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STATEMENT OF ORIGINALITY

So far Qs the author is aware, the following parts of the

present work are original: |
~ 1. The new structure observed in the reflectance spectra of
some 111 - V compounds in the energy range 3.5 - 7.5 eV. .

2. The determination of the thermoreflectance spectra of
several 111 - V compounds in the energy range 1.5 - 6.0 eV.

3. The determination of transition energies versus composi-
tion for GaxIn]_be alloys from reflectance measurements over the energy
range 1.5 - 6.5 eV.

4. The determination of transition energies versus composi-
tion for Ga,In,_ Sb alloys from thermoreflectance measurements over the
energy range 1f5 - 6.0 eV.

5. The determination of transition energies versus composi-

tion for GaxIn _be, InAs]_xPx and InSb, _As alloys from electroreflec-

1 1-x"x

tance measurements over the energy range 1.5 - 6.0 eV.

6. The interpretation of the composition dependenée bf
transition energies beyond the fundamental in 111 - V alloys.

7. The derivation of a re]atioh to determine the bowing para- -
meters of the spin orbft splitting A, versus composition curves in
111 - V alloys.

Other work on the determination of thermoreflectance spectra

140 and the electroreflectance

]86

of 111 - V compounds by Matatagui et al

measurements on InAs]_xPx by Thompéon et a were done concurrently with
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but independently from the above.work. The previous electroreflectance
.data on InSb]_xAsX were the preliminary results of Thompson én§ Woolley84
and the present measurements were made in greater detail. The reflec-
tance spectra of GaxIn]_be alloys were determined over a broader
energy range on more homogeneous material with results significantly
different compared with the previous results of Woolley and Blazey.8I

Mr. B. Eyglunent collaborated in determining the electro-

reflectance spectra of GaxIn]_be alloy samples.




ABSTRACT

Static and modulated reflectance measdrements were made on
samples of some 111 -~ YV compounds and their alloys. Multiplet structures
resolved in the reflectance sbectra of 111 - V compounds in the energy
range 3.5 - 7.5 eV Tled to the determination of the spin orbit splittings
Ag's Aps A ALSv-and Alj.. Structure was observed in the thermore-
flectance spectra of 111 - V compounds in the energy range 1.5 - 6.0 eV
and it was assigned to interband transitions. Results enabled comparison
with previous data obtained using other techniques. Static and modulated
reflectance measurements confirmed the nonlinear variation of energy gaps
with composition in Ga In, .Sb alloy. Similar data was obtained for

InAs,_ P and InSb,  As, alloys from electroreflectance measurements.

1-x
Results oh five 111 - V alloys were analysed, fittiﬁg a quadratic equation
to the energy gap variation with composition curves. The total bowing
parameters determined experimentally were compared with theoretical
values. The spin orbit splitting A, was also found to vary nonlinearly
with composition in the five alloy systems investigated and the bowing

parameters were related to the atomic spin orbit splittings of the

alloying elements.
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CHAPTER 1
INTRODUCTION

1.1 Historical Backgfound

In 1952 when most of the investigations on semiéonductors
were concerned with germanium and silicon, We1ker] was investigating
the properties of 111 - V compounds. He found them to be semiconduc-
tors closely related to the elemental semiconductors and providing a
wider selection of the basic parameters of practical interest such as
energy gaps and carrier mobilities. Soon after it was realized that
continuous alloying of two 111 - V compounds was possib]e.2 This pro-
vided a larger selection of materials with continuous ranges of values
for basic parameters instead of the descrete values. Investigation of
the mixed 111 - V alloy systems were started in the mid 1950's with
active participation of such workers as Goryunova, fvanov—Omskii and
Woolley.

Scientific curiosity and the fechno]ogica] importance of the
semiconductor materials led to more intensive experimental and theoretical
research. With improved techniques in méteria] preparation, it became
increasingly possible to prepare purer material and to grow single crys-
tals from it. Experiments were performed which gave parameters of these
materials directly applicable in theoretical calculations. In the
theoretical development the energy band concept has been successful in
interpreting some of the physical properties of semiconductors. There-

fore a theoretical determination of the energy band structure of a




semiconductor from a knowledge of its crystal structure and the chemical
nature of the atoms occupying the lattice ;ites would Tead to an under-
standing of some of its physical properties. Conversely, an experimental
determination of some of the physical parameters would give valuable
information about its energy band structure. The combination of these
two has been responsible for the spectacular growth of semiconductor
phygics.

The first successful theoretical energy band calculations for
a semiconductor were made by Herman3 in 1952. Since then, improved
methods have given more realistic potentials and fast modern computers
have solved the complicated numerical problems in band structure deter-
minations. A few active participants in this area have been Herman,

Phillips and Cardona.




1.2 Concept of Energy Bands

Soon after the discovery of electrons an electron theory was
suggested for metals and insulators by'Drude4 and Lorentzs. Under the
influence of an electric field, the mobile electrons in metals contri-
bute to conduction current and the bound electrons in insulators give
rise to polarization effects. ‘This classical appfoach mef with only
partia]ksuccess in explaining various phenomena. To be able to sé]ve
the corresponding wave mechanical problem of electron motion in a solid,

.a few approximations for the potential.which is determined by the
electron interaction with the positive atomic nuclei and the other
electrons in the material are necessary.

In the Sommerfeld mode]6 this potential was assumed to be
constant. The wavefunctions of the electron which are solutions of the
Schrodinger equation are represented by plane waves of the form
Q,==:A exp(ikx), where k is the wavevector and A is the normalization
cg;stant. The corresponding energy is gfven by E(k)= A2k2, where m is
the mass of the electron. The E,k relationship is parabgTic.in nature.
(Fig. 1.1 Broken line) The electron energy spectrum is quasicontinuous.
Sommerfeld's free electron model when used along with Fermi-Dirac
statistics was successful in explaining many properties of metals. But

an explanation for the division of solids into metals and insulators 7,8

depending upon their electronic conduction property had to wait until the
concept of energy bands was introduced by B]och.9

In the Bloch mode]9 the potential séen by the valence electron
was assumed to be periodic with the periodicity of the lattice. The

solutions of the Schroedinger equation wk = U(k,x) exp(ikx) are known as




~~

PLOT OF ENERGY E VERSUS WAVENUMBER k, FOR A
ONE DIMENSIONAL PERIODIC LATTICE

FIGURE 1.1
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Bloch functions, where Uk(x) is a periodic function with the periodicity
of the lattice , Uk(x +a) = Uk(x). The wavefunctions are plane waves,
exp(ikx), moduiaied by the periodic function Uk(x). ‘

In a one dimensional periodic potential problem, the energy
spectrum of e]ectrqns consists of a number of allowed energy bands
separated by forbidden regions. The discontinuous nature of the energy
spe&trum is shown in Fig. 1.7, where the energy is plotted as a function
of the wavevector k. The periodic functions represent the first four |
energy bands. The dashed parabolic curve represents the energy of a
free electron and shows the modification brought about in the behaviour
of such an electron by the pefiodic potential in a crystal lattice.

As is seen in Fig. 1.1, the boundaries of the allowed energy
values occur at k = # gﬁ_where 'a' is the lattice parameter of the one
dimensional crystal ang n is an integer. Within any band the energy is
a periodic'function of k. Hence, it is possible to restrict the k values
to a region of extent 27, which is the period of the function E(k).

Only those values of kawithin such a region are distinct. A1l others
can be reducedlinto one of them by adding or subtracting an integral
. multiple of the period. The region -m < k < 1 represents the so called
first Brillouin zone10 (BZ) for a oneadimensignai periodic lattice. The
E versus k curve in‘the first Brillouin zone represents the band struc-
ture in the reduced zone scheme.

| The aboye discussion on the one dimensional problem can be
extended to three dimensional lattices which are characterized by three

primitive translation vectors a;, 3}, and &. By definition the lattice

should Took identical when viewed from any two points in the lattice




separated by a vector R,

R = m3; + nd, + nads
where n,, n; and n; are integers. The potential in which an electron
moVés has three dimensional periodicity of the crystal lattice. This
leaés to energy bands which are periodic in X space w{th the periodicity
of a three dimenéionél Brillouin zone. This may be defined as the
smallest volume in X space centered at K = 0 which includes all the
nonequivalent values of the vector‘t. The number of X ve&tors in each'
band is equal to the number of primitive ﬁnit cells in the crystal and
accommodates twice the number of electrons accounting for the spin

degeneracy.




1.3 Crystal Structure of 111 - V Compounds

The materials of interest in this thesis are the 111 - Vv
compounds which crystallize in the zfncb]ende structure shown in Fig.1.2.
This is a less symmetric form of diamond structure. Both diamond and
zincblende have the tranﬁ]ationa] symmetry of a face centered cubic
space 1attice‘and can be considered to have formed from two interpene-
trating face centered cubic sublattices displaced from one another by a
quarter of the distance along a body diagonal. In the diamond structure,
the lattice sites on the two sublattices are occupied by the same type
of atom, for example, Ge in a germanium crystal. Whereas in the zinc-
blende structure each sublattice contains only one of the two kinds of
atoms available in 111 - V compounds, for example, either In or Sb in an
InSb crystal. It is obvious that the loss of symmetry from diamond to
zincblende is the inversion center that the former has about the mid-
point between the two atoms connecting the two sublattices along the
body diagonal.

In diamond and zincblende type materials thé valence electrons
move in a potential field which has the face centered cubic lattice
periodicity.' Therefore, the electron states are represented by K vectors
in the corresponding first Brillouin zone which is a truncated octa-
hedron as shown in Fig. 1.3. The letters whi;h identify the various
symmetry points and -axes of the Brillouin zone are from the group

theoretical notation introduced by Bouckaert, Smoluchowski and wigner.]]
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1.4 Determination of Band Structure

_ - The aim is to calculate the energy values of all avai]abie
stqtes in fhe Brillouin zone over as many bands as possible. Here
the symmetry properties of the Brillouin zone, namely the point group
syﬁﬁétry of the crystal lattice reduces the number of K vectors which
need be considered in this éalcu]ation.'.The variation of energy E as
a function of R is generally shown along a few specific'Qirections in
K space in the reduced zone scheme similar to the E versus kK diagram
shown in Fig. 1.1.

The determination of band structure can be approached broadly
from two different directions, either from first principles or semi-
empirical methods. First principles approach is the most fundamental
one which requires only a knoW]edge of the crystal structure of the
material and the chemical nature of the atoms occupying the lattice
sites. In this method, the complicated Schroedinger equation is sim-
plified wfth suitab]e.approximatibns before solving it for the electronic
energies. in the semiempirical schemes either experimental or otherwise
well known information about the band structure is included in varying
degrees depending upon the method chosen to obtain the remaining part.

. Before proceeding with either of the above two methods

valuable information can be obtained from an empty lattice band structure
calculation where tHe translational periodicity of the actual lattice is
retained but the periodic component of the potential is assumed to be heg]i-

gible, 12:13,14

Applying group theory arguments the energy levels at the
symﬁetry points and along the symmetry axes in the Brillouin zone are

classified and their degeneracies are determined from the éymmetry
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properties of the crystal lattice. When the periodic potential is
treated as a perturbation, some of the empty lattice energy level de-
generacies are removed giving a representative band structure for the
material.
First Principles Method _

The wavemechanical prob]ém describing the motion of an
enofmous number of electrons and positive ions in a solid is an im-
possible task to solve unless a number of simplifications are made.
The first one is the Born - Oppenheimer approximation which assumes
that in a solid the nuclei are at rest. This assumption reduces the
problem to a many electron problem which is further simplified by
assuming that each e]ectroﬁ moves independently of the others. The
next simplification generally made is the omission of the spin orbit

interaction. The set of one electron wavefunctions may now be written
asls

(GEAT 4 &y b &H = M w&H ()
where Vn(ﬁ,?) is the potential seen by the electron which is represented
by the wavefunction wn(?,?) and En(E) is the enérgy of the state repre-
sented by n,k. The energy band of the solid is defined by the set of
energy band functions.En(?) and they are determined by solving Eq.(1.1)
with a properly chosen potential Vn(ﬁ,?); wavefunction wn(?,?) and a
numerical method to solve.

To evaluate the potential, an obvious choice of the first

prinéip1es approach is the extension of the Hartree, Hartree-Fock,

Hartree-Fock Slater self-consistent field scheme developed for atomic
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and molecular systems to solve the solid state pr‘ob]em.]4 Herman]6
has been.a strong advocate of this procedure. In this scheme; the:
potential in which an electron moves is calculated from the charge dis-
tribution obtained after filling the one electron wavefunctions with the
évai]ab]e electrons. When the Schroedinger equation is solved with this
potential in the Hamiltonian a set of one electron wayefunctions are
obtained from whiéh the potential is again calculated. This process
is continued demanding thatfthe resulting final potential be identical
with that potential with which the preceeding set of wavefunctions were
obtained.

In the covalently bonded materials which are of interest in
this thesis, the electron charge distribution varies quite widely from
point to point in the unit cell with a similar variation for the re-

17

sulting potential. The most useful band calculations made on such

materials have been by the Orthogonalized Plane Wave (OPW) method devel-

oped by Herring.18

Since the first band structure calculations on Ge
by Herman in 1952, the physical realism has been improved by including
the relatiQistic and spin orbit coupling effects into the first prin-
ciples ca]cu]ations.]9

"However, accurate band structure calculations from first
principles is a Tong and complicated procedure to perform. Either they
do not exist for many semiconductors or the available calculations in

several cases agree only qualitatively with the well known experimental

results. As it is often possible to determine a few parameters quite
accurately from experiments, the semiempirical band calculations in-

corporating these experimental data should be accurate and useful. -
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- The semiempirical methods so developed are the E.E, the pseudopotential

and the dielectric methods.

Semi-empirical Methods
Originally, the ?.3 method was used to exp1ofe the properties
of the energy bands and waveéfunctions in the vicinity of some important

20

¥ vector in the Brillouin zone. Dresselhaus®" extended this method for

the empirical determination of band structure. In this method the one

electron wave equation is written a52]
(—_‘givz * V() 9 (KF) = E(R) y,(K.F) (1.2)
m

where V(?)vis the periodic potential. Substituting Bloch functions for
y, (KsF)s

9, (KF) = U (RF) exp(iK.F) ' (1.3)
in Eq;(1.2), the modified wave equation to be satisfied by'the cell

periodic function Un(E,?) is obtained

&> > > > _ 13 > >
o DR B ER) = £ U 0.
where H is the Hamiltonian (Jﬁfyz + V(?)) , originally started with in
2m
the one electron wave equation, Eq.(1.2) and
E 1(K) = E (K) - n2Kk2. {1.5)
n n o '

At K = 0, the equation to be satisfied by the cell periodic function
Eq.(1.4) reduces to
' Hy U (R = E () U (P . (1.6)

Assuming that the above equation is solved a set of wavefunctions and
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and their eigenvalues are known at 14 - 0. Since the wavefunctions
at ¥ = 0 form a complete set of periodic fﬁnctions, it is pbssib]e to
expand the cell ﬁeriodic part of the wavefunction Un(?,?) at any value
of X in terms of the Bloch functions at X = 0. When Eq.(1.4) is
evaluated at any point X, the diagonal elements in the secular determinant
are the energy eigenvalues at K = 0 and the off diagonal elements arise
from (fi/m)K.p term connecting states in various bands. The symmetry
properties of the wavefunctions reduce the number of these off diagonal
elements.
If the diagonal and off diagonal elements are all known,
for example, form experiments the secular detefminant can be solved to
determine the band structure.22 The required energy levels and matrix
elements are obtained from optical and cyclotron resonance experiments
whenever available. The data which are not available from experiments
are efther obtained from other calculations or adjusted continuously
until the calculated band structure agrees with the experimental data.
In the above discussion, the spin orbit interaction effects

were not included. To take this into account, an extra term

i} (§V X 3) .G

Hs .o = 2T

where 3 and o are the momentum and spin operators respectively, is
added to the Hamiltonian in Eq.(1.2).. The equation satisfied by the cell
periddic function Eq:(1.4) contains in addition to the term HS o '

another term

Hg o = f (§V x'?) .0

4m2c?

which is generally neglected on the grounds that this contribution is
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much smaller compared to the contribution from H
23,24

$.0°

The Efﬁ method was used by Kane to ca]cu]ate'the energy

bands in InSb about the I point and has been extended by Cardona and

22

co-workers to determine the band structures of Ge and Si and several

25-27

111 - V compounds over the entire Brillouin zone.

The empirical pseudopotential method has its foundations in

the OPW method. Phillips and K]einman28

observed that orthogonalization
of plane waves to the core states has the effect of a repulsive potential
which is to be added to the actual crystal pbtentia]. This net effective
potential which is weakly attractive has come to be known as the pseudo-
potential. The pseudopotential is expanded in reciprocal lattice vectors.
The expansion coefficients are calted the form factors. Phillips showed
that very few form factors are required to calculate the band structures
of simple lattices, for example, only ‘three for germanium and si]icon.zg
A parficu]ar advantage of this method is that froh the form factors
obtained for simple 1atti§es extrapolations can be made to evaluate the

30 31

form factors of a more complex lattice. Cohen and Bergstresser™ cal-

culated the band structures of several diamond and zincblende structure
materials obtaining the pseudopotentials empirically from crystalline
energy levels from well established optical data.

A more recent method of great interest to calculate band

structures is the dielectric method which has been introduced by

32

Phillips and Van Vechten. This method is based on Phillip's theory

33

of electronegativity differences. The dielectric method has been

used to determine the band structures of several semiconductors and it
has been claimed to be more accurate requiring even fewer number of para-

meters than the empirical pseudopotential method.32
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1.5 Bénd Structures bf Some Diamond and Zincblende Materials

At the present time, the band structgres of several diamond
and zincb]ende materials are well understood over a large energy range.
In diamond structure materials, Si and Ge have been studied extensively
both by theoretical and experimental methods. Gray tin is presently

34,35 36

understood as a semimetal. Diamond itself is an insd]ator. The

111 - V compounds which occur in zincblende structure are semiconductor
materials. | ’
The energy bands of Si and Ge determined by Herman et a]37 are
given in Fig. 1.4. The electronic energy E is plotted as a function of
the wave vector K starting from the denter of the Brillouin zone along
the symmetry directions A,A,Z and thé line between X and U (K). The
various energy levels are labelled in the single group notation for

diamond symmetry.38

The valence band is composed of four sub-bands which
are sufficient to accommodate the.eight valence electrons in the unit
cell. When the spin orbit interaction ié neglected in the energy band
calculations, three of the four bands are degenerate at K = 0. This
energy level is represented by rz; symmetry and forms the valence band
maximum. The fourth band is not shown ir the figure. For K values not
equal to zero, the three fold degenerate valence band is split into a two
- fold degenerate band in the (111) and (100) directions. The two fold

degenerate band is represented by st' La' along the A direction and by

I‘2 ' X along the A direction. A]bng the £ direction, the three fold
5 I8

degeneracy is split into three nondegenerate bands.
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(EIGURE 1.4

BAND STRUCTURES OF Si AND Ge
SPIN. ORBIT INTERACTION NEGLECTED
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The energy band structure of germanium including the'spin
orbit interaction is shown in Fig. 1.5. The six fold degenerate st'
level is split iﬁto two levels, a four fold degenerate r8+ (doubtle
group notationsg) symmetry level ahd a two fold degenerate I‘7+ level.
The magnitude of th%s splitting is represented by A,. Away from
k = 0, the ra’ Tevel splits into two doubly degenerate (AH,A5 ) énd
As Tevels along the (111) direction and A7 and A6 levels along the
(100) direction. . At the zone boundary the L3' level degeneracy is
removed, but the Xk level degeneracy is unaffected. A general obser-
vation of the valence band structures in Ge and Si shows that they are
similar.

The conduction bands in Si are represented by Fxs L1 a]ong.A,
I‘15 Xu along A and sz K3 along r symmetry directions in Fig. 1.4. 1In
Ge, the conduction bands are rz' L1’ ré' X1 and T',' K; along the three
symmetry axes, A, A, and T respectively. It is seen immediately that
the form of the conduction bands differ considerably in these two
materials. In Si, the conduction band main minimum is situated at a

40,41 In-Ge, the minimum is

K value along the A direction inside the BZ.
at the L, symmetry points on the BZ boundary. In the conduction bands
of Si and Ge subsidiary minima occur which have énergies larger than the
main minima.4] The moVement of the r,' level, which lies above the I';s
level in Si but crosses I';s level and lies midway between the I',j and
I'ys levels in Ge is a characteristic feature in the conduction bands
of Si and Ge.?2 |

When spin orbit interaction is taken into account the conduc-

tion band energy levels T',', L, and X; remain unaffected, Fig. 1.5.
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But the Tis level splits into I's and g~ symmetry 1evels.' The

. energy level L is split into two components Ls+ and (L4+, Lst).

| The energylband structures of zincblende materials InSb,

GaAs .and GaP calculated by Cohen and Bergstresser31 are shown in Fig. 1.6.
The_similarity in their structures is apparent. The 111 -.V'compounds
chosen are the isoelectronic counterparts of gray tin, Ge and a fictit-

].]’43 As there are é total of eight

ious Ge .S  valence 1V materia
valence electrons per unit cell in the 111 - V compounds, four valence

bands are required to accommodate them. As has been seen in the case of

the valence bands of Si and Ge when spfn orbit interaction is not in-

cluded three of the four valence bands are degenerate at K = 0. This

three fold degenerate level is represented by I,s symmetry unlike T'ps’ \ ~w¥

in diamond lattice materia]s.44

For K = 0, the three fold degeneracy of
T';s is removed giving a two fold degenerate and a nondegenerate bands along
the A and A axes and along the % direction the three nondegenerate bands
are resolved.

When spin orbit interaction is taken into consideration,“’45
the T';s valence Tevel is split into I’y and T'; levels shown'in'Fig. 1.7.
At the BZ boundary the L, valence level is split into (L,, Ls) and Lg.
The A, Tine degeneracy is removed and the split components (A,, As) and
Ag are compatible with (L,, Ls) and Lg respectively at the zone boun-
dary and with the ry level at the zone center. The valence band maximum
is no longer situatedAat K= 0 but it is shifted to a’k value by a

d.44 The

sufficiently small quantity which is generally always neglecte
Xs valence level at the X symmetry point is split into two levels X,

and Xg which are joined to the I'y level by A states along the A axis.
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FIGURE 1.6
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FIGURE 1.7
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The conduction bands are'represented by I'ili, TXy and 3K,
along the three directions A, A and & respectively as shown in Fig. 1.6.
These bands are unaffected by the inclusion of spin orbit interaction
but the I'ys and Ly conduction band energy level degeneracies are lifted
and their components are shown in Fig. 1.7.

