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ABSTRACT

——

. : 2 . Room temperature Reflectrance Electrolytic

+ v

Electroreflectance (EER) and Surface Barrier Electroflectance {SBER)
measurements have been made on a numbér of alloy systems (such as {Ga,Al)As,
(Ga,In)gs, In{As,Sb), Ga(As,P} and‘In(As,?) in an attempt to measure transi-

tion energies between the valence and the conduction band over energy ranges
. _ ‘
1nvolv1ng the dlrect gap E -and the split-off valence band to conduction band

gap E + A ‘as a functlon of allov con3051elon. . : ot e

In the case of the (Ga,Al)As alloy system

transitions such as El(l), (El +Al)(l), 51(2);-(El +-Al)(2),‘Eé E; + Ao'and

E2 are observed by the EER. --All these measurements are Teast-sguare fitted

to a quadretic eguation and the coefficients compared to the theory of

Van Vechten and Bergesiresser.’

The measured values of the E and E + A for the alloy systems are

used to 6btain the dependence on composition of the spin—orbit splitting

A ) -
© t '

These results are analysed conjoihtly with results of Al obtained

AY
elsewhere. TwWO aoproaches are used. First, an expression with a

term proportional to the aperlodlc part of the ootentlal is used to fit
the results. The one free parameter used is then feund to deoend

quadrat;cally on the dlfference of the atomic Spllttlng of the mixed elements

Jl

in the Qseudo—binary alloy system. Fron\$hls thec“Q A and A, is predlcted

1

for a number of other alloy systems. Secdnd these same resulté are then
discussed in terms of mixing of states WLtth a band (lntraband) and mixing
of states between two bands (lnterband), due to the matrix! elements

- proportional to the aperiodic part of the potential. Each term contributes

L \ ¥
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to.thg virtual erystal value an amount dependiﬁg on the difference in
elecéronégativity of the constitueﬁts, the alloy composition and the
direc;‘gép'aséociated with the splitting in the virtual crystal approximation.
A successful explanat;oq‘of-ﬁhe result% is obtained. |

This lasﬁ approach is then used to develop_modifications~to-the.
.Eane model in té?ms of interband mixing to explain the %ehaviou; of the
bottom of theiconduction band effective mass reported in ﬁhe literature.
The inconsistencies betwéen exéeriment and the p;ediéted valiues by £he
K;ne'yodél are explained. A
' It is further shown experimentally that the spin orbit éplitting :
is not affected by temperature when SBER measurements are taken on Gais

by a N1 - Alzoj'- GaAs configuration.

]

The phase diagram of the (Pb,Sn)}Se alloy system has been investigated.

The dptical properties at room temperature of the (PhSn)Te allcoy system
have been studied for optical transitions above the fundamental gap as
s .

2

a function of alloy composition. These two items are not an integral

part of the thesis. They are to be found in appendix ‘I.

N
)
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present work are original:

from surface barrier electroreflectance measurement in the vicinity

. 3. The determination of transition energies versus composition

~ fundamental gap (including spin-orbit splitting effects) for the

!
'
AL A R S5 T )

STATEMENT OF ORIGINALITY
.

T

N : R -

So far as the author is aware, the following parts of the
N b .
LY
1. The determinaticn cf uransition energies versus -cooposition
for the (Gd}Al)As.alléy system from electrolytic electroreflectance
(=}

measurement over the energy range from 1.4 eV to 5 eV (at 300 X).

2. The determination of transition energies versus composition

of the fundamental gap (including spin-orbit splitting effects) -for

. ; _ °
the alloy systems In(As,Sb) and In{as,P) {at 300 X).
from surface barrier electroreflectance in the vicinity of the

alloy systems In(Ga,As) and Ga{As,P). In(Ga,As) had been .

investigéted previously on a few samples only (3W68). Ga (As,P)

had been investigated_by electrblytic electroreflectance (2T66).

)
"
»
z
=

Both systems are investigated here in more detail (at BOOOK).

4. The determination of transition energies by reflectance on the

AR T NS B T HIST R AR

alloy system (Pb,Sn)Te in the energy range from 0.8 eV to 5.5 eV

at 300°K. .

R ERC SRS i

5. The, study of the T - x phase diagram of the QE:fn)Se alloy

T

system by a quench anneal technique. . N

6. The measurement of E, and E_ + L for Gaas at 4.2°K by the

surface barrier electroreflectance technique using Alzo3 oxide

layers obtained by a py:plysis techniqné. -

»
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7. The derivation of a disorder-perturbed virtual crystal
expression for the spin-orbit splitting at the i = (0,0,0) peoint,
(8. and in the X = (11D direction, (8,), relating the ‘

alloying effect to both locations in the Brillouin zone.

8. . Contributions to the interpretation of the composition

dependence of transition energies by way of a band-mixing concept.

9. Utilization of the band mixing concept to derive an expression

for a disoréer perturbed effective mass at the bottom of the
conduction band (at E‘; {0,0,0)) which verifies previously
establ;she&\data; |

10. Thé analysis of the effect of thin films on the lineshape of
SEER measurements. This study is in ceollaboration with R.Glinski

and some of his suggestions are part of this analysis.
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. have been adopted throughout this work. .
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For the sake of convenience the following abbreviations

o .
e e - 4

. .. : . . }?ﬁ‘
B.Z. . Brillouin Zone ’
x | Composition (mole %]
c-b- Conduction band
EER _ Electrolyﬁic Electroréflectance
E, Fundamental gap (d?rect)
5-0 Spin ofbit splitting .
SBER Surface barrier electroreflectance
v.b. o Valence bana .
- VCA Virtual crystal Approximatién
_2ZnsS Zinc—blenée
wt Wave-function
S.E. Schrddinger eguation
. Krk' _ Kramers-Kroenig
I.R, Infrared ,/'/
U.V. Ultra-violet
: ~

—

(are usually vectors, the vector notation
is dropped, unless otherwise indicated).

the two different notations are equivalent
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INTRODUCTION ‘ : ’

The technological applicatiors of semiconductors in communicatiors,

information; medicine and research is ever expanding. Therefore detailed

kT AR Y SV LIURT A

LI

SR 1RO

information on the parameters describing the behaviour of these materials

under various laboratory conditions is necessary. Such information

prescribes the conditions required for the particular application,
performance and its long-term reliability, sometimes under_uncéntrollablg

, external conditions.
.'\

Even since the early 1950's, when most work done was on silicon and

piermanium, Welker and others (1W56) were investigating the properties of

*@*V compounds.- Analogs to the group IV semiconductors (1C57), providing

amalgamated into alloys, generally covering a continuous range of solu-

bilit? (1W62i. This new possibility provided a larger field for the

AR T CE VT B AL Sy S50 sy

W)

2l

- basic parameters.

A

The last few years have witnessed the emergence of theoretical

LR TR

technicues for the calculation of band structures of real solids with

an accuracy ccmparable to that of thé available experimental data.

Clearly, it would be desirable to perform such calculations from first
principles. sﬁch calculations however, have not been able to predict

the band structure entirely from first principles, and for the time

being, more realistic approaches have found greater utility (2W67).
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It is unfortunate that the first principlesafproach to the mixed
cl:rystal' systens lags considerably behind both the above semi-empirical

theories and experimental /information. In fact, the complexity of dealing
with alloy struitnres from first principles is so overwhelming, that

o . : . . - .
forthe present it can only be hoped that semi-empirical considerations

which are in goeod agreennenﬁ with experiment will be a reliable guideline to
the theoretician as to the possible new approaches o the problem.

It is therefore the purpose of this work to investigate and then

to explain even if in part, the variation with alloy composition of

.
-y

-

-~
N

specific band structure parameters such as spm orbit splitting (s.o.)
and the fundamental gap (Eo) - It is found that, this way, other para-
meters such as the effective mass at the conduction band minimm (mé )

can be predicted.
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l.l' INTRODUCTION

It is proposed in this chapter to review briefly the concept . - -
of energy bands and how they are related to the crystalline structure

of the material. Further, a short description is given of the formal

calculation of band structures, with importance given to those models

that are relevant to this work.. A brief description of the overall

band characteristics and the results of these calculations are discussed

for a typicql ITII-V compound:

I e WY I Y

PR

_The virtual crystal model is explained and a brief review of the

\ % '

results of theoretical calculations is given. A resume on the general

state of results on alloys of III-V compounds is then given.

~ °

1.2 ERERGY-BAND CCNCEPT

-

-~

The easiest way to visualize the energy band picture for a solid

is by first considering its atoms separated so that no interaction occurs

between their electrons. The energy levels of the electron states are
then atomic l;vels. With the N atoms constituting tﬁe'solid, the degene-
rac} for each non-interacting energy level is therefore N fold. As

the distance bet;een the atoms dec;eases (see fig.ll.la}, the N separafe
levels under éhe perturbation of the neighbouring. atoms will spread into

an N léfel, closely spaced quasi-continuum of energy: an energy band.
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Figure l.la ' Simplified diacgram
showing. the formation of bands

from atomic. states as the atoms
merge to form a solid.

-
oyl
“ -
i)
[ =
=1
a0 (lattice pafameter of solid formed)
' SEPARATION BETWEEN ATOMS
1 ] H i
1245°¢
1200 .
. ' [o]
1000 i £ (°C)
800 = 800
600 _ 600
400 | - 400
200 |- — = ' - 200
) 0 | 1 1 | I ! 1 1 -
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 .1.0
Ga . (at %) i

As In (2t %) As

Figure 1.1b- Showing Ga-As and In-As phase-diagram, Ieoresenting the
stoichiometric formation of III-Vcompounds from the elements .




For c;re statés, this ﬁerturbatioh is much hmallér- " The structure of

the &ryséal, whose ;toms'h;ve j;st'been brought together, depends on the”
quantum state in which the valence electrons are to be found (table 1.2).
Tﬁe extent to which electrons are shared ;n these bonds as well as their

orientation determine more than one property of the materlal in questlon

(2W7l 1p70).

1.3 CRYSTAL STRUCTURE OF DIAMOND-LIKE AND ZINC-BLENDE SEMICONDUCTORS

As it was just stated, the valence electrons,their number and their : f:;f

free atomic quantum stégés determine the type of crystal structure and

WY Gy A

the bonding.

P RN

Atoms that fall into column IV of the periodic table, .

as well as compouéds formed from e;ements from column III and V (and
therefore their alloys), have electron valence states with second  quantum
numbers s and p: It h;s beep shown {1P80) that these orbitals hybridize into
-$p3 states because.these represent lqwer énergy‘states than the free

atomfc states. (See table 1.1)

TAELE 1.1 - ATOMIC STATES BEFORE BONDING APTER BONDING
]
ELEMENT IIT| v |V IV | IV {(IIT |V IV - IV | III : V
. . r !
ot
p - - - '. - I -
1 e
s : i | .
- - LR - . - - . - - - = - = - I. - I.
b ! !




The hybridization states form from a. linear combination of’the

' i - .3
atomic states '
A . !
= ¢ = s+ -+ -+ .
SJ_ : , - . . - Py py Pz ,
= 3 i g P = ‘g-= - s ’
Px sin ¢ cos 5i S-p, P, * P, -
. p.= /3 sinésin8| = | o =s#p -p -p | IV E
. ' % v z -
- 3 ' e o
v Pz 3 .COS.‘# ¢ S PX + py pz o

wheré $ and 8 are the,sphericél polar coordinates énd the radial par£

of the function is normalized to unity.

£ The  bonding in tetrahedral diréctidns for diamond ana zihc—blende
material }s c?ystal;ographically represented ﬁy two inteééenétrating

face centered cubic lattices (f.c.c.). The displacement of one sublattice

: with respect to the other is by 1/4 the body diagbnal (fig. l.22)., 1In

the case of diamond like semiconductors all the atoms are the same.

However due to the hybridization scheme, when III-V compquﬁﬂs (ané their
alloys) are Eonsidereé, the elements of like atomi¢ valency crystallize
out on the same f.c.c.subiattice. The occupation bf adjacent Sitesrby
different atcms.reduces the symmetry"of the crystal (l¢57). The loss of:
tﬁé inversion center from diamond like to ZnS structufe introduces

important modifications to the band structure.

7 -

- 1.4 ENERGY BAND REPRESENTATION

It has been- long argued (1D00, 1L0S) that electrons in semiconductor

crystals are in some sense free to move. They form a kind of a gas within the

f,
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Figure 1.2a  Showing a zinc-blende unit cell.

Figure 1.2b  Showing the first Brillouin zone for a face-centered
' cubic- lattice. C
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-boundaries of the solid. fhis picture is far from being perfect, since

the electrons must strongly interact with each other and the nuclei which are
i -

screened by closed shells of electrons,

-

Such a complex picture cannot be analysed without some simplifying
assumptions. The effect of one electron on all the others can be averaged -
and thus one can treat each electron separately and ihdependently as

moving in an average field of all the other electrons and the field of

i .

§bsitive ions (one electron approximation (1H70)). These positive ions
SN

are considered stationary at the locations described by the crystalline

structure as a further simplification of the problem. (Born-Oppenheimer

. approximation).

The simplest treatment for the solution of the Schrodinger eguation

. (S.E.), in order to obtain the energy levels for electrons,is by assuming
the potential inside the crystal to be constant (i.e. zero)

i.e.

v;’; 0 (k) = E(K) ¥ (k) (1.2)

where w(k)-= Ae is the wavefunction (wf) with wavevector k and a
normalizing paramefér A. This is Sommerfeld's (1525) model. Quantum

mechanics predicts a quasi continuous range of energy levels for this

. . 2
. . . E fi 2
type of smooth potential. The solution to this equation is E(k) = e k
: ) o

where m, is the mass of the electron. Wwhile this theory is capable of

explaining many propeities of metals, it fails to digtinguish between the
: s ‘ .
categories of material having such a wide range in electrical conductivities.

Bloch (1B28) modified the problem by replacing the constant potential by

onerrepresenting the lattice:
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Figare 1.3 Plot of energy E vs wavenumber k for a cne dimensional

‘periodic lattice.

e Ffee electron model
Bloch model
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- & vL

= Y tVE] v =Ex vk (1.3)

where ¢ (k) é_u(k) eik'r:and ulk) = E é(kj) éikj'r is a function having
the periodicity of the lattice. Inkfact he points out that the electron
states which in the Sommerfeld model.coula be represented by plane waves
will now be modulaﬁed by the function u(k) and therefore adopt the
pericdicity of the lattice. This causes the energy statés which in the
Sommerfeld model- were continuously éeéendent én k {fig. 1.3 dashed lines) -
to undergo discontinuities in energy at certg%n values of k (fig. 1.3
full lines). This diséontinuity in the dispersioh of énergy spectrum as
a function of the wave Vector k is physically viewed as corresponding to

" the energies associated with plane waves of electrons which are completely

scattered or distorted by the lattice.

However, since the lattice is periodic, these conditions will

occur periodically as well. In the one dimensional periodic’ lattice

(fig. 1.3) the discontinuities in the energy occur at values of Xk :_E%

-

where n is an integer, a is the lattice parameter.
Since for any band the energy is a periodic function of k, the
above described conditions will have the same recurrence. It is then

possible to translate by the appropriate lattice vector the information

§

) . . . , . 4 . .
on the E(k) curve within each period into the firat zone: This first

1 I \ ‘
zone of - E-<k< I is called the first Brillouinfione (1B30) in thedﬁi

’
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reduced zone écheme and it combines all the necessary information on the
e-k dispersion'curves. The F vs k deﬁendance in the 1lst Brillou;n zone
represents the baad'structpre agd the region of energy where electron
;£ates are pot allowed is calied an energy gap.

This whole arqument can be expanded into a three dimensional case.

The independent cne dimensional k cases are taken as cartesian coordinates

and span the three dimensional k-space representative of a three dimensional

latéice- The first B.Z. for an f.c.c. lattice is a truncated octahedxon

(fjg.'l—Zb). The E-k dispersion curves are usually drawn along high
synmetrx directions of k-space since thé Schroedinger equation can be
solved more easily (the.secular detérminant is easily.diagonalized) and
because the Van Hcve singularities (1v53) wﬁ@ch are involved with me-
asurable electron transitions appear along these directions.ﬂ

- - -
If the crystal has the primitive translation vectors 317 B5r 240

‘then these form the basis vectors which define the point f.c.c. lattice.

This can be represented by the row or column vectors of the matrix

0 a/2 a/2
A= a/2 0 a/2
a/2 a/2 0 1.4

with a the lattice constant. (For ZnS and diamond structure this represents

. " - ,
one of the sublattices). The reciprocal space in which k is defined is

o
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therefore spun by row or column vectors of the matrix B, such that

B.A = 21 1.5a
_ _ zﬂ‘(-a'.x-a’k) .
i.e. E ki = T ey (i,j,k in sequence xotation) 1.5b

‘ L ai.(aj xak)

The number of k vectors, or states, in each band is equal.(in the reduced
zone scheme) to N times the number of lattice points in the primitive unit
cell taken twice to account for spin. The B.Z. for diamond and.2nS like
éemiconductors is represented by a.truncated octahedron (fig.'l.zb). The
letters shown identify various symmetry points and dire;tions in the
B.Z. and are the groué theoretical notatién introduced by B.S.W. (1B36).

-~

1.5 DETERMINATION OF BAND STRUCTURE

It has been seen in the previous section how the overwhelming
problem of dealing with a large mumber of electrons and nuclei in a
cxrystal can be simplified by way of some initial approximations (8orn-
Oppenheimer approximation énd the one electron approximation). The

’ crystal is noq\viewed as composed of siﬁgle, non interacting electrons
responding to "frdzen—in“rperiodic screened potentials. Eowever the
problem is stilla many electron problém and the complete waveéunction (wff

of the system is described by the product of non—interéct;ng single—one

electron states. The electron states are then filled by available



electrons up to the Fei'xni level. The higher 'stata are available for extra
electrons or opt:li.ca.l transitions.

R Although the qualitative band picture relies mainly on the symmetry
of the lattice, a choice for a potential is needed for the Hamiltonian of -
the s'ystem-. The various methods of ba.nd calculation differ in the model
for the potential adopted and in the procedure for the solution of the
S.e. (1P59).

The determination of band structure can be approached from two diffe-

rent directions: from first-principles or from semi-empirical methods.

LT pVEEdT Y

AN

The semi-empirical approach is a scheme whereby sooe experimental infdr—

mtl.on about the band structure at some locations in the B,Z. is used to
calculate it over the ghole of k s_r_éce- On the othexr hand,a first—
principle calculation starts off from fundamental comsiderations about -
the S.e. and the electron wf. The crystal symmetiy and the chemical nature
of the atoms occupying the la;tice sites are used to simplify the solving
of the S.e. The spin property <;>f the electron is inPtially neglected and

is subsequently annexed to the calculation in form of a pe_rtnrbatio:.: on

the syste::n_. )

Bowever, before proceeding with either form, the consideration of a
free electron band structure usually gives valuable information as to the
general shape of the bands, their energy levels and their degeneracies
without actually predicting any energy values. This calculation bases

itself on the application of orthogonalized piane waves to an empty crystal
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lattice (zero potential) where the actual translational properties of tﬁe
lattice are retained (1360, 2C64, 2$65). Group theoretical arquments classify’
the symmetries of the points and symmetry axes of the B.Z. The neglected
periodic potential can at th;gApoint be considered as a perturbation,

whereby lifting some degeneracies of the empty lattice energy levels.

-

“1.5a FIRST PRINCIPLES

OPW (orthogonalized—plane—wave){ In tﬁis calculation the crystal
pofential ié approximated in terms of the sum of local atomic liké.wave-
functiens of core states at the lattice éites- Plane waves orthogonal to
these inngr states are used to represent electron states. The inner states
are in terms of some LCAQ (linear combination of atomic orbitals). The

electron states are symmetrized consistently with the lattice. The £final -

wavefunction will-be representative of atomic orbitals only in the vicinity
of the atoms and will otherwise be smooth\functions-

In covalently Bcnded material, which is of intergst iﬁ éhis thesis,
the electron wf distribution varies gquite widely from point to point in
the unit céll {2565) with 2 similar variation for the resulting potential
(1360) . The above method has therefore been found useful for such materials
and it originated with Herring (1HH40). sPin-Qrbit (s-0) splitting Qas
eventually included in these calculations (1869).

Aécurate band structure calculations from first principles arxre a

long and complicated procedure to perform. If accurate experimental
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information is available, the predicted values from a first principle
calculation agree only qualitatively. The OPW method briefly described

above is here given only as an ekample : it is accompanied by other

_techniques such as the Wigner-Seitz (2W67), the tin muffin' (2W67), APW (1K71)

and the tight-binding calculations (2W67). These are all limited in scme
aspects for their prediction of band structures.
$ince it is always possible to obtain experimentally a few reliable

parameters, these can be used in semi-empirical band calculations. Such

NeAAES T e

techniques are then tested in their predictions of other band parameters by

the ‘extent of their agreemeﬁt with experimental information. The semi~
X . ) l:
empirical methods so developed are the pseudo—potential, the k.p and the .

.
se w

dielectric methods.

1.5b SEMI-EMPIRICAL METHODS: Pseudopotential scheme.,

The OPW was described in some detail because the empirical pseudo-
potential scheme is a modification of it.

It has been seen that for the'qu, the wf's are represented as smooth

functions which have core state_form near the nuclei. . -
T ST |
¥(r,k) = &(r,k) - Z (¢ _,®) ¥_(r,k) 1.6
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where ¢ is the smooth plane wave like Bloch functicn and ?c is the atomic
core function. (?c,¢) wi;l be a rapidly varying function in thericinity ) i

of nuclei. ‘Re'ﬁlacing (1.6) into the Schroedinger eguation,

2 .
L — ¢ —
IR g (E-E) (0 ¥ = | 1.7

which can be rewritten as

2
P_ _ . .
(Zm + vc) ¢ + VrQ Ed 7 1.8

et K I IR

L Eiras

and Vr will now represent the pseudo-potential, (2B71}. The pseudopotential
is expanded in reciprocal lattice vectors. The expansion coefficients, called
form factors, are required to calculate band structures of some simple

crystal structures. Phillips (2P58) showed that for $i and Ge onlf a few

*
-
3
Ly

of these terms were necessary, He further suggested (lP%B, 1p59, 2P538), that ‘ X
thé Vr term bg‘noy considered é disposable quantity that can be uée&

to fit experimental data on an interpolatibn scheme. Cohen and Bergestresser
(1C66) have calculated the band structure of several diamond and ZnS
structure materials obtaining the psaudopotentialé from well estabiished

optical data. : : . i

The k.p method- The energy eigenvalue equation including spin is

now répresented as

2
n ) - . . .
= +ve) + @V{r) x §).0] ¥(k) = E(k) ¥ (k) 1.9
, =2m I 2c2 : ,
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where p = - I Vk is the electron mementum, ¢ is .the spin operator. If

‘the solutions are written in the Bloch form U(k) = u(k) elk'rlthen 1.9 can

-

be rewritten in the vicinity of k = 0 as

[

a2 h - -+ ik.xr ik. ‘
[ 5= erhl) + vix) + 3 (Wi x (B+AK)) . 0] u (k) e X Fg (k) u (k) 1K F 0
. 4m ¢ b
1.10a
oF (M +H +H, +H) uk) =E' (K uk) 1.10b
° 1 2 T Mgl B = Rl -
with
B o
fo T m TV T oa &
‘ E2 -
H2 = 55 (Vvxp' ).o H3 = 55 (VWxk) .o
4am c 4m ¢
. hzké
and E' (k) = BE(k) - pr el Ho is considered as the hamiltonian of the

unperturbed problem. Hl for small k's is a spin independent term,

H, a spin dependent term and is believed negligible.

3
The unperturbed base functions used by Kane (1K56, 2K56) for the

expansion of the wf of the perturbed states are thw two s, functions

.and the six p functions X o ¥, and Z+, (+ spin up, - spin down). These
are derived under the assumption that the unperturbed problem results
from a conduction band edge of symmetry rl and a valence band edge with

rls symmetry. The consideration of only eight wivefunctions indicates

the assumption that interactions from other bands is negligible.

LRI e I s h ol B LY



20 .

An 8 x 8 determinant is then obtained, with elements that treat the

Hl and H2 terms exactly and not as a perturbation. The solutions to the

secular determinant are then the solutions E' of

[
Q

E' [E'(E'-Eg) (B'+8) - k2P2(g* +_§ 8)] 1.11

-

ih
where P=- i— <s|pz[z>
3Ri
A = <x| (Yvxp)_|¥> . -
am?c? z =)

T Y r P

PR ELRLP YN

and Eg is the unperturbed eigenstate. The influence of higher and lower

~r—3 *y-raTeTOY

bands.can be included by second order perturbation (1C63). At k = 0
eqg- 1.11 clearly hashfou? solutions, with Ec = Eg+$v1'2, EVl,Z = Q0
EVB = EV - A. These are the conduction and three valence bands.
‘ 1,2 ’ .
When only small terms in k are considered in the solution of eg. 1.11,
the conduction band E_ can be approximated to a parabolic behaviour in k

near its minimum at I"lc,because the non-paxabolic terms in the solution

-become negligible. With-increasing k, the effect of higher and lower
bands results in a shift of the band to higher energiés (see fig. 1.4).
Vl, the top most "heavy hole",(ﬁvl)band is not influenced by the conduction

¥
band but apparently it is strongly affected by other bands (1, 2X56). The

maxima of the band lie on the'[lll] axes away from ; = 0. ?his is due to
L .
the fact the w.f. is antisymmetric and therefore the loss in inversion symmetry

from group IV to III-V compounds prevents the fixst order energy shift e

- -
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Pigure 1.4 The band structure for Insb as found by E.O.
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-

g k. <s]P]z> ffom vanishing. It va.m.shes for diamond like material (3C66)
v

1
mn—pa.rabolxc as it is.similar to the c:b. It conta:.ns terms in k t'nat

> is the next v.b., degenerate w:.th the V ba.nd at k 0..’ It is strongly

lift the spin degeneracy at ?c. # 0..- The v band -is separated from the

v, and the v, band.s'at k = 0 by the values of the spin orbit splitting
. d"
‘A (a8 ). and is otherwise similar to the V2 band except for the absence

of linear te.rms in Xk, (1368,3?66).

