]
) . '
xy = Hy Sy (TP S (T 24
= —a[eoslT ) cos (5 7)) cos (R .Y -
£ sin(TRysin(E 8) sin (B 7)) (0.5)

R‘—XQ% - L/ A [COS(TTQ‘E P%} (os(% ({7{> S!V\<%: Pa) -

2 s (ZP)Y cos(Lh) cos (L P%)]

(
&
KXY

R
FS

where 3 is in units of 2#/a. The remaining components
of the matrix can be obtained by using its symmetry
properties. Lax list all of the relationships between
the various elements of ‘I—{»"L/“’. Here, we will only
present those which are derived by interchanging the

indices. These are given by
AL AB
R\)v (P-,) P.,a., P%) = R‘)(?( (P"h P’X J?q:\

3 4 '
RAzi (R, Py Fa)= R (Pas Py P«\ (D.6)
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In our work , we made the dynamical matrix eqﬁa—
tion real by using the transformations of Eqs. (5.10) .
The force constants were obtained by solving the fol-

lowing equations at the X point:

//\u)g‘,_A(OOI'): Y& + 16

M S, (001)= Ha+ B(uiN- 4 /b

(D.7)
M Wiy (00) = 4 a% B ueaVt
and at the L point we used
Mw?m ()= Qd =28 +Ep+ In- Y
(D.8)
and at the zone center
A
M OOLO(O’OJCB: HOK
(D.9)

These relationships were obtained by diagonalizing the
dynamical matrix at the particular symmetry point. Our
program sets up and diagonalizes the dynamical equation
along A and A and provides the eigenvectors. [t

also yeilds the eigenvalues, which as stated in the
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text are not very accurate.
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APPENDIX E. THE PROCEDURE FOR CALCULATING THE E-PH AND

H-PH MATRIX ELEMENTS

The evaluation of Eq. (5.11) is straightforward.
The form factors are obtained from the interpolations
given in Chapter V and the plane wave expansion coeffi-
cients come from the procedure of Appendix C. The pho-
non polarization vectors are obtained from the program

described in the previous appendix.

The only difficulty occurs in determining the
orientation of the wave functions which are obtained
from the pseudopotential program. The diagonalization
program does not distinguish between equivalent orthog-
onal axes . For example, the r}5,c and r;5',v states
were oriented along (111), (101) and (121), while the
AS,V states along the (001) valley were oriented élong
(110) and (110).

This problem necessitated an analysis of the out-
put of the pseudopotential program. The orientation
was determined by performing successive interchanges of
the components of the 6 vectors. Once the orientation
was determined, the coefficients were entered into the
program. This resulted in the use of seperate programs

for the e-ph and h-ph calculations.

The program to calculate the e-ph matrix elements
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in Si was written in PFortran IV. It is designed in
such a way that several form factors may be used. In
an actual run one changes +the potential simply by
exchanging the comment ( the ¢ at the beginning of a
given statement)indicator. Furthermore, this version
can output the result of each step of the Acomputation.
This 1is accomplished by removing the c's at the start
of each write statement. If this is not done, only the
final values of the matrix elements will be printed. A
listing of this program is available from the author

upon request.
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Table VIII.
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Polarization dependent relative int:er_1_§ities of the LA
phonon assisted,[ - L trgnsition for X111 and

X Il (oo1] and E.l.? and E |l X, Scattering from F'15 o
13
is included. The quantities W_,, UL A and VLA are
defined in Table II,
- - -
X Wiy EIl X EL X
1 1 2
A 3C Wt Upy) §¢ WA~ oAt Via)
1 1 2
) 0 AT TR TY
1 2 1 1 2
Ay 2C W= 3UpaF V) ¢ VLA~ 30t Via)
4 3. (2 1 1 1, |2
t Bl (Vpp - 20a) + 3( Wrat 2%at 3VLA)
4 3. .2
77'( VA~ EULA)
4 3, (2 1 1 2
A, 77¢ Vpa~ 29040 (V= 2Vt Via)
1 1 2
+ CWppt U 3V)
4 3, |2
+ 727( VA~ EULA)
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Table VIII. continued

- - - S -
x || [oo] EILX ELlX
8 2. |2 2, .2 2
B, 3¢ Wpat 3V ) 3Vt 3V )
4 3 2 10 3. .2
+ 57( Vpa~ 3054 ) + 37( Vo~ 201a)
. 4 3 2 2, |2
B, 3¢ Via~ 2% ) 20 Wt 3V, )
2 3. .2
+ 50 Vpa~ 304)
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Table X. Experimental values of various optical transitions
(in eV ) in Si, Ge, and GaP. Also listed is exciton
Rydberg (eV).

a . b

Si Ge GaP
R 0.0143° 0.00390% . 0.020°
£ g e,h
E 4 (primary) 1.10 0.735 2.320
E, ( Qs,’v-* l;‘,’c) 4.0% 0.880% 2,870
E! ( r2‘5',v—9‘ 7s,c) 3,322 3,233k 4,473
a i 1
E, (Ly = Ly ) 3,37 2,375 -
- a _l m
E, (A5 7> A 0 4.31 5.21
] ’ n (o] _1
Eind (secondary gap) 1.65 1.0