A comparison between the band structures of the“diamond and
zincbfende materials shown in Fig. 1.5 and Fig. 1.7 shows that the X,
energy levels of dfamond symmetry are split in zincblende structure. -
The zincblende energy level with X; symmetry is split into Xg and X,
under spin orbit interaction. The lack of inversion center in zincblende
is responsible for the removal of X, , X; degeneracy present in diamond
structure. The energy difference between the two levels X; and X; is a
measure of the heteropolar nature of the bond between.valence 111 and
. valence V atoms ., *6

In the 111 - V compounds, InSb,46'InAs, InP, GaSb and GaAs
the valence band maximum I'y5(rg) is directly below the conduction band
minimum Ty (T'¢) at the center of the BZ. They are known as the direct

41,43

gap materials. But in GaP and A1Sb the conduction band main minimum

is at a k value along the A direction and the valence band maximum is at
I'ys (Tg) for which reason they are known as the indirect gap materia]s.4]’43
Experiments generally conducted to obtain information on energy
band structure are optical transmission and reflection measurements which
measure the interband energy separations and experiments 1like electrical
conductivity, Hall Effect, magnetoresistance, piezoresistance, cyclotron

resonance absorption, etc., which lead to an understanding of band

structure around the extrema.
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1.6 Semiconductor Alloys

A disordered substitutional solid solution represented by

A?-x B, contains x molepercent of B atoms replacing the A atoms on

X
their lattice sites at random. The occurence of such a binary system
with continuous solid solubility for all compositions is possible when
the atomic radii of the solvent and the solute atoms do nét differ by
more than 15 percent and when the valence and chemical nature of the
alloying atoms do not promote formation of intermediate 6ompounds.47
An alloy of two valence 1V elements is a binary system where
solid solubility is controlled by the sizes of the a]]oying atoms.

48,49 Ge and

Continuous solid solubility exists between Si and Ge;
= -Sn are only weakly soluble in one another and a mixed crystal between
C and Si is obtained at only one composition, SiC.43 .

‘ An a]loy.of two 111 - V compound materials which have one of
either valence 111 or V element in common is strictly a térnary system.
But it can be assumed that the three elements involved in each alloy
would combine to form two stochiometric 111 - V compounds which act as
the components of a binary system. This pseudobinary character of the
alloy system is demonstrated by annealing a number of samples of
different composition within the solidus - Tiquidus field at the same
temperature. In the quenched samples, the equilibrium phases must have

the same composition:.if the system is pseudobinary.50

In the alloy lattice of two zincblende materials alloying takes
place by substitution at random in either one of the two face centered
cubic sublattices depending upon the valence of the alloying element.

An important factor in achieving continuous solid solubility is the




- 25 -

heteropolar nature of the chemical bond between the valence 111 and
V atoms in addition to their geometrical sizes.m’52 A miscibility
gap is predicted'by Muller and Richards in alloys with a radius mismatch

52 This leads to complete

of 17. percent between the alloying atoms.
miscibility between those 111 - V compounds which have valence V elements
in common. The radius mismatch for Ga and In is 12 percent and the radii
of Al and Ga are almost equal. For alloys with valence 111 element in
common, the radius mismatch for P and As is 7 percent; for As and Sb
17 percent and for P and Sb 24 percent. Therefore a miscibility gap is
expected when P is substituted for Sb or vice versa. In alloys where
the substitution is between As and Sb complete miscibility has been
fc;und.50 With respect to the ionic nature of the bond between valence
111 and V atoms, Folberth has arranggd the most common 111 - V compounds
in the order of increasing jonicity: AlSb, (GaSb, GaP; GaAs), InSb,
(InP, InAs).S] Taking the size factor into consideration those two
compounds adjacent to each other in the above sequence form alloys readily.
The preparation of binary and pseudobinary alloys and a study
of their physical properties adds to the understanding of the terminal
materials and provides information on the composition dependence of the
physical properties under investigation. A large number of semiconductor
alloy systems have been measured experimentally. But not many theoretical
band structure ca]cu]ations have been attempted for alloy semiconductors
from first principles methods as in the case of elemental or compound
semiconductors. However, there exist some semiempirical calculations

55

using the pseudopotentia153’54 and dielectric methods. The obvious

complexity of the alloy problem is in the choice of a potential. The
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periodic nature of the lattice still exists giving rise to energy
bands but the magnitude of the potential in which an electron moves
changes from one Tattice site to the other depending upon the atom

occupying the site. The concept of a virtual crystal introduced by

56 57 58-60

Nordheim™ and later developed by Muto™’ and Parmenter is valuable

in alloy studies.




- 27 -

1.7 Virtual Crystal Model
In a disordered alloy lattice the potential in which an

electron moves can be divided into two parts

"'Va11oy (r) < Vpér(ry * Vaper(r)

~

where Vper and Vaper are the periodic and the aperiodic parts of the

crystal potential. In the virtual crystal analysis it is assumed that

vper may be obtained as the average potential of all the possible

allowed random configurations of the alloyed atoms. Then Vaper is the

difference between the actual value V and Vper‘ The function Vper will
then give a band structure corresponding to a virtual crystal. The effect
of Vaper on this virtual crystal band structure may in principle be

calculated by perturbation theory provided véper is sufficiently small.
For any case where the effect of disorder produces a free energy term

sufficiently small for the single phase alloy to exist V is Tlikely

aper
to satisfy the above conditions.

In a one dimensional model Muto57 showed that the first order
perturbation has no effect on the virtual crystal band structure. Par-

58 calculated the higher order effects and his results show that

menter
the influence of perturbation is large at the band edges smearing them
into the gaps by a finite extent. When the second and higher order
effects are assumed to be negligible the general result of a virtual
crystal model is expected to give a smooth variation of band structure
from one compound to the other. This should be observable in the ex-
perimental results of the variation of energy gaps, effective masses,

scattering parameters and lattice parameters as a function of alloy

composition. A Tlinear variation of lattice parameter, known as Vegards
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172 50

law has been well established with only minor deviations. In the

spirit of the virtua] crystal model a linear variation of potential was

assumed in the pseudopotential band calculations of Bassani and Brusts3

54

and Jones and Lettington. Similarly, in the dielectric method the

hombpo]ar and the ionic energy gap pafameters were assumed to vary
linearly as a function of composition by Van Vechten and Befgstresser.55
Results of these calculations will be discussed along with experimental

data.
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1.8 The Ge]_xSix Alloy System

48 by

This alloy system was first prepared.by Stohr and Klemm
annealing compre§sed powders over long periods of time. Later, Johnson
and Christian49 prepared Ge]_xSix alloy samples by homogenization at
high temperatures. They determined various parameters including the
forbidden gap of those samples. An abrupt change of slope was observed
in the band gap versus composition curve.

In the same year, Herman42 published his "Speculations oﬁ the
energy band.structure of Ge-Si alloys". Theoretical energy band cal-

61

culations for Ge were available. The conduction and valence band

structures of silicon were known from piezoresistance measurements of

63

Smith?2 magnetoresistance data of Pearson = and cyé]otron resonance ab-

64 To interpret the available

sorption measurements of Lax and Dexter.
energy gap variation as a function of composition, Herhan made the
assumptions that alloying produced more radical changes in the conduction
bands. As the silicon contenf is increased the <111> conduction band
minima in Ge moved up at a faster rate than the <100> minima. At one
particular composition the two sets of minima will be situated at the
same energy. Further increase in Si composition raises the <111> ‘
minima in energy beyond the <100> minima, which would lead to the silicon
band structure with <100> conduction bands. In this argument the valence
band maximum was assumed to remain at the center of the BZ in both Ge and
Si and in the Ge]_xSi; alloy specimens as well. On this alloy system
fﬁrther optical work includes the reflectance measurements by Tauc and

65,66

Abraham which gave information on several high energy band gaps.

More recently electroreflectance measurements were made by Klein et a1.67
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The composition dependenée of various band gaps is observed to be

linear in their results. The calculated energy levels by Brust and
Bassam’53 agreed approximately with a 1inear variation as a function

of cdmpbsition. The variation of Eo gap as a function of composition
defermfned by the dielectric method by Van Vechten and Bergstresser55 is

in good agreement with the electroreflectance results of Klein et a1.67
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1.9 The Mixed 111 - V Alloys

Since the preparation of the Ge, _Si_, alloy material and

1-x7"x

the determination of its semiconductor properties the most logical
step.was to investigate the solid solubility of 111 - V compounds.

The initial work was concentrated on pairs of 111 - V compounds which
have one element in common to‘simp1ify the problem but not with very
encouraging results. The first successful work was reported by Fo]berth2
and Weiss®® on the InAs,_ P, and GaAs,_,P, alloys. They showed that

in these alloys solid solution was obtained throughout the whole range

69

of composition. Goryunova and Federova investigated the GaxIn]_be

and Ga_In, _As alloys and found that the antimonides reached single phase

X 1-x
.condition after long annealing times and the arsenide alloys were still
in two phase condition. Woolley and co-workerszo'72’50 annealing com-

pressed powders over long periods of time, showed thaf solid solution

occurred at all compositions in the Ga,In,_ Sb, Ga In;_,As and InSby . As

1-x X

alloy systems and possible at all compositions in A]xIn]_be and
Gabe]_xAsx alloys. The work of many active researchers in this area
has been described in the review article on solid solution of 111 - V

compounds by Noo]]eyso

and recently in the book on 111 - V compounds by
43 '

Madelung.
While the alloy samples obtained from annealing powders were
sufficient to determjné the solid solubility and the solidus Tine in the
T - X phase diagram,.they were not suitable for measuring either the
optical or the electrical properties which require good single phase
solid material. Two methods which involve melting compounds mixed in

stochiometric proportion to give reasonably solid material are zone
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recrystallization and directional freezing.70’73’74 To overcome some of
the disadvantages of directional freezing a third method, horizontal
Bridgman was latér deve]oped.75
In zohe recrystallization a small portion of the ingot is
melted and the molten zone is swept through the entire ingot by either
moving the ingot or the furnace relative to one another. At the leading
edge of the molten zone material is melted and at the trailing edge
recrystallization takes place. For a narrow enough zone and slow
enough rate of zone travel the alloy composition within the molten zone
comes quickly to its equilibrium value. This should give an ingot with
one composition value along its ingot length except at the two ends. .
In directional freezing, a temperature gradient is maintained
along the length of the ingot. To start with, the ingot is in the
molten state. The temperature along the whole length of the ingot is
Towered at a constant rate maintaining the gradient. This causes the
ingot to solidify from one end to the other gradually as the freezing
surface mdves along the ingot. With this method a continuous variation
of composition is obtained along the length of the ingot Qith homogeneous
cross sectional slices. In this method, a steep temperature gradient is
required to prevent inhomogeneous solidification at the freezing inter-
face. For materials with high melting temperatures 6btaining a steep
temperature gradienticreates serious experimental problems, which have

been overcome in the horizontal Bridaman method described next.

In the horizontal Bridgman method a molten ingot is pulled

through a steep temperature gradient from a hot zone into the adjacent

cold zone. Recrystallization takes place as the freezing interface
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moves along the length of the ingot. This method requires a furnace
with two flat temperature profile sections, one maintained at a tem-
perature higher than the melting temperature of the two alloying com-
pounds and the other maintained below the freezing temperatures of the
alloying compounds. The temperature gradient between the two tempera-
ture zones is made as steep as possible. As this technique has been
used to prepare alloy material in the present work, a more detailed
description of the method is given in Chapter 3. Next, a brief summary
of previous work carried out on 111 - V alloys which is directly related

to the present work is given.

GaXIn]_be alloy

In this alloy system, the optical energy gap was investigated

73 76

by Ivanov-Omskii and Kolomiets;'~ Woolley, Evans and Gillett,’° and

77 78

Woolley and Evans. The band gaps determined by Noo]]ey'and Gillett

from electrical data did not agree with the optical data in GaSb and in
GaSb rich alloy samples. This anomaly was attributed to the presence of

subsidiary minima in proximity to the main minimum in the conduction

79 80

bands of GaSb To investigate further

75

and GaSb rich alloy samples.
this anomaly highly homogeneous material was prepared by Coderre
using the horizontal Bfidgman method. in the present work, reflectance,
electroreflectance and thermoreflectance measurements were made on this

alloy system. Earlier reflectance measurements were made by Woolley and

B]azey8]

in order to investigate the composition dependence of the high
energy band gaps beyond the fundamental. A linear variation was re-

ported for various band gaps.
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1-xAsx alloy

InSb
“ First, it should be mentioned that the preparation of this
materia1 is re]afive]y more difficult except perhaps when compared

with the preparation of GaSb]_xAsX a110y.50 The atomic size factor is
not exactly in favour of alloy formation and therefore a high degree of

52

strain is expected in the alloy lattice. First solid samp?es.of

InSb Asx were prepared by Woolley and Warner82 by using the gradient

1-x
freeze and zone levelling techniques. Homogeneous material was obtained
near the InSb and InAs ends leaving a wide range of composition in the |
middie of the ingot. From the energy gap measurements made on these
samples, the composition dependence was investfgated. The energy gap

variation was particularly interesting because it decreases as the As

mole fraction increases in the alloy and goes through a minimum. This

minimum represents the smallest direct gap obtainable in the 111 - V

alloy materials. To further investigate the properties of this material,

it was necessary to improve the quality of the material. Using the hori-
zontal Bridgman method75 single phase material has been prepared and

its optical and electrical properties have been determined. .The minimum
in the energy gap versus composition has been observed and the results
have been found to be in good agreement with previous data. Further,
above a transition temperature which is below the solidus temperature

for alloy specimens, over a considerable range of alloy composition a
normal to inverted band transition has been observed by Coderre and

3

WO011ey.8 Initial investigations of the electrorefiectance spectra

84 In the

of the alloy samples were started by Thompson and Woolley.
preSent work, this alloy system has been measured in detail and the

results are given in Chapter 4.
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InAs]_xPx alloy |
This was one of the first alloy systems to be prepared

2 A]]oys of all compositions solidify immediately as

successfully.
reasonably homogeneous single phase specimens without requiring time-
consuming homogenization processes. The linear variation of the lattice
parameter as a function of composition was reported by Fo]berth2 and
Koster and U]rich.85 In a recent determination of the lattice parameter
by Thompson et a186 a slight deviation from linearity has been observed.
The fundamental gap energy was determined by Oswa1d87 from optical ab-

68 from electrical data. The gap

sorption measurements and by Weiss
Qidth versus composition curve is shown to be linear. Earlier work by
Krioturu et a188 giving reflectance data on the InAs]_xPx alloys indicated
that for all transitions observed the energy varied 1inear1y with alloy
composition within the Timits of the experimental error. Recent interest
in this alloy material arises because of its possible use for injection

89 The emitted radiation will be in the infrared as the direct

lasers.
gap width in InP is 1.34 eV and decreases as the InAs molefraction in-

creases in the alloy specimens. Homogeneous polycrystal]ine'InAs]_xPx

alloys were grown by a halogen vapour transport technique by Rubenstein86

and their optical properties were measured by Thompson et a186 using the
electroreflectance and the wavelength modulated reflectance techniques.
Their results are in _good agreement with the electroreflectance results
obtained concurrently in the present work. These results are given in

Chapter 4.
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Ga In;_,As alloy ‘

The solid so]upility of the Gaxln]_xAs alloy system and the
variation of 1atfice parameter as a function éf composition was in-
vestigated by Woolley and Smith{70’7] The composition dependence of the
lattice parameter is shown to be linear. The solid samples required
for optical and electrical measurements were grown by gradient freeze
and zone recrystallization methods. The optical energy gap measurements
were made by Abrahams et a],74 Woolley et a]go and Hockings et a1.9]
There has been quantitative disagreement between the three sets of
results. In order to resolve the ambiguity Woolley et a192 again
measured the optical energy gaps in highly homogeneous specimens grown
from horizontal Bridgman method. Corrections were made for the Burstein
shift in the analysis to determine band gaps. The energy gap versus
composition curve obtained from their .results is nonfinear. Coderre and
WOolley93 determined the energy gaps in alloy specimens by means of high
temperature Hall effect measurements and the results are in good agree-
ment with.the earlier optical work. Reflectance measurements were made

94

on this system by Woolley and B]azeyg]'and Conrad et al. The higher

energy gaps beyond the fundamental were found to vary linearly as a

function of composition within the limits of experimental uncertainty.

85

Electroreflectance measurements were made by Thompson and Woolley”™™ and

96_ The fundamental gap variation found from the

96

Williams and Rehn.

electroreflectance results of Williams and Rehn”" is in agreement with

previous results. Two higher energy gaps were found to vary nonlinearly

as a function of alloy composition. The electroreflectance data of

95

Thompson and WOqlley are included in the discussion along with the
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the results on several other 111 - V compounds in Chapter 4.

GaAs, P, alloy

The existence of the complete mixed crystal system of GaAs]_xPX
was shown by Fo]berth.2 Preparation of alloy material is ekpécted to
be no more difficult than the preparation of GaAs and Galeaterials.
This is a particularly interesting alloy material from both scientific
and technological aspects. Scientifically, the conducti&n band structures
are different in GaAs and GaP. GaAs is a direct gap maferia] whereas
the gap in Gap is indirect. In the fundamental gap versus composition
curve a kink is expected at the composition value where the (000) minimum
and the minima along the <100> directions cross each other. Technologi-’
cally, the energy gap vé]ues in the direct gap composition range of the
alloy material is valuable for light emitting devices. First optical

97

absorption measurements were made by Fo1berth.2 Rubenstein”’ prepared

alloy samples with good homogeneity by a sealed tube jodine transport

method and measured the optical energy gap. Absorption measurements

were also made by Tietjen and Amic on alloys grown by vapour deposition

technique. The existence of a kink is well established experimentally

in the energy gap versus composition curve. Reflectance measurements on

this alloy system were made by Abagyan et a],gg Bergstresser et a],]oo

101 102 103

Thompson et al, - Woolley et al, and Williams and Jones. By

following the reflectance structure through the alloy composition range,
the reflectance data for GaAs was correlated to that for GaP. Electro-

104

reflectance measurements were made by Thompson et al. The direct

energy gap was determined over the whoie composition range. A parabolic
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“variation of direct gap as a function of composition was found to fit

‘ the results of this alloy system as well as in several other 111 - V

105 ‘The reflectance and'e1ectroref]ectance measurements of

101,104

alloys.
Thompson et al are included in the discussion in Chapter 4,

along with the data on several other 111 - V compounds.
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CHAPTER 2
OPTICAL PROPERTIES

2.1 Introduction

| In the present work, the optical properties measured were

the static and the modulated reflectance in orde} to obtain information
about the energy band structure. It is therefore necessary to first
relate the optical properties of a solid with its band structure. This
is usually done through the macroscopic optical parameters €; and €,
the real and imaginary components of the complex dielectric function,
respectively. An expression for g, is obtained by treating the electro-
magnetic wave interacting with the solid as a time dgpendent perturbation
which induces interband electron transitions. The struéture found in a
reflectance spectrum can be transformed into structure in e, which is
correlated with the critical point band gaps. To understand modulated
reflectance spectra, first the effect of modulating parameter on g,

and g, should be known. A phenomenological descriptfon of this is
given which shows that structure should be present at the critical

point energy positions in a modulated reflectance spectrum. This is
followed by the theory of two modulation méthods, thermoreflectance and
electroreflectance.  Finally, a review of reflectance and modulated

reflectance results is given.
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2.2 -Definition of Optical Parameters

The response of an {sotropic material under the influence of
an e]ectromggnetic field 1s governed by Maxwells' equations106 and
described equivalently by either the complex index of refraction
n = N + ik, where n and k are the indices of refraction and absorption
respecfive]y or by the complex dielectric function, € = e; + i€z, where

107 The relationship

€1 and g, are its real and imaginary components.
between € and fi being ¢ - [ﬁ[z gives for g, and g, in terms of n and k

-el = n2 - k2 and €2 = 2nk.
The optical properties of a material are determined when the parameters
g1 and ¢, are known as a function of frequency w or photon energy huw
of the eTectromagnetic wave. The imaginary component e, is a measure of
the energy absorbed by the material from the electromagnetic wave and
its determination over a broad energy range represent§ the absorption
spectrum of the material. An absorption coefficient o may be defined as
the relative decrease of energy flow per unit distance of travel in the
direction of the propagation of the electromagnetic wave. The coefficient

o can be expressed in terms of either g, or k

a=w € = 4k ,
nc )

where w is the angular frequency, A is the wavelength and ¢ is the

velocity of light.
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2.3 The Optical Absorption Process in a‘Solid

In the energy band model of solids discussed in Chapter 1,
the electron stateé of a periodic lattice form a set of quasicontinuous
" bands in momentum space. Each band extend§ over the entire first BZ in
the reduced zone representation, Fig. 1.1. Under fhe influence of an
electromagnetic field, an electron absorbs a'photon and is 1ifted info
a higher energy state. Therefore, the absorption spectrum of a solid
should show the characteristic profile of its energy band structure.

An expression for €,, which is a measure of the energy ab-
sorbed by the solid can be derived in terms of its energy band parameters

by treating the electromagnetic field as a perturbation on the electron

motion. The total Hamiltonian can be written as]08
H = 1 (P+ g_?K)2 + ¥V (F) , - (2.1)
2m c : _

where P is the momentum, A the vector potential of the electromagnetic
wave, V(¥) the periodic potential of the crystal, e the charge and m

the mass of an electron and c is the velocity of light. Expanding

Eq.(2.1) and neg]etting the term e?A%, the Hamiltonian becomes H = H0 + HI
. 2mc2
where H_ = p% + V (), and
° '(Zm )
H, = e R.p (2.2)

I ° wx

The term Ho represents the Hamiltonian before light is incident on the
solid. Therefore, HI:gives the interaction of radiation with the solid.
Taking a p]ahe wave solution of the wave equation for the vector potential
K, with propagation vector z and angular frequency @

K(Ft) = & fexp(iL.¥ - uwt) + c.cl, (2.3)




- 42 -

~where c.c. represents the complex conjugate of the term preceding it.
Substitution of Eq.(2.3) in Eq.(2.2) gives for the interaction term:

i = e BR (exp(ilF - dut) + c.c) . (2.4)
mc

Treafing HI as a time depehdent perturbation, the transition.probability
of ah electron between two of its stationary states can be calculated.
One of the two terms in Hy Eq.(2.4), will induce upward transitions

resulting absorption and the other will induce downward transitions
108

resulting emission at the same rate.
The transition probability per unit time per unit volume for
a pair of bands with one fully occupied and the other empty 15108’]09

W = 2pe2 A2 j 2 _d% [Ty .pigl? x 8 (E

S Ss - Ei - Hw) (2.5)
mec (i

F

where o is a unit vector in the direction of polarization of the electro-

magnetic wave and pif-the momentum matrix element ‘

Pig = f Ut B exp(il.¥) y; de : (2.6)
with ¥ and Ve representing the initial and final states. The § funétion,
5(EF - Ei - hy) imposes the restriction that no transitions occur unless
the photon energy hy matches the energy difference (EF - Ei).between the
final and the initial states.

In a solid, the initial and final states of an electron are

represented by Bloch functions

s Uki:exp(iﬁi.?) , and

Pe = ka exp(iﬁf.?) . (2.7)




- 43 -

Introducing the Bloch functions, Eq.(2.7) for Ve and Vi in Eq.(2.6)
Pif = J ukf* exp(-1 Ke.¥) (-1 1) exp(i £.7) U, exp(fki.?) dr

(2.8)
which vanishes unless

ke -k -T=% (2.9)
where ¥ is a reciprocal lattice vector, is satisfied: This is a conséquence
of the exponential term, exp [ifif+.z '"kT)‘;] in pig (Eq. (2.8)).