'.t‘he effective mass in the Kane model can be derived if the solution -

-

to the secular deterninant is expanded :.nto terms :1.n second order pertur-

tromArer Ty
sl otverdra

2 B I [x.<slp|z>{?

Ei(k] = Eio_+ 5 n—z Eio-E"Q (1.12)
i .
Then eg. 1.12 can be rewritten as
E' =8, +L % I(—m)"ll % (1.13)
i ic 2 7T m* il T ‘ )

where now the elements of the effective mass tensor may be written as !

in 2
2,n <s {P|Z> :
&) - sp'm-»% ¥ -I—U—LES = (1.14)
i ’ io jo

" i#5

'!3:.55 ‘equation, for example, gives rise to the familiar effective mass

exzression at the bottocm of the conduction band :
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2 p 2 1 ’ -
=< I_ =_ g+ )

3 m [ E a ) ] 1 (1-13)
where

|

The k.p method was used by Kane to calculate energy bands. for Ge and InSh

atitheff point. It has been successfully extended'by‘Cordona and others

3

to the calculation of several III-V compounds over the entire B.Z.

(1C63, 1r66, 1B69, 1P68).

SN FaS F TR

Dielectric Method (1P70)} .

A more recent method of bana struétﬁre calculatibn is based on the
‘theory of electronegativity differences by Phillips (1P70). It involves
fewer parameters than any of the aSové methods . I+ was u;ed by Phillips
and Van Vechten to determihe the band structures of several seﬁiconductors, thus
claiming a better accuracy in their predictions. | |

An éverage‘ gép Eg forla semiconductor is consi@ered as due to

contributions from a homopolar or covalent part E, and a heteropqlar or

h
ionic part C

E“=£5°+¢C ' (1.16)



- 24

. The heteropolar part of the gap is defined-by a screened electro-

- ) - s' ° 0 Y ‘ '
negativity difference as defined by Phillips (1P70) between the consti-

r_+r )
. 1-ATBd.
e 5s [ 2 } o @2an

Here ks is the Thomas Fermi screening wavenumber, r. is the covalernt

tuents

[

A _Zs
r

o
w

radius of atom A (see Table 1-2) and ZA is:thelatom's valence number. b is a
factor correcting the short range screening of the Thomas Fermi approxi-

mation.

The homopeolar, part of the gép Eh and all other hoﬁopolar variables

~ are assumed to be a simple power law function of nearest neighbour distances

a (= zg: ao)‘qnly determined by the value obtained in Si.
. . i . aln -~
Fpi T By 59 [ ds‘iJ - | (1:13)

where n is a parameter and i labels the ga@ s in guestion (i.e.. i =0
for Eo. (at T) and i =1 for El {at A)).
When the perturbative effect of the d band on s like levels '

(rlc and Alc) is included the.value of the gap at [ {i = 0) and

A (i =1) are given by

c 12 172 -
E, = (E,, - ©-1) ag,) [1 .- |22 ] (1.19)
1 ih 1 x> Eih

1

. ——— . —

[ S

r
4
.
-
.
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where AE;-is a paramete; wﬂich %s a function of d only as of eqlflfis
and D represents the effect thaé d bands have on the conduction bgnd
' -whether i = 0 or i.
Mo§t of the other energy transitions observable in opéical ;ork
can be predicted and compared to ;xperimehtal results by formulae analogous

to the above ones.

.~

A

1.6 BAND STRUCTURE OF DIAMOND AND ZINC BLENﬁE MATERIALS.

YT rr tra

The most extensively studied and best understood semiconductor eneréy
‘band structures are thoseoé_elemental Si and Ge, both‘of which form
diamond cubic crystals and the simple binary compounds (therefore their jf
alloys) formed between elements of gréup IITA and VA of the periodic table.

These compounds crystallize in the zinc-blende cubic structure and their

&

bands are anologous in many respects to those of Si and Ge.

As seen in.fig. 1.5, the band structures of Ge and $i are gualita-

tively similar. Tﬁé main difference lies in the relétive minima of the,
lowest conduction band. 1In Gé these are locatéd on‘the eight [lll]‘ages
at +the B.Z. boundaries, in Si they are located on the gix [100] axes,
just inside the zone boundary. figure 1.5 shows the band structure of
goth Si and Ge as calculated bv Herman (2H66) witﬁout the effect of spin
orbit splitting. .

- The valence bands for Ge and Si are essentially identical. The band

is triply degenerate at the B.Z, center ( T point). Because of the S~0
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x=1quy k=0 "
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Without Spin Effects.

X = 33 (100)

Band Structure of silicon (A) and germanium (8)
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Piqure 1-5 c)

Band structure of Germanium, spin-orbit

splitting included.
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interaction, however, one of these bands is split-off from the other two by
an amount A (see table 5.1 for values of energy gap E o A for Si
andGeaswellasmostIII-Vcompoundsandflgurelecanparedto
'f:.gure 1.5€ where spin orbit interaction has been included). The wave—
functions representing these states are redoced in symmetry and the usual
group theoretical notation is replacea by the doublé g:roup notation

(£ig. 1.5b and 1.5c). The split-off band is found to have spherical
constant energy surfaces, while the two degenerate bands have warped
surfaces. Such warped surf-aces are replaced for convenience by two

vl
and oo (1ight) holes. (ID55). When the top degenerate bands are located

constant energy surfaces having different effective masses m (heavy)

in either-the A or A directions, the degeneracy at I is lifted.

The conduction band edge for both Ge and Si have prolate spheroidal
constant enerqgy surfaces leading to tuo effective' ﬁasses mcla.nd m “.
The conduction band mimimm at k = (oo0) is h:r.gher in energy than either
minima at A or A for Ge and Si reWivdy- Values of the various
effective masses are given in (1559, p. 347). The conduction band minimum
ar T i'n Ge has spherical surfaces of constant energy. Bowever Si has
a conducticn rband minimom i-ls in the single grom notat_ion,‘ different |
from that of Ge fr2;1 indicating that the origin of the two minima for

-

- 51 and Ge is different.
4 . When spin is not considered, the only difference between the diamond
and the zincblendebandst;ructuresinaqualitativesenseisthespin

splitting of the degenerate X point {see figure 1.5, 1.6). The detailed
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I - . ) a1
X = 2(111) o k=0, X = == (100)
2 a

(L) — :
A g

= IL -‘E'H.
k= a1 ) k== (00

pure 1-6. A qualitative diagram of the valence band schemes of zinc blende materials
from symmetry considerations (a) without and (b) with spin effects (2M64)
Humbers in brackets represent mumber of single spin states.
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structure of the valence band of zinc blende materials with and without

spin effects is seen in fig. 1.6. As it is apparent, the $-0 effects '

LY

.greatly complicate the structure. The true maxima of the valence band

-

is expected from theory to be located on the [lll] axes in k-space
. /
. -
(8. in number). E2:h of these maxima occuxr at 3% of the T to L distance

in the A direction and are apparently only 10-3ev above the edge at k = 0

i

- (1B66) . Because of the closeness of these maxima in both energy and wave

mmber to the zone center, the valence band of III-V cozpounds is usually
considere& like that of Si or Ge (see €£ig. 1.7). The 3rd valence band

(V3) is depressed from the top valence band edge by the spin-orbit interaction
(Ao). The minima of the conduction band and the maximum of the split—off

band still lies at X = (0,0,0) when the 5-0C interactions are included.

The spip orbit splitting is the result of.the sepération.which must occur

between 91/2 ?nd P3/2 states since L and S are antiparallel for the P1/2

states but parallel for the P states. It can be shown that the Ao

3/2
energy is a result of the P3/2'§tates to move up by an enmexgy 4./3 from

the position in the absence of the interaction and P states move down

1/2

by 2A°/3. In addition the dggeneracy at I' of thg P states is lifted

3/2
where k 'is away from the [ point. O©Of particular interest is what happens

-

in the A direction for these bands. The Eang model (1,2K56) shows clearly
that the top, heavy hole, valence band is literally unaltered in energy
by the intgractiop, however the "light hole"” band mcves_down_by an amount
28,/3. This effect gives rise.to the 2/3 approximation relating A  to A,

the splitting between the V1 and V2 bands (2/3 Ao = Al).
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It has been reliably established frcm expériment that the lowest
point of the conduction band for all III-V compounds except for GaP, Alsb, AlP,
.and AlAs, is at rlc (TG)-

The constant energy surfaces at I, are spherical. R considerable

1lc
deviation from parabolicity in the Evs k curve occurs as the value of

the direct gap at I decreases (see fig. 1.4). The conduction-band

minimm of AlAs, ngg GaP and AlSb make part’of the collection of semi- ‘ L

conductor compounds having a many valley conduction .band edges, similar

~

rrey

to that of Si, ie. the lowest points are located on the six (loo) or g T

frranrs

A axes. By alloying such materials with direct gap compounds, it is

possible at some composition to produce alloyvs having the same direct

N,

-

‘and indirect energy gap-

Bowever, the minimum in the conduction band at T is the general

rule in these semicenductors. The deviations from parabolicity in

naryow gap semiconductors such as InSb lead to significant changes in

the interpretatioﬁ of'experimental results. It has been shown that the
eleétrén effective mass varies accoréing'to the degree the b§nd is filled
and different definitions of effective mass give different values.

Also the value of optical gap varies as a functi?n of,imgurity concentration
. . : \ - .
of the specimen. This Barnstein (1B54) shift is often q;ed as a correction

on the rapidly filling jow density of states, narrow band gap material.

Experimental information either assists in determining band

sfructure with better accuracy or it may confirm it. .One of the key
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parameters (1K56) is spin orbit splitting. Optical measurements yield

information about this guantity specifically with electric field modula-

tion. fFrom 1it, other parameters.éﬁbh as effective mass may be predicted

-
¥

- _ .
(1C63). . .- Recently several band structure calculations have been

attempted for whole.;;;égfﬁgf/prystal alloys (1071, 1E7L1, 1870}. It is

hoped that. the work preséhted here, that is the measurements and the

analysis of the results of Ao over several alloy systems, will be of
. , g ' . :

some assistance in future band calculations. . . |
b . .

~

1

1.7 ALLOY SEMICONDUCTORS

Grmrzrr rev e

L ori_dAdrac

An alloy is the-result of the amalgamation of atoms of different types

in known proportions; "In the case of alléy systems formed from diamond

B A
.

like semiconductors as constituents, with x mole percent ¢of element

~

}, one type of atom

A and l-x mole percent of element B (viz Axgl;x

substitutionally replaces the other on the crystal lattice sites in a

it

random’ manner. This type of system is called binary. A representative

example is the Si-Ge (1S839,,1J354) alloy system. With this type of alloy,
whose constitutents are elements'from column IV A of the periodic table,

the condition of homogeneous solid.solubility is controlled by the sizes.

of the atoms alone. It has been shown (1H62) that in binary systems of the

type Si-Ge, all compositions are possible when thqﬁlattice parameters of

-

the solvent énd the solute constitutents do not differ by more than ~B%

and wheﬁ the chemical properties of the constituents do not provide the '

formation of. intermediate compounds (1W62), S - ~ -

=]
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When in this type of alloy systems the constituénts are replaced |
by IIIA-VA ccmpounds (v1z (AC) (BC) ). the solid crystalllzes out 1nto
.Fhe zinc-blende structure fig (1.2a). The structure freezes out with the
riike valence atoms oflthe Egéstituents arrayed b: one of thé fgc.c.h
sublattices (sec 1.3, 1W62).1 The unlike atoms éf the same valence'
substitutionally replace one another on the crystal sités associated
with the same f.c.c. sublattice in a random manner. Becausé of this
énalogous behaviour to binary systems, such alldys are réfgrred to as
psendo-binary (1W62). | u | =

While the nature of the bonding between atoms forming the binary ‘ Pl

systems discussed above is strictly covalent, alloys between FII-V
compounds have in addition to the covalent bonding a ce;tain ionic
charactexr. Therefore in addition to the: conditicon that the lattice pa-

b ers of the copstituents,should not differ by more than 8%,

the 4x erence in ionicity plays én important pérf in determining the
homogeneity of the solid:s9lutions over ;herwﬁole composition range
(see Tablé 1.4) (1F¥58, 1M64). EHomogeneity is an important-aspect in
mized crystal growth if single phase solid solutions are to be studied.
If this condition is nbt s;tisfieé the iﬂferpretation of measured
propertles is dlfflcult and misleading.

A stody of the physical propertles Af binary and psendo—blnary

alloys adds to the understandlng of termi l materials and provides
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AlP | Alas } AlSb \ GaP | GaAs | Gasb 1 InP | InAs ‘ InSb‘
_ SOLUTE -
AlpP -
Y M Pt
alas § o0.331 m
. ) | =
- — - ) o N
AlSb _:}_19 L 153 7 : SOLVENT :}:\ 2 g
- £ ' g : Q
Gap .067 § ,101 | ,052 % ®
A NPT . kS . |
lGaas - [ .003] .037 }.116 § .064 ; s
.TM. - — ‘r P".h .
Gasb .046' | .012 1,165 | .1131 .048 ¢
T - : ... -
InP |} .114) ,148° ﬂ 005 4 .047 | .1l10 | -160° i 2
.7 I - - - ~ — ‘,. _ E,S
InAs | .05 3} .084 |.069 ¥ .017 | .047 | .096 | .064 F g
e , s ol
Insb | .014_.048 5 .105 |.053 | .o11 | .o60 | .10 | .036 ik
- - B e e [ R
AlP
of
Alas | 3.02 =4
; rT— ) H\
AlSb 10.9.} 8.15 ©
. e 3
GaP - 0.2 .| 3.30 [12.4 rg;
T T : < (]
Gans | 3.41 % 0.41 |8.43 13.59 .
3 oy -, c - T e - . =]
Gasb | 10.4 | 7.62.710.57 |10.589 7.25 >
fmp | 6.98 | 4.07 4.4 97.13 | 3.68 |3.85
¢ 4
as | 9.87 § 7.06 }1.18 i10.03|6.68- |0.61 |3.12
oo o
Insb | 15.72| 13,10 }5.38 |15.8 |12.75 |5.92 }.9.41) 6.49

“Table 1-4 The darkened regions are related to alloy
systems where no miscibility over the alloy
range has been reported (4W68).



information on the composition dependance of physical properties of

_interest. A good number of semico alloys have been studied

experimentally, and some semien iric$l calcu'ations¥psiné the'pseudo- |

potential (1B63, 1J69, 3V70) and dielectric {3V70) methods have béen- k

.partiallQ successful in explaiﬁing the available experimental inférmétion. ) .
" The obvious difficulty in the alloy problem is the treatment of the ‘ ‘ -

aperiodic part of the potential. The concept of virtual crystal (VCA) :

introduced b§ Nordheim (1N31l) and later developed by Muto (1M35) and

&

Parmenter {1P55 etc) 1s a valuable calculation in alloy studies.

7’

tvrANtay ¥

torrtnlrasy
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1.8 THE VfRfUﬁL'CRYSTAL APPROXIMATICN (VCA)

vererm

1

-

The virtual crystal approximation (yCA) is perhaps the first

model which has been used -in an attempt to describe me#haniSmS affecting

the band parameters in substitutional semiconductor alloys.

In 1931 Nordheim (IN31) and later Muto (1M38) proposed to view the
crystal alloy as one ccmposed of average potentials, each constituent
contributing to it an amount proportional to itscomposition.

<

The alloy (AC)_(BC) (where % is the % mole composition)

1-x
that crystailizes into the zinc blende structure freezes out with all
the like valency étoms of the constitﬁents arrayed on Qne of the f.c.c.
sublattices (Ch. 1, sec l.é) and (1W62). The sublattice with 1iké
atoms (C) is considered as contributing a_constant quantity ﬁo the
céystal_poteﬁtggl. The sublattice with unlike atoms.from the same
eolumn of the periodic table (A;B)'contains information about éisorder

53 -
4o



| 'Va.nd mast .tquefore ‘be considered more carefully. The poténtial in this

© latter case is usﬁﬁlly séparated.éut intO'é periodic (VP) and an | -
_aperiodic_ V, part. In most cases V, is small énd it can be treated as
a perturbation (1P55; 2255):. This requu:ement is qui_t_:e lc;gica.I im.en

one considers that a large aperiodic part ‘indicates a large free
energy and therefore the immissibility .of the constituents .

i e -+ ':. -+ B i
vpe.r (r]) = x VA(r) + (1—::).VB (x) . . ]
) (1.20) ¢
RS _ oot > . ' . :‘
e B 7 Y e ]

" N 1 -
o - .

Srloandeln

LLLRRV.F.N

-+ - -
where V(r) is VA(I) if r is positioned on .an atom type A;

-2
4

Wy

-5 - -+ ) e '
Vi) is VB (r) if r is positioned on an atom type B.

when the aperiodic potential 'Va is ‘pegiected_, the problem rep:.:’_eSents the
VCA. The total potential being essentially periocdic with tﬁe lattice,
_standard band structure calculations are r.low possible (1P55, 3V70). .

_ When treating 8V by the perturbation method, Muto (1M35) and latexr
Parmenter (1P55, 2P55) found that rthe first order term

E, = <y|sv]v> o b (1.21) ' -

vanishes. However, the contribution of the second order term
<v. |ov]w >
k I
2 E, (k) -E (2}
¥k )




39

does not. It has been argued by these authors that the effect of this
intraband interaction was to move the band extrema closer ‘as well as

to diffuse *_t.he band .edges (tailiﬁg) into the forbidden gap- As a result,
the effect of thg aperiodic potential was to Aecrease the energy .Igap as

a function of composition with a dominant effect at x = 0.50. The VCA s
therefore interpolates the energy gap non 1ine$r1y (3V70) over the whole

composition range with the E_ term making the appropriate correction. P

2

 Bowever, experimental evidence suggests that if there is any tailing

ESR N ]

Anrtaey

MUV R ML TN

of the bands into the forbidden gap it is small enough that it cannot

L RN
v

be specifically observed by experiment (3W68, 4V72).

NI

rer

In the dielectric method of band calculation for alloys suggested

by Van Vechten and Bergestresser (3V70), it is proposed to estimate by

‘.a simple method the size of the bowing effect due to disorder. The
bowing parameter c is the coefficient of the guadratic term :Ln compo—
sition x which describes the behaviour of a band gap with alloy cbmpo-.
sition (see eq. (4.1), page 1423). ¢ is considered as due to the contri.bﬁtiqn
M two e.ffécts, the. virtual crystal approximatiﬁn (ci} and the effects

, of aperiodicity (ée) :

. €=c +¢C _ : (1.23)

\- 1 e

e A

The aperiodic potential is a short range effect. If the substitution of
atoms on the cne sublattice is perfectly random, the range of the effect

is one unit cell. Therefore the aperiodic potential does not distinguish

v

J
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betweén varicus k*s in the B.2. and Ce is approximately constant for ac
giveq pair of bands. The QCA.potential, being periodic éhroughout the
crystal, .affects the band gap differently at ious points in k space.
The avéraged.potentials which describe the alioy are those of
Phillipp's electronegativity theory (1P70, 3V70) Eh and €. If it is
assumed tha; in the alloy all band 1ength§ are equal, so that one has

a perfect zinc-blende latitice, then the homopolar part of the gap

——

Eh' which is a function of nearest neighbour distance only (3V70) is

given exactly-in the VCA and the only fluctuations in the potential arise
from d%gferences in the asymmetric part € (see eq. 1.17, 1.19). IS

the boad lengths are not the same then there are fluctuations in E£ also.

In the VCA lattice, or equal bend length approximation, the magnitude
of the fluctuation is proportional to the valence of the substituted

elements, viz., C xC the

1~

AB From (1.17) we see that for an alloy AXB

magnitude of the fluctuations of the actual potential in the VCA is

' -
Cop = e’ 2z %— - %— e Fs® (1.24)
A B

- | - -z
+ (1=-x) rB + x rA] and Z zA {

!
?here 3 =3 [r B

c

- From the estimate of Cage the contribution of the aperiocdic

pdtential to the bandgap ce is taken as

c = : (1.25)

fr e

tentrdan .

N R R TR T T RS VLN
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N
<
Crg et T Ce Scalc ¢ exp &\
ALLOY
SYSTEM (eV) (eV) (ev) (eV)
Ga(asp) | 0.31 | o.21 0.09 0.30 0.21 |
In (AsP) 0.28 0.15 0.08 0.23° 0.20 L
Ga(InSb) 0.48 0.12 0.24 0.26 0.43 -
(GaIn)As 0.53 0.28 | 0.29 - 0.57 |0.33,0.56 R
In(AsSb) 0.81 | 0.03 | 0.67 0.70 | 0.64 EET
(Garl)As 0.18 0 0.03 0.03 0.20 Lt
. (=
(Gain)? | 0.56. 0.39 0.31 ©0.70 0.88 ;TR
e
) :
Table 1-5 Results of Van Vechten and Bergestresser with

quoted experimental results in (3V70).
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where A is .a band width parameter, ~ leV when compared to experiment.

When ci is found by Van Vechten and Bergestresser.in the VCA, ¢, the total

. bowing effect is caleculated and compared to experiment (see Table 1.5).

1.9 REVIEW OF RELEVANT ALLOY SYSTEMS

Since the'first preéaration of GexSil-x alloy sémples by a ccﬁpxessed
powder anneal technique by Stohrand and Klemm {1539}, methods of mixed crystai
preparations of III-V alloys have been refined to the growth of single
crystals b§ several technigues suéh as for example vapour epitaxy, seed
pulling, etc., (1wWe2). However, th'bulk of this work is not concerned
with materials growth and preparation. The reader is thérefore referred
to excellent review ;;ticles on such techniques in Willardson & Bee£ vol. 4,
(dWes8) and (1we2). |

It is here wished to briefly review some properties, in particulér
optical properties, of some alloy systéms. bf these, the simplesﬁ
example of soiid solution ig the binary GexSil-x

band maximum has been established to be at the rés

composition range (2B63). However, information about the lowest conduction

'system. The valence
thfoughout‘the entire
band minima in Ge (1HS51) and Si (1P53) in@icated that the indirect gap
should suffer a sudden change when Si at&ms are m;xed with Ge.

The T, A and & conduction band minima would increase in energy with
respect to the stationary valence band maximum as the composition 1l-x is

increased. Eventually the lowest A minimum in the Ge-rich end would be
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overtaken by the minimum of $i for the indirect transition. After
Klemm's (1S39) preparation of the Ge~Si alloys, Johaston {(1354) succeeded
in preparing homogeneous samples from the melt. Thé absorpiion peasure-
ments of the forbidéen gap show an abrupt change of slope with alloy
composition. This is explained in terms of a critical cross over of the
indirect transition frem fhe mini;a-at L to that at 4 in the conduction
band. ‘The band structure calculations of Herman (1E54) and Long

(1L62), are in full agreement with th;s explanation. The crltlcallcross

over from the A to the 8 minima occurs at x.= 0.15 of Si. Transitions

AP Em

above the fundamental gap were found frem ref;ectance Deasurements by f'ﬁfg

Tauc and Abrahams (1T6Q), (1T6l). Electroreflectance measuremerts by , ' 5_; zg
Kline (1lK68) have also foundqgge composition dependence of the direct _ a E ?f
op;ical transitions and are in good agreement with Abrabam's results. 'g

LY N -
The composition behaviour of these transitions is limear. Recently

1=
x = -37. Effects of alloy disorder are included and their eifect on

Stroud (1S70) used a (CPA*) model for band calcuclation of SixGe at

the density of states calculated (c.f. Parmenter). The variation of the
direct"gap Eo with ccmposition calculated by Van Vechtén and Bergestresser
(3v70) is in good agreement with the experimental 1nfor=atlon

\J/ (Ga,Al)As as Ga(P,As) and (Ga,Al)Sb belong to that particular
family of alloy systems which have for one of the constituents an indirect
gap'semiconductor: AlAs, GaP, Alsﬂ (%HGB, 1363, 3E63). These havé their

conduction band minima in the & direction.

* (1s70, 2V70, 1ve8, ,1A67).
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~ the préparation of bulk samples.