_a. Ref, 50. These are 300 K values, except for Eind’ which is
‘ a low temperature number.

b. All values are at 77 K.

c. Ref. 13,
d. Ref. 37,
e, ﬁef. 11.
f. Ref., 2.
g. Ref. 1,

h. Ref. 9. This is a 77 K value.
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Table X continued,

i. Ref. 51.

j. Ret, 52,

k. The value of Ref. 50 dis a 300 K number. In order to estimate
the 77 K value, we added 0.10 eV to the 300 K number, The
accuracy of this quantity is not critical to the calculation in
Ge,

1. Values which are not listed were not needed in our work,

m. Ref, 53, This is a 2 K value,

n. Ref, 54,

o. Ref. 43,
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Table XI. Phonon energies at -various points in the Brillouin
zone for Si, Ge and GaP. The values are listed in

units‘of 10'3eV (meV).

() 1A TA TO Lo
si (A) 44,02 . 18.02 57.02 . 55,0%
Ge (A) 25.0° 10.0° 33,0° 29.0°
GaP (X) 31.0¢ -+ 13.0°% 47.0% 44,0°%
-

& = %—'—'20,0,0.5) LA TA T0 Lo
si 31.0% 16.0% 61.0% 60.0°
Ge 17.0° 9.00° 34,0° 33.0°
> ”
k=2, @ LA TA . T0 10
s1 - as.0f 15,0¢ 59.0 52,0
Ge A 26.0° 7.00° 33,0P 29,0°
S .

% = —2'%(1,1,1) LA TA T0 L0
Ge 16.0P 6.80°  37.0° 25,0°

a. The LO, TO and TA values are from Ref. 13, while the LA number
is from Ref. 55, .

b. Rgf. 56.
c. Ref. 5.

d. Ref. 57.
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Table XIT. Various materials parameters (in atomic units ) of
’ Si, Ge and GaP. Also listed are the optical matrix
elements of select transitions at the Brillouin zone
center and and near the X and L points,

si ’ Ge GaP
3.382 4,0° 3,33
ala, ‘ 10.2¢ 10.7° 10.34
* nC c e
M /m 0.52 \ 0.34 -
m/m (A) | 0.92F 0.799" 1.7t
n/m, (&) 0.19% 0.20f 0.19%
m /m (L) 1.418% 1.588% e
m /m, (L) 0.130° 0.0815°  -°
' ' - £ - £ £
M5t oo Mo oY 0.600 0,680 0.610%8
(135. v‘ px\ . 0.525° 0.535% 0,500 *8
9
f f f,g
<A5’v \ px\ A 0.570 0.525 0.430%
£ £ e
<L3,’V | pil LI,C> 0.600 0.655 -

_a. References 37 and 38.
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Table XII con;inued

b.. Ref. 58.

c. References 37 and 58

d. Ref, 59,

e, Values not listed were not used in this thesis,
‘£. Ref, 45,

g. The notation is that of Si and Ge, For zincblende materials,
xl,c replaces Al,c’ P2',c becomes Fl,c and r8,v ( r'7,v)

replaces f;s, v
?
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Table XVI. Experimental values of the quantities DLA and DTA

(units of cm—leV—llz) at varilous temperatures, Both
phonon absorption and emission processes are considered.
The numbers in this table are from Ref, 5.

Temperature Absorption ' Emission
LA TA LA TA
1.6 K 0.0 0.0 64.0 17,0
77 K | 0.36 2.60 67.0 20.0
120 K 1.60 - 6.60 68.0 25.0
218 K , 5.00 11.0 74.0 -2

a. Due to broadening effects, Dean et. al, (Ref. 5) could not obtain
an accurate value for this number and consequently did not
report it in this reference,
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Table XXVI. Theoretical and experimental values (units of
~=1/2 ~-1/2
cm ev ) for the quantity Ae—hftotal
in Si, of the total M~ L and A contributions.
The experimental values are obtained from Fig. 19
and Ref. 2 (MMQR).
M-t M- a
Theory 110.02 76.0%
(curve a of
Fig. 14)
Experiment
Fig. 19 189.0 100.0
Ref. 2 ' b 64.0
(MMQR)
a. Only curve a was used, because the total absorption

coefficient is not very sensitive to the differences
between the two interpolations of Fig. 14, curve a

and b.

gap was not studied.

In this work, the absorption.near the secondary indirect
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Table XXXI. Summary of all of the values (units of 1073 Ry) of
Se;ph and Sh-ph for the ['- L scattering in Si and

Ge. The LO and TA phonon matrix elements are not
listed because they are zero, (symmetry forbidden).

Phonon Se_'h
|Intermediate LA - TO
|state si? Ge si? Ge
Py - -15.0 -9.0 0.0 0.0
r_‘15,c 18.0 21.0 -6.2 -4.0
y Phonon . Sh—ph
Final state : ' LA L TO
s1® Ge si? Ge
Pi,? A
25" v 31.0 21.0 -33.0 -26.0
Fz 0.0 0.0 ) 11.0 10.0
25' ’v ) . L] - . ’
a. For Si, we list only the value obtained by using curve a as
the interpolation of the form factor of Fig. l4.
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