The wavelength of a photon is large when compared with the‘wave]ength§
of an electron of comparable energy. Therefore % is much sma]lgr thah
Ef or Fi and hence may be neglected, giving

ke -k o= K. " (2.10)
This requires that the electron transition be vertical in the reduced
zone scheme. This condition is represented by the § function,

§(ke - K, - R). '

The presence of the po]arizafion vector 1

o in Eq.(2.5) imposes

selection rules on the transition whether it is allowed or not depending

upon the symmetry properties of the initial and final state wavefunctions.
The rate at which energy is absorbed by the solid from the

2
electromagnetic field is given by W.hw, which is equal to (wEo /Sn)EZ

where Eo2 = 2m2A02. This gives for'éz
c2

2,2 } 3 > -2 _ o T _T _7¥
€2 = 8m3e J gﬂ 3d k |n°.pif[ G(EF E; Tiw) 6(kf K; - K),
(2.11)

mZw
when Eq.(2.5) is substituted for W.

The expression for €2, Eq.(2.11) essentially forms the Tink

between the theory and the experiment. It relates the optical absorption
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process to the band structure simply in terms of allowed and forbidden
transitions and when the transitions are allowed the energy separation
between the fina1-states which are directly above the initial states in
the reduced zone scheme repreéentation, matches the photon energy of the
incident radiation.

The expression for €, Eq.(2.11) may be simplified further by

assuming that the orientation of the polarization vector 36 is random
and the matrix element Pif remaiﬁé constant for a pair of bands over

the entire BZ. With these assumptions, e, becomes

€2 = 8r2e2 (p.c)? 2 d3% x &(E. - E; - Tw) x 6(K, - K, -
I E if ReDE F i f i
" (2.12)

BZ
The expression in parentheses of Eq.(2.12) gives the number of pairs of

states separated by energy hw, which is defined as the joint density of

states function p(hw),

o bw) = Jé‘? d% x 8(E; - E; - hw) x 8(Re - Ky - R) (2.13)
. - |

and €2 = grvnrzzz (Psg)? p(hw) . (2.14)

from Eqs.(2.13) and (2.12). A transformation of the volume integral in

p(hy) into a surface integral over a constant energy surface gives,

o) = [ 2 9ok (2:15)

(2'“')3 Vk (EF - E'l)

It is seen from the above equation that the density of states function

is singular at p]aceé in the BZ whenever Vk (EF - Ei) = 0. This condition

is satisfied when]]]
vkEf:VkE.:O
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Such critical points occur in E versus K curves at high symmetry points
and along symmetry axes in the BZ. The critical point concept was

112

originally introduced by van Hove and its application to optical absorp-

tion process was extended by Phi]]ips.]]]’]13

The analytic behaviour of the density of states function near
a van Hove singularity is obtained‘by expanding (Ef - Ei) in a Taylor series
about k = ko,

3

Ee (k) - E5 (K) = hwy (k) + T a (k.

- - 2 ) 3
je1 9 d kPJ) (2.16)

and solving the integral for p(fw), Eq.(2.5). Four types of critical
points are defined depending upon the sign of the coefficients a,, a,
and a; in Eq.(2.16). Table (2.1) gives the classification of the critical
points and Fig. 2.1 shows the density of states function near the critical
points. _

The critical points introduce distinct structure in the density
of states function, Fig. 2.1, and this structure is carried over into g,
through Eq;(2.14). Therefore, the energy positions where structure is
observed in an e, spectrum should give the energy separations between the
two bands (Ef,k) and (Ei,k) where the condition Vk(Ef
fied. The g, line shape should reveal the type of critical point res-

- Ei) = 0, is satis-

ponsible. This forms the working hypothesis of the band structure analysis.




- 46 -

TABLE 2.1

Joint Density of States Function near the four’pypes of critical points

p (hw)
Type of
Critical Point Notation a; a, az fiw < Ey - hw > Eg
. | _ .
Minimum Mo + + 4 0 Co(E-Eg)?
Saddle Point M, + + - cl-cl'(Eo—E)% Ci
Saddle Point M, + - - o Co-Cy ' (E-E,)?

1
Maximum M - - - c3(Eq-E)? 0
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: FIGURE 2.1

CRITICAL POINT
TYPE

> p(hw)

£y —ENERGY
JOINT DENSITY OF STATES FUNCTION




- 48 -

2.4 Experimental Determination of Absorptién Spectrum

According to the discussion in the previous section, the'
optical parameter of great significance is e,, the imaginary part of the
complex dielectric function. A theoretical computation of e is possible
when the function Ej(k) is known over as many bands as possible for the

materia].]]4']]8

However, to determine g, from experiments, optical
absorption measurements are the most direct way. The absorption co-
efficient o is simply related to ¢,

N : (2.17)
nc -2 °

But in the wavelength regions where the absorption coefficient is large,
transmission measurements become impractical to measure . Generally
in semiconductors o is quite large beyond the fundamental gap energy.”9
In this region, reflectance measurements are more practical to determine
€2. |

The normal incidence reflectance R is related to both components

€1 and €2 of the complex dielectric function by the Fresnel equation

1 141 .
r . (E3% 4 €22)F - (261 4 2(e2% + €,2)%)7 4 1 (2.18)

(e1? + €22)% + (21 + 2(e1? + azz)%)%_+ 1

From the above equation it is seen that it is not possible to separate
€1 and €2 from a single reflectance measurement at near normal incidence.

107 which relate

But the Kramers - Kronig general dispersion relations
the real and imaginary components of a complex function can be applied

to the amplitude reflectance ¥

T =|r] exp(-ip) , | : (2.19)
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to determine the phase ¢,
8(E)) = "o [imhE) | (2.20)
T o E?-E?

where -the reflectance R

F*F = [r]% Knowing R and ¢, e1 and e,

are calculated from the equations

g7 = (1 -R)®2 - 4R sin?} o (2.21)
(1+R - 2R cos ¢)2 |
and _
€s = 4R (1 -R)sine . (2.22)

(1 +R - 2/R cos ¢)?2

In order to apply the dispersion relations to calculate d, R should be
known over an infinite energy range, Eq.(2.20). As this is not possible,
proper extrapolation procedures should be applied beyond the range of

measur‘ement'.]zo']22

In practice, when €2 is evaluated by the above integral

transforms, the fine structure in R is smoothed out in €,. While the
€2 spectrum is necessary for the absorption line shape analysis in order
to find out the type of critical point, the reflectance spectrum itself

is more useful for the observation of fine structure.




-.50 -

2.5 Relating Reflectance Spectrum to Band Structure

The structural features observed in a reflectance sbectrum
appear as peaks, aips and shoulders as seen in the spectra of Ge and
GaAs shown in Figs. 2.2 and 2.3. These features are to be identified
with a set of critical points in the joint density of states function.
The information required about the critical points is the energies where
they occur, vk(hu) = 0, the type Mos My M5, and M, and their k location
of the Brillouin zone.

An unambiguous assignment of the structure is possible only
when an accurate theoretical ¢, spectrum is also available for the
material to compare it with the experimental data. The (e,, E) spectrum

114,116

of Ge was calculated by Brust using the empirical pseudopotential

‘method. The input data required for the empirical calculation were the

113

critical point band gaps identified by Phillips in the experimental

reflectance spectrum of Ge determined by Philipp and Taft32] The results
of his calculations are shown in Fig. 2.4, along with the experimental
(e,» E) curve obtained from a Kramers - Kronig transformation of the
reflectance data. The first peak, E, in the reflectance speétrum at
2.2eV in Fig. 2.2, was originally assigned to the L,' - L; transitions

by Phillips! '3

is seen closer to the A; - A; critical point transitions
with an g, 1ine shape characteristic of an M; type critical point. The
transitfon corresponding to L3' - L, is shown to be too weak to be
noticed. The prominent peak in the reflectance spectrum E, at 4.4eV was
assigned to the X, - X, transition. In Fig.2.4, it is seen that this

peak is as a result of the accidental degeneracy of the M, and M, type

critical points at X, - X; and £; - I, band edges in agreement with
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REFLECTANCE SPECTRUM 0F GaAs
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FIGURE 2.4
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Phillips' suggestion that a single critical point can only produce an
edge like structure in g,, where as to form a peak a degeneracy of an

M jand M, type critical points is necessary.]]]

The high energy
structure E,' at 6 eV is shown from Brust's calculations to come from
the interband transitions L,' - L; at the L symmetry point on the BZ
boundary. Therefore, it is seen from Fig. 2.4, that there exists a
qualitative agreement between theory and experiment. The importance_
of the critical point concept, its connection with the structure in a
reflectance spectrum and the usefulness of the critical point band gaps
as empirical parameters in pseudopotential band calculations is well
brought out by Brust's work.

| However, from recent studies on silicon band structure with a

117 showed that a peak in

slightly different pseudopotential scheme, Kane
reflectance may be produced by a set of interband traﬁsitions whose high
density is not due to a specific critical point but due to an extended
region of the BZ. In fact, Kane showed from his calculations that only
5 percent of the total contribution to e, at 4.3 eV came from the
X, - X, transition to which the peak was originally assigned. A more
detailed study of the silicon band structure was made by Her‘man37 with
his "slightly adjusted first principles" method. His results are in
good agreement with Kane's calculations. |

The energy_band structure of GaAs ca]cu]éted by Pollak et a126
using the k.p method'is shown in Fig. 2.5. The location of the critical
points and the transitions responsible for the structure in the reflec-

tance spectrum of GaAs are indicated in it.

When accurate band structure calculations are not available for




FIGURE 2.5

- 55 -

BAND STRUCTURE OF GaAs
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. the material under inyestigation, a great deal of assistance to the
assignment of structure to critical points comes from such sourées as the
we11—interpreted.resu1ts of those materials which are in the same crystal
class, division of materials into isoelectronic sequences, spin orbit
interaction effects and a]Toying of two materials and following the
shift of the structure in the known material continuously as a function
of composition to the unknown material.

.In the method of isoelectronic sequences suggested by Herman46
the crystal potential is divided into homopolar and heteropolar com-
ponents. The homopolar part for a zincblende material is taken to be
the potential of its isoelectronic group 1V material. For example, for
zincblende GaAs, Ge is its isoelectronic counterpart. The heteropolar
or ionic potential is treated as‘a perturbation on diamond structure
band scheme which shifts the energy levels and therefore changes the
interband energy gaps. This method predicts the behaviour of energy
gaps in an isoelectronic sequence by means of which it can be used .
effectjve1y to identify interband trnasitions as shown by Cardona and
Gr‘eenaway.123

When spin orbit interaction effects are considered the critical
point band edges may be split, which would therefore provide extra struc-
ture in the reflectance peaks in the form of multiplets. - Observation
of this structure isxsignificant to the assignment procedure. When spin
orbit interaction is not included the T'zs' valence level of Ge is
threefold degenerate. The inclusion of spin orbit interaction removes

thiﬁ,degeneracy and splits the energy levels into a four fold and a

doubly degenerate levels. The magnitude of this splitting, Ay is
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. closely related to the corresponding spin orbit splitting Aat of the

free atom and is shown to be Aa - A. At where A is 1.4 for Ge and

51.124 In 111 - V compounds where there are two constituent atoms,

m v

the spin orbit splitting A, is given in terms At and Mgt of the

valence 111 and V atoms

A (tlll A 111 + 7 V)

A at t Aat

0 by

m 124

with values of 0.35 and 0.65 for t and tv respectively. A

similar relationship for A is shown to exist for 11 - V1 compounds

by Cardona,]25
' 11 11 .V V1
= A(t  a, Ay )

11

A

0 t

Vi 1

with values of 0.2 and 0.8 for t' ' and t respectively. Aat and

AatV] are the respective atomic spin orbit splittings. Therefore, a
knowledge of the atomic splittings derived either from spectroscopic
data or from theoretical calculations will lead to the determination of
Ay identification of which in an optical spectrum is a strong character-
istic of the energy levels involved in the transition. |
Another assignment feature of great value has been the two
thirds rule which states that the spin orbit splitting of the two fold
degenerate L,' valence state should be equal to two thirds the splitting

of the three fold degenerate rjs' state.]1]

This argument was respon-
sible for checking the correctness of the assignment of the 2.2 eV peak
of Ge to the L' - L; transitions by Phillips because this peak was

shown to split into two components at 2.1 / 2.3 eV in Tauc's]26

measure-
ments. However, spin orbit interaction does not remove the degeneracy

of the X, valence level of diamond structure but the Xs valence level of
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zincblende symmetry is split into two components. Th{s spin orbit
sp]ittingAA2 was related to the spin orbit split values of the Plsv
and 5. Tlevels 5y Cardona. 12 |
- The classic experiments in the alloy studies are the Ge-Si
and GaAs-GaP mixed crystal systems. The reflectance spectra of the

65,66

Ge Six alloy samples were determined by Tauc and Abraham. In

1-x
the plot of the energy of the first peak observed in the reflectance
spectra as a function of composition a discontinuous slope change was
observed at about 79 percent silicon confent. They interpreted that
the nature of the transitions corresponding to the first éeak in silicon
is different from the one in Ge. From the GaAs]_xPx alloy §tudies]oo-]02’]q4
the peak at 3.7 eV in the reflectance spectrum of GaP was correctly
assigned to the pA; - A; transition instead of the Tysy- T1sc transition
as in the case of Si. The recent k.p calculations ofiPol1ak et a126
are also in favour of this assignment and further show that the Eo'
and E, transitions are almost degenerate,bat 4.8 eV in GaP.

However, the assignment of structure found in their reflec-
tance spectra is not straight forward for little known materials. From
a knowledge of its crystal structure, applying group theory energy
levels and their symmetry properties can be determined at high symmetry
'points in its BZ. But this does not provide the details about the ordering.
of the energy levels at the symmetry points. The fundamental gap is
determined from optical absorption measurements. The band structure
in the vicinity of the valence band maximum and the conduction band

minimum is determined by measuring electrical conductivity, Hall effect,

cyclotron resonance absorption, magnetoresistance and piezoresistance

[ ———
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- measurements. With this limited knowledge a coarse theoretical band
structure is determined. With constant interaction between theory and
experiment; any distrepancies present in the earlier aésignment are
removed and refinements are made.

) It is seen from the above discussion that neither the re-

. flectance measurements nor the absorption spectrum obtained from them
alone can provide a full account of the critical points. The reason as

17 is that the e, spectrum obtained from the reflectance

shown by Kane
data is a sum of two components. One arising from the transitions
between the initial and final states which meet the general requirement
that they be separated by energy hw. These states are 1ikely to be dis-
tributed over the entire BZ. Therefore the absorption spectrum arising
from this contribution should be lacking the sharp structure expected
from a localized critical point with its characterist%c Tine shape,
Fig. 2.1. Often this latter component may disappear in the large
characterless background of the former.

At this stage, the recent modulation techniques employed in
reflectqnce are found to be extremely useful because they appérent]y
separate the critical point contributibn to the absorption coefficient

from the noncritical bac:kground.]ZB’]29 This topic will be discussed

in the next section.
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2.6 Modulated Reflectance

In modulated reflectance methods, the modulation is produced
through the changes induced in the real and imaginary components of the
complex dielectric function by the modulating parameters. A phenomeno-
1ogica1 description of modulated reflectance is given by Seraphin and
Botka]29'13] by taking the total differential of the Fresnel equation,
Eq.(2.18),

%B _ alers e2) Ber + Blea, £2) e ' (2.23)
where
a = C ( (e; - 1) A+ +e2 A ) ‘ (2.24)
and
lea -1) €2
B .: .C2 [ A_* - A_" (2.25)
with
1 1
A - ((2(e1® + £22%)° : 2%1)* ,
! (€12 + €22)°
A _ (2(512 + €22)% - 281)% T
- - X ’
(1% + €22)°
C1 = 1 s
(e1 - 17 + &2
and-

Cz = 282

((ex - 1)2 +‘§22) (€12 4 &%)

In a moduiated reflectance spectrum, which is a graph of
AR versus hw, the components Aey and Ae, are the changes produced in €
R
and €, by a modulation parameter. The characteristic nature of modulation

parémeters appears through these components.
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The coefficients ¢ and g determine the fractions of Ae;
and Ag, contributing to AR/R at a photon energy hw. The fractional
coefficients o and B are functions of e; and e, and therefore exhibit

'spectral dependence. These coefficients have been determined for Ge,

131

Si and GaAs from values of e, and g, available from Kramers - Kronig

analysis of the experimental reflectance data, 132133

131

~In Fig. 2.6, o
and B calculated by Seraphin and Botka for GaAs are shown. The
curves obtained for Ge and Si are similar to the one shown for GaAs
and similar nature is expected for the other 111 - V compound materia]s.]31
It is seen from Fig. 2.6 that in the low energy region, the
fractional coefficient o is much larger than 8. In this region con-
taining the fundamental absorption edge EO, the contribution of Ae,
to AR/R is considerable. As the photon energy is increased, g decreases
and B increases. In the vicinity of 2.5 eV, where sfructure is ob-
served due to E; transitions o and 8 can be assumed to contribute equally
to AR/R. Beyond this energy range g is larger than o and goes through
a maximum.at about 4 eV where the energies of the EO' transitions occur.
The contribution of Ae, to AR/R is more important. Further ﬁhcrease in
energy changes the sign of both coefficients and g increases quite
rapidly. In this energy region, the whole complex of E, transitions
occur. The Fresnel equation and the coefficients o and g determined from
it are valid when normal incidence reflectance measurements are made at
ainsamp1e interface; In experimental arrangements where the sample is
surrounded by a medium other than air, the dielectric constant of the

- medium should be included in the Fresnel equa‘cion.]27
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FIGURE 2.6
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The imaginary component of the dielectric function at an M0
typé critica1'point can be written as

‘5?(hw) . 1%)_2_ (hip - Eg)? o (2.26)

Whefe C is a constant, from Eq.(2.14) and Table 2.1. A change in g,

can be produced thereby modulating it when either the photon energy (hy)
or the energy gap Eg characteristic of the material is varied periodically.
The first technique leads to the principle of the wavelength modulation
and in the second case modulation is obtained through the variation of

the energy gap. Physical parameters like hydrostatic pressure and

uniaxial stress]34"]36

137

produce the required energy gap change directly.

138,139

Temperature and electric field are also being used as modu-

lation parameters but the mechanism of modulation is not a strict energy
gap shift.]28

In the energy gap modulation method, the change in g, pro-
duced by the modulation parameter is obtained from Eq.(2.26) |

A C  d (hw-E) aE
€s = R w - K
2 _d_ g g

(hw)? dEg
= C 1 AEg
(hw)* 5o - Eé)%
which is singular at the critical points, hw = E_. The magnitude of Ae,

g
is large at the critical point and decreases as the spectral distance

from the critical ppint increases. This sensitive behaviour of Ae,

at the critical poiﬁt is responsible for the importance of modulation
experiments. The structure in a modulated reflectance spectrum is
therefore limited.to the energy positions of the critical points. Any

constant contributions to €2 which appear in reflectance spectra are
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eliminated in modulated reflectance spectra because their derivative
with reépect to Eg gives zero contribution to Ae,.

For all four types of critical points, Ae, is given by

Aes =T%1Y‘“ % ( plfis) } € | (2.27)
which is singular at critical point band gap energies because the density
of states function p(fw) varies as the square root of the Spectra] dis-
tance from the critical point.

The components Ae; and Ae, are coupled to each other by
Kramers - Kronig dispersion relations and_from a knowledge of one the

other ctan be determined. Knowing Ae, from Eq.(2.27)

Aey = 2 p rwAeg do : (2.28)
T ool w2 g2 )
o
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2.7 Thermofef]ectance'
In a thermoreflectance experiment, a periodic change of

temperature of a eamp]e produces a corresponding modulation in its

reflectance. The effect of an increase of temperature is to shift the

interband energy gaps and to broaden the critical point transitions.

The energy gap shift is produced by the thermal expansien of the lattice

and by the electron phonon interaction. The critical point broadening

is due to the electron phonon intefaction. Therefore, the two modulation

mechanisms, namely, the energy gap shift modulation and the broadening

parameter modulation are expected to contribute to thermoreflectance.

The individual contributions are determined from the dielectric function

in the vicinity of a critical point which is given by'%0

gab (n - E) | (2.29)

where b - ir+] for an Mr type critical point. The effects of Lorentzian
broadening are introduced in g phenomenologically by replacing the fre-

quency w by w + iI', where T represents the broadening parameter,

Eeb (hlw+ir) - £)F  (2.30)
Separating the real and imaginary components and rewriting Eq.(2.30) in
the form

€« b(hr)® ((4(x) + 1 ¢(-x) ), (2.31)
where ' ’

o(£x) = (x4 (X + 0 ]-JzL ,
with the reduced variable x = (hw - Eg) JhT.
Next the components Ae; and Ac, are determined from Eq.(2.31)

_ for the gap shift (Eg) and broadening parameter (hp) modulation
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mechanisms

-1
2

8z (Eg Mod.) = - %_(hr) (Fx) ~ 1 F(=x) } AEg (2.32)

and
g
2

>
m

(hp Mod.) « b ()™ ((F(=x) 4.1 Fx) ) alhr) > (2.39)

where
1yd 1 )%
F(x) = 2 Q_%é&l = { (x? + 1) +x)7 (x2 + 1) (2.34)
Explicitly,.at an M critical point, from Eq.(2.32)
0 (Eg Mod.) = fey + 1 bz = -%(hr)'% (F(x) - 1 F(-x)) 2E
(2.35)
and from Eq.(2.33)
AE (KT Mod.) = Aey + 1 Aea « 1(hF)™ ( F(-x) + i F(x)) A(hT)
‘ (2.36)

The real and imaginary components, Ae; and Ae, are separated from

Eqs.(2.35) and (2.36) giving for the gap shift modulation,

ey (E. Mod.) « -(hr)" % F(-x) (EEQQ AT (2.37)
g z T
and
bez (Eg Mod-) = =(h1)F Flx) gy T (2.38)
2 d7
. dE
. with AEg =(dT ) AT

For the broadening parameter modulation

ey (AT Mod.) = -(hr)™® F(x) d(hT) AT (2.39)
— dT
and
Aep (hT Mod.) « (hr)™2 F(-x) d(hr) AT (2.40)
2 T
with A(hT) = d{(hC) AT,

dT
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Similar calculations can be made at Nh,.Mb and M; critical
points to evaluate the changes produced in e; and €2 by modulating with
temperature. The results are given in Table 2.2. The line shapes of
Ae; and Ae, are determined by the function F(x), Eq.(2.34), which -is
shown in Fig. 2.7.

It is known experimentally that the temperature coefficient
of the energy gaps, EEQJ is of the order of -4 x 10—“eV/°C which is
several times 1argerd1han the temperature coefficient of the broadening
parameter d(KI') which is approximately 10" *ev/°C. Therefore it is ex-
pected thatdlhe gap shift modulation would contribute more to the thermo-
reflectance spectra and further should resemble other modulation spectra
where modulation is obtained through gap shift.