1

'.(GaAl)As: Black and Ku (2366,'1K6€) have pfepared this élloy system
and measured“the”opticalhabsorptipnﬁfindingnthewcross over to-a direct
gap at NAO% AlAs. Panish and Sumski (IPGQ), Rupprecht (1R67) and Paﬁish
and Casey (2P69) have obtained fuﬁdamental gap a;d direct gap measurements
for various compositions by photoresponseAmea;u:ements. They f£ind the
cross over point at 133% AlAs. The iiéuid epitaxy method used to prepare
these samples is deScr%bed in (1P69). ‘ey were also used in the present
work. AlAs electroreflectance measurements we?e reported by Onton (1070).

The obvious problem in preparing alloys with alumimm (the high reactiv-

ity with virtually any container at higher temperature) has not permitted

Ga (As,P): Folberth (1F55)-and Welker (1W56) reported measurements
of the optical gap and Ehrenreich (1E61) has'reported additional data
of this type. The indication is that the cross oﬁer point is around
50% of the composition. Spitzer and Mead (1sé4) made surface barrier
photovoltaic response measurements distinguishing between a direct and
indirect transitions. This éensitivelmethod resolved the cross over
point to b; at (38% GaP). Fenner used high pressure electrical resistiv-

ity measurements to £ind x crossover at 44% GaP (1F64). Injection laser

measurements by (1H62, 4463, 1K63 and 1P65) all found x_ "45% GaP.

fRubenstein (1R65) prepared alloys of good homogeneity bv a sealed tube

iodide transport method. He measured the optical energy gap by absorption.

-
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Tietjen  (3T66) obtained samples also by a vapour deposition £echnique
on which absorpéion measurements were made. Reflectance measurements were done
by Abagyan (1A65) Be:gestresse? leGS) Thompéon et al (17T66), Woolley
et al (1WB5) and Williams (2W65). Thompson szsé) made electroreflectance
measurements on the direct and higher optical transitioﬁs.

(Al,Ga)Sb: As with the case of (GaAl)As alloys, growth of this
alloy system is difficult. It was first prepared by Burdivan (1B59) f
and.Miller (IM60). The bregk in the fundamental gap curve with compo-
sition is thought to 5; at X, v 70% AlSb, from these optical measurements. | . F
Transport measurements by Burdiyag.(2359) were less con&lusive since the
break in the alloy dependance of Eg was found less sharp.

~In(As,P): 'Thig alleoy system, as the remaining -ones does

not exhibit a sharp change in indirect to direct fundamental transitions
It was one of the first one investigated. (IFS5, 1WS6, 2WS6). The

linear variation of the lattice parameter‘with composition was investigated
by Folberth (1F55) and Xoster (3K58). In a -recent determination of lattice
parameter from halogen vapor trénsport preparation, Thompson (1T69)

detected some slight deviations from linearity. The fundamental gap was
determined by Oswald (1059) from optical absorétion and by Weiss (3W59) fruom
electrical data. The gap was found to vary linearly in composition.
Kioturu (2X66) reflectance measurements abové the gap indicated that-h

for all transitions the composition dependance was linear. Thompson (1T69)

measured these transitions by electroreflectance and wavelencth modulation.
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Vishmubathla's (1V70) EER results are in good égreement with Thompson's. ‘
These do not depend linearly on composition, but exhibit the familiar
ciuadratic dependence on composition.

- (InGa)As; The first phase diagram and lattice pframeter deter-
mination for this alloy system was done by Woolley and Smith (1wW6l).

Optical measurements of energy gap were made by Abrahams (J.A5_9J- and

Woolley (1W6l) as well as Hockings (1H66). These workers found a disagree~ .
ment for the alloy behaviour of the gap. Woolley (1W6‘7) resolvéd tizis I;ay
the ;.rreparation.of highly -homogenecus material grown by the horizontal
Bridgeman tec;b:iique (1W64) . Burnstein sl:;ift cori:ections éave a -:r:e.iiable
depe.ndencé of the gap on comlfosition. This quad:"atic dependence v..;as further

verified by Woolley and COdelxtr:'e (1IC69) by means of Hall effect measurements.

tfryrs

Reflectance m.easurements for |optical transitions above the gap were obtained

by Woolley and Blasey (4wW64) \d Conrad (4C66). Energy dejpendence on

NESILIR N ey

cmp?sition was found e:.t.her 13_\neax: with coamposition (l:zigh energy transitions).
or with a small quadr;altic dependé.;.nc‘e (lower energy transitions). Mpson

and Woolley (2T67) obtained eleé;:xoreflect-;ance data in the same spectral
region. Williams and Rehn (3W68) found fundamental gap and spin orbit
'splitting‘ values from both SBER and EER as well as saﬁe high energy
t:rans:.tmns. Although .they agree with previous fundémental gap measurements,
they have too few samples to give a2 final argument for the alloy dependence

of A .
©
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In(Shas): Woolley and Warner (3W64).prepared thi§ alloy system. ' ;
by a slow gradient freézeltechn;que as wéll as a zone levelling te;hnique.
Two phase material in certain portions of the ingot allowed for only | | ;
partial conclusions on the energy gap dependence. Bventually good material N
was grown by the Briageman.(3W64) téchnique and tﬁe energy gap dependence |
on x was found to depend qﬁadraﬁiéallf on cemposition, going through a
minimum, a2 smallest value ever attained with III-V alloys. Thompson and
-Hbolley (3T67) obtained electrorefléctancg spectra for thg.higher en;rgy_ﬁ
transitions. Woolley and Vishnubathla fhsggga investigated these tran-

si;ions in more éetail (1v70).
Ga (AsSh) : ' Little information is known on this alloy syg;éﬁf*\\

because of the tremendous problems associated with its preparation (1WS8).

.Woolley and Rosenbaum (lR72) have prepared good homogeneous material

covering a significant range of the alloy system. Results from transport

-

VAL A by s eall

measurements have recently been analysed (1R72).
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_CHAPTER II  OPTICAL PROPERTIES.
2.1 Introdnéfion i _ ’
2.2 Definition of Optical Parameters
2.3 ‘Optical Absqxptibp process in a solid '
2.4 Assigmment of optical transitions to band structure
2.5 Modulated reflectance
2.6 Electroreflectance_
2.7

Review of electroreflectance results.
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2.1 INTRODUCTION v

In the previous chapter it has been proposed to-inveﬁtigate seme

aspects of the band structure of alloys. It is therefore necessary to

elaborate oh.the means by which the relevant parameters can be determinedg;

'The response of semiconducting material to electromagnetic radiatioh

seems to have the advantage of enhancing electron transitions over a wlde | i
range of energy at drfferent points in the B.Z. These transitions carrx

ulth them information about the initial state .and the final state as well

-
[
' e
[
~—
",
)
“I

as the energy involved in the transition and 1ts orobablllty of occurrence.

In other words, the optical constants that are 1nvolved with the pronertles

S

of the materlal can be related to the band structure and contain 1nformatlon

about it.

It is therefore proposed in this chapter to define the fundamental

“ \

optical parameters, to briefly review the absoption pProcesses in semi-— °
conductors and relate these in the presence of an alternating electric

field, to relevant band structure parameters.

2.2 DEFINTITION OF OPTICAL PARAMETERS.

The response of an isotropic material under the inflvence of a
time dependent electric field is governed by Maxwell's equations.

This'response is notfrinstantaneous and it may lag by a phase factor
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-

which is related to the absorption of the. incident electromagnetlc fzeld

In an lsotroplc material, the linear relatlon between D and E is -

r

3 . . .
D.= ) e . g ' (2.1)

3

where the nonfdiagopal‘terms of the dielectric—tensor-e are zero and

. 3 ' ? .\
it has been Justifiably assumed that its frequency dependence is small
" over one B.Z. (2u70). : ' i
The phase difference between D and E can-be 1nc1uded 1§‘the . o

theory by allow;ng £ to have real and cepplex components

BRI VoV F NS

11
LU A VLN

£ = el + 152. ‘oo - (2.2)

[ ¥ |

where €, and €, are interrelated via the Kramers-Kroénig relations

(1,2k29). The average rate of dissipaﬁion of electrcmagﬁetic'energ§

) . - -

S

density'averageé over one complete cycle is ' g
. W=<ED =f°?f(2502) e, (2.3)

where E is the electric fleld amplitude and © lS the frequenc;.

Therefore the radlatlon energy dependence of 62 Tontains all the necessary
: <

1nformatlon a2bout interband tranSLtlons and it is related to the: absorption

coeffxczent of the material a

[43] 4
= — ‘ 2.4
a ne. S . (2.4)



where mf::\the frequency; ¢ is the speed of light and n is the refractive

index of the medium.\ So ;n order to determine éz ff;ﬁ experiments,

optical,abso:ptipn meaSurements.would.be the most appropriate. Howeve;,r

i; those frquﬁngy ranges wherg there is strong abéorpﬁion, it becomes

inpracticél,to measure @ (3W67). In semigonductors, -as with ;ther materials.

Vst?ong absorption is due to lattice, p?aeha and electron interband t¥ansi-

tions (2H70). Above the fundamental gap, other parameters, such as - _1
reflectance (R} carry all the ihformation about éz,ana contéin more

detailed structure not available in absorption.
Using Maxwell's equations, it can be shown that, the real  and

imaginary pafis of the refractive index N = n+ik are related to the

components of the dielectric constant € as:

2nk = 82
. (2.5)
2 2 ' '
- T = .
noTg 1
e

In the case of near-normal incidence, the reflectance R is related

-

to both components of either the dielectric constant or the refractive

¢ index by the Fresnel equation

2 2
R = (1-n}" + k" - (2.6a) .
. 2 -
) + 3D -
R 1/2 2 2172 /72
(eg + 50777 = {2 + 2(e] +ex)"° Y 41

1/2
2 2
(cl + 52)1/2 + {2gl + 2(5% +e§]l/2 . +1

R = ‘ : . (2.6b) ’E‘g__’
| AN
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From the above relation it can be Seen that is it not possible '
to separate El and €2 from a single reflectance measurement at near
_ . .
normal incidence. Tl et
The reflectance amplitude r may however be expressed in terms of -
a phase factor 8 relatxng the angular dlfference between lncident and
Lo
reflected E vectors .
- iecwa)‘_ 1o (mri) (2.7 |
L= re T 1+ (n*ik) 3 ) . |
where using the X-K relations it can be shown that . “ ]
, - e
‘w ‘ e
_ (=) LnR(w) . R R
flug) = - o= J —7 3 (2-8) S

o

Ve . ;
W =w

S -
.. ‘ o
From a knbwledge of R over the fregquency spectrum é an§ therefore
€y and €, may be calculated using
(1-R)% - 4R sin8
(14R - 2 VR cds 6)2

(2.9)

4 YR {1-R) sin §
(1+8 — 2 YR cos 6)2

Hoﬁever, the calculation of 8 from R necessitates the information
over the whole energy range. Since this is often experimentally un-
available, proper extrapolations are used beyond the available range of

méasurement (3W67) (see Fig. 2.4). on page 65



53

2.3 OPTICAL ABSORPTION PROCESSES IN SOLIDS

In the solution of the Haﬁiltonian for the set of one-electron
vavefunctions that has been discussed in section (1.2) it has been shown
. how for N similar atoms brought toghether go form a crystal, each hon
degenerate energy level of the atom spreads into a bond of N levels.
-An isolated atom is known to have a set of characteristic wf's
and energy levels eﬁéréing into an ionization cont;nuum. All the excited
States have a finite lifetime 1 for spontaneous transitions to a state
By
of ;owe; energy. It follows from the uncertainty principle that the ‘energy
levels have a width-bf the order of R/t (< 10-6eV). The frequencies of

. , A,
the absoXption lines are governed by the combination rule . -3

e E. ~E, =M E. > E, (2.10

and the strength of absorption line is expressed in terms of matrix

elements proporﬁional_to matrix elements of the dipole moment

- : M.. =

i3 T Be Yy ey > ‘ (2.11

The situation in a solid is analogous to atomic transitions. When

radiation Mw is incident on a solid, electrons can make transitions between

energy "levels” (which have spread into bands) with the emission or

absorption of photons

E - Ev = ﬁm. Ec > E, (2.12) ,

FY frnoaar e

SIYANNIGY
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]

A simplistic view would be that, under the influence of the electric
force of the electromagnetlc wave of frequency w, the electrons will absorb
the radiation at that frequency. They will respond to it as sources of
secondary waves and therefore iﬁ%luence other particles. The magnetic field
component of the photon is thought to vary toe rapidly and électrons in
the solid are unable to follow oscillations at that frgquegcy &ue éo longer
relaxation times (2H70).

| The photon eiect?ic field depends only on the vector potential and " -

the scalar potential is assumed to be Zero, viz

R Y ¥ S |

*__1 97 <
E=-=—=z (2.13) :
\ LT
where . -+ - el . 5
A=A —]i] [ etlormet) | iler-wty o) )
A

The Hamiltonian in (eg. 1.3) can be rewritten in the presence.- of an

electromagnetic field as

. - i
B= o ; 5 g vy | (2.15) :
. D . )
Eg. (2.15) is separated &nt t unperturbed term H %; + V{(r) and
' el -+ e2A2 ‘
the perturbing term H(l) = E— p The term >0 has been neglected
. (o) \ .

{2870). Therefore if

E=H .+ H ' (2.16)
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represents the hamiltonian then the interaction of radiation with the

solid Is by way of the perturbing term

e A i(keT- wt) | -i(k.3- wt). -
_ XY= w - = w
Hu) = 0 P { “13[ (e +e }oop (2.1

‘

The first term in eg. (2.17) represents the transition probability
of an electron into an excited-state, corresponding to the absorption of
radiation, the other a deexcitation viz., eﬁission, at the same rate.

The transition probability for an electron from the v.b. state witb

- . =m :
wavevector k to a c.b. state with wavevector k' can be shown to be (1F66)

) | \ k-

t
> 2
;21 [ dt' <y_la.ply_>|  (2.18)
mh o '

> o
Ww,t, kx, k") =

where ¢ is the time taken for the excitation.

Since ﬁi is a Bloch functien belonging to eigenvalue E
iEff) ¢

h 1k-.;
. = e e 71

b

u ("}Ei','r') ‘ (2.19)

A )

When 2.19 is used for wc' ¢v'»(2'18) can be shown to be

. hY
* >, e 2 2 t , %(Eé}(')-é—v(k)‘ﬁw) M .[2
H{U:t:krk } = - (E) 'AO ! dt e e
o
(2.20a)
where
- s e -> . _,IE-,,,
Moo=<g k. e HETVT o kr T (2.20b)
ve c Y
. ->
P . A
€ 1s the unit wvector -V
| | 2]
™

(i=¢,v) we can write

©

LA A

L Y |
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1]

In time dependent perturbation theory this leads to the transition

probability per unit time and unit volume: . ~
= - 4fg (B2, 2 ) _dn 2 - o - _—
W__(w) ‘ 4ER 7 A L 3 ]Mvcl S(E-E -Tw) -~ (2.21)

The delta function in eq. (2.21) represents the first selection rule

baséd 6n energy conservation: the transition probability is different from
zero only if Ec - Ev‘= Em i.e. thé.pho;onleﬁérgy.' The second selection
rule based on the cohservation of momentgm,follows frqm (2;20b), where E o

the matrix element Mvc will vanish, unless the rhoton wave vector J fl

SLIOIALMSG

-+ > -+
. v =k' -k

(2.22)

since in 2.20b L and v are coﬁserved under fxanslation, Since the wave
vector of the photon is much smaller than k' 6: k, we hgve that k' = k,
Aindicating that only direct optical transitions are allowed.

If the energy loss per unit volume of the'plane wave by absorption

is H&C(Hm), with eq. (2.3) it can be shown that

-

_ o eB2 2, .. &
E, =40 (ﬁ) J I |° 80E £ _—Fw) = (2.23)
Q 3

With the assumption that Mvc varies slowly throughout the B.Z. and using

some properties of § functions

el 2 1. d& 2
e, = 4 () {J w3 T } ]Mvc[ (2.24)

(E_~E) 1
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where dS is now a surface element of the plane‘E -E_= o in k space
. [od v
(1re6, 2H70).
The joint density of states can now be défined as
f
1 és
J {(w) = : 7 (2.25)
ve JS 4n3 lvk(Bc E )
1
and. therefore . ;
N eE .2 (g2 . <
€, = 4R (T I @) M ] (2.26) N

I PAY Y F

Upon inspection, Jvc(m) is seen to be a strongly varying function - .

|

Cpae s
LI LI TR NV

of k whenever the denaminator of the integrauiapproaches Zerc. Ec-Ev

is also a periodic function with the lattiée and therefore it must als;
exhipitAsuch a condition. Whenever Jvc(u) suffefs such a diséontinuity,:
the behéviou: is caligd critical, and the location in the B.Z. a critical
point or a2 VanHove. singqularity (1V53). Such behaviour has been thoroughly

discussed by VanHove (1VS3) and J.C Phillips (1PS56). - These critical points

occur under two possible conditions:

Vk Ec(k) = szv(k] = 0

' 2.27

and ( )
vk Ec (k) = vkzv (x) ;‘ 2

The first type occurs at high symmetry points in the é-z., typically at
X=0 (the T point) for diamond and zinc-blende semiconductors, and are

recognized as two band extrema occurring at the same k. Critical points



o™

I

LAY Y N

YN

v

AN
N

p ‘
Pigure 2-1 Joint density of states function.
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of the second type can exist at poipts or directions of lower symmetry,

such as [111] <lll> and <100> for 2ns and dlamond Semlconductors-

. While the first transxtlon usually 1s Predicted by symmetrv the second

is not. When the analytlc behavieour of J (m) near a cr1t1ca1 point

is studigd, it is usually exoanded in a Taylor series about the eritical
point ko where Eg =E -E

‘3 -
EL-E,=E + ) ak -k )% T . (228
i=1 i1 1 o1 -

Integrating Jvc(w) one then obtains four different situations depending

MEIANN

Ly 3 ntiva

on the sign of the ai's. Since the ai's are related to the effective

[

masses (2C64) the study of the critical point will give some information

on the masses in the bands involved. .

Fig. (2-1) shows a Plot of Jo {w) as a function of energy.

for these cases. The c; 's in Table (2-1) depend on the absolute value of the

a.'s (1F68).
i _ .

MO and M3 give the well known sguare root dependence of the density
of states. Ml, M3 are dominant critical points in the interband spectra.
The behaviour of Jvc(wJ in fig. 2.1 illustrates an other important point:
a single critical poiht does not in itself produce a narrow peak in the

density of states thus in € » but only an edge. To obtain ‘a peak due

2

solely to interband transitions, there must be two singularities Ml and

M2 occuiring nearly at the same critical point ehergy Eg {see fig. 2-3, 2-4).
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TABLE 2-1
~ "
. -
TYPE OF CRITICAL POINT NOTATION e
E<E ' \ E>E
g - g
/
MINIMUM M 0 e (g-g )/2
o - o/ Tg
SADDLE POINT M c.~c!(E -E)l/‘2 .
1 ht it ™ B 1
, 1/2
SADDLE POINT M2 c2 cz-cz(E Eg)
172
MAXTMUM M, ¢3(E;~E) 0
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Altho%gh this woxrk is not directly concerneqﬁziggﬂiﬁz we must
observe that no maximum in reflectance is observable for certain 6thér-
types of absorption thresho;d.' It has so far beerg assumed that .IMv;[
is constant and non zero in the vicinity of an allowed transition.

But if [Mvcl = 0 at k, the transition is said“to‘be forbidden. lIn such
cases an exp;nsion of ]ﬁvc[ near ko gives terms in li - i;[ that will make :
/2 -

2 X :
[M | proportional to (E—Eg) and €, @ (E - Eg)3 . In such cases a .

ve
maximum in n or R is not detectable. The same is true for indirect .
transitions which have not been discussed here. When lattice vibrations

are included to assist non vertical transitions, the change in momentum s

B M IAINI

1
ESEAVEIIN T BN Y IR YT N RV N

of the electrons will give rise to indirect allowed transitions. Then .. R

2 Fi
g, ¢ (E- Eg)
for foFbidden indirect transitiops (2M605 .
- | | 4
3
€, @ {(E- Eg) |

-
L8 .

' 3

When characteristic line shapes are avail§ble from optical&E?asure-

‘ments, they are useful to identify the nature of the interband transition
experimentally observed and therefore to determine its location in the

B.Z. when the band structure is known.

=
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‘2.4  ASSIGNEMENT CF QOPTICAL TRANSITION TO BAND STRUCTURE

To relate the measured experimehtal quéntities R or AR/R in a-
modulated reflectance étudy to actual band structure transitions in terms
of the joint density of states and‘band structure of the materiai is a
procedure Yequiring initially a certain amount of guess-wsrk._ The
assignment of structure in terms of band structure and experimental in-
fo:ma£ion improves depending on the refinement of either.

The materiéls for which most feliable assignments exist and.which
have been most exhaustively studied are the Zns;diamond family. The -
existence of a number of critical points involving spinforblt splittings
(ie. Eo' Ei) facilitates the assignment of optical transitions. In fact
the wide range of Aolsplittings gives a éood method for determining whether
the optical structure involves a p-like state at k = 0. The o:bital

doublet is split by spin orbit splitting interaction into two doublets

%-> and 2 singlet ]-% > . Away from k = 0, the doublet splits in

the valence band of a Qolid to give A, in the [111] . (see section 1.5).

1

The two thirds rule (secn. 5-1, 5-2) proves of great utility when the Eq

+ Al one in therflll], since the value of

2

edge is identified with the E,

Al may be apprcxim;tely predicted froé Ao. In fact it has been shown
(1,2K56) that the matrix element {ch. 1 eq--l—ll) is approximately indepen-
dent of X along the [111]. As fig. (2-2) shows, several optical
transitioﬁs involve spin-orbit splitting. Since these transitions are
accompanied $§ them, thelr predicted values are a key fo.the'identification

of such high-energy structures as E, '+ E,' and E,. (see tables 2-2, 2-3).

1
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In splte of the guidance of spin orbit spllttlng, the identification
of high symﬁetry critical poings is not always unique. Often lower sgemetry
critical points involve stronger optical structures due te the lncreased
mult;plxcxty of the density of states (vxz., AR(E )< AR(E ).

‘It is therefore often helpfal to compute directly the dielectric
constant (1H68) ez from en.accurate band structure. (2362,.1H68, 3564, ﬁ -
1u67, 1D67?. ‘The next procedure es to calculatet2 from measured opt;cal : !
coneeants (eq. 2.9). The comparison of density of states function from g
experiment to theorv is a direct way to identify the edge or peak'frcm.
reflectance and to‘relate it to the band-structure. 1In fig. (2;3) and
(2.4) we show.this work done for Ge by Brust and Phillips (2B62, 3B64).

The need of more accurate information about both thresholds and

band structure haﬁ‘gulded the experimentalist to seek mbore accurate experi-

mental techniques in optical work. Modulat;on spectroscopy has emerged

g

out of this need.

2.5 MODULATED REFLECTANCE

‘

It has been d;scussed ln the second section in thls chapter how the

spectrum -of 52 with frequency does not show clearly fine structure that?® ¢

may be observed in reflectance or absorption alone. Modulated reflectance .

on the other hand promises to show finer band structure detail associated \
with optical transitions such as EB, E + Ao (transifions from the valence

- - + ®

band and

U



The constant béckground in eq. (2.29) may be, and often is, much larger
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the split off valence band to the conduction band) which are difficult
to see in ei r absorption or reflection. Theése are, if one looks at
some typical refilectance measurements at high photon energn.es (fig. 2. 3),

transitions tha often appear as shoulders and are J.mmersed in the back~

ground of a bigger structure.

As it has been shown, in- (2C69) the dielectric constant £ near a three

dimensional critical point can be represented as

- [

E ¢ a (Au - I-:c;;)l/2 + b (2.29)

where the constants may be complex numbers.

than the Singular part, and hence the observation of the singularity may
be 1051: in the noise of the background or the tail contributions from
transitions close by. It is therefore advantageous to lift these small
cha;ges-from the continuum. 'I‘he easiestﬂ device is to look at the chaz‘lge
or derivative of E wWir.t. a parameter I which méy be "modulated" at
will., If € depends on this parameter I by way of some' oﬁher bang

parameter, such as the gap for instance, a response in £ 1is expected

when Il changes in timg. 5 o ¢ . ¥

2 3 | —gn(ﬁ“"ff‘g) 2; (o - £ Y2 aay
(Aw-g )y*/ <
g

while the econd term. becomes negllg:.ble at hw '\«Eg, the flrst term

]

B blows up at '-tﬁ: critical gap Eg and hence it is easily detected.

L

b

N

.

VIFCIV TR B rey

.

-
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Two distinct possibilities for the modulating ?arameter I appear .
immediately, tﬁe enexrgy Nw of the energy of the incident radiation; and
the gap Eg. The first optien is called wavelength modulation {2Ce9, iﬁ72,
1Z70) and the secoﬁé falls into a family of modulation technlques whereby
the gap Eg and the parameter ' are shown to dcpend on each other (such

‘as electric field, temperature, pressure, ete. ) (3B66, 4Be6, 1M68 2570,
2G68,2C69) . However, the 1mportant point here is that a change in these
Parameters is not directly meesureable, but that changes 'in reflectance

and absorption are rbw easier to observe. Therefore if in ec. (2.6a) oL

the modulation of the Parameter 1 induces changes in the real and

NN REV Y
]

imaginary components of £, a change 4R in R is found by differentiating %}_

(2.6a) and normalizing it to R.