Knowing the magnitudes of Ae; and Ae, at a.critica1 point,
the AR spectrum around the critical point can be synthesized from

Eq.(2.23) if the fractional coefficients a and g8 are known. At an M0
critical point, from Eqs.(2.37) and (2.38)

-3 2 dE . 1
R« (D)2 (o Fex) - g X)) gt oo . B
Similarly, AR can be obtained at the other critical points (Batz )14]
R
AR = (hI‘) dEg (2.42)
at an M critical po1nt,
« -3 dE 2 43
AR« (ML) ( F(-x) + 8 F(x) ) g7t T (2.43)
at an M, critical point,
| « (nr)~? dE 2.44
MR ()2 (- aF(x) + 8 F(-x) grd AT (2.44)

at an M, critical point.
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TABLE 2.2
The changes produéed in €7 and e, due to gap shift and broadening

parameters by modulating with temperature.

Gap Shift Béoadening
Critical Point - Modulation Parameter Modulation

de, des dey de,

dE~ dE_ dhT dhr

g g hT T
Mo -F(-x) -F(x) -F(x) F(-x)

M, +F(x) -F(-x) ~F(-x) -F(x)
M, +F(-x) +F(x) F(x) -F(-x)

Ma +F(x) +F(-x) F(-x) F(x)
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FIGURE 2.7
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Batz]37

introduced temperature as a modulation barameter and
investigated the thermoreflectance spectrum of Ge which is shown in
Fig..2.8. A compﬁrison of this spectrum with the reflectance spectrum
of Ge, Fig. 2.2, shows the sharpness of structure in the modulated
reflectance spectrum with characteristic line shapes. The E; and

Ey + Ay doublet is well resolved at 2.1 / 2.3 eV. The large peak at
4.4 &V corresponds to the E, transition. Knowing that the E, and

E, + A; transitions occur at M; interband edges, Batz synthesized the
spectrum in this energy region which is shown in Fig. 2.9. The agreement
between the experimental and theoretical line shapes is in favour of the
gap shift modulation mechanism for thermoreflectance. However, an un-
ambiguous line shape assignment and hence the identification of the
critical point involved at the 4.4 eV transition has not become possible
so far. Cardona favours an M, critical point assignment which is

mixed with exciton interaction to this structure at 4.4 eV assuming that

the gap shift modulation is more dominant in thermoref]ectance.]40
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FIGURE 2.8
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FIGURE 2.9

SYNTHESIZED THERMOREFLECTANCE SPECTRUM OF Ge
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2.8 Electroreflectance
In e]ectroreflectance, the reflectance is modulated by a
periodic e1ectricvfie]d at the reflecting surface. Modulation enters
into reflectance through the field induced changes in the real and
imaginary components of the complex dielectric function of the material.
The early investigations of the effect of an electric field on

the absorption coefficient at a parabolic band gap were made by Franz]42

and Ke'ldysh.]43

According to their results, electrons and holes tunnel
into the band gap from the conduction and valence band edges respectively
thereby narrowing the gap and producing an exponential tail in the ab-
sorption coefficient below the band gap energy. Henceforth the effect
of an electric field on interband optical transitions has come to be

known as FraanKe1dysh effect. Experimentally, this effect was ob-

served by Moss.]44
Using two different but equivalent techniques, Ca]]away]45 and
Thar‘mah’ngam]46 calculated the effect of an electric field on a parabolic

band gap both below and above the gap energy. From Tharmalingam's
results the absorption coefficient a(w,F) in the presence of an electric
field

1
a(w,F) = f’j [I d Ai(8)|2 -8 l,’Ai(s)lz] , (2.45)
S W dB

where 63 = e2F2 , B =wy-w and Ai(B) is the Airy function defined by
F 2ph ]
: . of

AIB) = 1 rcos Qi+ ug) (2.46)
0O

e is the electron charge. h is the planck's constant. huy is the band

gap energy. ﬂ is the reduced mass of the electron hole pair. C is a
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. constant containing the matrix elements between the periodic parts of
the Bloch functions at the band edges and fundamental constants.
The field induced change in the absorption coefficient

A o (w,F) above and below w; can be obtained by subtracting the absorp-

tion due to direct allowed transitions, d«»,O) (Bardeen et a])]47
a(w,0) = 0.3187 C (@ -w)? ,w>w (2.47)
w
= 0 W< w

]30~ca1cu1ated Ao (w,F) for Gé and

from o {w,F). Seraphin and Botka
GaAs for a number of electric field intensities. The results obtained
are similar for both materials. An exponential tail is observed for
energies below the band gap, w < wy, followed by damped oscillations for
energies above the gap, w > wi. These oscillations reflect the nature
of the Airy function. The amplitude and the period of oscillations
increase with an increase in field stréngth.

While the above theory is sufficient to explain the effect
of an electric field on optical transmission through a sample, to
explain the field effects on reflectance Ac; should also be known.
This can be obtained at a parabolic edge by a Kramers -'Kronig’trans-
formation of Aes, Eq.(2.28). Electroreflectance of Ge at the fundamental

139 Observation of

gap was explained by Seraphin in the above manner.
Franz-Keldysh effect in reflectance encouraged the investigatibn of
electroreflectance at higher band gaps where structure is observed in
reflectance spectra. The nature of these band gaps are both parabolic
and saddle point type. The effect of an electric field on a saddle

pointAtransition is necessary to be known before an explanation of the

reflectance change at higher energy band gaps could be interpreted
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- successfully.

First predictions on the nature of the change in.ez at a
saddle point edge were given by Phi]]ips]48 in a duality theorem which
states that the change in g, at a saddie point edge is obtained from
the corresponding change at the parabolic edge by reversing the signs
of (w - w,) and Aez in it. This transforms Aez at a parabolic edge
with oscillations following the energy gap to Ae, at a saddle point edge
with oscillations preceeding the band gap energy. The difference in
line shapes of Ae, at a parabolic and saddle point edges is significant
in the identification of critical points. Seraphin computed the com-
ponents Ae; and Ae, at a saddle point_using Phillips duality theorem in
his analysis of electroreflectance studies onAGe, Si and GaAs.]3]

A generalized theory of the Franz-Keldysh effect at the four

149,150

kinds of critical points was developed by Aspnes and Aspnes,

151 151 jorived a general expression for

Handler and Blossey. Aspnes et al
the imaginary component of the one electron interband dielectric function
of a solid in the presence of an electric field on the lines originally '

145,128 s wavefunctions of a band in the pre-

developed by Callaway.
sence of an electric fié]d are expressed in terms of a linear combination
of Bloch functions of that band. To preserve the translational symmetry
of the solid perpendicular to the field direction, only those wave-
functions whose Kk, is:the same are mixed by the electric field. The
optical matrix element is solved with these wavefunctions in the ex-

pression for e,. In the weak field approximation, for a pair of bands

the imaginary component of the dielectric function, g, in the presence
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of an electric field is shown to be]5]

2 . E.. E. .
€2 -(n,F? = fg2e?. J 2 Ak [MPoe]” {J___A1(EF Bt

my2 S (2g) S hQ 0
(2.48)
where
) ne = 2F2h2 3
(g S ) ; )
and
- 2 -
1 -1 ) (EF ET.)

ﬁ—;l ﬂ'Z' ok _112 -

The zero field expression for e, is given by

g2 (w,0) = 4:232 J 2 3 d3k l‘ﬁo.Pif | x 8(Eg - E; - Tw)
mfw® 1 (2n) (2.49)

Aspnes et a1]51

showed that in the weak field approximation the finite
electric field dielectric function e,{(w,F) can be obtqined by convoluting
the zero field dielectric function g2 (w,0) with an Airy function. From
Eqs.(2.48) and (2.49) it is seen that the effect of electric field is
therefore simply to replace the § function by the Airy function with

the appropriate prefactor. For finite values of field, at ény point k,
the electric field mixes contributions from other points in the neigh-
bourhood of k and this mixing should vanish as the field is removed.

123 explains that this mixing in the presence of an

Seraphin
electric field extending over a slope discontinuity in the density of
states function is responsible for the large changes observed in g
at the critical points while the effects are small in the smoother
regions.

The nature of the Airy function depends upoh the sign of its

argument. It decays exponentially for positive arguments and extends in

1y
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a progressiyely damped osci]1atory pattern for negatiye arguments.
In the expression for‘ez(w,F) the sign of the argument of the Airy
function depends onn the sign of the reduced mass p,, along the electric
field direction, which leads to significant information on the saddle
points, whether the electric field is along the positive or negative
reduced méss axis.

Aspnes]50 derived expressions for Aeaz(w,F) at the four types
of critical points in terms of two electro-optic functions F(n) and
G(n),

F(n) =1 (A2 (n) - n A2 () - (=n)? U(m) (2.50)

™
and

6(n) =1 (Ai' (n) Bi'(n) - n Ai (n) Bi (n)) + (M)F U(M) ,
Tr .

‘where Ai(n), Bi(n) and Ai'(n), Bi'(n) are the Airy functions and their
derivatives respectively. U(n) is the unit step function. The argument
n 1s the dimensionless variable (EF - Ei‘- huv_ﬁg . Through Kramers -
Kronig transformation, Ae; is determined from Ae,. Six distinct line |
shapes which are combinations of the two electro-optic functions and
unique were obtained for both Ae; and Ae, at the four types of critica]l
points, shown in Fig. 2.10. Recognition of these line shapes inA R
spectra would lead to an identification of the critical point. X

However, in practice the symmetry nature of the critical point]52

131,150

and 1ife time broadening of the states modify the line shapes

quite drastically. Line shape analysis is further complicated by non-

uniform field intensity over the penetration depth of the electromagnetic

129 153,154

wave into the sample and exciton effects. But the energies of
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THEORETICAL LINE‘SHAPES FOR Aeq (hw,F) AND Ae, (hw,F)
AT THE FOUR TYPES OF CRITICAL POINTS
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the critical point band gaps can be determined from electroreflectance
- spectra without a detailed line shape analysis.

The e]eﬁtroref]ectance spectrum of Ge obtained by Cardona is
shown in Fig. 2.11 which may be compared with its reflectance, Fig. 2.2
and thermoreflectance, Fig. 2.8, spectra. The structure is sharp and
well resolved. The E; and E; + A, transitions represented by the
doublet at 2.1 / 2.3 eV are clear. The E, structure is seen at 4.4 eV.
The E03 and E,' + 4" transitions are weak but clearly observed.

The.first electroreflectance measurements were reported by

138

Seréphin by a technique usually known as the field effect electro-

129

reflectance. The electric field applied to the reflecting surface
was obtained by a capacitor like systeh. The dc bias and the ac modu-
lating voltages were applied between the sémp]e surface and a transparent
conducting field electrode separated by a thin "My]ar'.l or "Saran"
dielectric material, matching the interfaces optically with suitable
liquids. Precautions should be taken in this experimental arrangement
to eliminate unwanted reflectance variations due to'changes in the
electrode sample separation caused by Coulomb forces. Recent improve-
ments in this technique are the use of thin films of dielectric materials
between the reflecting surface anq the field electrode which is either
a conducting Sn0, film or a thin metal film. This technique allowed
measurements over a wide range of temperatures and surface potentia]s.]56
The spectra] transmission properties of the dielectric film and the
field electrode determine the useful range of the system.

The electrolytic e]ectroref]ectance.techn{que was developed
1.139

by Shaklee et a In this method an electric field is obtained at
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the sample surface by immersing the sample in an electrolyte and biasing
it in the proper direction with respect to a p]atinuﬁ reference electrode
so as to form a b]ocking contact. An ac voltage is added to the dc bias
in order to obtain modulation in reflectance. A characteristic advantage
of the electrolytic technique is that large field strengths and large
reflectance changés are caused by relatively small voltages along with
the associated disadvantage that a small bias change will also 1ead to

a large change in the surface potential. The spectral raﬁge of measure-
ment is Timited by the transmission of the electrolyte. The temperatire
range over which measurements can be made is determined by the.freezing

and boiling points of the electrolyte.
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2.9 Review of Reflectance and Modulated Reflectance Results

Reflectance Results

The first reflectance measurements on .semiconductors over a

121 132

sufficiently wide range were made by Philipp and Taft on Ge and Si.

Two peaks observed in the reflectance spectrum of Ge were tentatively

113

assigned by Phillips to the interband transitions L3’ - Ly and

X, - X;. Spin orbit splitting of the L;' level was observed by Tauc

126 65,66 157

and Antoncik. Their studies on Ge-Si alloy and Phillips

classification of the energy levels at the ©, X and L symmetry points
led to the correct assignment of the first peak in Si to I',s - ;s gap.
The pseudopotential band structure calculations of Ge and Si by Brust

114 - 116

et al corrected the earlier assignments and predicted extra

structure. The first peak, E, in Ge was reassigned fo‘As- A transition.

The doublet nature of the peak was shown to be from spin orbit split

Az Tlevels. The accidental degeneracy of the two critical points M,

at X, - X; and M, at ;- I,was responsible for the E, peak. The E,'

transitions at L3' - L; predicted from Brust's band calculations were

observed by Ehrenreich, Philipp and Phi]]ips.]sg’]sg
First reflectance measurements on the 111 - V compounds GaAs,

65

GaSb, InAs and InSb were reported by Tauc and Abraham ~ in 1960 immed-

iately after the measurements on Ge and Si by Philipp and Taft. The
similarity between the reflectance spectra of diamond and zincblende

lattice materials was shown clearly in their results. Cardona determined

160 161 125

the reflectance spectra of GaSb, InP, GaP, and A1Sb and his

results include the temperature coefficients and the spin orbit




- 83 -

splittings of the E, transition. The 3.7 eV peak in GaP was assigned
to the L;' - L, transition. The doublet nature of the peak was not
observed because of the small spin orbit value for L;'. The reassign-
ment ‘of peaks for Ge and Si after Brust's band calculations was ex-
tended to the zinéb]ende materia]s. Extra structure due to lowering of
diamond symmetry to zinchblende was observed by Greenaway and Cardonawz’]63
and Zallen and Paul.16%  The X3 - X1 splitting was found to be nearly
constant in all 111 - V compounds. The higher energy transitions
between L;' - L,levels were observed by Ehrenreich and Phih‘pp.]58
Recent band structure calculations by Herman et a]37 placed
the Ey' transition energies in Si, Ge and a-Sn at a lower value from
the experimental structure observed. The origin of the E, peak was
suggested due to interband transitions over an extended region of the
Brillouin zone, which is in agreement with the results of Kane.”7
Cardona et al determined the band structures of several 111 - V com-

26,22,27 Their results indicate that %, - I,

pounds using the k.p method.
transition energy is closer to the observed £, peak than the XF - X
transition energy.

Reflectance spectra of mixed 111 - V alloys were obtained
for InSb-GaSb and InAs-GaAs by Hoolley and Blazey®' and GaAs-GaP by

101

Thompson and Woolley. A linear variation for the band gaps as a

| function of alloy composition was observed from their results.
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Thermoreflectance Results

The thermoref]ectance spectrum of Ge was determined by Batz]37’]4]
at two temperatures, 120° and 400°K, over a spectral range 0.6 to 5.0 eV.
He observed structure corresponding to the fundamental gap and its spin
orbit split component at 0.76 eV and 1.06 eV respectively giving 0.3 eV
for Ag. The twin structure at 2.1 / 2.3 eV represented thé Ey and E; + A,
transitions. The E, peak occurred at 4.4 eV. More structure was ob-
served in the energy range of 3.0 to 3.5 eV associated with the Eq'
transitions. The structure found at 1.97 eV before the E, transitions

128

vas assigned tq the L3' - L; transitions generally labelled e;. This

energy value is smaller than the energy reported by Ghosh,]65 (2.15 eV),

166

and higher than the energy value given by Potter. °°(1.84 eV). The

spin orbit split component e; + A; was not observed by Batz.

Matatagui et a1140

determined the thermoreflectance spectra
of several diamond, zincblende and wurtzite structure materials both
at room temperature and liquid nitrogen temperature. The structure ob-
served in their spectra was correlated with known electroreflectance
measurements. The line shapes were discussed in terms of the.nature

of the critical points.
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-Electroreflectance Results

The electroreflectance spectra of Ge, Si and GaAs were
determined by Seraphin using the field effect electroreflectance tech-

138

nique. - In the spectrum of Ge sharp structure corrésponding to K,

E, *+ Ags E1s Ea + A1, Eo' complex and E, were well reso]ved.]67’]68
The E, + A, transition was not observed in reflectance spectra. In

the electroreflectance spectrum of 51156

three peaks were observed in
the energy rangé 3.3 to 3.5 eV. The second and third peaks changed
sign in p and n type materials and also were found to be having a large
temperature coefficient. At room temperature, the second peak almost
disappeared. On these grounds Seraphin suggested that the low and high
energy peaks at 3.34 and 3.45 eV represent the I';s' - T'ys and Az - My
transitions, respectively, with an excitonic peak at 3.4 eV in between.

169 was in

Structure found in the electroreflectance spectrum of GaAs
good agreement with the reflectance data. The field shift of the M,
type Eq and Eq + Ag and M, type E; and E; + A; transitions was measured
in GaAs. Utilizing one of the advantages of this technique the AR line
shapes were determined as a function of surface potential by varsing

170

the values of dc bias from -600 to 600 V. 1t was observed that at

the flat band condition the AR signal was minimum at the fundamental

mn to determine

frequency. This technique was improved by Pidgeon et al
tﬁe e]ectroref]ectancebspectra of InSb and InAs at helium temperatures
in a magnetic field. |

Because of its simplicity the electrolytic electroreflectance
techm’que‘39 has been in extensive use to obtain the electroreflectance

spectra of semiconductors in order to determine the energies of the
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critical band gaps which contribute to optical absorption in the

128

spectral range 0.6 to 6.0 eV. Cardona et al applied this technique

27.
)1 7

to several semiconductors with diamond (Si, Ge, a-Sn zincblende

(A1Sb,- GaP, GaAs, GaSb, InP, InAs, InSb, ZnTe, CdTe, CdS, HgSe, HgTe) 2/

wurtzite (CdSe, CdS, Zn0)127'rock salt (PbS, PbSe, PbTe, SnTe, GeTe)]73

structures and materials with antifluorite structure (Mg>Si, MgzGe,

174 The direct interband energy gaps and spin orbit sp]iftings

Mg2Sn).
obtained from the results have been useful as parameters in semiempirical
band calculations.

The structure observed in an electrolytic electrorefiectance
spectrum is sharp and well resolved. The spin orbit split components
Eo and Eo + Ao separated by about 0.1 eV in GaP were resolved as shown

].104

from the results of Thompson et a In InP the E; and E; + 4,

doublet which was not observed in reflectance was observed in its

electroreflectance spectrum.127. In the electroreflectance spectrum of

165

Ge, Ghosh observed more structure, some of which was assigned to the

e, and e, + A, transitions. This assignment, while in good agreement
with Herman's band structure calculations disagrees with Potter's resu]ts.166
Line shape analysis of the electroreflectance spectrum of Ge was attempted

by Hamakawa et a1.153

They determined the Ae, and le, 1ine shapes from
the AR spectrum in order to compare them with the theoretical line shapes
to fiEd out the type of critical point transition involved. For InP,
InAs, and CdTe the Ae, and Ae, line shapes were discussed by Cardona. 28

The electrolytic electroreflectance technique has been extended
to alloy studies to determine more accurately the band gap energies as

a function of composition.]o4 The Ge-Si alloy system was measured by -
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128

Klein et al. A linear variation for the energy gaps as a function

of composition was shown from their results. In Si around 3.4 eV, the
1 ] '

1° E] + A], E0 and EO + AO

From the electroreflectance studies on GaAs-GaP

95, 96, 188, 191

E were all found to be superimposed.

104 and

InAs-GaAs the first peak observed in the réf]ectance
spectrum of GaP was assigned to Ay = Ay, transitions and a non-linear
composition dependence of the Ay - A gap in InAs-GaAs alloy system

was clearly observed.
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- 2.10 Scope of the Present Work

Optical techniques which measure static and modulated re-
flectance have been used widely tovobtain information necessary either
to check the computed band structure or to provide parameters réquired
for empirical calculations. For this purpose, modulation techniques
have been found to be sdperior to static reflectance measurements. The
most used of the modulation techniques is electroreflectance. In general,
this technique can be used over a broad energy range if strong light
sources, sensitive detectors and suitable electronics are available.
However, a preliminary reflectance measurement is still of considerable
value because the experiment is relatively simple to perform compared
with modulation experiments. A direct correlation is obtained between
the structure of the reflectance spectrum and the band structure.

In the present work, in order to obtain inforﬁation about the
higher energy transitions and the spin orbit split values of the energy
levels at the X and L symmetry points, absolute reflectance measurements
at near normal incidence have been made on some 111 - V compounds in
the vacuum ultraviolet region. Thermoreflectance measurements were
made in the energy range 1.0 - 6.0 eV._ The structure found in the re-
flectance and thermoreflectance spectra is correlated to interband
transitions with the help of previous work.

The study of energy gap variation in 111 - V alloys by
determining the ref]ecfance spectra was initiated by Woolley and B]azey.S]
The electrorefiectance technique was applied to alloy studies by Thompson

104

and Woolley with improved accuracy in the determination of band gaps.

By extending these measurements to three more alloy systems the nonlinear
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variation of energy Qaps as a function of composition has been found
to be in part due to the effect of lattice disorder. Tﬁe bowing para-
meter has been defermined for various band gaps and for one spin orbit
splitting. In the latter case, the bowing parameter is shown to be
related to the atomic spin orbit split values of the alloying atoms.