This has been shown to be (3565, 3566, 2C89)

AR

) "R ™ a(el,szJ Ael + B-(el,ez) Aez (2.31) |
i - ¢ - 7
where e ‘Cl [(el Da, +e, A] | %
and S 6 - o [(El_l) ) 6_2] ' : : é
. \‘\\. 2 A+ . A .
- I 2 )
q ' ’ {27(e, “+¢ 2)1/2 + 2e }1/2
: A = s 172 =<
+ - ‘ © )
= 2 2,1/2 . ‘ :
i (el + 32 ) .
. ’ N ‘ 2 2 .'ll ' _
ana. SR (L S .
” 2 2 2. -1
—~— ' _l -
L T Lte;-1) 23 ( f1,% %2 o
l’ ( " -
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-

In a2 modulated reflectance spectrum, which is a trace of AR/R
®

versus photon energy Huw, the components of Ael and Aez are the chahges

in €5 and 32 due to the'effect of ™ on the material. - !

If as an example, the dielectric function at an M or M type of

critical point (as. is the case for E } can have an imaginary comoonent as

e, (Bw) = %'- Bw - £ )72 +. constant / (2.32)
. B © . 7 '

where C is a constant (see table 2-1), in the energy gap modulation method

of uhlch electroreflectance is an example, the change in 62 produced can

be obtained from the above equations as ‘ : ‘ ‘ e +
. . m ;
o ~ 1 :
Ag = AR ' (2.33)
2
. 2 2@)®  @e-gyt /2 O |
2

which has a sihqularity at Eo = lw. The second term in the differentiation
has been omitted since at Eo = Bw it is negligible.

This fapidly changing behaviour'of Aez at tE B (eq. 2.33)

demonstrates the advantage of modulat;on experlments over the static

reflectance measu:ements (see fig. 2-9)

o~

The components of Asl_and Aez are coupled via the Xramers-Kroenig

dlSpeISIOn relations as sl and 52 are thus Ael can be found knowing Asz,

wle -
2 2 .
- = - W ' 2.34

-

e

e
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Figure 2-6. Showing the effect of an electric f::.eld on £, and

the change due to it at an H singrlarity.
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In view of eq. (2.31) when €, and €, can be calculated from
reflect;nce measurement by way of eg. (2. 9), a and B are found .as a functlon
of energ?u‘a and § determine tﬁe fra?tzons of Ael and Agz_sna:rlbutlng
to the whoié of the AR/R spectrum. In fig. (2-5), «,8 for Ge, fousd from
experimental information are showﬁ Upon inspection, it ;s seen that the
spectral dependence can be lelded inte three regions. At low energy a 1;

. dominant over B and in the v1c;n1ty of-the fundamentaf gap the llneshape
'of AR/R would be predomlnantly characterlstlc of the Ael term in eq.

(2.31). This enerqgy region alsoe’ 1ncluaes spin-orbit splitting effects . x §

(Ao). As the photon energy increases, loses-its predominance over 8. e

[T ETTITS

This region includes the EI coméiex at intermediate enerxgies. The Bo'

and 52‘structures and higher energies will see & less than § thus &ez

7

8 term goes through-a maximum in this enerqy region. At even higher

[RVFFE RN}

will be Predominantly contributing to tHE AR/R spectrum. The

enéEQies, where E2 and structures due to d electrons are observable, «
- and B both turn negative thereby giving a reversal in the direction of

the peaks in 4R/R.

£

Thi§ whole analwsis is valid with the restrictions that are inherent

,

in the Fresnel equation (2.6), ie. when normal incidence reflectance

measurements are made at an air-sample interface.
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2.6 ELECTROREFLECTANCE

It Has been first established by Franz (2FS58) and Keyldysh (4K58)-
that the effect of an electric fleld on the band gap of a semlconductor
15 to reduce the fundamental edge. - Accordlng to their results, electrons
and holes tunnel into the band gap from the conduction and the valence
band edges reepectively, Tﬁhereby-narrowing the gap and pProducing an ex;

ponentzal tail in the absorption coefficient below the band gap energy.

il

Therefore the effect of an electric fleld on the optical response of a TR
material is generally known as the Franz Keldysh effect.

.~nThe effect on the optical properties of a modulating parameter
L_

-
Id
~

)
WAV My

tlng the gap has,been dlscussed in sectlon (2.5) . However, the

chang in €, due to an electric field 1nvolvesisome assumptions that must

be considered, the calculations to present éat;!are with nog-degenerate
bahds‘gnd neglect interband mixing due to the eiectric field. An accurate -
|

treatment which would not break down under degeneracy is yet to be given.

Two dlfferent but equivalent methods have been used for the cal-
'culatzon of the dielectric constan% in the nezghbourhood of a direct . .
interband critical point in the presence of a unlform electrlcffleld..
One of those methods (2c63, 3C64, 1Ae8), injihves‘the calculations of
theﬁcdnduction'and valence band wavefunction in presence of an electric
field and the eveluatioﬁ of e, by the use of eq. (2.23). The necessary
optical metrix element is found from these wf's. The second method (2n67,

1ne6, iIGB) assumes parabolic bands around the vanHove singularities at

-**.-*-' _/ T ) % v
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k and the use of the effective mass approx:x.matlon. The interband matrix
element in the absence of a modulating field is taken ch:st;.nt for ‘
2llowed transitions. . (Fv\'

- The first calculation is a generalized t.l-ze;o.rﬁ of the Franz—?
Keldysh effect at t.he four ’kn.nds of cr:x.t:.cal points \developed by Asnnes
(2567) and Aspnes Handler -agi Blossey (1368) - They derived a general
expression for the imaginary compolhent of the one electron interband
d::.elect.rlc function of a sol:.d in the presence of an electnc field on the
lines developed by Callaway (2C69, 2C63). ' ‘

From their results in the weak field éapproximatiori, the effect of

an electric field on the imaginary part of the dielectric constant

Hoglbrva

€, is shown to be for a pair of v. and c. bands (1A68).

e (u,e) = IS5 =— [n.pvclz E—Q- ai[ == ax®  (2.35)°
: mw (2m) . +9)
- ¢
where éz -Ez ﬁz 1/3 ! 3 (Eg-E,)
B = c—— and . —== =3 —— .
. *
8‘"11 ST B ak:.i-
and Ai is the Airy function - . ,-/ .
R
. . 1 {(— + ixs)
Ai(x) = — ds e )
} * 2n — - [
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and the integratipn in 2.35 is over one B.Z. The electrooptic matrix element

Ln'F%cl depends pnly‘on Bloch functions of the conduction and the valence
bands. n is-a ﬁnit vector in the direction of the ; field. No assumptions
have been made on the shape of the bands. | .

Since it is reasonable to assume that the mosﬁ interesting contributions‘
to ezfm.:) and‘thergforg to Ael and Asz come from.the vicinity of van Hoée
siggularitieémjthe analysis has been confined only to states clo;e to the
energy gap {(fig. 2-6). The electrooptic matfix élemenp has aléo'been assumed ) -

to be constdnt in this energy region and is therefore taken out of the

integration.

2

) '
The zero field expression for € is given by rewriting eg. {2.25h¢

T

4H2e2 2
m 2 \ (2H)3

e (w,0) = ‘[g. |2 GEE -E_-huw) dk3 (2.36)
2 Pye c v "

r

LIrtIh vy

Aspnes et al. (2C63) thgrefore show that in the weak field limit the finite
e;ectric field dielectric fun?tiqn eztm,gx can be approximated by‘convolu-
ting the zero field dielectric function (e,(w,0)) with an Airy function.

From éq. 2.35 and 2.36 aé analytic expression for A;z can be cbtaigéd. - : .
For-finite values 6f field at any point i, the electric field mixes contri-

- .
butions from other points in the neighbourhoed of k in a direction the

-

electric field is applied. This mixing must vanish as the field is removed.

e

Seraphin (2572) explaims that this mixing in the presence of an

electric field extending over a slope discontinuity in the density of states
function (fig. 2.6) is responsible for the large changes observed in £
at critical points, whileitigsmall in smoother regions (figy 2.3).

-
Y
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The effect of the breaking of the Symmetry of.the lattice by thé etectric
field involves changes in the dielectric function £ as well as in ther
density of states:of the fggduction and the valence bands (LR68).
The 6ver'all effect of‘thelapplied field reduces the direct gaps of thé
material. It will 5e later a:gued that an analogou; breaking in the
.symmetry of' the mlxed crystal by way of the aperiodic poténtial reduces
'the gap as a function of alloy composition.

The form of the Airy function is determined by the sign of its
arguments. It decays exponentially for positive arguments and has a : e
damped oscillating character for negative arquments. Therefore, as seen
in eq. (2.35), tﬂe form of €, (w E) will depend on the sign of the reduced

effectlve 5255 along the application of the electric field. This fact

has a significant analytical power in determining the locaﬁlon of optlcal

N\
transztloﬁs in the B.2. and the type of Van Hove singularity invg%ved.

Aspnes (2367) derived expresszons for Ae (m e) at- the four-tyges

VA1

of critical points in ‘terms of two electrooptlc functions (see fig. 2—7?\\\\ '

F(x) and G (x) : - , . .
. 2 " : A
- 2l 427 -
T el (0,8) —'2lp"°.n| £ y 1/3“5 rim)
€2 (WeE) = o2 (o 9372 RO ,
1 ¢ ~
2
2|p.__.n| >2 173 ..
- . Ae, (0,5) = —2& (e o (2.37)
“ = m2(2 )3/2 Zuii 2 .
’ . Mo . S
E -Fwo ' "E_+ Hw /
[G (_i_,__) + G(-—-—g—‘) - 2G (_hw_)]
BQ BQ RQ
_ | 1
-~ .



where

ER [

F(x) ([Ai'fﬁs)]z - x[2103% ) - =02 v

aﬁd
Gix)

]

1 . . 2 |
T (B B M0 - x ALl Bito ) + 02y - ‘

and-2i(x), Bi{x) and Ai'(xj, Bi'(x) are Airy functions and their derivatives.

U(x) is a unit'EeEB‘function x is ——%%9:2“ . Six unique distinct line-

shapes are obtalned at the four types of critical 901nts M R Ml' M2

/ :
and M3 (flg. 2-7), The result of those calculations (1P72) can be seen
in (fig. 2-8)..

In the formulae given in the preceeding pages, the applied modﬁlating

-

field aﬁpears as an argument 1n the RAiry function and in the nul iplication-

'factors. A complicated deoendence ofjspe elect*oootlc effect on. *he

»

orientation of e is expected. The argument cf the Alrv functl\% contains
,

s

 the reduced mass along the field direction-, For Ml and Mé edges, the j>

. - . .
sign of this mass depends on the direction of € and therefore as its

orientation is varied, the position of the oscillations w.r.t. the gap should

~ !

-

vary (2872). For [lll] valleys, the electroeptic effect of allowed
transitions is independent of ; where ¢ is along the [100] and is é%llngly

->- .
anisotropic for € along {111] (2572). Airy oscillations then occur both

’

above and below the gap.. Since the fecognition qf lineshapee in the'

AR/R spectrum leads to an identification of the critical point, proper

b}

-

assignmént of optical transitions becomes possiblesif aeeurate band -
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Figure 2-7. Theoretical lineshapes for Ael and A}ez at the

four types of critical points.
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¢ structure ipforﬁation is available.

However,‘in'reallexperimentation th? line shapes that are predicted
by the?fykaré_igfégf b:pédenequg effects of temperagure, phonon fie;d,
inhbﬁogenéous electric field e, space eﬁ;rge effects (2S69) etc. fhé
effect of Lorenzian broadening on the electcoptic funct}ons'discussed
above has been considered by Aspﬁes (2A67)l A numerical calculation of

‘several particular cases has also been given by Seraphin and Bottka. {3s66).

Several cother treatments are available with respect to resonance broadening

(2871)AESllisibn'broadening'(3A67) and the thermal and electrical broadening
{1072). The effect of alloy broadéﬂing has not been treated éarefully
so far (BWGQ), {3272) and may be attributed fo effects of'alloy'inhomof_
geneity (4V72).

Recently a good experiﬁental correlation between low field électro-

reflectance spectra and the third derivative of the linear dielectric

furction which identifies the structure as a resonant third order non- -
linear optical susceptibility has been found by Aspnes ~ {1,2A72). This
result relates electroreflectance spectra to other types of modulation

-

results. Good experimental agreement is achieved.

- ) _/-\,_/
2.7 REVIEW OF ELECTROREFLECTANCE RESULTS

\'Themfirst electroreflectance measurements are due to Seraphin {4564)

’ by a field eff;;E‘eiectroreflectance technigque. The electric field is ~

s




Bl

arplied across & thin dielectric material from a semitransparent electrode.

N
~ LT - - -
Cnwanted reflectance caused by mismatches of optical interfaces and changes

in electrode configurations by coulomb forcescomplicate this arrangement.
¥C5 sandéwiches, as snall be seen later,are a more apt modification of the

surface barrier oode.  This technicue, as noted by Pidgeon.et al., (1P67),

lowezr the teﬁ?erature‘range and widensthe available spcctrai range.

The electrolvtic electroreflectance technicue was developeé bv
Shaxlee et al (4565, 1?67)- In,thig method an‘electric field is obtained *
écréss a licuid eléctrolyte'at the semiéonduétor-electrblyte interface. |
The sa=ple is one of the electrodes. The advantage of this.technique

is that larger fields are cbtainable with smaller applied voltages

H

(see ch. 3_sec:ion 3.8). !

... The electroreflectance spectra of Ge, Si and GaAs were obtained
"By Serachin using the field effect electro-reflectance technique.(4564).
. . . “

In the Ge spectrum, transitidns corresponding to Eo’ Eo+ Ao' El' El+ Al'

:he'so complex and 52 are resolved as shayp structures {5565, 6565).

- ¢

E + & strocture is usually not resolved by reflectance. In the case of
¢ o : -

5 (7565) the th:ee_stiuctures observed are attributed to Eo; gl,transitions
with an excitonic pezk between the two. The structure found with Gaas

(4566) is in good ag:eenént with previous reflectance data. Thé field
shifts for !o and Ml type transitionsarenmasu;gd, The spectfa are studied .
as a function of static sufface potential {(bias) (2567). It was found that
the signal AR/R at a structure, when observed at the modulation frequency.

goes throuch a mininum”uhen.flat-band conditions (2567) are satisfied.

. .

{see also 2é68)- ' ) T




i . ¢

Electroreflectance in the electrolytic configuration requires

much less detailed sample preparation and therefore it has been extensively

used in rhe study of semiconductors to determine several critical band
A . ¢ a . —

gaps in the 0.6 to 6 eV range {1C69). éaraona,-w;thnséveraL‘wo;kers has
proauced a massive amdunt of information on diamona, zinc-blende and
rocksalt semiconéustors (1C67, 1C69, S5C66). The dirﬁc; gap values as
well as spin orbitlsplittingg so obtained have been used in semi—émpirical
band calculations (2W67) (s'éé Table 2-2, 2-3).

Electrolytic electforeflectance, as ‘well as'surfacé‘Sarrier
electrorefiectance give structure in their spectrum which gfesharp and well

resolved. Such structures as Eo, Eo + AO which can only be resolved by -

-—

‘absorption are equally seen in electroreflectance. Thompson et al (2T66).

have well resolved &o for GaP and Vishnubathla for 1InP

In fig. (2.g ) the electroreflectance and reflectance of InP is shown in

: q -
complex. The figure shows the resolving power .

the vicinity of the El

of electrore:lectance compared to conventjonal reflectance. The Al-

1 *
! s
P

splitting is clearly resolved. -
A Xramers-Xroenig analysis in the region around Eo suggests that

the lineshape is that of 'an Mo edge (2C67). The E_, El+ A, peaks have a

. 1 1
' ’ } 3 »
lineshape. suggesting Ml critical points. It is thought that the contribution
in the Mll direction is considerably larger than the one due to Ml|]' S
The possibility of excitonic contributions to these electra;eflectance . | e

: s ’ | .
spectra has been verified for E, (3859) and it has been sug%ésted for £,
‘ _ /
. .o \ )
. {(2868). Transitions above’ El usually present a broader speetral line.

\

_ \ .
P . L,— . ) : \
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* -

e

o

-
TABLE 2.3 Em_argi_es in ev
L . F; N
" Material . Ao (k.p} Ao(exp)' A;(k.p) Al(exp) Ao' (k.p) ' (exp)
7 .
si 0.044 0.044 0.03 0.055
Ge 0.29 0.29 0.20 0.19  0.30 0.19
asn 0.72 0.48 . 0.48  1.06 0.35
Alas | 0.28 6.20
AlSb 0.75 . 0.75 0.41 0.40  0.24 0.27
Gap 0.10 0.10 0;073 0.1 0.22 -0.05
Gaas 0.34_ '_ 0.34 6.32' 0.23 0.27 0.19‘
Gasb 0.80 °  0.73 0.46 0.46  0.39 0.29
Inp 0.11 § 0.11 0.11 0.15  '0.82 0.07
InAs 0.43 0.43 0.28 0.28  0.74
InSb 0.82 _ - 0.82- o.4sl 0.50  0.84

.33

I Tat GO S




/E/ig'ure' 2-9. Comparison of .
R and AR/R .spectra for

InP.’ -(2C69) .
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Line shape detexrmination of AE suggest Ebi

o to be an MO critical point.

(2868, 35595.

EER and‘more recently SBER {(surface barrier electrorefiectance)
have been used to study baha gap energies as a function of alloy coméosition.
The Ge-Si alloy si;tém was measured by Klein.et al., (2K6€8}. A:lineér
‘variation of the gap with allof composition was found. Electro-reflectance
studies on (GaIn)As (3W68) Ga(AsP) (2766, 1B72), GaAlAs _%(1}371,1571_) and
. In(AsP) (lAfz) have all shown an energy gap depegdence which is quadratic
in alloy compoéition. However, only in a few cases (éa(AsP), {InGa)As)
has the spin orblt spllttlng 4 beeq\sxperlmentallv detgsnlned- We have
seen in sections 1-4, 1-6, 2-4 thé lmnortance that a study of A can have
in unherstandlng pOSSlble future band models in alloys. We believe that
‘together with Al measurements (lv?70) perhaps a comprehensive plcture of

alloy behaviour of some band parameters such as.mc* may emerge.

&
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CHAPTER III EXPERIMENTAL ) o7
= =
3.1 _ Introduction
3.2 Experimental conditions on the measurement of optical
" constants '
3.3 \ Measurement of Reflectance
3.4 Heasure.ment. of elect.roreflectance. (EER, SBER)
3.5 Ibw temperature SBER Measure.ménts . -

3.6 Samnle pfgpa.ration : ' - -

3.7 Semiconductor surféces

3.8 Some properties of MOS films.
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3.1 INTRCODUCTION .
. »

In the.previous chapter it has beep discussed ﬁ&w measured~‘
;pticai properﬁies can be related éo 5and structures, On the otheg-ﬁand,
it has also begn discussed ‘how band'structure galculatibns ﬁay predict
some of the 6§tical characteristics of materials. In'this chapter, it
is pr;poséd to discuss experimental teéhﬁiques and how they are used
to‘obthin.some of the optical énd band structure propertieé of the
méterial. o . ' - : ) i

. 4 . !
. Specifically, the methods used in this work, their principle, jila‘

the apparatus and the experimental details to obtain reproducible

measurement of reflectance and electroreflectance are discussed. Most

of the III-V compoundé and their alloys have been previously prepared

in our laboratories (1,2W68, 1C69) or have been obtained commercially

[ Fa i B Y B

(sec 3-8).Materials preparation will therefore not be discussed in

great detail:

3.2 EXPERIMENTAL CONDITIONS FOR THE MEASUREMENT OF QPTICAT CONSTANTS
It has been discussed in Chapter IT how quantities like re-

flectance, transmission and modulated reflectance can be related to

the fundamental optical parameters of the material. The purpose of

optical measurements is therefore to obtain interband transitions energiles



B9

which can be tied into the band structuré.

When monochromatic light strikes an optically smooth surface,
the light is refleéted. The ratio'of the intensit& reflect;dl{Iés
fo that incident (Io) is known as reflecﬁange (%).‘ When some df-tﬁg

_ -
incident intensity is transmitted through the sampie (Iqu then
transmittance is defined as (I,/7_)- BAbsolute measurement of these
two quantities is gxperimentally difficult. For an absolute measure- . )

: ment of'reflectancé or_transmission ail the light measured as Io ‘ ;'

-

must be focussed on the surface of the-sample. - All this light must

bé reflected, transmitted and absorbed by’ the sample.,

. the surfaces of the sample must not scatter light out of the

optical path either upon reflection or transmission. Therefore all
; .

L

h)

. | .
the light reflected or transmitted must reach the detecter. ' In

addition, when it is known that the atmosphere as well as other focussing

[ F A T B RV S

devices (lenses ete) will absorb soqfiff the radiafioﬁ around particular

photon energies, the optical path of the light must be kept the same

for both the measurement of the incident intensity Io and the reflected

(IR)Or transmitted (Ii)-intensity- The efficiency of the detecting

and the light emitting source must be independent of time. It clear,

that all of these conditions are hard to meet simultanecusly and With
‘ | . /

proper precision over the whole photon energy range. This is why, _ L

at best only aporopriate extrapolations over u;expldred photén ranges

will allow a Kramers-Kronig analysis.

-

G
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Modulated reflectance eliminates some of these problems when AR/R
is measured as a function of energy. Any intensity losses reduce both

3R and R Dby the same factor.

The experimental confiéuratién is drawn up‘tb;sgﬁ?sfy the simple
Fresnel condiéiops (eg. 2.6) gnd therefore.théﬂangle of incidence i; this
kind of opﬁi;al work is kept”near normal (v 79). In this ca?e,_the~.
réfiectance is independent of the dégreglof polarizétioﬁ of tbe_incident
radiation (2553). This point is'parﬁicularly ;elevant'wheﬁ oée considers
the polarization effect due to‘multiple-reflections from mirrors, the
transmission of the radiation through narrow slits and finaliy the
polérizing gffect of high grid gratings.

The equipment_used for optical measufement reguires a radiation
source Which.cQQers the photon epexgy reéion of interest. This radiapion

- -

is dispersed into a spectrum by a priém or a diffraction grating. Thé
focussing of the monochromatic light beam is done with mirrors or lenses
dependiqg an the type of measurement required.. Fig; 3.1 shows the photén
raﬁges cdvered by various scurces and éﬁe sengitévity of various detectors.
The absorbing power of the_étmosphere, which can play an important part

in absolute measurements, is also shown. iﬁhﬁig. 3-2 the transmission as
a.function of pﬁoton‘wavelength for various materials used fﬁf-prisﬁs,
lenses, dielectric insulators (for MOS) or protective coatings for

mirrors is shown. Th;s information allows for the choice of the set of

light source, detéctor, filter, cxryostat window etg for the measurements.

AT Y

LU B Uy W
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The merit of oﬁe type qﬁ instyumentation oﬁer the other has bheen discussed

in de;aii by varioué review articles on the optical properties of materials

(2069, 3W6e7, 3G68). Tﬁe stability of both the sour;é and the detecting

unit is cleaxly of imporfance for reliable measuremeﬁts. .

The measurements which inyolve this work range over the phoﬁon

wavelength regions from < 4 t9 “ 0.2p. Obviously considerable changes

-¢ are made in both equipment and tecﬂﬁiques as the study proceeds from
one end of this sPectxumlto the other.

. . &

3.3 MEASUREMENT QOF REFLECTANCE .

e

The object of this experiment is to meaéuré the values of reflectance
as a functiqn of wavelength or photon energy over an extended range for
a semiconductor whose reflecting surface has been érepared ﬁi£h care -
_(see‘sec. 3~7).
A SCﬁematic arrangement of the apparatus for measuring reflectance
is shown in fig. 3-3.- This particular set up which was used to measure
reflectance in the 1 to 5 €V range consists af a Zeiss M4AQIYY prism
monochromatbx énd source. A tungsten halogen lamé-and a hydrogen-deuterium -
(32- D,) discharge tube are available. The 1P28 photomultiplier can bg'
positionparto measure the reflected intensity'in one position (B) and the
ingident beam in the other (A) when the samjle is removed from the beam.
& -

The angle of incidence is ~ 7°.
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It is possible to obtain a reflectance spectrum by two methods.
N .Io and IB. mlay be measured separately over the wavelength spectrum and
then R may be calculated, or Io and IR‘ai:e found for each wavelength, .
thus R, over the spectrum. |
The ].atter technique, although more time—consuming than that

of running over the spectrum for each (Io, IR) measurement, reduces

X effects due to fluctumations in the electronics and the lamp intensity.