In the 111 -~ V alloy studies, the preparation of a]ioy
material is the first requirement. Intensive growth studies by Woolley
and co-workers showed that the horizontal Bridgman method is suitable
for the preparation of homogeneous polycrystalline samples of some
111 - V alloys. Two alloy systems measured presently were grown by
this technique. A third alloy system was prepared by vapour transport
technique at the Westinghouse Research Laboratories. |

In the following chapter, the experimental techniques énd
the method used to prepare 111 - V alloys are describe&. Results and
Discussion are given in Chapter Four which is followed by conclusions
as Chapter Five. Further organization of material in each chapter is

indicated in its introductory section.
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CHAPTER 3

EXPERIMENT
3.1 Introduction

The physical properties measured in this research were the

values of reflectance and modulated reflectance for some 111 - V com-
pound semiconductors and their alloys. The following section is |
concerned with the measurement of reflectance. The principle of the
method, the apparatus and the experimental details are described. The
third section is devoted to modulated reflectance. Details of the two
modulation experiments, namely, electroreflectance and thermoreflectance,
which were set up in our laboratories are given; Preparation of 111 - V
alloys is treated in the fourth section. The 111 - V compound semi-
conductor materials used in this work were purchased from industrial
organizations. Of the 111 - V alloys which were measuréd; the Ga, In,_ Sb
and InSb, As systems were grown in our laboratories. . The InAs, P

1-x7x
alloy samples were kindly provided by Dr. M. Rubenstein of the

X

Westinghouse Research Laboratories. The method used for the preparation

of the former two alloys is described.
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3.2 Measurement of Reflectance
The reflectance of a material {s defiﬁed as the ratio of
the reflected to the incident 1ight intensities. It is a function of
the wavelength of the incident radiation and the angle of incidence.
Another factor which influences the reflectance of a sample to a con-
siderable degree is how the surface itself has been preparéd. The
object of this experiment is to measure the values of reflectance as.
a function of wavelength or photon energy over an extended range for
a semiconductor whose reflecting surface has been prepared with care.
The angle of incidence is chosen to be near normal as this permits
application of the simple Fresnel equation in the analysis of reflectance
data. Furthermore, for this angle of incidence, the reflectance is in-
dependent of the state of polarization of the radiation.]75
The equipment required to pérfbrm such an experiment are the
following: a lamp, a monochromator which disperses the radiation from
the lamp into a spectrum and a detector t6 measura the intensity of
the radiation. A selection of these components depends upon thg wave-
length range of the experiment.
The lamp is usually chosen on the basis that it be intense and
stable. In the infrared and near infrared regions either a Globar or
a Nernst filament which gives a continuous spectrum is almost always
used. A tungsten filament lamp with either a glass or quartz envelope
covers the wavelengths in the near infrared and the visible regions.
This is also a source of continuous spectrum. For more intense visible
radiation high pressure xenon arc lamps are generally used. A high

pressure xenon arc. lamp with quartz envelope provides radiation down
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to 16008 in the vacuum ultrayiolet ﬁegion. Lamps which give radiation
below ]6OOR are usually gas discharge lamps. Electrical discharge in
rare gases have been used as sources of continuous spectra from 1000

8.176,177

to 2000 A most commonly used source in the vacuum ultraviolet

region is the hydrogen discharge 1amp.178

In monochromators, the dispersing element used ié either a
prism or a grating. The wavelength range of a prism monochromator
depends upon the optical properties of the material of the prism.

Quartz is used in the wavelength range from near infrared to near ultra-
violet. The resolution of prism monochromator varies over its wavelength
range. Higher resolution and lower scattered 1ight intensity are
achieved in double pass monochromators which are incorporated with a
chopper. In principle, a grating monochromator can be used in any

region of the spectrum. Over its ane1ehgth range the resolution of

the instrument remains approximately constant. When grating monochro-
mators are used it i1s necessary to remove the overlapping higher order
spectra by .using suitabie filters.

In the infrared and near infrared regions, thermocouples and
lead sulphide and lead selenide cells are usually chosen as detectors.
Photomultiplier tubes are commonly used in the visible and ultraviolet
regions. In the vacuum ultraviolet, the short wavelength radiation is
first converted into visible radiation by using a phosphor which is then
detected by a photomultiplier tube. 179

A schematic arrangement of the apparatus for measuring reflec-

tance is shown in Fig. 3.1. This particular set-up which was used to

measure reflectance in the 3.5 - 7.5 eV range is described later in
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FIGURE 3.1
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~this section. The apparatus consists of a monochromator with a lamp
at its entrance s1it and a reflectometer at the exit slit. Radiation
from the lamp is dispersed by the monochromator and the monochromator
radi;fion enters the ref]eétometer thrbugh the exit s1it. The re-
flectometer unit contains a sample in a holder and a detector. In two
measurements, the intensities of the monochromatic light reflected
from and incident on the sample are measured with the same detector.
The ratio of the reflected to the incident 1ight intensities gives the
reflectance of the samb]e.

During the course of this research reflectance measurements
were made in two wavelength regions extending from 1.0 to 4.5 eV and
3.5 to 7.5 eV which will be identified as the low and high energy
experiments. In these two experiments the reflectometer used was the
same unit. Therefore, this unit will be described first followed by
the details of sample surface preparation and the measurement of re-

flectance in the Tow and the high energy regions.
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Reflectometer

The reflectometer unit is shown in Fig. 3.2. This unit was
originally constructed for mounting it on the exit s]it'arm of a
Jarrel Ash halfmeter grating monochromator, shown schematically in
Fig. 3.1, to measure reflectance in the vacuum ultraviolet region. It
contains a sample holder which can be raised or lowered either to take
the sample out of the path of the light beam or to receive it. The
sample holder ;an’a]so be rotated about a vertical axis allowing any
desired angle of incidence of the light beam on the sample surface.
The axis of rotation is in the plane of the sample surface. A photo-
multiplier tube equipped with a side window is mounted on a radial arm
which could be rotated about the same vertical axis around which the
sample holder rotates. To measure the reflected light intensity the
sample is lowered into the optical path. The angle of incidence is
adjusted to the desired value by rotating the sample holder. The
detector is rotated into its position to receive the reflected 1ight
from the sample. The incident light intensity is measured by taking
the sample out of the optical path and rotating the detector to face the
direct beam.

Light entering the reflectrometer is stopped by a diaphragm

placed in front of the LiF lens which focussed the 1ight on the sample

at an effective aperture ratio of f/12.5. The minimum average angle
of incidence obtained with this unit» is 7°. As the length of the
radial arm from the sample surface to the detector is fixed, the
dimensions of the light beam on the detector remain constant when the
detector receives either the ref]ecfed light béam from-the sample for
any angle of incidence or the direct beam. To be able to select the

same sensitive area, stops can be arranged on the radial arm travel.
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Similarly the sample holder motion can be stopped mechanically to
expose the same sample surface repeatedly and to maintain the
same angle of incidence. Resetting errors associated with the
sample and detector positioning are negligible. The réf]ectance
measured is an absolute value. T

The reflectance value at a given wavelength was determined .
from consecutive readings with the sample in and then with the sample
out. This technique although more time-consuming than that of running
through the spectrum first with the sample in and then with the sample
out of the incident beam, reduces effects due to fluctuations in the
electronics and the lamp intensity. These point by point measurements
were made a£ wavelength intervals suitable for the partiéu]ar region

of the spectrum being investigated.
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Sample Surface Preparation

Sample surface preparation plays an important role in
reflectance measurements. Light incident on the surface interacts
with the sample material within the penetration depth of the radiation
which depends upon the absorption coefficient of the material. The
penetration depth is large for long wavelength radiation and decreases
as thé wavelength decreases for a semiconductor. Reflectance measuré-
ments therefore represent the properties of the materiaj in the surface
layer whose thickness varies from a few thousand to a few hundred |
Angstroms. Ideally, when the surface is atomically clean and free
ffom lattice distortion effects, the material in the surface is a true
representative of the bulk material.

Experimentally, it is not possible to prepare ideal surfaces.
The closest to an ideal surface is a surface cleaved in high vacuum.
Reflectance measurements on such a surface should alsc be conducted
under high vacuum conditions. When thé sémp]e is exposed to.atmosphere
the surface gets oxidised rapidly. The oxide layer thickness is an
important parameter when the penetration depth of the radiation is of
the same order of magnitude. For materia]s which cannot be cleaved,
surfaces are prepared by cutting and mechanical polishing which distort
the surface layers. Chemical etching is necessary to dissolve the
distorted material away from the surface before proceeding with the
experiment.

Samples for reflectance experiment were cut from these materials
in the'shape of thin plates of approkimate dimensions 8 x 5 x 2 mm. They

were held in Glyptol cement on polishing rods to be wechanically polished
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in steps on grinding and polishing wheels using various grain sizes of
alumina powder suspended in distilled water. The final polishing was
done wifh .05 micron grain size alumina. The surface layers strained
by mechanical polishing were removed by etching just before making the
reflectance measurements. The etchanis used were mainly mixtures of
nitric and hydrochloric acids in various proportions. After etching
each sample was washed successively in distilled water, ethyl alcohol
and acetone in that order, dried and mounted in the sample holder of
the reflectometer. Thé initial positioning of the sample was carried
out so that the reflected beam for the sample in position and the in-
cident beam in the sample out position both fell on the same part of
the detec¢tor window. With the sample positioned properly in its holder,
the reflectometer was ready'to_be used either with the low or the high

energy reflectance experiment.
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Measurement of Reflectance in the de Energy Region

A Zeiss M4Q 111 prism monochromator was used with a low voltage
tungsten filament lamp. Monochromatic radiation over the energy range
1.0 to 4.5 eV, chopped at 120 Hz was obtained with this combination.

The monochromatic radiation was focussed on the sample by a quartz

lens. The incident and the reflected 1ight intensities were measured by
an RCA 1P28 photomultiplier tube operated at a stabilized voltage of the
order of 400 V supplied by a Zeiss Amplifier / Indicator dnit. The

120 Hz output signal from the detector was amplified and converted to

dc with a phase sensitive detector in the Amplifier / Indicator unit,
and was disp]ayed as a galvanometer deflection on a scale which had 110
divisions.

Reflectance measurements were made by measuring the reflected
and the incident 1ight intensities with the sample in and sample out-
technique. At each wavelength selected, first the incident light was'
brought to read close to the full scale deflection of 110 divisions by
adjusting the amplifier gain. This reading gave the incident light in-
tensity Io' For the same gain setting, the reflected light intensity
Ip was measured. The reflectance value R at the wavelength A is deter-
mined from the ratio of Ip to 1. This procedure was repeated at SOR

intervals over the wavelength range.
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Measurement of Reflectance in the High Energy Region

The equipment used in this experiment consisted of a Jarrel-
Ash half meter concave grating monochrohator, a Sylvania DE 350 deuterium
lamp and thé reflectometer. The lamp was run by a stabilized power supply.
Monqéh}omatic radiation in the energy range 3.5 to 7.5 eV was available
at the exit slit of the monochromator. The monochromatic radiation was
focussed on the sample by a LiF lens. The incident and the reflected
light intensities were measured by an RCA 1P21 photomuitiplier tube. The
window of the photomultiplier tube was coated with sodium salicilate
phosphor. The detector was operated at 500 V supplied by a Keithley
model 240 stabilized voltage source. The signal output from the detector
was fed to a Keithley model 409 picoammeter whose proportional output
was read on a Cimron digital multimeter.

To proceed with the éxperiment the reflectometer was mounted
on the exit slit arm of the monochromato} with an 0 - ring vacuum seal.
At the entrance slit of the monochromator a suprasil window was attached.
The monochromator and the reflectometer were evacuated. The reflectance
values were determined from consecutive readings with the sample in and
sample out technique, as discussed before. These point by point measure-
ments were made at wavelength intervals suitable for the particular
region of the spectrum being investigated. The resolution of.the
monochromator permitted 10 R intervals. The correction for the scattered
light was made by measuring the detector output by setting the monochro-
mator at a wavelength below the transmission limit of suprasil. This
value was assumed to remain constant over the entire Wave1ength range

of the‘experiment.
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3.3 Measurement of Modulated Reflectance

The underiying principle of modulation techniques is that
by applying a periodic perturbation to a sample, periodic changes with
the same period can be introduced into its physical properties which
can be retrieved later by using conventional phase sensitive detection
techniques. When the physéca] property observed is reflectance, modu-
lated ref]ectancé is the result. The external agents which can be used
to modulate reflectance are for example, temperature, electric field,

129,128 The mechanism of modulation differs from

uniaxial stress, etc.
one modulating parameter to the other. But a simple shift of the energy
of the critical point in the joint density of states function by the
modu]atidn parameter accounts for the observation of structure in the
modulated reflectance spectra.. As the line shapes in these spectra

do change for different external perturbation agents, additional infor-
mation is available in their examination.

One consideration which speaks highly in favour of the modu-
lated reflectance experiments is that the structure in their spectra is
limited to few energy positions with either very little or no Background
as otherwise found in ordinary reflectance speétra. Usually, the
changes in reflectance, AR/R produced by the modulating parameters are

% t0 1078 and require special

quite small. They are of the order of 10~
apparatus: strong light sources, sensitive detectors and suitable
electronics to provide a good final result for AR/R as a function of
wavelength in such an experiment. Since.in the present work, the same

setup was used with different modulating parameters, namely temperature

and electric field, the common setup is described first. Further details
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of how this setup was used to obtain electroreflectance and thermo-
reflectance are described in their re;pective subsections.

A~schemétic layout of the common setup is shown in Fig. 3.3.

A Bausch and Lomb half meter grating monochromator was used to disperse
the light from a Hanovia 907 C 1, 600 W high pressure xenon arc lamp.
The resulting radiation at the exit slit of the monochromator was
passed through a suitable filter to remove the wavelengths of the over-
lapping orders. The filters used were Wratten 29, Wratten 2A and Glass.
The filtered monochromatic radiation was focussed on the sample by a
quartz lens at near normal incidence. The reflected light was gathered
by a front silvered concave mirror and redirected to a detector. This
vas a phbtomu]tip]ier tube which was either a Du Mont 6911 for the
infrared and the visible regions or an EMI 6255 S for the visible and
ultraviolet regions. The detectors were operated by Keithley Model 240
and NJE Corporation Model S - 326 regulated power supplies.

During a modulated reflectance experiment the output current
from the detector contained a dc component proportional to the intensity
of the 1ight reflected from the sample (o R) and an ac componént pro-
portional to the change in reflectance (o A R) caused by the periodic
perturbation of the modulating parameter. The dc signal was maintained
at a constant value of fhe order of 1V by adjusting the voltage applied
to the photomultiplier tube by a servo (Heathkit Recorder) continuously.
The ac signal output from the detector which was proportional to AR
was 'detected by either a PAR JB6 or PAR Model 122 Lock In Amp]ifie&.

The output from the lock in amp]ifiér was recorded on a Heathkit chart

recorder. The wavelength control of the monochromator was driven by a
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FIGURE 3.3
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motor and the wayelengths were marked manually at eyery 50 x intervals

on the spectrum.
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Electroreflectance
The electrolytic electroreflectance technique was used fin
the present work. This experiment was first set up in our laboratories

by Dr. A. G. Thompson.]80

The same equipment was used with a few modi-
fications in setting up the present experiment.

An electric field was applied to the reflecting surface of
a semiconductor sample by immersing it in an electrolyte and biasing it
in the blocking direction with respect to a platinum reference electrode.
The modulation in reflectance was obtained by adding an ac voltage to
the dc bias. The dc bias was obtained from a 9V Mallory battery and it
could be adjusted by a potentiometric control. .The ac modulation voltage
was derived from the reference output of the lock in amplifier when the
unit was operating in the internal reference mode. Thg reference output
was applied between the sample and the reference electrode through an
impedence matching circuit. The modulation voltage could be adjusted
continuously from 0 to 3V.

The sample cell was made out of a Pyrek beaker with a quartz
window. In the early investigations a 0.3 N solution of KC1 fn distilled
water was used as the electrolyte. To obtain a blocking contact, the
sample was made negative with reépect'to the reference electrede. To
avoid excessive current flow through the sample, the bias and modulation
voltages were maintaiped at lower values. During this work, another
electrolyte, glycerol in distilled water, was found to be more suitable
for work with the 111 - V compounds and their a]]oys; With this elec-
trolyte, it became possible to changé the bias over a considerable range

of voltages without drawing excessive currents and even to make the




- 107 -

polarity of thé sampTe positive with respect to the reference electrode.
The bias variation was particularly important for InAs and InAs rich
alloys. This will be discussed further in the chapter on Resilts and
Discussion.

b The samples for the electroreflectance experiment were cut
from alloy ingots. They were elliptic in shape with approxfmate dimen-
sfons 6 x 3 x 1 mm. One face of each sample was mechanically polished
with alumina powder; the last stage Eeing with 0.05 micron grain size.
The sample was mounted on a brass rod using silver paint (GC #21 - 1)

for good electrical contact between the rod and the sample and insulated
from the electrolyte except for the reflecting surface of the sample with
an insulating liquid tape (GC #176 - 2). Just before starting with the
experiment, the samples were etched in mixtures of nitric and hydro-
chloric acids.

To proceed with the experiment, the sample wés positioned in
the optical path to reflect the light from the monochromator into the
detector at near normal incidence. The bias and modulation vq]tages
were chosen and applied to the sample. The best operating values were
known after a few trial experiments. With a rapid scan over the wave-
length range of the experiment suitably selecting the filters, first the
location of structure in the AR/R spectrum was found. Later, a slow
scanning speed of 50 K / min at a chart speed of 2" / min and a time
constant of either 1 or 3 sec provided spectra with ample resolution and

good signal to noise ratio.
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Thermoref]eétance

In.the thermoreflectance experiment the reflectance of a
sample was modulated by a periodic variation of the temperature of the
sample. The temperature variation was obtained for low resistance samples
by passing a periodic current through them. High resistance samples were
mounted on a heater and heated indirectly by passing the périodic current
through the heater. A Hewlett-Packard audiosignal generator followed
by an amplifier, Fig. 3.4, supplied power to heat the sample ejther
directly or indirectly. The frequency selected was between 7 and 19 Hz.

Samples for thermoreflectance measurements were cut as rectan-
gular p]atés of approximate dimensions 6 x 3 mm. and a few hundred
microns thick. The reflecting surface of the sample was mechanically
polished (with alumina powder) and etched just before mounting it on the
sample holder shown in Fig. 3.5. The sample was electrically insulated
from the water cooled copper block by a thin sapphire disc and it was
attached to the sapphire disc with si]verApaint. The electrical contacts
were made either to the sample or to the heater strip depending upon the
resistance of the sample. |

A PAR model 122 lock in amplifier was used to pick up the
modulated component from the detector output. The reference-signal for
the lock in amplifier was derived from the signal generator. A thermo-
reflectance spectrum was recorded from the output of the lock in amplifier

as described in the preceeding sections.
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FIGURE 3.5
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3.4 Preparation of 111 - V Alloys
Through a careful study of the material growth techniques by
Woolley and co—wokkers, the horizontal Bridgman method has been found

75 14 this

to be suitable for the preparation of mixed 111 - V alloys.
technique, an alloy material in the molten state is pulled through a
steep temperature gradient solidifying as it passes into the cold zone.
This method produces coarsely polycrystalline ingots in which there is
a gradient of composition along the length of the ingot with homogeneous
cross sectional slices. Therefore, slices cut from various positions
along the length of an ingot give specimens of different alloy compositions.

The furnace design used in horizontal Bridgman method is shown
in Fig. 3.6. It consisted of two sections, one maintained at a higher
temperature than the other. These two sections were separated by water
cooled brass discs to make the temperature gradient asvsteep as possible.
The selected temperatures for the high and low temperature zones were -
monitored by Pt-Pt Rh thermocouples and maintained by an "Ether Tran-
sitrol" proportional controller and a "Phillips on-off" controller,
respéctive]y. The temperature profile of the furnace is also shown in
Fig. 3.6.

The drive mechanism used to pull the ingot through.the tem-
pefature gradient consisted of a "Meccano" worm and gear assembly and a
Barber-Coleman motor.

To prepare an alloy material, appropriate amounts of the two
111 - V compounds to be alloyed were weighed and vacuum sealed in quartz
capsules. The mixture was melted first in a high temperature furnace.

After a thorough mixing of the contents, the mixture was allowed to
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FIGURE 3.6
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solidify. The solid ingot thus obtained will be in general inhomogeneous.
The ingot was then placed in the hot zone of the horizontal Bridgman
furnace, the temperature of which was selected to be higher than the
melting point of the alloy ingot. It was slowly pulled through the
temperature gradient into the cold zone whose temperature was generally
maintained below the melting point of either compound but sufficiently
high in order to prevent the condensation of high vapour pressure con-
stituents of the a]]by on the cooler parts of the capsule. The rate of
travel was selected depending upon the alloy system and in general varied
between 2 to 8 weeks for an ingot of 15 cms. in length.

The GaxIn

_be and InSb Asx alloy materials were grown by

1 1-x

horizontal Bridgman technique. Ingots grown by this method have com-
position gradient along their length. To determine the composition of
the alloy material as a function of length along the inéot Cross sec-
tional slices were cut from the ingot at different positions. From
X-ray powder photographs the lattice parameters of the material from
_these cross sectional slices were determined. The compositions were

then obtained from the lattice parameters by comparing them with the
lattice parameter versus composition curves determined before for 111 - V
50,75

For Ga, In,_ Sb and InSb,_,As.»

the variation of composition as a function of length along the ingots

a]loys by Woolley and co-workers.

are shown in Figs. 3.7 and 3.8. A comparison of the two figures shows
the particularly steep variation of composition in the mid composition

range for the InSb]_xAsx ingot along its length.
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FIGURE 3.7
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FIGURE 3.8

ALLOY COMPOSITION Versus LENGTH ALONG THE INGOT
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Introduction
o This chapter is broadly divided into two sections. In the
firgf section, resuits obtained from the ref]ectaﬁce and thermoreflectance
experiments on 111 - V compounds are presented and they are discussed in
terms of interband electronic transitions. In the second section, results

on mixed 111 - V alloys GaxIn]_be, InAs]_xannd InSb AsX are given in

1-x
that order. Of these three, the Ga, In,_,Sb alloy system has been
studied extensively using the reflectance, thermoreflectance and electro-
reflectance techniques. Only electroreflectance measurements were

carried out on InAs]_xPx and InSb Asx alloy systems. Results obtained

1-x
for the three alloy systems together with the results from previous
work in GaAS],xPX and GaxIn]_xAs alloys are analysed using the modified

virtual crystal model.
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‘4.2 Results and Discussion of Reflectance Measurements on 111 - V
- Compounds
Reflectance values were determined {n the energy range 3.5 to
7.5 eV for samples of GaP, InP, GaAs, InAs, A1Sb, GaSb and InSb. Samples
which were cut from polycrystalline ingots were polished and etched just
before proceeding with the measurements. The experimental procedure
adopted to measure reflectance in this energy range has.been described
in Section 3.2. The reflectance spectra which are values of reflectance
plotted as.a function of photon energy fw, are shown in Figs. 4.1 and 4.2.
Each curve in Figs. 4.1 and 4.2 represents a single set of
measurements made on a sample. As it was not found possible to repro-x
duce the same quality sample surface repeatedly the ref]ectan;e vé]ues:
determined in repeated trials at the same wavelength were different.
This change in reflectance in repeated trials was foundlto be sufficient
to smoothen the fine structure in an averaged reflectance spectrum.
Therefore, tﬁe structure which was observed repeatedly in individual trials
has only been included for further discussion.
The two sets of peaks marked (1, 2, 3) and (4, 5, 6, 7) inAthe
reflectance spectra shown in Figs. 4.1 and 4.2 have been identified as
the components 6f the E, and El' structure complexes from preyious work.]27’]58’]81
The energies of the E, (Peak 1),'E2 +§ (Peak 35 and in a few cases the
Ei' (Peak 4) and the E;' + A;' (Peak 7) transitions have been determined
pfevious]y. " These va]ués are used to compare the energies obtained in

the present work and to identi{fy the extra structure found in the spectra,

for example, the E, + A, (Peak 2) and the components of the E;' (Peaks 5

and 6) transitions. The structure observed on the Tow energy side of
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REFLECTANCE_ SPECTRA ' - FIGURE 4.2
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Peak 1 corresponds to Eq' and Eo' + A,' transitions. While E;{ is a
well {nyestigated transition, data.is'ﬁot available for E,' + AQ' in all
m - V compounds. The Eo' + Ap' transition energies are de%érmined for
some 111 -~ V compounds in fhé présent work.

) The assignment of structure found as peaks and shoulders in
the reflectance spectrum of a material'to its band structure has been
discussed in Section 2.5. It {s seen that the assignment of E, peak
particularly is not unambiguous. Contributions to this structure are
shown to come from several critical interband ‘cr‘ansitions.”7’]82’22’26’37
One of them which was originally suggested by Phi]]ips]]3 is the transi-
tions between the Xs valence and the X, conduction levels, shown in
Fig. 2.5. The other transition responsible for the E, structure is

Iz - I at a critical point along (110} direction.2®

The Xs - X,
assignment was strongly supported by the observation of the E, 46 peak
corresponding to the transition Xs - X-;;.]62 The value of § was estimated
to be of the order of 0.4 + 0.1 eV in all 111 - V compounds.'!! oOn this
basis the Ez and E2 + A, doublet structure which is shown in Figs. 4.1
and 4.2 by 1 and 2 are assigned to transitions between the sp{n orbit
split Xsy and Xic states. The value of A, obtained from experiment gives
the ;bin orbit splitting of the Xs valence level.

The Ei'structure is assigned to the transitions between the
Lsy - L3¢ Tlevels, shown in Fig. 2.5. Its observation in Ge and Si was

16 The experimental-

significant in Brust’s energy band calculations.
observation of E;' is useful because this gap is found to be relatively
insensitive to the choice of the core'potentia1 in the energy band cal-

culations and therefore the observed peaks should agree with the
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calculated va]ues.157

The doubly degenerate L;y and L; ¢ states split
‘under spin orbit interaction (Fig.2.5) and the E,' complex should
therefore contain four peaks. Instead a doublet was obseryed by

158

Ehrenreich et al in the reflectance spectra of GaAs, InAs and InSb

which was interpreted in terms of the Lj;y level splitting only assuming

183 In this case it is

that the L;. Tevel splitting to be negiigible.
expected that A;' which is equal to the spin orbit sp]itfing of the Ljy
level only should be of the same order of magnitude as Al_which is the
spin orbit splitting of the Aj;y level. But the experimental values of
A,' are considerably larger than the values of A;. Further, additional
structure due to the L;. level splitting was observed in the E;' complex
in the low temperature reflectance spectra of HgSe and HgTe.]84’]81~
In the electroreflectance spectrum of a-Sn, a triplet was observed in

3 In the reflectance spectra presently obtained -

E,' by Cardona et al.
for the 111 - V compounds, (Figs. 4.1 and 4.2) multiplet structure is
clearly seen in the E;' complex, and thisbshou]d be assigned to the
transitions between the spin orbit split L3 valence and conduction levels.
The E,' and Ey' + A,' structures are due to transitions between
the spin orbit split Asy - A)c states, shown in Fig. 2.5. This inter-
band critical point is located near the Brillouin zone center. The
value of A,' is the spin orbit splitting of the As, level close to the
T point.
In the reflectance spectra shown in Figs. 4.1 and 4.2, the E;
peak identified by 1 is a clear maximum which can be determined

accurately. But the E, + A, and E, +§ structures represented by 2 and

3 appear as shoulders on the high energy side of the main peak. In most




o122 -

cases they cén be clearly Qbseryed bu; ﬁheir eXac? energy posi?ions

can be less easily determined. The accuracy of the E, + 4, and E, +§
-energy values {s -0.05 eV at best. The E;' complex {s Eroad in which
two, three or four maxima can be detected.l The value of a;' which is
the sum of the spih orbit split values of the L, and Ly levels has
been taken as the energy separation between the peaks 4 and 7. The in-
dividual values of L,, and L,. are determined whenever three or four
peaks could be resolved in the E,' complex. When four peaks are re-
solved the extreme peaks 4 and 7 represent the energy gaps E,' and

Ei' + Abgy + Alse (= E;' + 4,') respectively. The assignment of peaks
5 and 6 between E;' + A,y and E;' + AL, transitions is guided by the
available computed values for Lgj, and L3c']27 When the spin orbit split
values Ljs, and Lj. are equal peaks 5 and 6 merge into one another re-

157

sulting in only three peaks in the E;' complex. The energy values

of the various peaks and the spin orbit splittings determined from
Figs. 4.1 and 4.2 are listed in Table 4.1. The values determined only

approximately are followed by a question mark. The experimental values

127 158

of Cardona et al, and also the theoretically com-

127 are

Ehrenreich et al
puted values of various spin orbit splittings by Cardona et al
included in the table for comparison. Below, results are discussed for

each material.

GaP

The reflectance spectrum of GaP is shown in Fig. 4.1. In the
E, complex, the E, peak is observed at 5.37 eV with the associated high

energy shoulder due to E; + § transition which is vaguely present at




TABLE 4.1

Peak energies and spin orbit splitting values.

127 dmmv

Ehrenreich et ai
Hmuv

( ) previous experimental values (Cardona et al

m u theoretically predicted values (Cardona et al

Compound E, Ea+A, >w Eo+6 § m=mmmmemmmmmma—me—ee By etC, memmmememe Ay Al sy AL,
GaP 5.37 5.80?  0.43 6.87 7.00 0.13
(5.27) (0.01)  (5.74) (0.47) (0.16)
InP 5.05  5.25 0.20 5.60 0.55 6.57 6.95 0.38
(5.04) (5.24) (0.21) (5.60) (0.56) _ (0.38)
GaAs  5.03 5.16 0.13 5.45 0.42 6.62°  6.71 6.79  6.90 0.28 0.18 0.10
(4.99) (0.07) (5.33) (0.34) (6.6) (6.9)  (0.29) -(0.18) (0.11)
InAs  4.72 4.84 0.12 5.20 0.48 6.36 6.65 6.74 7.00 0.64 0.37 0.27
(4.70) (0.03) (5.18) (0.48) - (6.4) (7.0)  (0.53) (0.28) (0.25)
A1Sb  4.20 4.30 0.10 4.64 0.44 5.25 5.34 5.70?  5.81?  0.562  0.462  0.10_ .
(4.20) (0.28)  (4.60) (0.40) ) (0.43) (0.34) (0.09)
Gasb  4.28 4:45 0.17 4.62 0.34 5.60 5.73 6.04 6.16? - 0.56 0.43 0.13
(4.20) © (0.29) (4.57) (0.37) (5.50) (0.55) (0.39) (0.16)
InSb 4,02 4.09 0.07 4.50 0.48 5.19?7  5.38 5.68 5.93 0.74 0.55 0.27.
(4.08) (0.09) (4.66) (0.58) (5.25) (6.0) (0.83) (0.50) (0.33)
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5.80 eY. The second component of the complex, E, + A, 1is not resolyed

perhaps because the estimated value of A, is only .007 eV.]27 In the E,'

complex, the two peaks Tocated at 6.87 / 7.00 eV correspond to the E,'
and Ea' + Ay transitioné. The value of A,' is 0.13 eV which is in

127

good agreement with the calculated value, 0.16 eV. The E, and E, + g

gaps determined presently are in good agreement with the published data.lO]

The single peak observed for E;' at 6.90 eV by Ehrenreich et al was re-
solved into a doublet at 6.67 / 6.90 eV in the reflectance spectrum de-

termined by Thompson and WOolley]O]

giving a value of 0.23 eV for a,"'
which is larger than the present value (0.13 eV) and the estimated value,

(0.16 eV).

InP

In the reflectance spectrum of'InP, shown in Fig. 4.1, the E,

E2 + A; and E2 + § transitions are assigned to the structures seen at

5.05, 5.25 and 5.60 eV respectively. The value of A, is 0.2 eV which

agrees well with thermoreflectance results (0.25 eV, Table 4.2) and the

).]27

computed value (0.21 eV Two peaks are observed in the E,' complex

at 6.57 / 6.95 eV corresponding to the E;' and E;' + A,' transitions.

18] The energy

127

This doublet was not resolved in previous experiments.
of A1' splitting is 0.38 eV which is also the computed value.
Because A1 ' is considerably larger than the spin orbit sp]ifting A

(0.14 eV, Tables 4.2 and 4.3), additional structure should be present in

the Ex ' complex due to the Ly, Tevel splitting which should be of the

order of 0.24 eV but this could not be resolved here. A shoulder is

found at 4.90 eV on the low energy side of the E, peak which is assigned




* larger than the estimated value (0.03 eV)

to Eo' + Ap' transition. This assignment {s in good agreement with

- the preéent thermoreflectance results for E,' + A,' (4.86 eY) given in

Table 4.2. Taking the value of E,' as 4.80 eV (thermoreflectance data
from Table 4.2) the value of A,' 1s 0.1 eV which compares well with the
estimated value 0.09 eV and the value determined from electroreflectance

measurenents, 0.07 eV.]27

GaAs -

Both.Ez and E;' complexes are well resolved in the reflectance
spectrum of GaAs shown in Fig. 4.1. The E, transition energy agrees well
with previous data. From the energy of fhe E, + A, structure observed
at 5.16 eV the A, splitting is determined as 0.13 eV which should be

compared with the computed value 0.07 eV.127

158

The E;' aqd Ei' + A;' doublet
observed by Ehrenreich et al and Thompson and woolley]O] are in good
agreement with the extreme peaks 4 and 7 at '6.62 / 6.90 eV giving a value
of 0.28 eV for A,'. The individual components of A", AL, and AL;C are
determined'as 0.18 and 0.10 eV which agree with the corresponding estim-

ated values 0.18 and 0.11 eV.]27

InAs
In the reflectance spectrum of InAs shown in Fig. 4.1, the E,,
E2 + A, and E; + § structures are clearly obéerved‘at 4.72, 4.84 and 5.20,

respectively. The experimental value of A, (0.12 eV) which is very much
127

is in good agreement with
the thermoreflectance data (0.13 eV, Table 4.2). The values of a,

found in two other indium compounds are 0.2 eV in InP and 0.07 in InSb.
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Therefore, the splitting of 0.12 eV which is somewhere in between the
values obtained for InP and InSb seems to be a more probable value for
InAs. The E;' and E;' + A transition energies at 6.36 / 7.00 eV are

.5158

in good agreement with Ehrenreich et al results. However, the

value of A;' which is 0.64 eV is larger than the estimated value,

0.53 ev. 127

From the positions of peaks 5 and 6 the individual values
of Alsy and AlLs. are determined as 0.37 and 0.27 eV. On the low energy
side of the E, peak, the shoulder observed at 4.60 eV is attributed to
Eo' + Ap' transition. This transition has not been observed before in
either reflectance or modulated reflectance measurements. Taking the

Eo' energy value as 4.38 eV from the electroreflectance data given in

- Table 4.3, the A,' splitting is 0.22 eV which is in very good agreement

127

with the computed value (0.22 eV). The extrapolated value from the

electroreflectance measurements on GaxIn As alloy system95 is 0.4 eV

1-x
which is considerably larger than the value determined presently.

A1Sb

From the reflectance spectrum of A1Sb given in Fig. 4.2, the
Eo, E2 + A, and E, + § transition energies are determined as 4.20, 4.30
and 4.64 eV, respectively. In previous reflectance measureménts the

185 However, the present

186

corresponding peak for E; is seen at 4.36 eV.
reflectance value is in good agreement with electrorefiectance data
given in Table 4.1. The A, splitting is 0.1 eV which is very much lower

127

than the estimated value 0.28 eV. In the E; ' complex the peak posi-

tions are not without ambiguity. An’approximate value of 0.56 eV is

obtained for A; ' which should be compared with the estimated value of

0.43 ev. 1?7
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Ih the reflectance spectrum of GasSb shown in Fig. 4.2, the
E, complex is clearly observed. From the E, and E, + A, energy values
lthe splitting A, 1s found to be 0.17 eV which {s 1dwer.than the esti-

mated value 0.29 eV.]27

There is good agreement among the E, energy
values determined presently from reflectance (4.28 eV), thérmoref]ectance
(4.25 eV) and electroreflectance (4.28 eV) experiments. The E,' complex
is broad in which the E;' and E;' + p,' doublet is found at 5.60 / 6.16(?)
eV. The electroreflectance value for E;' is 5.5 eV which is in good
agreement with the present reflectance results. The value of A,' is de-
termined as 0.56 eV with values 0.43 and 0.13 for AL3v and AL;¢ respec-

tive]y.]27

InSb

In the InSb reflectance spectrum shown in Fig. 4{2, the E,,
E2 + A2 and E2 + § energy values are 4.02, 4.09 and 4.50 eV, respectively.
The spin orbit splitting A, is found to be 0.07 eV which is in good

127

agreement with the calculated value 0.09 eV. From thé Ey' and E;' + 5,

energy values 5.19(?) / 5.93 eV the value of A,' is approximately

127

0.74 eV which is lower than the predicted value 0.83 eV. The values

of Als, and AL;. are determined as 0.55 and 0.27 eV approximately which
compares well with the calculated values 0.50 and 0.33 eV.]27

From the results given in Table 4.1 it is seen that the E,
" transition energies determined presently are consistent with previous

data. With E2 as reference, the spin orbit splitting 4, is determined

knowing the E, + A, energy positions. The A, values so determined are
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. compared With computed yalues. It is seéen that fair agreement is ob-
tained except in the cases of InAs, A1Sb and GaSb. In the three cases
the computed values are larger than-the values determined from reflec-
tance ‘spectra. The X3 - X1 separation & is found to be 0.4 £ 0.1 eV in
all Eompounds as predfcted except in InP. Near the shoulder due to

E, + 6§ transition, structure corresponding to‘Ez + A + & should also

184

be present. As it is seen in the spectra of InP and InAs (Fig.4.1)

the shoulder due to E; + & is broad and the E, + A, + § is not quite
resolved. Perhaps this is the reason for the higher value of § found
for InP. The results on E;' complex obtained presently are in good

158 The measured values of

127

agreement with the available previous data.
Ar', AL3v and AL3C compare well with the estimated values. It is
found from the values of A, determined from thermoreflectance data
(Table 4.2), é]ectroref]ectance data (Table 4.3) and previous data that
AL3y is of the same order of magnitude as A;, within the Timits of ex-

perimental uncertainty.
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4.3 Results and Discussion of Thermoref]ectan;e Measurements on
111 - V Compounds |

Thermoréf]ectance spectra of several 111 - V compounds were
determined in the energy range 1.5 to 6.0 eV. Representative spectra,
AR/R versus Ty, for samples of GaP, GaAs, GaSb, InP, InAs and InSb are
shown in Figs. 4.4 to 4.9. In all compounds except GaP témperature
modulation was achieved by heating the sample directly by passing a
periodic current pu]se_through the sample. The GaP sample was heated
indirectly with a heater which was a thin layer of silver paint on a
sapphire disc. Both direct and indirect heating techniques provided
the same type of spectra. Details of the thermoreflectance experiment
are given in Section 3.3.

In a thermoreflectance spectrum, structure is expected at
critical point energies as is usually the case in a refiectance or an
electroreflectance spectrum which has been discussed in Section 2.7.

In Fig. 4.3, the reflectance spectra of InSb and GaSb are shown along with
their thermoreflectance spectra over the same energy range for comparison.
In the neighbourhood of the structure observed as peaks (maxima) in the
reflectance spectra due to E; and E; + A; transitions, the corresponding
structure in the thermoreflectance spectra are seen as asymmetric in-
verted peaks (minima) for both transitions. A characteristic feature
which can be conveniently ;hosen to determine the transition energies is
the position where this.minimum occurs in the thermoreflectance spectrum.
It is seen immediately that the maxima in the reflectance spectra do not
agree with the minima of the corresponding structure in the thermofef]ec—

tance spectra. Some of this shift and the breadth of the line shape of
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the strucpure in ;he ;hermoref]ec?ance spec?ra are due ;o yorenyzian

. broadening. The effect of Loren?zian broadening on Ei and E1 + A,

line shapes has been shown in Fig. 2.9. Sharp structure with a minor
shift of its position is observed when the broadening parameter is
small. As the magnitude of this parameter is increased the peaks are
shifted more as well as broadened. Therefore, the transition energy
determined by taking the position of the minimum in the structure of a
thermoreflectance spectrum does not represent the true band gap and hence
may disagree with the results obtained by other experiments 1ike reflec-
tance and electroreflectance. Before contemplating a rigorous comparison
of the critical band gaps determined by various experiments, these band
gaps should be determined by careful line shapé analysis which is com-
plicated. Other sources which contribute to the shift of the peak and
the breadth of the line shape are the quality of the sample surface and
the homogeneity of the material. In the thermoreflectance spectra shown
in Figs. 4.4 to 4.9, the energy positions corresponding to the negative
going peaks (minima) are-assumed to represent the critical band gaps.
Therefore some disagreements should be expected when the present-results
are compared with the data obtained from other experiments. Whenever
such a discrepancy occurred it is mentioned in the results given in this
section.

The locations of interband cfitica] points is fairly well
known for zincblende materials over an energy of 0 - 10 eV, shown in
Fig. 2.5. The interband transitions responsible for the structure ob-
served in the thermoreflectance spectré in the energy range of the

present experiment are the following.




- 132 -

, The Eo and E, + A, peaks are the spin orbi; sp]it doublet
associated with the tranéitions between Tasy ~ T a¢ states and Ao gives
the spin orbit splitting of the I'is valence state at k = 0, which is
shown in Fig. 2.5. The E; and E; + A, peaks are due to transitions
between Asy - Ajc levels and Ay is the spin orbit splitting of the
valence state. The Eo' and Eo' + Ao' peaks represent transitions
between Asy - Ay states which océur very close to the T point and hence
the energy value obtained for E,' should be close to the gap between
Tisy - Tasc levels. A,' is the spin orbit splitting of the As valence
level again close to I'. The E, structure has been discussed before and
is considered to be due to the Xsy - Xic transition. The doublet E»
and E, + A, is due to the spin orbit splitting of the Xs valence level.
Another transition responsible for the E, structure is between Z2- In
levels. Structure beyond the E, peak energies comes from the transitions
between L4, - Ly states and the E,' peaks are beyond the energy range
of the present experiment. The structure observed in the thermorefiec-
tance spectra of 111 - V compounds is identified in terms of the above
transitions and discussed for éach material. |

It should be mentioned that concurrently with this work,
thermoreflectance spectra of 111 - V compounds were also determined by

140 The spectra shown in Figs. 4.3 to 4.8 are in good

Matatagui et al.
agreement with their spectra. While discussing their results, Matatagui
et a]140 did not give the exact locations of the structure found in their
spectra. In a few cases where the exact energy values were given they

were determined from low temperature spectra. In the present discussion,

the locations of structure found in the room temperature spectra are
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given and they are compared with the data obtained presently from re-
flectance (Table 4.1) and electroreflectance (Table 4.3) measurements
made on the compounds and preyious electroreflectance results of

Cardond‘et a1.127

GaP

The thermoreflectance spectrum of GaP is given in Fig. 4.4.
A doublet structure is observed at 2.73 and 2.90 eV in thé fundamental
gap energy region. If the doublet is due to E, and E, + A, transitions,
the corresponding spin orbit splitting A, is 0.17 eV which is larger
than the value (0.10 eV) obtained for A, from electroreflectance results
of Cardona et a1.127 But recently, Kyser et a1187 while investigating
the direct and indirect gap energy region in GaP by electroreflectance
and electroabsorption techniques, observed structure due to direct gap
transitions at 2.8 eV and three indirect gap transitions in the energy
range 2.3 to 2.8 eV. The indirect gap I's - Ly has been determined as
2.70]'ev, while the T'y - X; gap is 2.3 eV wide. In the 1ight of these
results it seems probable that the 2.90 eV structure is due to E,
transitions and the peak at 2.73 eV corresponds to the 'y - L, indirect
gap. If these assignments were correct, indirect transitions could
be observed in thermoreflectance spectra. The large peak at 3.6 eV
corresponds to E; transition and its close associate, the E; + A, peak,
is not resolved. The structure observed at 4.68 eV corresponds to the

Eo' transitions. The Ex peak is scen at 5.28 eV which is in good

agreement with electroreflectance results (5.27 eV).]Z7
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FIGURE 4.4
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GaAs

In Fig. 4.5 the thermoreflectance spectrum of GaAs is shown.
The EP and E; + A, transition energies are 1.48 and 1.78 eV respectively.
The spin orbit'sp1itting Ay 1s 0.3 eV which is lower than the value de-
termined from electroreflectance data. This is because in the spectrum
of GaAs the structure due to E; is quite broad compared with other
structure. The transition energy determined from this structure (1.48 eV)
is larger than the previous value (1.44 eV) determined by_electro-

reflectance technique.]27

The E, and E; + A, transitions are responsible
for the structures observed at 2.88 and 3.12 eV respectively. These
values are in very good agreement with the energies of E, (1) aqd

Ey (1) + A, swings in the oscillatory structure observed in the electro-

reflectance spectrum of GaAs.]27

It should also be mentioned that the
E,and E; + A, peaks in the reflectance Spectrum of GaAs are close to
the E;(1) and E;(1) + A; oscillations which implies good agreement of

181

present results also with the reflectance data. The peaks at 4.44

and 5.06 eV correspond to E;' and E, transitions.

GaSb

The thermoreflectance spectrum of GaSb is shown in Fig. 4.6.
Thé energies of the fundamental gap and {ts spin orbit split component
are not in the range of this experimental setup and therefore their
structure is not observed; The E; and E; + A; transitions are located
at 2.04 and 2.52 eV respectively. The spin orbit splitting A, is
0.48 eV which compares well with the Eomputed value 0.49 eV and the value

obtained from the electroreflectance measurements, 0.47 eV (Table 4.3).

Sy G S T e L S i i e el
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FIGURE 4.5
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FIGURE 4.6
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The E, energy gap is 4.25 eV which is in good agreement with the value
obtéined from reflectance measurements (Table 4.1). The structure ob-
served at 3.75 eVAis assigned to transitions in the E,' complex. While
the E;' and Ej' + p,' transition energy values are 3.27 and 3.56 eV

from electroreflectance data, a triplet was observed by Matatagui et a]140
in the thermoreflectance spectrum at 3;2, 3.65 and 3.8 eV respectively.
On this basis the structure seen presently at 3.75 eV is assigned to
Eo' + Ap'. Also structure is observed around 3.3 eV which is weak for
a definite assignment to E;'. The value of a,' (0.45 €V) is close to

127

the computed value (0.48 eV) and also agrees with the electroreflec-

tance results given in Table 4.3. The previous value for p,' from

'5127 electroreflectance results is 0.29 eV.

Cardona et al
InP

In the thermoreflectance spectrum of InP shown in Fig. 4.7,
the Ejand E; + A, doublet is clearly resolved and their respective
values are 3.14 and 3.28 eV. The spin orbit splitting A, is 0.14 eV
which is also the value determined from the e]ectroref]ectance.measure—
ments given in Table 4.3. The value for A; is in good agreement with

127 and the computed value which

0.15 eV determined by Cardona et al,
is 0.11 eV. The structdre appearing as a shoulder on the low energy
side of the E, peak at 4.80 eV corresponds to E,' transition with the
spin orbit split component present at 4.86 eV. The splitting a,' 1s
0.06 eV which is in good agreement with the value 0.07 eV determined

127

from electroreflectance measurements by Cardona et al. In the

reflectance spectrum of InP shown in Fig. 4.1, the E;' + A,' is seen
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FIGURE 4.7
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‘as a shoulder at 4.9 eV which. compares well with the value obtained

from the thermoreflectance measurements. The E, peak {s seen at 5.05 eV.