Fhe radial arm upon which the detector is fixed is moved through the same
degrees each time (fig. 3-3). Stops are a.rra.ng‘ed on the radial arm

ml to expose the detector to the same sensitive areas for all the
measurenents. The length of the radial arm is fixed, so that the dimension
of thle beam falling on the detecto; is the same for both inciden-t and N
reflected modes. The sample holder has an' angular and a vertica%’,/freedom

of motion. The angular motion changes the angle of incidence, the

vertical removes the sample from the beam for the Io measurement and

repiaca the sample for the reflectance position. The point ~l:Ty point
measurentent was made at wavelength intervals suitable for the particular

region of the spectrum invc_astigatéd- However no obvicus differences

were detected between the two techniques. The reflectance spectrum then

exhibits structure which is associated with interband optical transitions

{(Ch. 1X).
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3.4A METHODS IN ELECTROREFLECTANCE . ‘ .-

-

Of_thé several configurations by which a modulating electfic field
: S

may be achievedloﬁ a semiccaductor surface (1767, 3Y66, 2R67, 1Pé7, 2F67, . B
1L67,'1f71},'tbé 1iéuid electtolyte (ﬁEﬁ} and the tranéparent solid dielectric
(SBER) methods were used in this work. | ] ' -

The method used to cbtain surface barrier electrcfeflectance (SééR}
measurements conﬁiéts of a dry sandwicﬂ cdnfiguratibn made up from a
:dielectric~layer wﬁich-égparates the éample from a semitransparent metal .
electrode which is a mgtai;oxide*semiconductor or MOS configuration (MOS)

- (£ig. 3-4). The MOS sandwich of Ludecke and Paul eliminates the various

technical difficulties inherent in the dry sandwich technigue used by

Se:aphin (4564)‘which were discussed in Ch. IT. lPidgeog et al (1P&7) used
an organic photoresist rgther than the oxidé as dielectric. The-inéreased o -:5
épectral'range and temperatute range at which the SBER measurements can
Se made on these pack%gés have been.éleariy demonstrated by these workers.
In section 3-8 the prepér?tién and tﬁe propert;es of MQS sandwiches in
these léboratories is given in detail and the effect of thin' film layers
on the electroreflectance spectrum is discussed in appendix II.

The second method to obtain e ctroreflectance which h%g been
used in this work is by the electroir5ic method (EER).

The semiconductor electrolyte interface may be viewed as analogous

to a p-n junction (fig. 3.4), since the charge carriers have different
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Figure 3-4. Showing field effect configuration due to Seraphin (4564)
and the liguid electrolyte configuration. Appropriate sample

mounting and surface conditions are shown.
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AR ”

prbpe;tieéién the electrol&te and in the semiconductor. Upon contact

with the eiectrolyte, the electrochemical poﬁential_equalizes with ;hat

of the sampie‘and the space charge layer is either established or modifiedr
from what it was. The applicatien of a ti@é dependent field on this

space charge changes the population in the spaée charge layef for fast
surface ;tgtes.‘ The effective a.c. impedance for such a cell in agueous
elegtrolytes is less than in organic ones (1D60, 1T62).l The I.V.
characteristic ¢urves have been studied (see fig. 3-5) and the ideal

working conditions can therefore be established. In the more ionic

IXI-V compounds and their alloys, surface damage has often been seen to

result from the application of large + ve biases. In the small bias range
a flat portion on the I-V curve is available (fig. 3-5). The conductivity ;-
of the interface is here at a minimum. Higher electric fiélds can
therefore be established. Most of the applied field will thén drop across i
the interface. Small a.c. voltages over the narrow interface region

results in high g;c. electric fields when the bias in this region is used ’

k4

on the sample.

Tkhe choice ;f electrolyte is governed gy its transmission pioperties
{(1De0, 1Te2, 2C69). Aqueous electrolytes extend from 0.35p to 1.2 but
organic electrolytes (eg.‘glycefolpropylene carhonate, acetoniline, etc.,)-

—extermd this region'into the I.R. Organic electrolytes also allow for

measurements down to ISOOK {(methyl alcohol + XCl}.



uA

400 -

200 4

<200

V {sample

- ve)




3.4 B MEASUREMENT OF ELECTROREFLECTANCE

A3

In section 2.5 we have seen how’ the application of an extermal

> v

periodic disturbance on some parameter of a sample will induce a shift
of the.threshold and enhance changes in:the optical p;operties of the
material. We have also seen how the Ehanges of reflectaﬂce AR can o E o
be related,-through iineshape analysis, to a particular type of threshold..
in the jointldénsity of stdtes. In the case of measurement of AR/R -

as a function of photon énergy,‘it is therefore necessary, in addition

té the equipment used in reflectance, to have a source of modulating

signal as well as a phase sensitive detecting unit (detector and lock-

in amplifier) measuring R at the fregquency-of modulation.
i) Ultraviolet and Visible Electroreflectance (EER).
A schematic layout of the experime?tal setup is in fig. 3-6. A Bau#h %f
and Lomb half meter étating-ﬁg;ochromator {1200 groves/mm) disperses the ‘ f
liéht available frem either a Hanovia 907C1,_600 watt high pressure |
quarté Xe-arc laﬁp {visible, uv) or a 650 waﬁt Sylvania DWY tungsten fi-
lament iocdide lamp, run at 75% of its power requirements. The tungsten
lam§ was found é quieter source when measurements were not too far in the
U.V. Wratten 29, Wratten 23, Glass and Coﬁning 137 u-V-Afilters are usgd
tB eliminate unwanted spectral portions from higher order modes of thg
grating. The light intensity and resolution are controlled by the entrance - ?

7

and the exit slit. The openings on these are usuaily kept the same, for

?
{
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a maximum of photon energy txansm;ss;on through the monochromator. The
!
monochrcmatlc beam is focussed at near normal incidence ‘on the surface of
the sample by means oﬁ a’ quartz 1ens.x. . 3
fhe sample is held og a brass rod in-a Pyrex container filled wi;h
the liquid electrolyte and having a flat guartz front plate through which

the light beams pass (refleéted and incident). The electrolyte used for

ithese measurements is a solution of 7=H20: 3= Glycerine. A dcmz'platinum

electrode is® immersed into the full container to carry the a.c. signal
across the electrolyte to the sample.
v ’ ' co
Although some of the advantages of orxganic electrolytes have been

-

discussed above, some additional advantages are the increase of range of
bias voltages without draw1ng excessive currents through " the cel ’ thi/,ﬁ\\
reversal of bias conditions without surface damage to the sample an

larger_hodulating voltages can be used when a good signal is not easily

obtained.

" The sample and the platinum electrode establish the a.c. voltage

.
1
.
[
|
1
1

'

across the electrélyte via a Hewlett Packard function generator operating

in a square wave mode or by using‘ﬁhe reference ocutput from the éar JB6

lock-in amplifier. The amplifier is used to amplify and select the &R |

signal from the reflected beam. In the first instance the lock-in’

is uséd in an external reference mode, in the second internal. The - a

bias.voltage is established 5& a unit copsisting of a battery and a poten-
" tiometer. It essentially faises or lowers the zero of the ac. signal |

from the oscillator with respect to ground. The desired amount of T

backoff d.c. bias voltage can then just be tapped off.the potenticmeter. j‘f

-

l'l—--j-. — ) ’ . >;



7~

_the surface by a'quartz short £ lens. The reflected light is refocussed

103

The-monochromatic light is focussed at near nq:ma%.incidénce on
by a concave mirror into the phototube detector.” A du Font 6911 is used
in the IR reglon (peaks at 0.7 p) and an EMIT 62555 {péaks at O. 4 n) in
the visible and tbe u.v. The photcmultipliers operate from a Keithly
240 regul;ted power supply. :

The modulated reflectance (at 80 Hzi consists of two components
an a.c. part proportional to the change in reflected intemsity and a
d.c. component proportional to the reflected intensity. . rfhé a.c.
component is filtered out of the backgréund.by a PAR-JB6 lock;in amplifier.
The output is fed into an operatxonal ampllfler (Burr-Brown 3263/143.
This szgnal is then divided by the d c. ccmponent which is proportzonal
to the reflected 1ntenszty with a Burr Brown 4097/25 dszerentzal 1nput
divider. The output is then §lottea as a funcéion of wavelength on é volt-
time Boneywell Electronik 19 chart recorder. The scanning speed and the
time congtanté on the output are chosen in such a way that the division of
AR sy R occurs at the same photon energy. This may be achieved by a L
slow scan at a fast time qgnstant on the lock-in. (The phototube has
a reSPOQ§e‘in ﬁhe arder of honaseconds). An R—C circuit clears out the
noiée a%ter the division and therefore the AR/R spectrum is smoothed out. -
Scanning of the wav%length is'motor driven and the gavelength is usualiy
marked at 50 A intervals. Under ideal signal conditions the estimated
resolution in the green (- 5500 g) is found to be bgttér than iO 2.

.Q"

The size of the modulating voltage and bias depend on sample and surface
. ; .

L
|
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conditions. "The wavelength région’of interest is initiallf scanned: @

when the location of the structures is established, optimﬁm running .8 ’

- e

conditions are found with respect to resolution (slit width), bias, '

' modulating signal and inphase output from the 1o$§-in. A slow scan
I '
) o %
follows at -~50 X/min and-1 to 3 sec timeconstants giving AR/R structure
. A :
with more than sufficient resolution and signal to noise ratios. When -

the latter condition is not satisfied, the spectrum is run several times  © -

and a noise averaged séectrum is then obtained.

it I

ii) Electrorefléctance in the I.R. (SBER):

LhLey

[ ¥ |

PiTiA

The experimental layout is Epown in fig. 3=7. The light source

-

used is either an a.c. driven Sylvania DWY 650 watt tungsten-iodide lamp

for the near U.V., the visible and the near I.R. photon regions, or a tlh

Nernst filament covering photon range from the visible to the intermediate

IR | ~4uJ.: (see'fié. 3-1, 3-2). The image of the source is focussed j

.on the entrance slit of a Spex 1702 Czerny-Turner Scanning Spectrometer,
by a front surface aluminium mirror. Plane gratings of different blaze

: o o : ‘
are available (3000A, 7500, 1.6u , 4u, 8u etc).At each exchange-from

L3

one grating to the other, the spectrometer is recalibrated either by

the use of a He-Ne laser or by a precalibrated absorption spectrum of

a mylaxr £ilm. In order bf energy cut off, the filters used'are Wratten 29,

. OCLI @-00903-6, OCLI c-01040-8, OCLI a-01900-9A, OCLI a- 62370-9A.
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..The light beam from the,ﬁohochramétor is refocussed on the

sample ?y a short f concave mirroxr, The reflected iight is then re-—
‘_éifected on the detéétﬁr by*another concave mirror. PbS and ?bSq
détectors are used from ,6p to 3.5u‘and 1y to. 8p respect}vely. The
PbSe detector is'ﬁsuallyhfﬁhctioning at liquid aiﬁ temperature.

Unlike tﬁe EER'geﬁup, the light beamiis chopped befor; entering
the monochromator by a motor which is cﬁntinuously'tunaﬁle from 15 Hz
to 120 Hz. The choppeg frequency which is the motor frequéncy times
the cuts in the chopper blade was used at ~230 Hz. The détector
specifications are %inear at this frequency. -

The sample consists of an MOS package (;ee fig. 3-12 and sec. 3-8).
A square wavecmodulating~voltage is applied between the Ni film and
thé semiconductor from a Hewlett éackard 331A function generator with
built-in + d.¢. offset usable for gias'adjustments.
| The signal received from the deteqtpr consists of two compo=
nents, each prgéortiopalito AR and R-at two different frequencies.

"

R travels at- the chopper frecuency, AR at the meodulating frequency.

However the separation by ﬁhe lock—inF, which should look at only

one or'the‘othef of tﬁosé frequencies) is not complete. Cross talk
between the two channels is minimized by reducing the beating observed on
the AR channel. The condition on these frequencies is .then that

cne is ;ot a harmonic or a fundamentél of the other. gﬁé‘R signal

is fed to a Par 120 lock-in amplifier. The AR signal is fed to a

Par 213 pre-amplifier, through a Par 210 tunable amplifier and to a

° !
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a Par 120 ulock;in amplifier. Both Par 220 and Par 210 are tuned
.to the modulatlng frequency on which AR travels. Both lock~1n 5 work
i the external reference mode. A Cas photocell registers the chop?ing i
frequehcy while the signalvgenerator has aﬁ aﬁ&iliary output at the \j
working frequency.

The output from each chamnel is then fed ‘to a Par 230 multiplier
in the dividing mode. ‘The.output prpportionél to AR/R is then recorded

a Honeywell Electronik 19 Chart recorder. The monochromator wave-

length drive providéé.a short across the chart recorder for the ?urpose
of marking of the wavelength reéding. The time constants on the lock-in's

in each channel are kept 1dent1cal and ln the fast resgonse mode. The

divider provides an additional time-constant adjust on the output

whenever the noise level compares to the AR signal; This way the signals '. -
from both channels arrive simulﬁaneously to the divider and they are both
due to the same photon energy. Whenever the AR signal is too low then R
and AR measuremeﬁts are found séparately. The AR signal is found smoother
when the R channel is off.
Preliminary measurements were doqe by first locating thé proper
bias conditions by I.-V. measurements (sec. 3-8). Then at the-apprdpriate
biases, the structures of interest were identified for an optimumm signal
to noise ratio. A slow scan then followed with a good workable

resolution 10 - 5 meV.

e —— — e

*
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It should be pointed out that SBER measurements are equally
. possible to obtain up to ~8 eV, however the development of this, project”
started'with the EXER and high energy measurements. SBER measurements

were later done in the vicinity of the gap only.

3-5 LOW TEMPERATURE ELECTROREFLECTANCE MEASUREMENTS {SBER)

Low temperature measuremeénts were done in order to investigate the
temperature deperndance Of some optical interband transitions, and in.
particulgr to establish the temperature dependance .of spiq orbit sglitting.

As it has been discussed above, EER at low temperature ié limited
and liquid helium temperatures are not accessible. However deviations from

linearity for the'Eo dependance on temperature occur at temperatures lower

than those accessible by electrolytic megsﬁiemen;s (2C69, p. 223). MOS

packages solve this problem. _,/1

-~
-

A Sulfrian crdostat (f£igl 3-8) originally designed for transport
= :
properties has been modified for optical measurements. The cryostat
is able to attain continuous temperature range from 4.2°K to 300°K.

Pumping facilities would provide measurements down to 1°K. Two forms of

témperature Eontroll are available, since.the cryostat tip is not in

diréct contact with the liquid helium tank. Thin tubes connect the He

tank to the cryostat tip through which liquid helium can be pumped.

.Thé tip coOis down to 4.2°K when the pumping‘rate is maximal.. At various o
rates of pumping different témperatures can be obtained at the cryostat tip.

\

N
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1) to vac. 1 . S | (5)
(2) to vac. 2

(3) Liquid N, in
(4) Liguid He in
(5) W, chamber S |
(6) He chamber

(7) He suction tube to cool tailpiece. ._...(6) “
(8) N, shield T an| o
(9) O-sealrings _ 1 "
(10) He shield '
(11) beater resistor to warm w tailpiece 4L w‘ B
(12) Cu wire resisténce thermometer .
(13) Sample | o E —
(14) Lir window ‘ : . ‘ —
(15) Removable coldfinger, sample '
holder (see £ig. 3-9). , " 1
(16) Removable tailpiece = ' I
(17) Liguid Be entrance to tallpiece
11 ' } —— (8)
(2
‘ -y
Figure 3-8, BesN, ‘cryostat ‘ E'_
' : (12}
a4 J} I (15)
\ ' _ " (10)
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Above the tip a small heéter is QOunted. hy controlling the current
through the heater, the tip can be brought up to room temperaﬁure. Under
normal conditions 5 litres of liquid He are-sufficient for an extensive run.
Prior to precooling the Helium tank withrliéuid nitrogen, the system is
evacuated to bétter than 10_5 mz Hg. Cryopumpiné due to liguid He will

then greatly improve on the vacuum (~10° Qm Hg) .

The temperature of the tip is measured by a Cu wire resistor wound
on a copper spool. The spool is fastened to the tip and it is in goéd
thermal contact with it. The temperature at the tip is‘thus determined
to an accuracy better than .5°K at liquid He and bet£ei thar .1°X at

A ' .

liquid Nz. The Cu wire is of relatively pure commeécial stock and it has
been woun@ with particular care to évoid strains. To es#ablish reliability
in measurement, before calibration, the resistor was submitted to ; few
cooling dowﬁ cycles. Care is alwvays taken to avoid thermal shock. fhe
a@vantage of this type of thermometer is its accuraéy and reliability
even over repeated temperature cyeling, the care with which thermal contacts
can be made to it and the simplicity in construction. (fig. 3.9). The
thermometer was calibrated at 273°K, 77.4°K and at 4-.2% using Dauphinee's
tables (1D54}. His results were calibrated against two platinum resistance
thermometérs. These results were averaged (normalized) to his over the
temperature range of interest. Disagfeements between his tables and ocurs
are iess then 0.5 neard.2°k. (see table 3-1 and fig. 3—10).

Low temperature optical measurements have been a project with

R. Glinski. He designed the Cu wire resistance thermometer. The author-

redesigned the cryostat for optical work.
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'Figure 3-10. showing Cu-resistor Thermcmeter calibration curve
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TAELE 3.1
TEMP R(Q) TEMP R()
(oK) (°K) S
4.2 *1.48 68 13.43
19 1.56 72 15.40
20 1.58 76 17.54
21 1.605 80 19.685
22 1.64 85 22.49
23 1.67 90 25.365
24 i.71 95 28.29
25 1.76 100 31.245
.26 1.81 110 37.24
27 1.87 120 43.26
‘28 -1.94 130 49.28
29 2.01 140 55.285
30 2.10 150. 61.255
.31 2.19 160 67.185
32 2.29 170 73.10
33 2.40 180 78.97
34 2.52 190 84.80
35 2.65 200 £90.61
36 2.795 210 96.39
38 3.12 220 102.15
40 3.47 230 "107.89
42 3.88 240 113.62
44 4.335 250 119.32
46 4.865 260 125.03
48 5.42 270 130.71
50 6.025 1132.50
52 6.675 280 136.38
54 7.37 290 . 142.06
56 8.125 300 147.74
58 8.92 310 153.15
60 9.75 320 +159.075
64 11.51 ’

1
'
[
;
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The MOS packages were mounted on the cryostat tip and the system

was evacuated, precooled and then cooled near to 4.2°x. Electxorefléctance

measurements were done by the SBER technique with the same equipment as

described in section 3~4b ii. The’??qsedufe is identical for each tempe;

rature measurement. Temperature is no¥ an additional variable parametex,

3.6 SAMPLE PREPARATION AND MODNTING.

The alloy systems under investigation are (Gahl)As, (In,Ga)as,
In{AsP), In(As,Sb), Ga(as,P), The (InGalads, In(AsSb)} and

the In(GaSb) systems were prepared by the horizontal Bridgemén technique

(2W64) . Ingots thus obtained display a compositional variation along

their length (fig. 3-11). Slices are wire cut, cleaned and polished.

s 4.
v

The composition of these wafers is obtained from X-ray measurements

F by

|
- - i
(Debye-Scherner powder techniqeg]- More detailed information about the i
growth technique of these alloys is found in 1wsa,'2ws8, 1C69. f
| The EER sample'mounting on_authin brass rod,.flaptenéd at cne end. - 5
* The sémple is mounted on- this flat pdrtion with conducting silver point
GC # -21-1. Most of the rod and the sample are covered with licuid tape N
GC # 176-21 to insulate the rod and the back of the sam?le,from the electro-
lyte. The front reflecting surface of the sample is exposed to the electro-

- ' - -
lyte. The other end of the rod supports the unit and it acts as an electri~

cal contact to the modulating oscillator. The electrolyte used throughout

these experiments is 1:3 = glycerol:Hzo. EER was done only on the (GaAl)as

alloy svstem.

<



11s

T
A ECEIREVS TR

*Jobuy umoxb’ usuwebpyag

Tejuozyaoy e 30 Yjmoxh jo uorjzoeayp buoie uorzysoducn Aol ur ebuwyos ozu.m:ﬁzosm

{yobuy buole edouelsIp)y mw
¥ .PIII“I‘?H - _ oo [ ! _ * _

" ]
i
-~ P
, [
_ =
BE

_ ;
_. | 18
. o
o -
g

11-¢ 0anby3




116

¢

-,

In the case of SBER meaéﬁrements'in the IR (300°K) and at low
temperatures in the IR and viSible, a metal-oxide-semiconductor configu-
ration was used (fig. 3-12, sec. 3-8). In both cases, contact to the sample
was made by'annealing indium into the material. A thin gold wire i;
placed in the indium for electrical contact to the sample. The size of *
the sample permitting, two such contacts were mounted at two opposite points
on the‘perimeter_of thé wafer. By measuring the resistance between

contacts with the current flow in ‘each direction, non-ohmic contacts can -

ivi s

be rejected. The samples were then mounted on small Cu platelets with

(N A

glyptol cement in the case of room temperature measurements. TFor low’

i
s,

tempeiature the sample is mounted on a thin Ge slab with silicone white
adhesive (Ge-DC29-81095) and then the unit is again mounted with the
same'adhesive to fhe tail piece of the cryvostat By running a temperatufe
trial on a dummy speéimen, with a differential‘thermoccuple‘arrangement

5

betwesn the Cu-thermometer and the front surface of the sample, no

detectable température gradient could be found between the sample and
the thermometer. This indicates'that for SBER, the temperature of the
specimen is near to that mea;ured with the Cu resistor thermometer.
Rocm‘temperature measurements of SBER were done withlsio as the
transparent insulating oxide, while for low temperature measurements A1,0,
was used. The reason béiﬁg that the linear coefficient.of expansion of
A10. is considerably less than that of Si0. The thickness of the oxide,
therefore the intensity of the field for the same applied voltage will

not depend on temperature. Chronologically SiO layers were available
' &
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earlier and with better facilities, however as it will be discussed
in the next sections, the superiority of A1203 layers eventually become

of consequence and an egquipment for the preparation of these lavers was

=’

designed. (fig. 3-13). . o S

_Measuremen;s with SiO were done with thicknesses of A/4 A/2 3)/4

and A (A = 54982) as sited by Evaporation in a vacuum of better
- \ - v
- . )

+han 10_7 mm HEg. During the evaporation, the sample is rotated to assume
a uniform film thickness. The consistency required within one alloy
'system meant that the same evaporation run should be dJdone on all the
samples of the_Samé system. The accuracy in the film thickness is better
than 7%. Some of the propertiés of these films will be discussed in the
next.section. The usual oxide thickness for the experimental runé was

A/2.

The Si0 films are coated with a 'l2og'thick 70% transmitting metal"
electrode (Inconel:76% Ni, 15% Cr, 9% Fe). The oxide and the electrode
are evaporated- in- the same vacﬁum. The accuracy on the transmiséion of
the £ilm is 2%. The SiO and Ni film depositions were done in the - "
Optical Lab section of the Applied Physics division of the National
Research Center under the supervision of Mr. E. Cairns, A silver dot
contact is jthen made with GC # 12-1 silver paint .with a thin gauge gold
wire. The two electrodes are then connected to the modulating voltage

source. : v , . . ‘

)
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"In the case of low temperature measurements A1203 was deposited
by pfrolysis_of aluminum propoxide. (4A67). The experimental setup
is shown in fig. 3-17. Aluminum propexide is fired at 160°C and it is .

carried by a drvy N2 Stream to 2 region in the furnace at 420°C. At this.

temperature the propoxide dlssoc1ates and A1203 deposits on the surfaces

exposed. By products of the chemical are varried out at the other end of
. . “ ~

-~

N . -~ ‘ v -
the furnace. By'control{ing the nitrogen rate and the temperature of

pyrolysis, Al 0 Sxide lavers of different thicknesses and purity can be
obtained. These propertles will also be dzscussed in the next section.
The problem at this stage is that no accurate control on the thzckness

of the deposrted electrode is possible without a Strenuous calibratlon of

. ")

thé influencing factors, and the use of a colour code for lnterferencef

fringes. _It_iS‘estimared that films vary between a thickness or 5008
to 2000A. Ni film is then evaporated (50% transmittonco) in a vocu&mq
of *10°° im Hg. Contacts to the transmitting metal electrode are done
by'a silver doo on & small area where deﬁosition of Ni ;as repearéa.

. At iOw temperatures, a small amount of epoxy reinforced tﬁq contact Qf.m
a conducting epoxy was used for the contact itoelf.

. - : .
S ——— .

Prior to the deposition of oxide and electrode, each sémple is

4

-

etched and cleaned (see ch. 4 sec. 2 ). The desirability of clean
optioai surfaces by vorious methods of etchinjfis discussed in the next

section.
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3.7 SEMICONDUCTOR SURFACES

In any reflectance measurement, the preparation of the semiconductor
plays an ‘important role when a subsequent interpretation of the measurements
is needed. 1If the sample surface is to be representative of the material

-
in question, the surface must be atomically cleanl"If'proper measure-

Al [

ments are to be obtained, the surface must be smooth and flat; 50 as to
represent an alr*semlconductor—lnterface which reflects all the radlatlon.
'1nto the detector at a measureable angle of incidence. - - ; Qi:

. The width'of the_interacting laver with the photon radiation depends-

W

on restrictive physical properties of the material such as a carrier
concentration and absorption coefficient, as well as on the wavelength of

the radiation.