The structure seen beyond the E, peak at 5.3 and 5.6 eV represent the

E; + A, and E, + § transitions respectiyely. The corresponding values

to éémpare are 5.25 and 5.60 eV which are determined from the reflectance

spectrum given in Fig. 4.1.

InAs

The thermoreflectance spectrum of InAs is shown in Fig. 4.8.
The Eiand B + A transftions correspond to the peaks at 2.56 and
2.86 eV respectively. The value of Ay is 0.3 eV which agrees well with

the estimated value, 0.29 ev.]27

The E,' structure is seen at 4.64 eV
as a shoulder on the low energy side of the E, peak which is located at
4.83 eV. Both E;' and E, values are 1ar§er than the values determined

by electroreflectance 1:echn1'que.]27

This discrepancy is suspected to
be due to the shift and broadening of the peaks. The shoulder at 4.96
eV corresponds to E; + A; giving a value 0.13 eV for A, which is in good

agreement with the reflectance data given in Table 4.1.

InSb

In Fig. 4.9, the thermoreflectance spectrum of InSb is given.
The E; and E; + Ay gap:energies are 1.88 and 2.40 eV respectively. The
spin orbit splitting A; is 0.52 eV which i{s in good agreement with the
computed value, 0.53 eV.]27 There 1is Qome disagreement among the values

measured for E; transition energy by reflectance (1.83 eV), electro-

reflectance (1.87-eV) and thermoreflectance (1.88 eV) experiments.




- 141 -

FIGURE 4.8

N<+

A9YINT

SYUI 4O WNYLI3IdS IONVLIFTAIYOWYIHL




- 142 -

FIGURE 4.9
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A pair of weak but clear peaks are observed at 3.36 and 3.74 ey which
represent the EQ'Nand Eo! + A transition giying for &' a value of
0.38 ey which compares wé11 with the value (0.36 eY) obtained from
e]ecfroref]ectance measurements given in Table 4.3. The structures
corﬁespondfng to E, and E, + § are found at 4.17 and 4.6 eV respectively.
The'Ez transition energy~i§ higher than the values determined by reflec-
tance and electroreflectance measurements as it has been found also in
the case of InAs. )

The various energy gap values determined from the spectra
shown in Figs. 4.4 to 4.9 are listed in Table 4.2. For comparison, the

127 are included in the table.

electroreflectance results of Cardona et al
Structure due to the fundamental gap is seen only in the spectra of GaP
and GaAs. The fundamental gap energies in the other compounds fall

below the Tow energy 1imit of the preseht experiment. It seems possible
from the structure observed at 2.73 eV which corresponds to the I's - L,
indirect gap in GaP, that structure due to indirect transitions could

be observed in thermoreflectance spectra. The doublet sfructure with its
characteristic 1line shape due to the E; and E; + A, transitions is seen
clearly in the spectra of all compounds except in GaP because of the
small spin orbit splitting for A; in-this material. The values of 4,

are in good agreement with previous data. While the Eq' structure is
clearly observed in all six compounds, structure due to Eo' + Ag' is seen
only in GaSb, InP and InSb. This is because the Eo' + Ao' structure is
relatively weak compared with other structures in the spectrum and also

it 1s situated yery near to the strong structure due to E, transitions.

The 4o' splittings are in good agreement with the computed values. In
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TABLE 4.2

Energies of various transitions determined from thermoreflectance spectra

Values given in () ére from electroreflectance results of Cardona et a].]27

- Material EjeV Eg4p,eV  EqeV Ex+AjeV  Ep'eV  Eg'+A¢'eV  EpeV Ep+h,eV E2+8
GaP 2.73  2.9(?) 3.6 - 4.68 - 5.28 - -
(2.74) (2.84) (3.66) - (4.78) - (5.27)
GaAs 1.48 1.78  2.88  3.12  4.44 - 5.06 - -
(1.43) (1.77) (2.89) (3.12) (4.44) (4.99)
Gasb - -~ 2.06  2.52  3.30 3.75 . 4.25 - -
(2.03) (2.49) (3.27)  (3.56)  (4.20)
Inp - - 3.14 - 3.28 4.8 4.86 5.06 5.3 5.6
(3.12) (3.27) {(4.72)  (4.79)  (5.08) (5.24) (5.6)
InAs - - 2.56  2.86  4.64 - 4.83  4.96 -
(2.50) (2.78) (4.44) (4.70) -
InSb - - 1.88 2,40  3.36 3.74 417 - 4.6
(1.88) (2.38) (3.16)  (3.49)  (4.08) (4.66)
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-ﬁhe E, complex, E, is Qbseryed in a1l compounds. Un]ike in Fhe
e]ectroref]éctance spectra, the E, structure {s quite strong in thermo-
reflectance. The structure due to E, + A, can be identified in the |
spectfa of InP and InAs only. The values of A, agree with those deter-
mined from reflectance spectra, (Table 4.1). In the spectra of InP

and InSb structure due to E, ; § is identified and the values of

agree with the known ones.
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4.4 A Results of Reflectance Measurements on quln]ﬁXSb Alloy

| Near normal incidence reflectance measurements were made on
sahp]és of Gaan]QXSb alloy in the low (1.5 to 4.5 eV) and high (3.5 to
6.5 eV) energy regions of the optical spectrum. Reflectance spectra of
the compounds.InSb and GaSb determined in the Tow energy reg{on are
shown in Fig. 4.10. Two peaks due to E; and E; 4+ A, transitions are
observed at energies 1.83 and 2.38 eV in InSb and 2.00 and 2.48 eV in
GaSb which are in good agreement with earlier reflectance data of
Woolley and B]azey,gl (1.82 and 2.33 eV in InSb and 1.97 and 2.24 eV
in GaSb.) Typical reflectance spectra of two alloy specimens, namely the
20 and 50 mole percent of GaSb in InSb (x = 0.2 and 0.5) are shown in
Fig. 4.10. Again two peaks are noticed as in the spectra of the compounds
which are assigned similarly to E; and E; + A; transitions. It is
seen from the four spectra given in Fig. 4.10 that there is very 1little
shift in the positions of the E; and E, +’A1 structures in the spectra
of InSb, G§21q85b and Ga,gn.§b samples. This is shown more c]gar1y in
Fig. 4.11 Qheré the composition dependence of E; and E; + A, peak energies
are plotted. The energy gap variation as a function of composition s
continuous and nonlinear for both E; and E, + A, transitions.

The reflectance spectra determined in the high energy range for

InSb and GaSb are shown in Fig. 4.2. The structure observed in those
spectra has been assigned to the E; and E,' complexes (Section 4.2).
Typical reflectance spectra of four alloy samples in this energy region
are shown in Figs. 4.12 and 4.13. Ih these spectra, the structure ob-

served is assigned to E, and E,' transition complexes guided by the
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FIGURE 4.10
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FIGURE 4.11
TRANSITION ENERGIES Versus COMPOSITION
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FIGURE 4.12
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-spectra of the campounds (Fig. 4.2). In the order of increasing
energy the transitions responsible for the obseryed structure ére E,,
.Ez + 8y E; + 8, By and Ey' 4+ A;'. Multiplet structure has been ob-
served in the E;' complex of a few alloy samples (Fig. 4.12, x = 0.15).
Ho&ever, due to large scatter in the experimental data, individual
values of AL, and AL3C are not determined.

The composition dependence of the energies of various transi-
tions observed in the high energy region is shown in Fig. 4.14. It is
seen that the‘Ez gap variation as a function of composition is nonlinear.
The E, + A, versus x curve is shown by a straﬁght 1ine within the Timits
of experimental uncertainty. The E, + A, gap shift as a function of com-
position has hot been investigated before in 111 - V alloys. The com-
position dependence of E, + § is assumed to be linear. The structures
representing E, + A, and E, + & both appear as shoulders on the main
E, peak. Therefore, their positions are determined with'1ess accuracy
when'compared with the precision achieved in determining the position
of a peak with a clear maximum. Because the deviation observed from
Tinearity is small in E, gap variation with composition, if thére is any
similar small deviation in E, + A, and E, + § gap shifts, these may not
be observable within the 1imits of experimental uncertainty.- The E,'
and E;' + A;' peak positions determined {n the alloy spectra are shown
to shift 1inearly as a function of composition. A linear extrapolation
of the alloy data shows disagreement of the E;' and E;' + p;' values
found in the compounds. This discrepancy js because in the spectra of
alloy .samples the multiplet structure present in the E;' complex has not

been resolved due to scatter in the experimental values.
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FIGURE 4.14
TRANSITION ENERGIES Versus COMPOSITION
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Previous reflectance measurements on this alloy system were

81" The composition dependence of the energy

made by Woolley and Blazey.
of each peak observed, Ei, Ex + 41, and Ez , was shown to be Tinear
within the limits of experiménfal uncertafnty. It {s seen from the
present results given in Figs. 4.11 and 4.]4, the €5, E;1 +A; and E,

gap variation is nonlinear as a function of composition. As there is
good agreement between the energy gaps measured in the compounds, the
disagreement in the alloy data is probably due to the quality of the
alloy material. Further studies using the thermoreflectance and electro-
reflectance techniques confirmed the nonlinear nature of the Ei, Ey + A

and E, gap variation with composition. Below, results of the thermo-

reflectance experiment on the GaxIn1_be alloy system are given.
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4?4 B Results of Thermqref]ectance Measuremen@s on Gaxln]“XSb Alloy

In the present work, thermoref]ectance technique has been
added to the 1list of methods available for a11oy~s§udies. Thermore-
f]ectaﬁce spectra of samples of Ga, In,_,Sb alloy were determined in the
energy-range 1.5 to 6.0 eV. A few typical spectra are shown in Figs.
4.15 to 4.18. They bear a close resemblance to the spectra obtained
for the compounds InSb and GaSb which are shoWn in Figs. 4.9 and 4.6
respectively. The structure found in the spectra of InSb and GaSb has
been assigned to E;, E; + Ay, Eo's Eo' + Ag's E; and E, + § transitions
in the order of increasing energy over the energy range 1.5 to 6.0 eV
{Section 4.3). Over the same energy range only part of the structure
is seen clearly in the spectra of the alloy samples. The structure due
to E;, E; + A, and E, are clearly opserved. While the E; and E; + A,
line shapes are uniformly of the same qué]ity, considerable variation of
size and sharpness of E, structure is observed in the spectra of the
alloy samples. This is found to be a major source of uncertainty in the
values determined for E, transition energy.

The composition dependence of various transition energies is
shown in Fig. 4.19. The E versus x curve for the E; and E; + A; energy
gaps is found to be nonlinear which is in good agreement with the results
obtained from reflectance measurements given in the previous section.
However, the E, gap variation is shown tovbe linear within the Timits of \
experimenta]luncertainty which disagrees with reflectance results. Fur-
ther information on the energy gap variation with composition on this
alloy system is obtained from electroreflectance measurements which are

given next.
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FIGURE 4.17
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FIGURE 4.19

TRANSITION ENERGIES Versus COMPOSITION
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4;4 C Resu1§s.qf E]ectrqref]ec?ance Measuremenﬁs on qu;n]$x$b A]]oy

Electroreflectance spectra of the samples of qulﬁ]$XSb alloy
were determined in the spectral range 1.5 to 6.0 eY. The electrolytic
electroreflectance technique which was used has been described in
Section 3.3. The e]ectroref]ectance spectra, AR/R drawn as a function
of photon energy, (tw), are shown for InSb and GaSb in Figs. 4.20 and
4.21 respectively. In ﬁhése spectra, the identification of structure
corresponding to the interband transitions El; Ey + Ay, Eq¢'s Eo' + Ag!
ahd E, has been guided by previous wor‘k]27 (Section 2.8). The energy
values obtained presently for various band gaps in the compounds are
given in Table 4.3. For comparison, the results of Cardona et a1]27
which were also determined by electrolytic electroreflectance method are
included in the table. There ié good agreement between the two sets of
data except for the energies of Ego', Eo" + Ag' and E, transitions in
GaSb. Perhaps the discrepancy in determining the energies of Eo' doublet
is due to the weak structure observed in the spectra. The E, gap energy
determined.as 4.28 eV is in good agreement with the reflectance value
(4.28 eV) given in Table 4.1 for this transition.

Typical electroreflectance spectra of GaXIn]_be alloy specimens
are given in Figs. 4.22 and 4.23. The spectra are similar to the ones
obtained for the compounds InSb and GaSb and therefore there has been no
difficulty in identifying the structure in them. The variation of energy
gaps as a function of composition is shown in Fig. 4.24. Again, the E;'
and Eg' + Ap' transition energy values are not given because in the

spectra of some alloy samples they were not seen while in others where

weak structure was found the values determined from them showed large




Energies of various transitions determined from electroreflectance

spectra. Values given in ( ) are from electroreflectance results
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TABLE 4.3

of Cardona et a1.127
Material E1 E]_"'A]_ Eo Eo‘!“‘Aol Ez E;+6
InSb 1.87 2.37 3.16 3.52 4.06 4.68
(1.88) (2.38) (3.16) (3.49) (4.08) (4.66)
InAs 2.50 2.79 4.38 - 4.7 -
' (2.50) (2.78) (4.44) - (4.70) -
InP 3.14 3.28 4.73 oo 5.02 -
(3.12) (3.27) (4.72) (4:79) (5.04) -
GaSh 2.00 2.47 3.20 3.65 4.28 4.72
(2.03) (2.49) (3.27) (3.56) (4.20) (4.57)
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FIGURE 4.22
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FIGURE 4.24

TRANSITION ENERGIES Versus COMPOSITION
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scatter. All the three energy~gaps; Ei, Ex + Ay and E2 exhibit non-
linear dependence on composition. This beﬁa;iodr is in good agreement
with the results of reflectance and thermoreflectance experiments already
described on this alloy system. However, the‘Ez gap variation with com-
position determined from thermoreflectance measurements {s an exception.
Further discussion on the composition dependence of energy gaps will be

given in Section 4.8.
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4.5 Results of Electroreflectance Measurements on InAs]_xPx A}]oy

The electroreflectance spectra obtained for the compounds
InAs and InP are shown in Figs. 4.20 and 4.21. The structure found in
these sbectra has been assigned tb Ey By + &1 Eo' and E; transitions
guided by previous work127 (SectTon 2.8). ‘The enefgiés of various transi-
tions determined from the spectra of InAs and InP are givenAin Table 4.3.
Good agreement is found between the present results and the results of
Cardona et a1]27 except perhaps for the Eo' transition energy in InAs.

It is seen from the electroreflectance spectra of the four
compounds determined present]y,.shown in Figs. 4.20 and 4.21, the spec-
trum of InAs is different from the others with regard to the relative
signs of the various peaks. In the spectra of InSb, GaSb and InP, the
peaks correspond to E;, E; + Ajs E,' and E, are all oriented in the same
direction. This behaviour is normally observed for 11] - V compounds.
The phase of the aR/R signal at the fundamental frequency depends upon
the nature of the semicqnductor matéria] whether it is n or p type.
Therefore, the peaks in AR/R spectra should be reversed for n and p
type materials. However, for an n type InAs sample it 1is found'that
the E;, and E, + A, peaks are oriented in opposite directions to the E,'

188 that for an n type InAs

and E, peaks. It was shown by Kwan et al
sample the sign of the E; and E; + A, peaks depends upon the carrier,
concentration, the dc bias and the type of electrolyte used. It was also
observed that the sign of the peaks can be changed by varying the dc bias
for a particular sample. The bias value where this change-over OCCUrs

is a function of the carrier concentration. It is more jmportant that
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at the bias where this change-oyer 6ccurs? none of the peaks obseryed
in the AR/R spectrum was § true measure of the critical band gaps. The
effect of blas variation on the phase of AR/R signal at the E, gap in

170 before. It was observed

Ge was similarly tnvestigated by Seraphin
that by changing the e1ectric field at the reflecting surface of the
sahp]e the phase of the AR/R signal and therefore the sign of the peaks
could be reversed. On this basis, the reason for spectra with'El and
E; + 4, of opposite sign to E,' and E, {s perhaps because the bias vol-
tage required to flip the.E1 and E; + A; peaks is different from that
- for the E,' and E, peaks. The inAs spectrum presently obtained is
such a case. | |

The anomalous behaviowms observed in InAs was also observed in
the spectra of InAs rich alloy samples. To illustrate this, the effect
of bias variation on the phase of AR/R signal for an alloy specimen
(InA§9P.l) whjch is InAs rich is shown in Fig. 4.25. A normal AR/R
speciruﬁ is obtained for - 1.0 V bias setting. Both low (E, and E; + A,)
and high (E,' and E, ) energy peaks have the same sign. The line shapes
do not appear to be distorted. In the spectrum obtained with OV bias,
the low and high energy peaks are oriented in opposite directions. The
E,' peak which was weak when compared with E, in the spectrum obtained
for - 1.0 V bias became re]ati?e1y stronger. At a st111 higher bias
‘'voltage + 1.0 V, the E; and E; + A, peaks remained as they were before
in the OV bias.spectrum except for their size, but the E,;' and E, peak
Tine shépes are distorted constderab]y.' However, the bias change was
not sufficient to flip the high energy peaks as well. Further increase

in voltage resulted in a large current flow through the sample tarnishing
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FIGURE 4.25
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the reflecting surface. The energy gap ya]ues deFermined for the

InAs P _ sample for the three bias yoltage settings are given in
Tab]e'4;4. The effect of bias variation'is considerably larger on the
Eo! and'E2 gap determination compared with E; and E; + Ay gaps. This
probably is responsible forlthe disagreement between the E,' transition
energies determined presently and the preyious data. Therefore, the
important factor in interpreting electroreflectance spectra is first
to know whether the spectrum obtained is normal or anomalous. This
anomalous behaviour was observed in the InAs rich InSb]_XAsx alloy
samples also leading to certain difficulties in interpreting their
spectra which will be discussed in the next section.

Typical reflectance spectra of InAs Px alloy specimens are

1-x
shown in Figs. 4.26 to 4.28. Over most of the composition range, namely
0.25 < x < 1.0, the spectra showed normal behaviour and are similar to
the one obtained for InP. Only for InAs rich alloy samples, 0 < x < 0.25,
did spectra show behaviour similar to InAs with the sign of the peaks
dépending on bias. In these cases a careful choice of bias and_com-
parison with the more normally behaved alloys and with well known InAs
results allowed a clear determination of the Eo' and E; peaks to be made.
The variation of Ej, E; + Az, Eo' and E, gaps with x is shown’in Fig. 4,29.
A11 four gaps show nonlinear dependence on composition which wj]] be
discussed further in Section 4.8.

Previously, reflectance measurements were made on InAs, P,

8 The energy gap variation as a function of

alloy by Krioturu et al.
composition was reported to be linear for all transitions observed within

the limits of experimental uncertainty. Electroreflectance measurements
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TABLE 4.4

Energies of transitions for various bias voltages (InAs,P , specimen)

Bias El Ei+A Eo' Ez
eV eV eV eV
- 1.0 2.55 2.84 4.46 4.73
0 2.53 2.82 4.41 4.7
+ 1.0 2.54 2.82 4,35 4.59
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FIGURE 4.26'
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FIGURE 4.29
TRANSITION ENERGIES Versus COMPOSITION‘
InAS]_XPx ALLOYS
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were made on this alloy system by Thompson et a186

concurrently with

the work given in this thesis. Thompson et 2186 found that the Ei and
Ey + Ay transition energies vajied in a concaye ﬁpwards manney while the
Eo's Eg and E, + § energies yaried linearly with composition. From the
present results shown in Fig. 4.29, all four energy gaps Ei, E3 + Az,

Eo' and.EZ, are found to vary in a concave upwards manner with composi-
tion. The nonlinear variation of E; and E; + A, with composition was
attributed by Thompson et al to the movement of critical point respon-
sible for E; transitions along the <111> direction. Presently it is
understood that the nonlinear variation of energy gap§ as a function of
composition is due to disorder in the alloy ]atfice and intrinsic bowing.
In the éase of E; and E; + A; transitions there may be a small contribution

due to the probable movement of the critical point. This discussion on

the composition dependence of band gaps is continued in Section 4.8.
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4.6 Results of Electroreflectance Meésurements on InSb]_xAsx Alloy
Electroreflectance measuremenﬁs on samp]es'of ;nSb]ﬁxAgx
alloy proyided useful spectra only in two ranges of allqy composition,
namely 0 < x < 0.35 and 0.05 s x < 1.0. In the mid composition range
0.35 < x < 0.65 on]y\1imtted number of samples were available. This is
because the variation of composition along the length of the'InSb]_XAsX
ingot is quite rapid in the mid composition range as shown in Fig. 3;8.
In particular the composition range of 0.35 <x < 0.65 falls in an ingot
length of about 1 cm. Further, for the few alloy samples cut in this
composition range, none of them gave good electroreflectance spectra.
Two typical electroreflectance spectra obtained for the InSb
ricﬁ samples, 0 < x < .15 are shown in Fig. 4.30. They exhibit normal
behaviour which has been described in the previous section. The struc-
ture found in their spectra is identified in terms of Ea, E1+ Ay, Eo',
Eo' + Ao’ and E, transitions. For alloy specimens in the composition
range 0.15 < * <0.35, while the E; and E; + A; peaks could be seen
clearly the structure due to Eo', Eg' + Ao' and E, transitions could not
be observed satisfactorily. Therefore only the E; and E; + A; energy
gap values are available in this composition range, 0.15< x< 0.35.
Typical spectra pf samples in the InAs rich composition range
0.65 < x <1.0 are shown in Figs. 4.31 to 4.33. In these spectra.the
structure due to E; and E; + 43 transitions could be identified with
1ittle ambiguity. However, the fact that the spectra obtained in this
composition range are anomalous is understood only when the composition
dependence of the high energy transitfons is considered. If the spectra

shown were to be normal the peaks labelled 2 and 4 in Figs. 4.31 to 4.33

.
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FIGURE 4.33
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should be due to Ep' and:Eztransitiéns respectively. Here it is
assumed that the Ei' = é#"transition which has not been seen in the
spectra of InAs will not.be observed in the spectra of InAs rich alloy
samp]és.
) From the plot of énergy gap versus composition shown in

Fig. 4.34, the E; and E; + A; gap variation shows the familiar behaviour

observed in the Gaxrn]_XSb and InAs Px alloy systems. But it appears

1-x
that if peaks 2 and 4 were to be chosen as E;' and E, respectively, the
E versus x curve would take an unusual convex shape which has never

been obseryed in the 111 - V alloys studied so far. Further, the extra-
po]ated values from the energies of peaks 2 and 4 in InAs rich a1foy
samples do not predict correct.values for E,' and E, in InAs. In this
situation the energy values of all four peaks labelled-1, 2, 3 and 4
are determined and their energies p]ottéd in Fig. 4.34. Studying the
variation of these values with composition and correlating with the

well known data for InAs and InSb rich alloy range, 0 < x < 0.15, it
appears that the peaks labelled 1 and 3 must be taken as E,*' and E,
respectively. For further discussion of energy gap variation as a

function of composition, given in Section 4.8, the energies of peaks

labelled 1 and 3 are chosen as the E,' and E, band gaps.
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4.7 Sugpary of Results on 111 - ¥ Alloys
- For the three 111 - ¥ alloy systems, Ga In; .Sb, InAs, P,
and InSb,  As , considered presently the yariation of energy values of
E,, Ei + A1, Eo' and E, transitions determined from electroreflectance
is not a 1inear function of.composition but in every case the E versus
X curye takes a concave upwards form.
From reflectance measurements on Ga In,  Sb alloy, the E.,
‘EJ + Ay and E, transitions are found to vary nonlinearly as a function
of composition in good agreement with e]ettroréf]ectance results.
However, a linear variation may be assumed for E, + A,, E, + & E,' and
E;' + A;' transitions within the limits of experimental uncertainty..
While the E; and E; + A; energy variation is found to be non-

linear as a function of composition in GaxIn Sb alloy from the thermo-

1-x
reflectance measurements also, the composition dependence of E, is shown
to be linear within the Timits of experimental uncertainty.