Experimentally the closest to ideal conditions are cleaved surfaces

preparedlend neasured under high vacuum. The‘formation of an oxide laver
can alter the surﬁaee properties and the absolute refleéting power of

the surface*. Unfortuﬁately the materials dealt with here are usually
polyerystalline and‘therefo;e they must be cut frcu ingots and polished.
The abrasives and the oxide are then chemically removed. then the
mechanical‘stress created on the surface by pelishing is alse chemically
removed when several atomte layers are etched awvay. Howeuer if the main
interest-is, asﬂis t@elcase in this work, to measure relative ehanges in
‘energy as a:function_éi camposition, -a systematic and consistent method
of preparation is equally important.

* See apﬁendix.az
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As mentioned above, samples for electroreflectance are usually cut

from lab. prepared materials (alloy ingots). The samples vary in size, . s

depending on their origin: Usually both sid;s arermechanicallyvflattened

with $iC abrassive down éo 54 size. Subsequently one side isfpolighed at

higﬁ speed with alumina powders down #o‘grid size 0.05:p . In{(As,P) and

Ga (AsP) samples (which were not cut from ingéts but were obtained)by a tréns-

?o;t technique, (1R65) were prepared in oil based abrassives rather than watér

suspended abrassives‘to prevent phosphorus less from the ma£erial. - 7: .

The (AlGa)As alloy syster is not polished fo; the reasons given iq‘(4-2)
Sugfégés thus\obtained.are now chemically cleaned i.e. etched.

Each typé%gf material will respond with different effectiveness to the

chemical solvent used. The ideal conditions are to avoid thermal shock

on thin samples, to have a good etch rate control and to obtain oxide and
deposit free surfaces. It is essential not to damage the optical surface

{ie creation of etch pits and deformation of flat surfaces) .

Etchants used for GaAs and GaAs rich alloys - were usually

132Q2:2H2304:3H O and for InAs and InAs rich alloys as well as for InSb

2

rich alloys 1Br:10 Methyl Alcohol. The bromine etch was also used on

rhosphorus ricg samples and InP, GaP. The washing of saméles after the
etch for tﬁe GaAs etch was done with water, the brcminergtch is washed
Off by methyl and then ethyl alcohol. Particular exceptions to etchiné

Brocedures or solvents will be discussed in Ch 4.
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3.8 SOME PROPERTIES OF MOS DEVICES

- Thin £ilm techniques.for electroreflectance have been;first reported
by R. Lﬁaecke {(2L.68) . Asldiscussed before, many of the temperature and
spectral range restrictions -are removed and ;n“principlé can ;implify the
dgteziingtion~of the actual electric field applied. Measurements at
4:2°K,have been reported Sn a CdTe - Sio2 - Snozlconfiguration £1L67).

The §502 field electrode was chemicailf formed at 400°C on top of a 50003

thick vacuum deposited dielectriC'(Sioz). The suitability of materials

for MOs devices isilimiteé by the electrode and the oxide optical properties,
adhesive c;pacity and eon the etching procedure of the semiconducting material.
. Quantita;ive SBER measurements ‘usually require the adjustment of the d.c.
bias and & reasonable modulating frequency so that the effect of slow sprf&ce
states can be. eliminated.
- The pﬁrpose of this section is to discuss the methods of prepaéa—

tion of MOS sandwiches and theif prppe}ties.

There are several choices in technique and material to obtain a
dielectric space. between the sample and the Ni film electrodes: cementing
a2 film of Myler or $Saran Wrap to the surface (8S65 . lF?d); by centri-

<

fuging a dilute-organic liquid photoresist (1P67) ox polyesterene (1F71)

dissolved in'methyl-ethyl - ; or a vacuum or otherwise deposited oxide

(1468, 2168, this work) . The disadvantages of the first method have al-~

ready been discussed (8S65), and the coating of the semiconductor surfaces

.-é -
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with thin organic layers usually exhibits a spectral Limitation at 4.5 ev.

:r;gt‘-the.;.t;i.me this project was started, several methods for the °
prepari:;:ib; of MOS devices had been attempted. Most of these involved
technical diffict_.xlties which eventually affected the quality of the
devices obtai-neq-. |

The deposition c;f a dilute KPR £ilm has been attempted by rotating
the sample at a high speed. The lack of a dust free .envircrment and low -
speed motors produced insulating layers of non-uniform thickness.
Impurities OR the surface pr.oduceé! di;é:bntinuities in the thic)&;ess of
the layers at the contamination points. At such ultrathin points an
eventual uwnrecoverable breakdown would occur when the electric fieid is
applied.

The anodization of a semiconductor surface (2P67) in a O.iﬁ XOH
solutiog produces oxide layers -with breakdown voltages belpw appropriate

6 Vc:n-l) - The photovoltaic property

electroreflectance fields (105 + 10
of this type of device have been found ‘very inappropriate for electro-—

reflectance measurements.

'Lodecke*s work as well as some initial work by Williams and -

Rehn suggested that MOS sandwiches prepared with 5i0, oxide layers with

2
3 semi-transparent Ni field electrode would be successful in giving

reliable electroreflectance measurements.

Si0 layers were evaporated on freslﬁy;etched semiconductor surfaces
1

LA

at the Appliéd Physics Division of the National Research Council. The Ni~alloy

film field electrode was evaporated in the same vacuum at better than
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'10_7 mm Hg. The tﬁickness of the oxides varied f;om A/4, A/2, A3/4, A
and the electrode £ilmmn, 128 thick) was ~708 transmitting. (1 =5498%) .
When SiO is evaporated, the resulting vapor is ccmprised chiefly
of single Si0 molecules. Upon condensation, however, additional oxygen
can be.taien up if it is available, with the result that the condensed
film can have any state of oxydation between SiO .and Sioz. "It can be
morg generally expréssed as Siox, where x can take values frem 1 to 2.
This variable haé a greater influence.on the optical properties of
silicon oxide films tggn any other single factor. It can be controlled
to some extént by the speed of evaporation since oxygen is present in any
vacuﬁm chamber. However if the partial pressure of oxvgen is low in

comparison to other residual gases, the greater absorption of these con-

taminants with very slow evaporations can cause undesirable characteristics

such as sodium contamination and poor adherence ({(2K71).

A good film of SiO is obtained by fast evaporation at pressures
below’lo-s mm Hg. Such £films are recogﬂized by their brewnish éolour
E;eé table 3-2). The high U.V. absorption which is characteristic of
$i0 is shown in fig. (3-13). Thi$ absorption extends into the blue and
accounts for the brown colour. An increased admixture of the $io_ has
been found to decrease the absorption in the U.V. If however the evapo-
ration is done at an excessive temperature (above 1350°%¢) at low pressures,

free silicon will be suspended into the glass and the small concentration

of silicon in Si0 will cause a greater absorption in the U.V.
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The infrared_fransmittance and reflectance for a typical Si0O film
is shown in fig. 3-14. The strong absorption of energy ~l0u  is
characteristic éf sio ;ayers. As X increases in the SiOx admixture, this
’gdge increaées in energy, i.e. to iﬁn.

The index of refraction n of Si0 is ﬁz.o_as shown in fig. 3-13.
However as the oxygen content of the film ;ncreases, this value decreases
to that of $i0,, (~ 1.5) | .

Tﬂ; evaporations at the NRC laboratories were done carefully,

. keeping these characteéristics in fmind. It is believed that in greater

part $i0 was deposited on the sémiconductors we have done work with.
However some slow oxidation through the thin metal electrode is unavoidaﬁlg
upon long-time exposure to the atmosphere. Indications are (4C?l) th;t
this procéss wouid be slow, if any at all. .

The eiectrical contacts to the sample a?e made prior to etching
and‘evaporation,,by annealing indium with a 0.05 mm dia. wire contact on
the edge of the sample {fig.'3—12). Non-ohmic contacts are rejégted.
Electrical contact to-the Ni film is made with a small silver dot paint on
the film surface and a thin (0.05 mm dia.) gold wire is immersed into\ép.
A second Ni evaporation has often beén found usefpl‘in the area where this\\/
contact is made. This protects the field electrode from the chemical . o
solvents in the silver point. For low temperature work a l:1 mixture of
GE varnish and ethyl algohol is applied over phe silver point spot.

The Ni field electrode (70% transmittance) has a surface resistance
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Figure 3-14 Infrared transmittance and reflectance for a.typical 510 £ilm.
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of 103 to 2 X 103 ﬂ/cm2 to insure an adequately uniform £i=ld over the
oxide. The transmission of such a film is flat from "'v.lsu to 10w .
The optiCaf properties of,the field electrode lead to two effects which
mﬁst be considered in SBER measurements, a) the non-zero absorptio;
reduces the sensitivity by a factor of (I-\absorb)zi Clearly with a 70%
transpitting film we obtain a sensitivity loss of AS0%. "b) The.ref;ection
of the incident beam by the nickel is aiso-detected, 50 that AR/R is. .
essentially smaller than the actual value. Since Rnickel %.2A* .3,
the reduction in AR/RNcan be significant when the semiconductor reflect-
ance is sqall, (see appendix a-2). -

The d.é. electrical behaviour of Si0 dielectric films have been
studied #? 300°K in a Ni - Sib - semiconductor capacitance configuration

of varying surface area. The cuxrent voltage (I-V) characteristics were

found to be reasonably symmetrical all the way to breakdown for oxides

-

of A/2 and A thicknesses. Ohmic behaviour is observed over —1.<v< + 3.
~for X and A/2 b

This region of'linearity and breakdown éonditi;ns, as well as noise
at higher bias voltages ére a function of oxide thickness (fig. 3-15) .7
The low fieldlresistance of the A/2 layers is usually a few MR or more,
at least five orders of magnitude abovethe res;sténce of thelsample;
Cooling to liquid nitrogen temperatures changes the thickness §f the oxide

‘layer, as the interference colour of the surface is seen to go through

colour bands toward the violet. BAfter breakdown the MOS is not recovgrable,

.. L s
VRS F b a
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4.0 4+ I (@A) . A7
’ Nl
10.0 - (thickness A/4)
6.0 -
{thickness 1)

: ; ' /| f.
. I ! ' ] t I i i ) =
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Figure 3-15. Diagram illustrating the effect of oxide thickness on the 1-V .characteristic
of otherwise identical MOS sandwiches.
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The change in I-V ;haracteristics'as a function of o¥ide thickness
(fig. 3-15) may be attributed to contaminated surfaces as well as
electrically active :im;;urities (mi, 1N71, 3X71, 3§72, 1F72). The
effect of these impurities can be seen in fig. 3-16 where the I-V
characteristics are:seen‘tp undergo a'hysté?esis type of behaviour
(1x71, 3K7;). It has been suggested by Nagosima (IN71) and others that
Naf contamination results in ion implantation in the dielectric. The
applied electric field resuits.ihra force on the ions cr;;EEgg a migratory
effect and therefore the pysteresis.‘ Tﬁe time csnstant, ie. %géﬁég
response of these ions to the modulating voltége is considerably dampgned
at the workiﬁg frequencies. Therxrefore it is be;ieved that’they have little
effect on the AR signal. Bowever, as it has beeg'sgen,'lt is important
to achieve flat band conditions inlelectréreflectance measurements
(2868) . Such slow states affecting the' field at the oxide-semiconductor
interface will screen the bias and clamp the average.surface potential
(8567) . It is therefore difficult to‘estéblish exactly f£lat band
conditions for the MOS sandwiches in question. It is possible to study the
I-v-characteristics and to place the bias on the flat linear part of-
the curve. A proper combination of etching techniéue aqd bulk rgsistivity
can give zero field at a semiconductor surface at near z;ro bias conditions

'(8S67). With most of the samples studied, although their I-V characteristics

are not reproduced here, it was possible to achieve.the above requirements.

1

-4
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from the melt by a gas of dry N2 or O

N o 132

P . -~

——

ha d E. » . - . )
It has be?n egégstrated by J.E. Fisher (1F71) that A1203 41elecF;1c

layers are superior to Si02 films for the following reasons: a) layers

of.A1203 exhibit gréater breakdown field strength, with self healing
pzopeities, b) the oxide layer can be kept thin enough that accurate capa-

. o] . .
citance measurements are possible, ¢) a 200 A A1203 film has good

transmission properties, well above the 7 §V threshold of Sioé;
d) A1203 films exhibit a'the:maliy dependent change in thickness far

smaller than that for Sioz. '

HBowever the preparation of A1203 layers represents various technical-

difficulties. They may be prepared by anodization of aluminiwa, plasma

exidation of aluminum films, by direct evaporatidn etc. Most of these

techniques present drawbacks from one aspect or another. The pyrolysis

of aluminum propoxide resulting in a thin A1203 1a§er was firét.suggested
J . -

by Robinsdn (US Pat. 2,805, 965) and Deutcher (US Pat 2,972,555), and it

is the most\adequate methéd for ITI-V compounds promising no surface dama-

, . . T

ges.

Initially aluminum propexide is fired into a vapor form at 160°C

, Gas. The carrying medium will.%ater“

affect the bieakdown properties and'?he optic.\ properties of the oxide.
The vapors are transported to a hot zone (42006\ where the propoxid? is
pyrolized and Al,0, deposits on the exposed_sﬁrf%ces (fig?-3tl7)-

The parameters involved in the depositionléf A1203 are the vapor

N B .
pressure of aluminium propoxide, the deposition temperature, the total flow

. - \
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rate of tye gas and the geqﬁet:y of the sémple éosition. The actual

chemical érocess of pyrolysis is-adequa y@ealt with by Aboafi (4267)

as well as J.E. Caxnes et al (5C71) akd D.A. M::;;\(1M72).- Uniform ¢

coatings at intermediate gas rates and:temperatdreg ( 420°C} result in

31203 layers;gérying between'SOOg ‘to 20003. The I-V charaéﬁeristics héve

been studied and ohmic behaviour was noted up to *+ 5V d.c. ;
The variation of the thickness across the surface of the sample

depends on the éressure freont of N2 gas eafrying the propoxide. The

fringe charaéteristics and uniformity of colourlindicate a fainy well

controlled film thickness. (Table 3~2) shows the colour cede of SiO2

determining appraximately the £ilm thicknesses. The refractive index

of A1,0. is reported as being 1.600 + .004 at 420°C. The dielectric

constant is 7.7 (1IF71). The growth rate at 420°C and “10 1/min N,

f . . o .
gas rate gives an estimated axide rate deposition between 50A/min to

-

lOOg/min. It has also been reported (1F71) that Alzo3 oxides enhance

P-type surfaces for the semiconductors as opposed to n-type surfaces

for Si02. The transmission properties of A1203 studied by Kyser et al.

(1x69) show no structures frcm 7 eV to "O.fJ’.S eV ' which may introduce
SBER signals not duye to the semiconductor.\%
. Analogous Hysteresis effects to ;?e one observgd in Si0 have
'been reported for A;ZOB'layeis, indicaéing the presence of electﬁon trapping
in the case of vapor deposited diélectrics. (1M72). Thelfilms prepared

'in these laboratories have not shown any evidence of -hysteresis in their

I-v curﬁes. N
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(4C71)

TABLE 3.2 Color' chart for thermally growﬁ $i0, films observed
' perpendicularly under daylight-fluo:escent lighting.

FILM THICKNESS ' Order COLOR AND COMMENTS

(microns) :

~.0.05 Tan
0.07 ' o Brown .
.10 Dark vioclet to red-violet
0.12 Royal Blue '
0.15 : Light blue to metallic. blue
0.17 7l I Metallic to very light vellow-green
0.20 , Light gold or yellow-slightly metallic
0.22 ‘ Gold with slight yellow-orange
0.25 - Orange to melon "
0.27 | " Red-violet : e
0.30 Blue to violet-blue.
0.31 ‘ “Blue
0.32 : : Blue to blue-green
0.34 Light green

- 0.35 ‘ reen to yellow-green -
0.36 , i1 - Yellow-green
0.37 ' ‘ Green-yellow
0.39 ‘ ) Yellow
0.41 ' Light orange
0.42 Carnation pink .
0.44 : Violet-red
0.46 ’ Red=-violet :
0.47 . Violet :
0.48 Blue-violet ;
0.49 ‘ Blue '
0.50 Blue-green :
0.52 . " Green(broad)
0.54 ' Yellow-green
0.56 11X Green-yellow
0.57 . Yellow to "yellowish." (Not yellow

‘A . but is in the position where vellow is
: to be expected. At times it appears to :
be light creamy grey or metallic)

0.58 Light-orange or vellow to pink borderline T
0.60 Carnation pink 5
0.63 Vioclet-red

0.68 | "Bluish". (Not blue but borderline between

violet and blue green.:It appears more
like a mixture between vioclet-red and {
blue green and over-all looks greyish).
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CHAPTER IV RESULTS

4.1

4.2 .

4.3
4.4
4.5

4.6

4.é_

Introduction
Nomenclature Convention

(Ga,Al)as, electroreflectance

In(As,P),‘ elegtroreflectance
Ga(as,P), - electroreflectance
In(as,Sb), , electroreflectance
Ga(In,As),'-electrorefleétance
| GaAs, . electroreflectance

(EER) at 300°k

{SBER)

{SBER)

{SBER)
{SBER)

{SBER)

at 300%k
at 300k

at 300k

at 300%

at 4.2%
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4.1 INTRODUCTION .

-

This chapter is concerned with the presentation of the experimental fésults
obtained in this work. The results are obtained from some III-V com—

pounds and their alloys by either EER or SBER in the vicinity of the

fundanental gap at room temperature. Only ohg of.these, (Ga,Al)as,

has been investigated for hicgh energy optical transistions above the gap. The
behaviour fo: each transition as a function of alioy cogposition is

illustrated graphically and a solid line is drawn through these repre- o

senting 5 ieast-squares‘fit to the experimental peints (eg 4-1). The
coefficients of the guadratic eq {4-1) are given in Table 4-2 (page 184)
and the quadratic éoefficients are compared Fo.the predicted values dué
to Van Vechten and Bergestresser whenever possible.

The second part of the results consists of some prelininary

stodies on IV-VI compounds and their alloys. The phase diagram of the ” 3:55
{®b,Sn}Se alloy sys£em is investigated. It is shown that solid
solubllity over this alloy range only coes to same percentage of the
rock-salt constituent. - ' f
Since no conclusive study of the metallurgical_properties of

(Pb,Sn)Se alloys-and of the optical properties of the th,Sn]Te allovs

can be made at this time, a final analysis of the results presented is |
postponea'to a later project. It was therefore found more apérop;iate
to give these resulfs as an appendix so as not to break the continuity

between the results and the analysis.
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4.2 ' NOMENCLATURE CONVENTTON

In this sectxon it is pronosed to nresent room temperature results
obtalned on a number of alloy systems by either an electrolytic or a
surface barrier electroreflectance technique. In order of presentation,
the alloy systems studied areE(Ga,Al)As, In(As,Pi, Ga(As,?), (In,Ga)As
and In(as,Sb). ' The surface‘preparation and the procedﬁre
for measurement have been discussed in detail in the previﬁus chapter.

Some of these systems are studied in detail over the majority o§
the avéilable spectral region (7y to 6.23u). It might be simpler to
indicate now the labelling convention adopted fo; the observable
structures. . This convention is the one dué to Cardena (1lC&4). In
fig. 2-2, a typical baéd structure for a III-V semiconductor is éhown.
The direct optical transitions Eo,-Eo + Ao' Eé, Eé + Aé around k =
involve trénsitions from the valénce band to various conducticn bands:
El' El * by Ei, Ei + Ai involve transitiépé'from the valence band in

the A direction to the conduction band. Ez, E2 + A2 are in turn

transitions from the valence band at the X point {(100) and at the I point
(110) direction (3wW67, p. 132). -
Tabié 4-1 shows the experimental conditions for the alloy systems-
.
studied. Table 4-2, at the end of sec. 4-7, shows the coefficient o%;tﬁe
quadratic equation, where the observéd data is least square fitted to it

as a function of energy and.alloy composition (see eg. 4-1, p.142).

Whenever possible, results from other sources are given for comparison.
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4.3 (Ga,Al}As:

The samples used in thié work were provided by Dr. M; B. PanigH
and Dr. H. C. Casey Jr. A detailed description of'the'preparation
. and growth is‘given elsewhere (1P69, 2P69). The samples were grown on
n-type,GaAsﬁsingle crystal substrates by liquid epitaxy, and the com-
position of the epitaxial layers were @eéérmined Sy electron beam micro—-
probe analysis.

The electroreflectance specimen wére in the shape of small discs |
about 5 to. 7 mm in diameter. It was found possiblg-to carry out EER
measurements without etching the spe;imen used. Etching was avoided

for three reasons, viz., aJ with the epitaxial layers any composition

gradient along the direction of crystal growth { L to the reflecting

surféce)would. result in a change of surface composition; b). the complete
alloy sample could be removed in case of thin epitaxy samples;

c) etching solutions are usually water based and AlAs i; hygroscopid:
etching would result in>damage to the sample. The homogeneity of the
unetched surfaces ;as checked by comparison of data cbhtained at va%ious

points on the surface.

——

Measurements were made on a bulk sample of GaAs (fig. 4-1) and
the allovs (épitaxy samples) with compesition ranging up to 75% Alas.
In fig. 4-1, Onton's (1070) EER results on AlAs are also shown. The
curves of AR/R against photon energy in the vicipity of the gap are
shown on fig. 4-2 and 4-3 for a n&mber of alloy samples. The lineshape

of the GaAs spectrum, which is in good agreement with results by
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1

Thompson (2T66) for the values of E and Ed + Ao’ is used to identify
the pqaké above the fundamental gap over the whole‘alloy range.

. The dependance of these structures on al;oy composttion is shown
in fig. 4-4. A detailed representation of this degegdance for E, and A
are seen in figf:4-5 and 4-6. In figqg. 4-5 the dependance of E on.x is
shown together w1th results from various other workers (2366, ixe66, '
~PE9, 1070). It is seen that the present data is in reasonably good
agreement with those of Casey and Panish (1P69) obtained on the same
samples. Results from'absorption and éiode emission (2566, 1X66) fall
consistently below the present results. Combining results from Casey

and Panish with the present data, the values of Eb and .x corresponding to

hthe direct-indirect transition are found to be at 1.90eV and x = 0.35
respectively (as compared with 1.92 eV and F-é 0.37 foun§ by 1p69).° . ';
| In figs. 4-5,4~6 the typical quadratic dependance oﬁ
alloy composition of the Eo’ Eo + Ao and Ao parameters is seen.
. The optical structurgs observed above the fundamental gap are seen
in fig. 4-7, 4-8 and are labelled as peak #3 ‘for E, (1), #4 for E (D),
#5 for (E; + 4.X1) #6 for (E, +8,)(2), #7 for E!, #8 for Eé + 48] and
#9 for E,. . In other words, with the use of results on GaAs shown in
fig. 4- 7 the most obvious high energy transitions are identified over
the alloy range (fig. 4-9).
Since no AlAs sample was available for the present work, ﬁhe
values observed by Onton (1070) for AlAs (fig. 4-1) are plotted in
fig. 4;9. In the case of the E, complex (peaks 3-6) it is not as clear

)
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'
as with the E, and B+ Ao which peaks correspond exactl& to the band
gap at the A transition. Since we are mainly interested in the
relative variat%on'of transition energy with x, the whole E,, E + &,
éomplex has been considered. Peaks 7, 8 and 9 are identified from the
GaAs results as the E‘, E' + A' and the Ez-transitions. Curves 3 to 6
_are also seen to exhibit the parabolic dependance on composztlon (3v70)
and can be fitted together w1th the experimental results for E p A
and Eo + A to a parabolic relation of the form
i

E = a+ hx + cx2 - (4-1),

‘where x is the alloy compoéition, E. the energy. The value of the bowing
parameter ¢ can be found from experimental points and gsed to least—squarés
fit (eq'4¥1). The solid lines in the diagrams of energy vs x throughout
this chapter represent the résults-frcm the last squares fit to the
experimental wvalues. The value of the bowing parameter ¢ can be com-
pq;ed with the predicted valués by Van Vechten and Bergestresser (3V70).
Thése, with the experimental values are plotted in Table 4-2 (page 184 ).
éig. 4-10 shows the erendance of Ai= (El + Al)(l) - EQ) with alloy com-
position. Its alloy behaviour is seen to resemsle that of pre-
viously studied alloy systems (fig. 5-1) as fhe only band structure
parémeter so far, whose ¢ va;ue is ~ve.

In the césg of the E; and E;\+ Q; peaks (7, 8) the structures‘
are seen £o be small in size (fig. 4—8;‘4-9) as well as conside;ably
wide. There is a subsequent inaccuracy in the determination of the -

transition energies. In addition, there is scme uncertainty in
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Figure 4-2.) The electroreflectance results on the (GaAl)As alloys.
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Figqure 4-6. Ao dependence on alloy composition.



149

Sl

N

AR/R ( arbitrary units)

- Energy (eV)
Figure 4-7. The electroreflectance results on the {GaAl)As alloys.
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Figure 4-8. The electroreflectance results on the (Gaal)Aas alloys.

S



is1

Energy (eV)

20 40 60 80 100

- Pi:gure 4-9. The variation of various enexgy transitions as a function of
alloy composition (for the identification code ¥ 1 to # 9 see text).

s



152

(ev)’ .' .\."--.._ )
| 2T .\
' @
0.18 L —
I ] | : |
o.0 . 0.2 0.4 - 0.6 0.8 1.0

.Figure '4-10. BAlloys dependence of Al' the s-o splitting of the
' top two v.b. in the (111)~ See fig. 5-1:



153
correlating this energy region with Onﬁon}s Tresults on AlAs. 1In
fig. 4-9 this effect is illustrated by the considerablghécatter‘th;t
exists between the experimental points. Hgnce‘no attempt Has 5een made
to determine a bowing parameter fbr_peaks 7 and 3. With E2, a larger
peak (#9) is obtained in mos% cases. Accuracy in the energy.deté:-
mination‘for ﬁhe transition is;therefore improved. As seen in fig. 4-9, |
the Ez with x variation is alﬁ&st linear and the experimental points are
fitted to the standaxd parabolic form;'a very small value of ¢ v 0.02 eV

. . . ;
is obtained, (see table 4-2). _ o

4.4 In{As,P):
is like (Ga,Al)As an alloy system exhibiting a change from
. direct to indirect gap somewhere along the composition range (from the o

InAs end).

The éamples used were prepared by Dr. M. Rubenstein of
Wgstinghouse Labeoratories. The detailed description of the preparation i
is given in-(lf69) and consists in the growth of polycrystalline alloys ' _ ‘
be a halogen vapor-transport closed-tube technique over the entire
range &f composition (see also 1T71).

The electro¥eflectance specimen varied from surfaces of
5 i 5 mm2 to 7 x5 ﬁmz. These samples and their surfaces are prepare@
and treated as described in tﬁe previous chapterl X-ray measurements
were made to verify the qﬁoted ccmpﬁsition.'" The results indicate

hamogeneity of composition of better than 2% in X. It has been reported i
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previously from EER that the spectrum of InAs is different frem that

- of the other compounds and its own alloys with regard to the sign of

the various electroreflectance peaks. In the observed III-V compounds
the phase of the AR/R sigﬂal is suéh that all peaks are oriented in the
same direction. However Kwan eé al (2K68) have shown that for the El
complex there is a reversal in sign of the peak depending upon the
éarrier concentration, the'd§c. bias and the type of electrolyte used.
Although this investigation ﬁas Qot‘been carried out for the Eo peak as
well as for the E, + ho peak, as a function 9f bias in ahy detail, anal-

ogous behaviour to that of the El complex is likely. Not only because

such a behavicur has also been reported by Vishnulathla (1V70), but also

because Seraphiﬂ (2567) has Found that by c¢hanging the electric field at
the reflecting surface, the phase of the AR/R si§nal and therefore the
sign of the peak would change. Transitions in the high energy region of
the spectrum have not been seen to suffer such phagé changes.
Because of this ancmaly and since the carrier conceﬁtration over
. -
the alloy range énd for InAs itself.are about the same, the samples have

all been measured consistently at -1.0 V bias.

Electroreflectance measurements were dene on twelve samples

- covering the alloy range and involving photon energies from 0.35 eV, to

v 1.35 ev. The modulating voltage was 1V pk - pk.
Measurements were initially made on InAs (fig. 4-12). A PbSe

detector, cooled to liquid N temperature, was used for the determination

2
of the Eo structure. The PbS cell which was of good use thoughout this

work has a poor sensitivity at photon energies below 0.35 eV. ' The value
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°f_Eo of 0.;4 eV-for InAs and a Ao value of 5.39 are in good agreement
with absorption measurements of Williams and Rehn (1W68) and eléctro- ﬁgp
reflectance measurements of Pidgeon ét al (1p67).

Fram fig. 4-12 to fig. 4-13 the AR/R spectra are shown as a
function of photon energy for scme of the ﬁeasured alloys. The E°
and Eo + Ao spectra a;e seen; with the typicaliy smaller Ao strﬁgture
having often a'linesﬁape reminiscent of the Eo transition.

In InP, the value of Ao is expected'to_be Quite_small.‘ Under
several bias cond;tions,_it was not possible to-obtaip a reliable Eo + A
structure. This may be attributed to the relaci%e sizes of the two
structures, poor surface conditions and possible field inhomogeneities.
The value of 1.27 eV for InP ccmpare reasonably to the Eo = 1.34 ev
value measured by Cardona (2C67).-

In fig. 4-15, the energies at E ahd E, + Ao transitions are
followed through as a function of alloy compesition. They both exhibit
the familiar quadratic depen@ance. "Bowever in the case of Eo this is
almost a linear dependance. This behaviour has been reported before
by Dubrowskii (1D63)}, Oswalds (1059) and Krioturu (3K66). The com-

\ .
parison with the present results is seen in fig. 4-14.

In Table 4-2 (page 184} are tabulated the coefficients for'Eé,
E, + 8 transitions as a function of composition; Thev can be compared
with other results by Alexander (1A64) and the other workers. The

theoretical values of Van Vechten disagree for the values of c.

Fig. 4-16 shows the spin-orbit splitting dependance on alloy

¢

N




Pigure 4-11. Electrorefléctance results on the In.(AsP) alloy systems.
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Figure 4-13. Electroreflectance results on the In(AsP) alloy systems.
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~ energy of 1.94 eV (1R65).
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composition. ', The form of alloy dependance of Ao confirms the measure-

~
—

ments obtained on (Ga,Al)as. .

4.5 Ga(As,P): -

is another of the high gap semiconductors which exhibhit fund-

v Cd

amental transitions which change from direct to indireet over the alloy

" composition range. - The cross over point has been determined by , h

absorption measurements of M. Rubenstein at 46% of GaP in Gahks at an -

In the present work, éa(AsJ% measurenents were repeated on

-

samples measured previously {(2T66) by EER. In part, the purpose of
the measurement is to establish the reproductibility of electrolvtic

electroreflectance structure by the MOS surface barrier electroreflectance

technique. = We find the peaks and the general lineshapes in fig. 4~17
to 4-19 in good overall agreement with the ones found by Thompson. i : )
The electroreflectance material for the Ga(As,P) alloy svstem

was preéared by Dr. M. Rubenstein and the description of the halogen

gFﬁled tube transport technicue analogous to the In(As,P) alloy gie-

paration is found in (1R65). The homogeneity indicated bv Rubenstein

L3

“is good.  Some of jthe polycrystalline samples contained large grains.

-

| . . . A\
Most of the specimens were of roughly elliptical shape. The -samples

were polished in the usual manner, however GaP rich alloys and GaP were'

‘polished, as in the case of InP and InP rich alloys of In(P,As) in abra-

sivés suspended in oil. GaP rich samples, unlike the other alloy
. . . . L . . . - )
.systeﬁs, were etched with CP6. The GaAs rich alloys as well as GaAs are
" . h . \ R . LY
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Figure 4-19. Eléctrqreflectance spectra for the Ga(AsP) alloy systeh. . .l

N



166

{‘3 3-2F I _l | , - '/j‘ .
& : R v T T
ol A
> - o o o - .
2 ' Eo +A, o~ ~
St Lo} (o
_2'4' o - ./ /9 -

E
\
X
m\.

T e

16F o | S

.--1 )
caps 02 04 08 o8
aAs : GaP
e X (%) A
Figure 4-20. Showing the dependence of the E and E,* Ac‘ : | T ’

Structures with alloy compositio?.
’ \
¥

P



167

i -~
(S9¥T) "sjuswoansesu uopidiosqe pue ((9917)4) BITNSEX Wad
03 paaedwod oxe (0) §3TNSOX YidS OuY, ' odouspuadop AOTTR 302ATPUT pPUR 3DOITP g ayy buymoys ‘*tz-p 9ambig

. x 1 «.
deo S 80 90 (%) oo ro . i
_ ._ _ L r o [ T [

-lll_. ) - ’ ) - p— w.o

o —
e = \ | o . 4 o'z

e

- | : © (oM BTWI) uwas o~ - 8°2

..\

 (99lz) wag -
| | . ) o ,. ‘ (59uT) uoridrosqy g

(A9)

‘v-



ev

0.386

0.28

0.12

Figure 4-22. The dependence on alloy composition of Ao

Gaas
1 | | 1
0.0 0.2 0.4 0.8 0.8 .0

s-0 splitting at k

<

“

000.

r -

.n




169

etched in the sulfuric acid etch described in‘Chapfer 3.
Thé measurements on GaAs obtained for the (Ga,Al)As alloy
system are used here to iﬁent?fy and follow the allo? compositions the
s{ructures due to Eo and Eo + Ao. Fig. 4-17 to fig.34;19 show the ER
spectra for these alloys.. Ip alloy samples, although the si%;ai sigg
is lower than for the compounds, the peaks are well define& for both
tra;msitions. In fig. 4-20 their depenaance on alloy composition is
showr. The usuai smooth bowed‘dependance is noticed; differing from
the In(As,P) system where the E dependance is quagilinearf
!In fig. 4-21 the present Sﬁﬁﬁ (0) results are compared with
the EER results of Thompson (+) and the absorg;i@p measurémenté by
prenstein (J?. The agreement between the ﬁ;o electroreflectance results
is goéé; The ;bsorptién'measurements give a_critica; Cross o#er from
direct (GaAs) to indirect (GaP) gap at the alloy composition of fi% of GaP
‘at_1.96“ev. In éig. 4-22 thé glmost ;inearlglloy dependance of Ao with

ﬁ%:/“

x is confirmed with Thompson's results (2T66).

4.6 In(As,Sb): - 2

This allo; system is prepared by the travelling freeze horizontal
Bridgeman technique referred té in Chagter 3. The preparation of homo-
‘geneous solid specimen-of these alloys by the zoné'recfstallization and
directicnal freeze method has ‘been first considered by Woolley and
Warner (2W64, 3W64). The-se —growth methods give alloys with 1% homo-

geneity, up to 20% alloy composition from either ‘constituent. A

soﬁewhat less homogeneous material (2 to 3%) was obtained in the middle

¢
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range of the alloy. The samples were cut from the ingots, portions
X-rayed for compositioﬁaand then polished. The bromine based etch

wa; used throughout the alldy composition. .On some of the InSb rich
alloys, CPs was used to compare the egfegtiveqess of . the etch, No
measureable difference was observed between thé S, 2Ctra thus obtained.
The range of phoﬁon énergiesdcovered fxom 0.4 eV to 1.0 eV to obtain
transitions of Eo +'Ao._ Thg AR/R spectra as a function of photon energy
are seen for a ﬁuﬁber of ‘alloys in fig. 4-23 to fig. 4-25. Fundamental
absorptio; measurements made by other workers (2we4, 2571).indicated that
any Eo measuréments for the alloys; i.e. the measurement‘of_E; below the
value for InAs, would be out of the working range of the equipment.
Abso;gtion results were therefore used in the subsequent calculation of
& Ber all bf this alloy range:‘

"In £he previous work described abovegzthe spectral deter-
mination of the 4undamental gap was a good 1nd:catlon of the reliability

of neasurement ‘and running conditions. Only when a good E structure

was established exoerlmentally would the 1nvest1gatlon for the E + A

N
Kl

transition follow. However in thls case, when no E measurements are
L

avéTiaple,s:ln—orblt splitting-measurements could only bhe obtdﬁned after

repeated measurements under different experimental conditions. The

‘nmeasurements of Pi&geon et al (1P67) were udl as a reliable guideline

! -

from the InSh and InAs Ends. The structures due to the El complex and

thezr comparison with already established data (lV?O) were also an
.

important guide in the determination of 1dea1 experimental condltlons.
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Fig_ure 4-23. Showing the Ao structure for various In(AsSb) alloy samples.
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Figure 4-25. Showing the Ao structure for various In(AsSb) alloy samples.
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Figure 4-26. Showing the dependence of Eo and Eo + Ao.transz.tlons as a

function of alloy composition. The Fo results are from .

r

absorption (2w64) and are not part of the results of this work.
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Therefore the investigaﬁions for the Eo + Ao structure were then -~

started from the El structure towards the lower energy end of the spedtrum.'

-

No other structure should be present between the El and the Eo transitions

: |: - : ~ .
but the\égg due to the Eo + Ao one. Repeated runs of the weak structure

give thk averaged AR/R spectra shown from fig. 4-23 and 4-25. The

—
T ———

structure décreases-in signal at the InSb end of the alloy system. No

— . ’ r,

structure could be observed for InSb. Various étcﬁaﬁté and okide-thick- . i
- nesses &id not improve the signal.
In fig. 4-26 the behaviour of Eo + Ao with x is shown. The
absorption results for E_ of Woolley and Warner (2W64) are also included ‘ :5_1
-and in fact they are used to calculate Ao (fig- 4-27}). The extra-
polatéa value of E + A at the InSb end gives for &4 = 0.78 eV, which is
. o] o . . o :
\~ . - . ‘ .
. -\ﬁ~inh322§;iffeement with the value of other workers (1p69). Similarly, at

the InAs egaffﬁvas;ev'for Ao is in good agreement with previous results.
. .—-‘.‘_\\A N , .

—~— -

. T .
.k‘v A ]

. 4.7 {Ga,In)As: . _ . -"f\\

—
—

"‘-__‘_ .
This alloy system was prepared in these. laboratories by a

—

e travelling freeze horizontal Bridgeman technigue. The grown ingot‘s\wexé\
~ : T ’ \k__\
cut and the wafers polished in the usual manner. Thelr composition was “‘\\?\L\
found by X-ray measurement with zn.accuracy of *1.0 % in x. 'The

t
b
- |

samples were\Bromine_etched from the InAs end and sulfuric acid etched ' E

from th s end. S ' g
| e GaAs en S~ R ‘

The fundamental gap of this alloy system has been extensively
To B .

o

‘studied (1A59, 1W6l, 1H66, 1W67, 1C70;-1w68) all concluding that the @
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fundamenéa;‘gap varies non-linearly with compositionf' Most disagree

on the extent to which the deviations frd& linearity opcﬁr (Table 4-2).

Williams and Rehn (1W68) were the first to obtain spin-orbit splitting

througho t an alley range for any III-V alloy system. However, only a -- .

fedggamgles were ﬁsed,‘ofteﬁ the gap was measured by absorétion. The . | _ o
'samples involved in ?he present work have a carrier coﬂéeﬁtration com—
Par;ble with that in (1We8).. In fig. 3:28 to 4-39, the Eo and Eo_+'Ao | oL T
SBER spectra are ghown a§ a_funbtiqn of energy. . | b
The.SBER_results on the cé@pdundS'gré thosé from p;evious measpﬁe-
qents in this work. fig. 4-31 ‘'shows thesg results as a function of
Elloy ;omposition compared with tho;e from Williams and Rehn (x, + ) and
Hocking (o). Hocking's (iHGB) results show little scatter from a - ST
cuadratic-dependance for the gaé, however it would seem to predict a ¢
value for E_ which i; somewhat higher than that frog'other résults and
theory (Table 4-#, page 184). ‘

. Ah exact reason for this behaviour is not cleax at this stage.

Williams and Rehn's results are in good agréement with this work. The

experimental scatter involved with this work and that of Williams and

Rehn -for E_ + A  results is a fair indication of how the smaller size of - ' E
the Eo + AO signal .affects the error in the energy determination.

.In fig. 4-32 the alloy depéndéﬁaé*o‘ A is shown. The shape

~e 7

. ° e - -_ .
of ‘the bowing of the alloy dependance of A is-by now of-an experimentally

establishedwEbnsiffency and is in an intersting contrast with the 7 —

i

4 behaviour (1V70,iEE§?\5:}4 Table 4-3).
' . T

I
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Figure 4-28. Showing the electzoréfleqtance spectra of (GaIn)As a2lloys.
.. , - - . \



[ TP PP SR PN R P I
. [
N ]

(ARB. UNITS).

AR/R .

Figure 4-29. Show.fi.-';mg the electroreflectance spectra of (GaIn)As alloys.

2

179

X=0-60

E (eV)

”'0‘6 )

07

\
0

-




R sl fa A Mt avics Fr i 2 an I3 s

180

AR/R (ARB. UNITS)

Ve
2
T
P
- S N
.
-

E(eV)—
03, 04 05 06 07. 08
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Table 4~2  Showing the coefficients of eg. 4-1 for the various transitions
observed. The values are found by 4 least-squares fit to the
experimental data.

R Structure a b c ' - i

Reference
Ga(Al,as) E_ - 1.427 1.252 0.262  tow. T
E + b 1.765 1.135° 0.337 o,
E, 1.430 1.311 0.20 (1P69)
. E, - .- 0.03 (3v70)
E D 2.886 ~  0.373 0.572 t.w. ;
B (1) + 4 3111 ' 0.474 ,0.447 ‘ t.w.
E,(2) 2.956 0.642  0.362 | t.w.
B (2) +4 - 3.204 0.5955 0.3611 t.w.
E, T - . . {3v70)
) 4.456 0.500 -0.412 t.w.
Ef + A7 4.626 0.311 -0.247 | t.w.
. E, 4.99 -0.122 -0.0178 tow.
E, - - - - {3v70)
Intas,p) E, - 0.350 0.891 0.0210 tows
o E_+ A 0.739 0.458 0.1322 t.w. |
E, . 03¢ 0.71 0.27 (1A64) :
E 0.40 0.965 0.015 - (1p63) -
E - - 0.23 . (3v70)
o .
Ga(ps,?) E_ 1.427 1.10 0.211 .
" B + A, 1.765 0.892 0.182 e |
E. 1.44 . 1.09 0.21 (2T66) ;
zo + A 1.78 0.88 0.18 (2T66)
g:-‘ ° - - 0.3 (3v70) . iy
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Structure a b c Reference
Ga(In,As) E_ 0.35 0.56 0.486 taw.
E_+ A 0.743 0.344 ~0.676 t.we
- E, 0.35 0.687 0.388 (1W68)
. B+ 8 0.80 0.328 0.712 {1W68)
E 0.33 0.46 0.56 (1H66)
E, 0.35 0.71 0.28 (1W61)
E, 0.34 0.75 0.33 (IW67)
E - - 0.57 (3v70)
In(as,Sb) E_ 0.18 -0.41 0.58 (2W64)
B+ 8 0.979 -1.892 1.621 t.w.
E - - 0.70 (3v70}
</
.
/

i
I
'
!
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+ (1v70)

Table 4-3
A =a +b x + ¢ X AL = a, + b, x+c.x
System o G 1217 1
; ,
ao bo- Co al bl cl
(Ga,Al)As 0.34  -_113 053 .24 -.007  -:033
. In(as,P) 0.39 = -.88 .64 .28 -.024  -.106'
-.. - -
Ga (As,P) 0.34  -.268 .048 .24 ©Lo32  -.1420
Ga(In,As)  0.39  -.202  0.152 .286 .0357 -.0337"
In(As,Sb) 0.80 -1.45  1.04 0.50 - 0.029 -0.249
Ga(xn,P)* 0,112 0.002 -0.033 0.0532 0.232 -0.1936
. _ L,
(GaIn)Sb - - - .5029 - .0372  -.0577
* (I1A72)

.

|
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4.8 GaAs, ELECTROREFLECTANCE. (SBER) NEAR 4.2%x

The low temperature measurement of Eo and Eo+ AO for GaAs

- ‘ 15 PN '
was done on a.sample n = 10 (at 300°K). Originally it was of interest

= o,
to measure these parametersas az function of temperature from 4;2 K to

- -

o o . . - '
300°K. However, here only one measurement is discussed. The relevant

point here is to demonstrate that SBER measurements can be gonsistently

obtained by the prbcedufe described in Ch. 3.

_A1203 was used as an insulating layer by the propoxide pyrolysis

technicque described before. Several runs wexre done until .a uniform
' ‘ ok
oxide layer could be obtained. The refractive index of Al 0, at AT is

n~ 1.768 (at 300°K). This is a little different from that of SiO (see . e
Table A2—l).f Therefore to obtain a £ilm of approx. ™ A/2 thickness it is
suggested that since n(Si0) ='gold colour (“ 2?503) where d is the geometric

+hickness of the film. To have the same geometric thickness d with a layer

of Al O, one must have . ey

: o : :

- 2750a )
- Ly £ ,
= ™ (S10) and thergfore

*

. 27508 )
n(Al03) 1isio) 7

. ot

; - LTS x a750R = 2421 R : A

‘ : o w,

fy which corresponds to a light blue color. An A1203 film was therefore prepared -

/

|
|
|

on a GaAs sample corresponding to this color. A Ni film was evaporated with' .

a 50% transmittance.

* A= 5498 R
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Figure 4-33.

Showing the electroreflectance spectrum of GaAs at

Y

ligquid He temperature in the energy region édvering

the E and E -+ A transitions.
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Fig.-4-33 shows the electroreflectance of the GaAs - Aléoa-ni

configuratien. Prgparatibn and mounting were done as described in Ch. 3.

Both Eo and EO + Ao are measured. Eo ~ 1.517 * 0.005 eV and A_ is found
c .

to be v 0.34 *. -0.01.

The first conclusion to be drawn from this is that the temperature ;

depéndence‘of Aob is if any, considerablyjsmallef than that of the

[

a
N

fundamental gap. Pressure measuremen s (1MVY) give a dependence of Ao .

two orders of magnitude smaller than the dependence of Eo. A similar :
N - :
difference in the order of magnitude for the thermal dependence is likely. ff

1.517 eV compares well with 1.52 eV of (2562). The coloux of

a

the A1203 £ilm does not seem to change upon cooling suggesting little

change in Qyide thickness. This is the reasen why'A1203 was used rather i

than Si0 as insulator.

LADN
"t

-

o
s
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CHAPTER V ANALYSIS AND DISCUSSION OF THE RESULTS

5.1

5.2

5.3

-5.4

5.5

5.6

5.7

5.9

5.10

-

Introduction
~

Sumary of—the‘rﬁsuits on III-V alloys (Ch. 4)
1

. Spin-orbit splitting at - T and A (Ao, Al)' ) a .

The spin-orbit splitting in the VCA with aperiodic effects
Effects of the aperiodic potential‘on the VCA band structure:

interﬁand and intraband effects.

- The effect of the apericdic potential on Ea.

The effect of the aperiodic potential on Ao and Al
The effect-of the aperiodic potential on m*(Tlc)

Discussion

Conclusion.
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3.1 INTRODUCTION

It is the purpose of this chapter to use the data obtained by EER
and SBER measurements to explain alloy processes in III-V pseudo binary
systems. The measured gquantitites such as Eo and Ao' conjoinély with

results obtained elsewhere (lV70, 1573)rare analysed to explain the

effects that a non-periodic potential has on the band structure of the

érysta;.
| After a brief review of the implications of thewresults cbtained
in ch. 4, the Al results obtained by Vishnubéfhla, 1v70 ard those on Ao
obtained in this work are shown to depend on the difference of thé atomic
splittings of the mixed atoms in the alloy..

The effect of the apericdic potentialron the alioyed crystal is
then considered in terms of effects such as intraband and interband
mixing. Each is shown to affect the final band structure éf the alloy
in an order of i@portance determined by the band structure in the VCA -
condition.

This concept is then further.used to explain the expefimental

results obtained previously on the bottom of the conduction band effective

mass. ‘A satisfactory correlation with the experimental data is obtained.

5:2 __ SUMMARY OF THE RESULTS ON III-V ALIOVS (Ch. 4) ,3

For the f£ive ailoy systems investigated [ (Ga,In)As, In(ns,?),

Ga(As,Pj, In{AsSh) and (Ga,Al)As], the variation of Eq and Eo + Ao at T

,

/

1
!
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has been found to‘vary non linear;y aé a éungé}pn of composition (table
4-2). This is in good agreement with previous résﬁlts (see other, results
"quoted in table 4-2) as well as some theoretical prediction (3v70).
However, to date there is n§ theoretizal prgdictiOn as to the ailoy be-
ﬁavicur of.Ao, the gpin-prbit splitting of the valence band at ['. ' Here

we have foumd Ao to depend quadratically on alley composiﬁion with a
positive bowing parameter (see eg. 4-1, table‘4-é, fig. 4-6, 4-10, 4-22,
4-27 and 4-32). These results show a éifférent tvpe of behaviour from -
that observed fox 8, (lv70, £ig. 5-1), where the bowing parameter has
been found:to be negative. |

With rgference éa.the 2/3 approximation relating Ao to Al
(sectiqn 1-6) for the III-V cqmpcunds, clea;ly alloying effects are in
validéting thig approximation. The results suggest that thé effect of the
aperiodi§ part of the potential has a‘different effect on the alloy band
structure at éifferent points -in the B.2. Such effects have been tﬁought
éonstantlthfoughout the B.Z. (3V70). | - ) |
The experimenfél values of Ao-can'now be‘used in the Kane expression

for effective mass (eg. 1-15) to calculate mo(Tlc), when a linearly %nter-
polated P,z term is 1;Sed over the .‘:;.:L:I.e:a;r % This is an improvement on
previous calculations (lvég, 1lV70) where Ao had been assuﬁed to depend
linearly on compééition. It is clear from our results that narrow gap-

semiconductor alloys show a AO dependence far from linear. However when the

effective mass values obtained from experiment are comparedﬂyith the

predicted ones, even with accurate Ao‘values, these underestimate the
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. , , J
experimental results by a considerable amount (% 10> 12% in (GaIn)as at
™~ )

50% alloy composition).