In analysing the results of the variation of transition energies
as a function o f alloy composition in the'following section, g]ectro—
reflectance data is preferred whenever it is available, assuming that

electroreflectance results are more accurate compared with reflectance

and thermoreflectance data.




- 186 -

4.8 Discussion of results on 111 - ¥ Alloys

The correspondence between the structure in the reflectance
and quu1atéd reflectance spectra of a material to its energy band
structure has been discussed in Chapter 2. In alloy studies using the
reflectance and modulated reflectance techniques, variation of band
structure can be investigated as a function of composition progressively
from one compound to the other. A

Two alloy systems, GaAs]_xPX and GaxIn

previously by Thompson and WOolley!04’95 It was found that the energy

1-xPSs weée studied
gap variation as a function of composition, E versus x, is similar to
the results obtained in the present work. However, previously it was
assumed that for all transitions at enefgies higher than the fundamental
gap energy the E versus x variation should be linear. ~Thus the departure
of the E, and E; + A, gaps from a 1inea} variation as a function of
composition was attributed to a movement of the region containing the
critical points where Ajy - Axc transitions take place along the A
direction. But in the 1ight of the present results on three more alloy
systems, the nonlinear variation of E as a function of x seems much
more systematic than would be expected from a movement of the critical
point in k space. In order to consider the five alloy systéms together,
the main parts of the previous data on GaAs,_,P, and Ga Iny_.As alloys
are given in Figs. 4.35 and 4.36.

The cause of the nonlinear variation of bénd gaps as a function
of composition other than from the movement of critical point in k space
can be assumed to come from the effect of disorder in the alloys. From

the yirtual crystal analysis in disordered alloy lattices given in
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FIGURE 4.35
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per alone is consldered neg]ecplng Fhe yaper term,

a smooth yariation of‘band structure {s to be expected through an alloy

Section 1.7, when ¥

system from one compound to the other, Before the development of the
presently avai]abie quantitative calculations on the electronic. struc-

55 the

turéé of semiconductor alloys by Van Vechten and Bergstresser
energy gap variation as a function of composition determined by virtual
crystal method was assumed to be Tinear. In that case the virtual
crystal band gap, E(x) may be written, under linear approiimation, as
©E(x) = a-+bx , (4.7)
where E(0) - a and E(1) = a + b are the interband gaps in the end com-
pounds of the alloy system. The effect of disorder in an alloy lattice '
calculated from the sécond order perturbation theory treating Vaper as
perturbation is shown to be to adding a term proportional to x(1 - x)

to the virtual crystal band gap,]sg’]osgiven in Eq.(4.1)
E{x) = a+bx+ cx(1-x) ,
- a4 blx + cx? , (4.2)

Where the coefficient ¢ represents the effect of lattice disorder.
The variation of the band gap in a disordered lattice as given by Eq.(4.2)
is of a parabolic form. The value of ¢ is.a measure of the deviation
from linearity.

This modified virtual crystal analysis was applied previously
to the fundamental gap variation as a function of composition for five

105 This gap 1s known to occur at

alloy systems by Thompson and Woolley.
the T poiﬁt in 111 -V comﬁounds and hence no movement of the critical
point in k space is involved with this transition as a function of

alloying. Experimental values of the bowing parameter c obtained for

the Eo transition are summarized in Table 4.5.
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TABLE 4.5
Experimental values of total bowing parameters (c) obtained by fitting

the various £ versus x curves to

E(x) - a+ bx + cx2
Bowing GaAs, P InAs, P InSb, _As., .Ga_In. ,As GaIn, _Sb
Parameters 1-x X 1-x X 1-x""x  TUx 1-x X 1-x
Alloys Alloys Alloys Alloys Alloys
c(Eo) 0.21 0.27 0.58 0.6 0.43
. c(E;) 0.31 0.32 0.7 0.52 0.38
c(Eqth,) | 0.19 0.19 . n0.4 0.49 0.28
c(E, Mean) 0.25 0.26 ~0.55 0.50 0.33
c(Eo') 0.02 0.11 n0.1 0.08 -
c(E5) ; 0.03 0.27 ~0.6 0.27  0.24

e
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Recent]y, it has been shqwn by Yan Vechﬁen and Bergs?resser§5
applying the dielectric method for the determination of band structure
of a]]oys,'that the energy gap variation as a function of composition
is nof linear under virtual'crystal aPProximation as it was assumed
‘ befo}e. Instead E(x] is shown to obey a quadratic expression

E(x) - a+bx+ cix2 R

vhere éi is known as the intrinsic bowing parameter. The_va]ues of d{

ca]cu]ated for fhe three band g&ps Es» E; and E, are given in Tab1e 4.6.
The disorder parameter c, introduced in Eq.(4.2) which is

hereafter known as the total bowing parameter is taken as the sum of

the intrinsic bowing parameter c; (Table 4.6) and a diSOfder bowing para-

meter c, which is introduced to account for the effects of lattice dis-

55

order in alloys. The value of Co is determined empirically by knowing

the magnitude of the potential fluctuation, CFG in an MF]-xGx type alloy,
2 .
c, = C
e Fg / AL
where A is a constant chosen empirically to fit the experimental data of
Co On one alloy system, namely ZnS - Te which has a large value for CFG'
The value of A determined from the above expression is used to determine
Co in all other alloy systems. The values of Co calculated for the five
alloy systems presently considered are given in Table 4.6. ‘
It has been’ assumed by Van Vechten and Ber'gstresser55 that the
values of c, would be the same for all band gaps, namely E,, E and E, ,
considered at present. The total bowing parameters (c values) thus

determined theoretically for five alloy systems are 1isted in Table 4.6.

In the present analysis, the total bowing parameters (c values)

!
!
!
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TABLE 4.6
THEORETICAL VALUES OF INTRINSIC BONING (c.), DISORDER BOWING (c ) AND
TOTAL BOWING (c) PARAMETERS (Van Vechten and Bergstresser)®®

Bowing GaAs,_,P, InAs, Py InSb,_,As, Ga,In; ,As Ga In, .Sb
Parameters Alloys Alloys Alloys Alloys . Alloys
c;(Eo) 0.21 0.15 0.03 0.28 0.12
Ci(E1) 0.10 0.07 0.02 0.13 0.07
Ci(Ez) 0.02 0.02 0.05 0.06 : 0.05
Ce 0.09 0.08 0.67 0.29 0.24
c(Eo) 0.30 0.23 0.70 0.57 0.36

c(E;) 0.19 0.15 0.69 0.42 0.31

c(E,) 0.11 0.10 0.72 0.35 . 0.29
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will be determined for the E;, E; + A1, Eo' and Ep gaps fitting the
experimental results, E versus X, to Eq.Ld(Z). The experimental values
of ¢ will be compared with the ayailable theoretical values given in

Table 4.6.

E; and E; + A, transitions

The E; and E; + p, doublet {s due to transitions between the
spin orbit split A, valence and A; conduction states shown in Fig. 2.5.
The composition dependence of these band gaps is nonlinear in all five
alloy systems, (Figs. 4.24, 4.29, 4.34 to'4.36). As it is not necessary
that the critical point region in the A direction remain in one place in
all 111 - V compounds, some nonlinear variation of E; gaps with composi-
tion could occur in 111 - V alloys due to this movement. Therefore, the
analysis of the E; and E, + A; gap variation as a funcfion of composition
should take into consideration two effects, namely: 1) the possible
movement of the critical point region in k space and.2) the bowing
effects. The magnitude of the effect of the movemént of the critiéa]
point region depends upon the variation of energy of E(A3) and E(A;)
bands as a function of k in thep direction. As is seen from Eq.(4.2),
the deviation of the experimental results from linear behéviour should
be symmetrical if bowing effects only are presentAand any asymmetry wﬂ]E
indicate the presence of some other effect, for example, the movement of ?
critical points in k-§pace. The difference between the experimental
value for E; and the value obtained from a linear interpolation between
the values for the two compounds, §when plotted as a function of x for

all five alloy systems (Fig. 4.37) showed 1ittle deviation from symmetry
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in four alloys except in the case Qf Lﬁ§b]ﬁxAsx.

' A least squares fit to Eq.(ﬁ.z) {s obtained for the E;
versus x and E, + o, versus x values for the five alloy systems and the
lines representing the best fit are shown in Figs. 4.24, 4.29, 4.34 to
4.36. Obyiously, the 1east»squares fit {s poor for InSb]__xAsX as is
seen already from § versus x curve, (Fig. 4.37). The parameters have
been adjusted to give the best combromise between the results obtained
in the two different regions of compositions available. The ¢ values
obtained from this fit are 1isted in Tap]e 4.5. Except in the case of
GaAs,_,P, alloy where the Ey + 4; data used is from reflectance measure-
ments all the other data is obtained from electroreflectance measurements.
However, those electroreflectance data which are available on E; + A,
transitions are in good agreement with this reflectance data.

For each alloy specimen, the spin orbit.split value of the A,
valence state, A, is determined as the difference between the experi-
mental values for E; and E; + A;. The composition dependence of A;
is plotted. for each alloy system which is shown in Fig. 4.38. In all
five alloy systems the composition dependence 0% Al'is found fo be

nonlinear. In the case of A;, it is possible to express the effects of

|
i

lattice disorder, which are responsible for bowing in the A; versus x

-l

curves, in terms of the spin orbit splittings of the constituent atoms

in the alloy.

An empirical relation was suggested by Braunstein and Kane-l24

for the spin orbit splitting A, in all 111 -~ V compounds,

111 v

Ay zadyp v B4,
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FIGURE 4.38
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where o and g are the fractional times an electron spends on valence 111

111 y

and V atoms and 4., and A..’ are the spin orbit splittings of the

Valence 111 and V atoms respectiyely. Extension of yirtual crystal
analysis gives for A; 1n an alloy of Mixed V atoms in the form

111 V(B);_ V(A),

1

Mozafy eaxa, () (0 -x) a, @) . (43)

The effect of lattice disorder will add a term v x(1 - x) to the virtual

crystal value, Eq.(4.3), giving

fao=aa g tay ()4 (- x) 8 V(B) ey x(T - %)
S o Bgg |t B By (B)) + x(Blagy (B) - 8,y (B} 4 ) - Xy
(4.4)
Eq. (4.4) can be rewritten in the form
A - a + bx - cx? , . (4.5)

which is the spin orbit splitting in one of the compounds, 111 V(B),

o
n

gin, (A) - 0 (B) 1oy T (4.6)
and cC = v. : (4.7)

Similar procedure for an alloy which is of the form 11](A)x1]](B)]_XV
with mixed yalence i11 atoms leads again to Eq.(4.5) but with

b = alay () - A

o B Yy (4.8)

A least squares fit to A, versus x data to Eq.(4.5) gave a
very .small value for b and a good fft for all five alloys is still ob-

tained wﬁen b is chosen to be zero. The condition b = 0 reduces
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Eqs. (4.6) and (4.8) to

v = 88, (8) - 8, (R) ) (49
for mixed valence V atoms, and

Y oz oo gy T(B) - ay (A) ) | (4.10)

for mixed valence 111 atoms. When b = 0, Eq.(4.5) becomes

Ay = a - cx? (4.11)
where
. v ' -
c =8 { Aat (B) - Aat (A) } ) (4.12)
for mixed valence V atoms, and
¢ =gy (B - Ay (A) ) (4.13)

for mixed valence 111 atoms, deduced from Eqs.(4.7), (4.9) and (4.10).
Eq.(4.11) is fitted to the A, versus x data for the five alloy systems
and the results are shown in Fig. 4.38. It is seen that in all cases

including InSb]_xAs alloy results a good fit is obtained. The resulting

X
experimental values of c are given in Table 4.7. The experimental un-
certainty in the ¢ values could be as much as #20 percent depending upon

- the scatter of the experimental values.

Table 4.7
Experimental and Theoretical Values of ¢ for A, e
T ea
GaAs]_xPx. InAs,_ P, InSb,_ As, GalIn, As Ga In,  Sb
cla;)
Exptl. 6.13 0.13 0.23 0.04 0.05
c(a,)

Predicted 0.15 0.15 0.32 0.05 0.05

For comparison, the values of ¢ are calculated for each alloy system
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using Eqs.(4.12) and (4.13) and the 4,4 values for valence 111 and V

atoms (Table 4.8) suggested by Kane.24

Table 4.8

Atomic spin orbit splittings in valence 111 and V elements

Element Ga _ In P As Sb

Ayy €V 0.12 0.27 0.046 0.29 0.8

The appropriate values for o and 8 in 111 - V compounds are 3/8 and 5/8

124 The calculated values of c which are given in Table 4.7

respectively.
are in good agreement with the c values obtained experimentally except
again for InSb,_ As, alloy.

. However, this time the probable source of discrepancy could
be in the values assumed for o and B. In the case of 111 - V compounds
with heavier atoms as constituents, tﬁe values of o and B should probably
be more nearly equal and values of a = 8 = 0.5 would give.the predicted

value of 0.25 for c which is in good agreement with the experimental

value.

Eo' and Eg' + Ay' transitions

Structure due to E,' transitions was observed in.the spectra
of samples of GaAs]_xPx and In/—\s]_xPx alloys over the whole composition
range and only in two parts of the composition range, 0 < x < 0.2 and
0.6 < x<1.0 %n samples of Ga In,  As and InSb,_,As, alloys. In
GaxIn]_XSb alloy, the Ep' structure was not clear and the experimental
results showed large scatter for which reason they'are not included for

further discussion. Structure due to Eo' + A,' was observed only in
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InSb,_,As, alloy samples in the cowposition range 0 < x < 0.2. To the

1=x
available Eq' versus x data on the four alloy systems, (Figs. 4.29, 4.34
to 4.36), the quadratic equation, Eq.(4.2), 1s fitted and the c¢ values
given in Table 4.5 will be discussed along with the ¢ values of the
other transitions. The data available on Eo' + A" transitions is not

adequate for determining a c value for further discussion.

E2 transitions

The.Ez transition energies are available over the whole com-
position range in four a]]oys; But in the fifth alloy system, InSb]_xAsX,
the E2 versus x data is not obtained in the composition range 0.2 < x < 0.6
because the corresponding structure was not seen in the spectra of the
alloy samples. The data available on the five alloy systems (Figs. 4.24,
4.29, 4.34,- 4.36), derived from electroreflectance measurements is

fitted to Eq.(4.2) and the resulting values of c are included for further

discussion in Table.4.5.

E, + Ap» E, + 8, E; and E,' 4+ 4A,' transitions

These transitions are grouped together because they were de-
termined from reflectance measurements in only one alloy system,
GaxIn]_XSb, and further, the composition dependence of the energies of
these transitions is.shown to be linear, that is: c¢ is negligible.
But it should be expected that the E, + As energy variation with composi-
tion to be nonlinear because it is the~spin orbit split associate of the

E, transition which showed considerable bowing (c - 0.24, Table 4.5).
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This behayiour is not oBserved because the accufacy with which'Ez + Ao
was determined {s 0.05 eV at best and this accuracy 1s not adequate to
see the bowing in the E, + A, versus x curve. As structure due to this
transition was not observed in the electroreflectance spectra, E, + A,
could not be determined more accurately in order to obtain its ¢ value.
Therefore, no bowing parameters are available for these transitions to

include them in the following discussion.

Discussion of ¢ values

The bowing parameters determined for various transitions are
given in Table 4.5. The c values for the fundamental gap are taken from
previous work. It is seen that the values of c for E; transition are
large when compared with the ¢ values obtajned for its spin orbit split
associate E5 + A;. Therefore, to eliminate the spin orbit effect to
some extent a mean value for the bowing parameter, c(E, Mean) is deter-
mined from the c values obtained for E; and E; + A; and the values of
c(E; Mean) are given in Table 4.5. In a similar manner, an average
value of ¢ should be calculated for the E, transitions from the c values
of E, and E, + A, transitions. But, af present, data which are suffi-
ciently accurate are not available fOP'Ez +.A2 transitions in 111 - V
alloys. In this situation, the values of c determined for'Ez are used
for further discussion.

When the c:values for the four transitions E,, E; Mean, E,'
and E, are considered in each alloy system they can be divided into two
groups, those transitions which showed considerable bqwing 1ike Eo,

E; Mean and E, and those whose ¢ values are small, 1ike Eo'. Prior to
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the theoretical calculation of c yalues by Van Vechten and Bergstresser,55

the large bowing observed in E;, E; and E, was attributed to disorder

190 However, the results of Van Yechten and

in the alloy 1attice.
Bergstresser show the presence of some intrinsic bowing due to virtual
crystal approximation. The intrinsic bowing is seen to decrease as the
energy of the transition increases (Table 4.6). Therefore, when the
theoretical values of C; and Co are compared for E, transitions the main
contribution to total bowing {s due to lattice disorder in every alloy.

The experimental values of ¢ for E,, E; Mean and E, given in
Table 4.5 may now be compared with the corresponding theoretical values
given in Table 4.6. However, while making this comparison it should be
remembered that the theoretical values for the total bowing parameters
have been determined empirically. In this calculation the disorder
bowing'parameter_ce obtained from fitting experimental data on E, gap
in one alloy system has been assumed to remain the same for E, and E,
gaps as we]].'In the light of this, any disagreement between the two
sets of data could either be due to experimental uncertainty because of
scatter in the experimental values or due to uncertainty in the theoretical
values. The experimental uncertainty in c values could be as much as
+20 percent for E, Mean, E,' and E, transitions. For E, transitions, the
experimental and the theoretical bowing parameters are in good agreement |
except in the case of InAs]_XPX alloy. The calculated and the experi-
mental values of ¢ for E, are in good agreement in three alloys while
the calculated value i§ larger than the experimental value in GaAsy _ Py-
The situation is reversed in InAs]qux alloy. For the E,' transition,

the experimental. bowing parameters are of the same order of magnitude in
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P

three alloys. Howeyer, a small yalue for ¢ is obtained in GaAs, P,

1=x
alloy. In thjs case, theorepica1 values are no? available for the bowing
parameters of E;' in order to compare them with the experimental data.
Because of this, the E,' transitions which are between the bsy - da¢
states close to the centre of the Br{llouin zone are compared with the

¢ values of E; transitions, which are located at the centre of the
Brillouin zone. But it is seen that the c values of E, are considerably
larger tﬁan those of E,'. This is probably due to the fact that the
conduction bands involved in the two transitions are different. Moving
along the A direction towards the zone boundary, the E, gap energy is

of the same order of magnitude as E,'. When the c values of E,' are
compared with those of E, it is seen that the intrinsic bowing of para-
meters (ci's) of E, are comparable with the total bowing parameters of
Eo'- This suggests that in the case of E,' the contribution from dis-
order bowing (ce) to the total bowing parameter is small, indicatjng
that Tattice disorder has little effect on the higher conduction band.
From this feasoning the bowing parameters should be small for E, +°§
and E,' compared with the c values for Eg, E, and E, and the’bowing'in
E, + A, should be comparable to the c values of E,. Therefore it
appears that while bowing due to lattice disorder is considerable for
the gaps involving thé highest valence and the lowest conduction bands,
the interband gaps between the same valence band but a higher conduction

band seem to be less affected.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

In the reflectance spectra of 111 - V compounds the multiplet
structure in E, and E,' complexes were well resolved. From the results
onE, struttu}e comparing the experimental values of A, with the corre-
sponding spin orbit splitting of the Xs valence level (X - X7)from'

127 the agreement is poor in several cases. However,

k.p calculations,
on this basis alone it is not possible to conclude whether this dis-
agreement is due to uncertainty in the computed values or due to an

ambiguous assignment of the E, complex. The § ép]itting is found to

be of the order of 0.4 eV agreeing with the computed vd]ue for (X, - X3).

This means that if I, - I3 transition is responsible for E, 1nstead of
Xs - X5, this transition should be c]&se to the X symmetry point, but
situated on the ¥ axis. From the results on E,' complex, as expected
from the disagreement of A;' and A; values,A L3C is not heg]igib]e.
Further, A, is of the same order of mgghitude as A; within the Timits
of experimenta] uncertainty, indicating that the spin orbit splitting of
‘Aavaience level remains the same between theAs--A1 and L3v - Lac
critical points. '. '

The structure found in the thermoreflectance spectra of 111 - V -
compounds corre]ate‘io the energies where structure is found in reflec-
tance and electroreflectance spectra. The thermoreflectance structure
1ine shapes have a characteristic asymmetric (inverted) peak with the
1ow.energy'sfde steeper than the high energy side. Therefore those

spin orbit sp]if components which are close to the main peak are not

11 .
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resolved. The Eg +'A2 is an éxamp]é. This technique can be extended
into infrared and ultrayiolet regions as the reflecting surface of the
sample 1s not coyered in any way. In the infrared, if the present
assTénﬁent of the structure found in GaP spectrum were correct, structure
due to indirect transitton§ in Ge and S1 can be inyestigated. In the
ultraviolet region the strgcture.due to Eq' transitions would probab]y
lead to the determination of AL,y and AL, with more accuracy than is
presently available from reflectance speétra. )

From the results on 111 - V alloys, the energy gap variation
as a function of composition is nonlinear for E1} Eq + A1, Eo' and Ea.
From the ¢ values determined for the above transitions, E, E; and E,
showed considerable bpwing while bowing in E,' is relatively small.

This leads to the conclusion that the interband gaps between the highest
valence and the lowest conduction bands are affected considerably by
lattice disorder in addition to some virtual crystal effects. On this
basis, bowing in E, + A, should be comparable to what is seen for E,.

In the case of E,', comparison of its c values with those of E, and E,
indicate that the contribution from bowing due to lattice disorder to
the téta1 bowing parameter is small. Similarly, very little bowing due
to lattice disorder can be expected for other transitions like E, + §

and E;' which take place between the same pair of bands responsible in

Eo' transition.
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