- * : -

5.3 SPIN-CRBIT SPLITT:NG AT ' AND A (AO, A, RESPECTIVELY).

1

It has been discussed in Ch. 1 how information about spin-orbit

$§plitting of the valence band at the I point (Ao) and in the A direction
(Al) are parameters of considerable interest. Their experimental values -

can be used to verify the accuracy of theoretical models (lM?i, w71, iCe2z,

1869) as well as the calculation of other band parameters (1B62, 1C63,

iwe4, 1C71).

In Kane's theory (1K56),the'k.p method of pand calculation, the

spin-orbit splitting Ab of the valence band at T_. is given as

15

3hi (x) v v

av _ v ),
° 2 '1s 3x Py 3y px,lrls .13 -

(1¥

15 (i = x,y) are the p type w.f. in the degenerate rlsv

where T

representation. V is the self consistent crystal poten;ial and p is the

linear momentum operator. This Fnergy Ao results from the perturbation

calculation when spin orbit coupling is used in the Hamiltonian ({eg. 1-10}.
| It is interesting to note at this point that Ao is related to

the gfséié@ﬁ of the potential and therefore it should be particularly

- sensitive;%o aperiodic terms in the potential. It is additionally cbvious

' that the greater part of the contribution to the above matrix elepent_will
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be near the atomic ﬁéres where the gradient of the potential and the
electron momenta are largest. In the ;ase of III;V compounds this
contributiﬁn may be séperated out in terms of the individuai atoms,
(1B62) . It would seem then that if the atomic core wavefunctions are
coqsidered similar té free atomic waveﬁuncfions, the proper atomic
splittings can be used in an expression‘for Ao (eg. 5-2). The electron %
affinity of v&fious.elements éonstitutiné the compound i.e.,

.

their ionicity, will modify the probability of an electron being

i
!
|
'
1
|

centereé around each atom. In the case of IIX-V compounds, the proba-
bility that the electron is associated with each atoms is viewed as if the .electron
were concentrated a fraction of the time around the III atom (t){and

tl-t) around atom V. This involves a modification of Fhe radial part

of the wavefunction. There is also a'renormalization which takes into

account the changes between free atomic states and those defined within

‘ the unit cell of the solid; This last rénormalizing parameter, No’ has
been taken to be the, saﬁe for all III-V compounds and it is defined

as the ratio of the séin-qrbit splitting in Ge to the atomic splitting
of the Geratom, (Nom 29/20). Thus from sucﬁ considerations, if AIII

"~ and A; are atomic_sPJittings (1B62, table 5-1) of the elements consti- .

tuting the compound, then the S-O splitting in theiiglid is given by'

=N - 5.2
A =N, (t b8 o+ (1-t) &) (5.2}
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Cardona and Greenaway (l1C62) show that there is an analogous
expression fbr Al, the splitting in the A direction of the top two

valence bands:

. 2 3mi x) [ 3V 3V (y)
= = 225 <A | = p ~= p_ | A7> : (5.3)
Al 3 4mc2 3 3x v ¥y ox 3 .
For analogous reasons to the case above, the matrix element in
eq. (5-3) is taken to be roughly the same as that in eg. (5-1).
In view of the 2/3 approximation,“bxpression.5—2 for Ao may

be rewritten for Al as-

Ay =N, (& (1-t) A) L (5.4)

1 IIX

where Nl = 2/3 No -

The quantity t, which is looked upon as the fraction of time the
electron passes with the atom in Question has been taken in the past to be
3/8 for a group IIT atom and 5/8 for a group V atom, as if the III-V

ccmpound were totally homopolar- t is an average value which in fact is

not be the same for all III-V compounds. Hilsum (2W67) defined

t = (3-e*)/8, 1-t = (E:E:). This definition includes a polafization

of the bonds and assumes a certai;,localization of the electronic charge,
whereby reducing the time-sharing of the electréns by the atoms. .Using
these values for the evaluation of 4 and Al might be more accurate as
it does not ﬁse an average value of t for all compounds, however it

requires a value of e* for each compound (2ZW67) .

T #)  (See page 31).

-
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“TABLE 5-1 Atomic spin orbit splittings (in eV) of column IIIA, IVA - .

and VA elements as determined from atomic spectra.

Al . : . _Si P
0.016 _ 05028 0.046
Ga Ge As
0.12 0.20 0.29
In - sn Sb
0.27 © 0.60 0.80

If one considers Phillip's axrguments (1P70), aldifferent, perhaps
a more reliable calculation of t is possible. Phillip's representation
of the valence states by atomic orbitals (see eg. 1-1} in 2 bonding orbital
configuration is;

b4

(0, + A¢€) (5.5}

2

for one of the tetrahedral bonds between the A - Cv atoms. N is a

IIT
normalizing parameter equal to 1 + 12, and A is a parameter sensitive to the
difference in electron affinity between atoms of type A and C (1P60).

The electron density can now be found as

elv] =5 e |é,l *l—N e |¢c|2 (5.6) .

(23

a

i
l
|
i
¢
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where any in?tera.ct.i.o:; between ¢A and ¢c state has been neglectéd. If
one now uses the definition of ionicity as the difference in electron

deasity Jper wnit charge between two elements and one keeps in mind that

R 1 12 ) . . . .
in (5-6) " and = e essentially the fraction of time-the electron

spends with atom A and atom C respectively, then the ionicity-

2 : , .
A 1 - ‘
. L= % = . (5.7)
1-£, 1+£,
and tyr = ty =3 {5.8)

By unsing ionicity values found by Phillips (1P70} we can calculate

tbe-tm fraction for each ITI-V c-cunpound. Table 5-3 shows the values

cal;ulated and they can be compared to the value of 3/8. Séame interesting

~

deviations from this valte can be observed. The general trend with the

exception of AlSb is that heavier ie. with more metallic compounds,have

a larger value of ¢ . All these values are furt:herz::«r::re1 lowe.r"_in value

ITX
thang 3/8 ox 0.375. The more ionic, ie. lighter compounds have smaller values

of tIII'

where spectroscopic values for the atomic splittings are used.
together with the experimental values for Ao and AL in the case of the

ccnpbunds one can calculate the normalizing parameters No and Nl

' A

N = o (_gcgt.}
o Q

(o]
x = 81 (expt)
%

—_
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where with tIII and with the values of atomic splittings AIII and

Ev one finds

.

ére also shown in table,S—B and can

el The values of No and N

A

1
be compared with the value of 29/20 = 1.45 for No and 2/3 (1.45)= 0,967

for Nl.

|
!
|

5.4 THE SPIN ORBIT SPLITTING IN THE VCA WITHE APERIODIC EFFECTS

\

When two compounds are alloyed together (viz., (AClx(BC)l_x] with

the zinc-blende strugture, it has been shown how atoms of the same

valency freeze out on the same f.c.c. sublattice. The sublattice

»
”

associated with the. atoms that are COommon t$ both constituents will
coﬁtribute an atomic splitting 8- to eqns. 5-2 and 5-4. However, by

virtue of the V.C.A.-uhére thg'potentials in the crystal are compositional-
ly averaged,  the contriﬁution to the s;o splitting in the VCA will be
equally averaged compositionally xA, + (1-x)4. This is clear when one
remembers that the splitting is proportional to the gradieﬁt of tﬁe
éotentials. Therefore if for example one associates atoms A and B with
column ITT of the periodic table (tIIi = t) then a generalized expression

for spin orbit splitting (i = 0 for A_, i = 1 for 4,)
= C(5.9) s
a, =8.[ ¢ &8, + Qx4 + (1-£)5.] ( :

results,
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This expression is linear in composition and follows the iniﬁial 2/3

appro;%mation for the compoynds, One must note that this expression
does not take into account the changes of Ni and t that occur from one

constituent to the other. As seen in table 5-3 in some alloy.systems

such differences can be significant. Invoking the VCA where parameters

" can be linearly interpdlated between the compounds, {(5-9) may be re-

|
written as ) . | ) ] |
. : t

by = N (1% §.x){ [tB(l+Tx}(xAA+(l-x)AB] + [1-t Q4 Tg)AC]} (5.10)

where Si = (N, sp)MNyg and T =(tA~tB)/tB allow the N; and t te_rms to
be va#ied linearly between the values found for the two compounds.

N._,t. are associated with compound AC, N._t_ with compound type BC

in’"a iB B

= Thereforg now the Ai dependence on alloy composition is.no lcngerylineraly

dependent on X. |
The effect of disorder in the alloy lattice is'considered by way of

the aperiedic part of the potential (eq. 1;20). ' Tt has been treated by
second orﬁer perturbation by Parmenterf{l, 2P55} eq. (1-22) and the
effect on any energ? term wﬁiéh is due to the non-periodic part of the
potential haé been found proportional to x(1-x). This term fherefore
disappears at either of the terminal materials and has greatest effgct
at x =.0.50. The interpretation given by Cardona - (2C62) to the pro-

portionality constant is that it depends on the mean square deviation of

the potential from its VCA value. It is proposed here

e



e —m e

-

[

- in their initial analysis. The effect of the aperiodic potential was .

.\ _— - Ly ~ 200 O~
4 . ’

f;;’investigate further the‘resuits obtained on A (Ch. 4) and A '(fig. 5-1),

\41V701 in the light of the above arguments and possmbly to arrive at A
« a more quantltatlve'meanlng of Y the_proportibnallty constant which takes
into account the non—perlodlc effects in the potential.

Therefore when we-want to conSLder disorder effects, eq. 5310 is ‘

rewritten with the additional term yx (1-x) iel T

. = N Q+ 65_::){ [tB(1+ ) (xAA+(~1-x)AB)] + [l—tB(l+ T} Ac]}-:-_yix(l-x) ‘

(5.11)

|

l
T
|

|

!

which would therefore by the proper adjustment-of the Y; term predict

either the A, and/or Al alloy behaviour .’ B _ .

- SN

- It is clear from egq. 5-11 that if Y is not the same for A and

8 (ie. Y, #Tl) then the 2/3 approxiﬁation is invalidated by alloylng
: 2

effects.  When we compare results obtained forcA and A (fig. 5.1}

'1t is implied bv the results that Yo # Yy @ and furthermore that they
carxry oppositg signs. ' L - -

Vishnubathla and Wpolléy‘used eq. 5-9 as the VCA component

- - \ . .
then, as'with the arguments for eg..5-11, to add on a term proportional '

- to x(1-x) ie. .
= ? . (1-t x) (1-x
a, = n, [exs, * (x18,) +. (118 +y; G0 (1)

When expanded in x they.showed that it redqces to

2 '
= ’ - . (5012) - ‘
Al al + blx clx - .
1

|

.
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.
where
B c e

=.N - . -~
a, 1 [t Aopp + (I=t) AvJ >
- "

_ _ A B
by = Np- (1-t) (47, =4 )+ o (5.13)
Cl = "Yl - \

A least square fit of 8, and x in the form of eq. *5.12 gave values of

b which were very small if not zero, and it was found that an equélly

good f£it could be obtained when b was chosen as zero. Their fits were

always done from tﬁe highef A, compound side.

' It has been noted in the least squares fit to 4_ and a further

analysis of Al results that when the fit is done from the high'energy'value

b(Ao) v - 2Yo‘énd b(Al) v Q ﬁithin the experimental errox associated
with the coefficieﬁts of the least squares fit. When | ;he analvsis is i
done from the.lower eﬁeréy end. ie.Aﬂé, Al are smaller for the ' ‘?
constituent present at'x = 0, then b(Ao) v 0 and b(Alj ~v 271 (see . i
L
i
|

table 4-3). Further .

ne

2c, (5.14) :
o '-.'L 1 ‘ ' 8

b, = 2v.
b:L Y

In view of the terms invelved in 5.13 for the expression for_bl,_it would

. A B
appear that Yi should depend someéhow on AIII AIII :
IIY 5iloys and At - As in the case of mixed V alloyss

.in the case of mixed

Eq. 5-11 shows an expressién where all terms are depermined by the
terminal materials of the alloys. The only quantity which may take on

parametric values is #i' I+ is therefore possible to f;t‘the experi-
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mental information for_all the alloy svstems investigated by changing
Y- pne then minimises the least Squares deviation between the
theoretical values predicted with the parameter Yi to the experimental
values. The fitted-curves and the experimental points obtained for Ao
%n Chapter 4 and for Al in (1V70) are shown in fig. 5-2 to 5-5 for the
various alloy systems studied.

The values of Yo for Ao and ~Y; for Al thus obtained were inspected
for all tﬁe-alloy systems. The remarkable trend observed was that tﬁe
values of the Yi were very cleose in value for all§y systemé where the
mixed elements .are the same (eg. (In,Ga)As, (In,Ga}P, (£ﬁ,Ga)Sb). This

suggested, in addition to the conclusions drawn from eg. 5-13 and 5-14,.

that Y, might be a function of AA - AB where AA' AB are atomic splittings.

This dependance would be also logical since when AA = AB for all intents
‘and purposes, no effects due to the aperiodic potential should be present.

b
i
) !
To investigate this dependance, log-log plots of Yo and -Y, Vs I
|
-AA - AB are drawn {fig 5-6). The second order perturbation approach to i

h

, . . 2
+he treatment of the aperiocdic potential suggests that 'yic.(AA = AB)',

{1a55, 2P55, 2C62). Lines satisfying this condition are drawn through

the experimental points .comparison to the straight line indicates that

a square law dependance is observed.

Therefore to a good approximation Ti may be written as ) _ -

2 2 _
Y5 < Ei(Nit) (AA - AB) (5.-15)

.where ki(Nit)2 is a normalizing parameter for all compounds considered.
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-
. wWhile the.above analyéis clarifies how the Yi_term is rel;ted
to characteristic paramete%s of the constituents, it does not explain
why the values of & are less and 4, are larger from their val;es in the
YCA. Disorder effects have been regorte&Ato be independent of k
throughout the Brillouin zome (IV70). The result from eq. 5-16 implies

that kb_and k. are of opposite sign.

1
In fact, the above analysis is not sensitive to changes in band- ' E-
structure and its purpose was to establish that a disorder parameter can
be related to a semi—empiricai formula.
The expressicnlin S5-15 has been used to predict &, and &,

behaviour with alloy composition for a number of alloy systems. These

can bé seen in ‘fig. 5-7 to 5-9.

5.5 EFFECTS OF THE APFRIODYIC POTENTIAL ON THE VCA RAND STRUCTURE,

|

'

|

|

The usual way to describe an alloy is as if it were ordered and L ‘ 1
!

to invoke the VCA klNBl) which assumes a perfect lattice with composi- i
- }

tionally averaged atomic potentials at each site. The resulting .band L
structure is exactly énalogous to that of the pure compounds forming the |
alloy, because it is assumed that the crystal potential has no .disorder.

The effect of the aperiodic term on the band structure due to

disorder in the lattice has then to be included (1, 2P55, 1IM36 etc).

In some work it has been suggested that the effect of'the‘aperiodic term

is small (2369, 2R71, 2R72), and can thus be ignored.
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L]
However thé exbéfimental data presented here on E° and Ao in
addition with results on B El,.dl,represent a collection of inform-'
ation on alloy behaviour that provide a good £est for any proposed

theoretical calculatioh of band structure. Any such analysis should

be capable of making predictions concerning all these parameters. It is ;
the contention 6f_the present analysis that the disorder effects aré of
importagce and must\pe includéﬁ in -to any prediction of alloy band para;
meters. |

It is clear from the type of band structure analysis discussed
~ in the previous chapgers that a rigorous derivatioh from standard theory
will be extfemei{ éifficuit because large energy correcﬁions are needed
to the results of the VCA ts explain the experimental data. gn fact,

in those alloy systems with narrow band gap, the aperiodic term would

have to be so large that normal perturbation theory is not valid when the

behaviour of the T point is being considered. Therefore, some different
approach mast be used. . A , i
It has been widely supported from experimental data that the. .

variation of the fundamental gap as well as optical transitions,

will depend quadratically on alloy composition

E(x) = a + hx + cx° (5-16)
‘ | : )
where ¢ is the bowing parameter and it is usually positive (Al (fig. 5-1)

clearly exhibits a negative c).

r
The aperiocdic potential in an alloy has been treated by Nordheim

" and Muto. . They showed that the treatmént of the aperiodic terms byf

'/\W

AN
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perturbation theozy does not affect the alloy band gabs in the first
* oxder approximatibn. Parmenter and oéiers (1, 2P55,'3W68, 1068)
showed that the effectrof hlgher oxder perturbatlon on the band structure

is szmllar tor;hat of the effect of :an applled electric field (Chapter 2).

The presence &£ the apericdic term breaks the symmetry of the crystal upon

alloying and the adjacent states within the same ﬁgnd (iﬁtra—band)

interact. The second order perturbation term

[<c;15VIC->|2 |
§E; = ‘ J C (5-17)
ity E (1) - E.(3) .
f N i . 0

has two effects. One, it lowers the energy-at a band minimmm {(increase

the band energy at a maximum) and second, it may diffuse the states of
g
the extremum into the forbidden gap regicon. This last effect has been

"“demonstrated as the tailing of the density of states functipﬁ into the

i
¥
L
i

forbidden rggiqn near a van Hove singularity. The experimental evidence _

for this wouid result as broaéened'optical épect;a, which to present date

;ay be attributed to allo? inhomogeneitigs. Héwever this analysis e
considers effects only on one band aﬁd for adjacent states within that_.,
band. |

o '

The result of this treatment is to reduce the band edge itself as | A

a function of ccmposition. This effect is well illustrated by the

. .
results shown in the previous chapter as well as several of the references
in it.

As mentioned above, in the case of narrow gap alloys (viz. In(Sh,As)}

the correction term 6E2 (eq 5-17) represents energy terms exceeding the

AN

N
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justification of perturbafion theory. Therefore the validity of the
above approach may be qﬁestionable.

It is the conjecture of the present analysis that the additional

- effect of the aperiodic term between two bands (say the lowest c.b. and

the highest v.b. at T) must be considered if the alloy behavipur of such . .
- parameters as Eo’ Ao' Al and m*(Tlc) is to be understood.‘. The breaking
of the crystal symmetrv upon substitutional alloving woula therefore

result in the interaction.hetween'the valence and the conduction bangd

states:

§ES = - (5-18)
2 ‘ ¢ #vi Evi)

The'effect Ff the 625 term is to mix the symmetéy of staﬁes between the

conduction and'the valence band theréby transferring'soﬁe character from

eaéh band to.the other,.(interband). It is the pﬁfpose of fhis analysis
s

to demonstrate on‘thE'basis of the results obtaiﬁed here and elsewhere

that this is an impoftant effect predominant “particularly in the case

of narrow gap semiconductors. X

It is possible to illustrate the importance of these interactions

by way of studying scme trends qbse#ved S{réady in éoﬁe ITI-V ccmpgund
semiconductors. .

There is a_loss of symmetry from a fvnelgmental semiconductor
to aIII-v”compoﬁnd which is viewed as the effect of a perturbing assy-

mmetric potential (L, 2P55, '1V72). It is stronger in the case of larger

’

:
b
'
:
i
L}
!
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ionic compounds. A larger iconicity implies an increase in the direct
gap and a decrease in the spin orbit splitting (éq. 5-8 and 5-2) at T.
-L;:ger ?and'gaps (ahd smaller spin orbit splittings)- indicate a

. stronger inter;ction between the s and’'p states of the two bands.

/

" Since this type of interaction is considerably smaller at [ than in
the A direction (viz., Eo % El), the spin orbit splitting Al will be

less affected than Ab' The deviations froﬁ the 2/3 rule as a function -
Qf‘ionicity illustra;e; this effect énd can be seen i# fig. 5-10. Thé_
deviation decreases and it 1is negative as the ionicity increases. This
interband interaction via the assymmetric éoﬁential in the compound

semiconductor and the reduction of Ao accompanied by it shows an

interesting trend which may be a guideline in the study of alloy

processes.

N

The overall situation for alloy bard structure is more complicated

-

anéd less obvious than the above picture. The effects of the aperiodic

potential on the band structure o{‘EEE alloy are usually treated

separately but the experimental information is obviously a combination

of all these.

5-6 THE EFFECT OF THE APERIODIC TERMS ON EO

In an attempt to calculate the variation of Eo with x,

Van Vechten and Bergestresser (BVZQJ.used the dielectric nodel (1P70,
4V72). in the VCA to éive values of Ev (Eo in the VCA). The curves of

E_, VS X were obtained showing a quadratic dependance (bowing para-
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r ¢.) such that ¢, < ¢ . i - = P
meter 1) i always The difference 15:01V Eo = G&E(x) - |
was attributed to the Ebériodic potential terms due to disorder. ) o ‘L

. . . |
|

Van Vechten and Bergestresser showed that to a good approximation, fof

all the alloy systems SE(x) can be related tq the heteropolar part

of the average gap . (3v70) . . . N
. I c?G c \ .
SE(x) = "x(X -x) ——— (5-19)

A

where C%G is defined as the §creéned éhillips electronegativitj dif-
;,ference between'the mixed elements (IP70) and A in a band parameter,
found by comparison with experiment to be ~1.0 ev, (3v70}.

In this analysig the-first striking.result is'that, cont&a&y to
what has been predicted by the }nitial calcuiation of Nordheim, Mato

and Parmenter, the fundamental gap in the VCA is not linear in x but has

a guadratic dependance. This is a plausible result since. the VCA .
determines a linear dependance on x for the potential in.the crystal.

The renormalization of the wi's aléne due to a change in lattice para-
meter already implges that when the:5chrodingerequatiop is ;olved, the
eigenvalue clearly will not have a linear dependance An the alloy com—
positioﬁ. However, eg. 5—1? represents a combination of the interband
.and intraband interactions and their separate effect caﬂnot be estimated.
The intraband interaction will further narrow the enefgy'ééé, the inter-—
band interaction widens it, (£ig. 5-19). The former is larger in

_effect than the latter since the over all bowing Cy T SE(x) is positive.

The -total ¢ is then = + Cor Fig. 5-12 shows a collection of experi-
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mental results with the theoretical solid line. The agreement is

usually within experimental error (3v70). - .~

'5-7_ THE EFFECT OF THE APERIODIC TERMS ON A AND Al

Turning to the values of spin-orbit splitting, experimentaldata
on Ab’ the top valence band splitting at the I point and Ai; the splitting

in'the A direction as a function of composition are shown in fig. 5-1
and (4-6, 10, 16, 22,.27, 32). It is found that in all cases the Al(x)
curve is bowing uéwards (negative) while Aotx) curves downwaras (positive
c),d’zin tﬁe VCA; AO(X) and-gl(x) may be interpolated linearly between
the constituent ccmpqunds ;s cross terms in eqg. 5-1 between wf's of the
different material is negligible (1v72, 1P70, 1V70}. . Thus the sign and
the ﬁagnitude of the bowing of Ao(k) and A7 (x) can be justified mainly
in terms of apeéiodic effects.

To explain the generai decrease of Aé(x) below the appfoximately
linear VCAl(on(x)) prédiction (£ig. 5-2, 5-3) oﬁé must argﬁe that ﬁhe

state corresponding to the split off T7 state is pushed up in energy

more than the light and heavy hole states in FB' (fig. 5-19). The

second order perturbation theory (intraband effect, Pgrmenter),says tth

i

- .

the Fa states are pushed up by the interac%ion with all the other sta?e
in the' same valence band as well as the T, states are pushed up by the

adjacent states in that valence band. Theﬁefore by intraband effects,

Ao is either increased or decreased by sugh inﬁeractions; depending on

the distribution of valence.band density of states relative to the {8
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and T7 bands as well as the strengthé of the corresponding matrix

elements. This effect is likely of similar magnitude and it will not

.altgr the vCA vélue of 8, too significantly.

If, as suggested above, the mixing of the valence and conduction‘
ﬁan@,states occurs at ', and we denote by yfx) the f;action of conduction
band s character mixed into the valence band at T , then this s tharacter
fwill n9t contribute Fo the spin orbit splitting 8 and only the p states
;can be split by the:s—ointeract;on. The net effect is to reduce A; by

a factor of 1 - y(x). . -

From comparison with the effect of disorder on Ed (eg. 5-19},

¥ is  assumed to have the form .o

2
x{l - x) CFG‘
E A
ov

'b - 3 - - -
where Eov is an average energy separation for the interaction and it i3

1 2 1 '
T 3l .Y ®_+F 5 . (520
ov ov

oV -

te |
o
<

where Eov(x) and on(x) are calculated according to the VCA.
If, as the results of (VV + B) indicate, the VCA model gives an N
approximately linear variation of on and Alv-with %, the intraband

effects-are considered negligible, Ao may be rewritten as

,Ao = (1 - y(x))ﬂov (5-21)

where on is as of (eg. 5-9).

Y

¥When such interband mixing occurs, the spin—orbit splitting



222

decreases in value as (x) (1l - x) in eq. 5-21. There is the additional

effect of inter-valence band interaction which will be demonstrated as

considerably smaller than the inter-band effect.

;n the case of Altx), the inter-valence-conduction band effects
which are inversely pﬁoportional to the energy gap Eq '(eé. 5-20)} are
conéiderably weaker in the A direcﬁion. TEl >> Eo). Therefore intra-
band and‘interfvalénce band effects influence the curving up behavioﬁr

of Al(x)'with alloy composition. The result is to increase the walue

of Al(x) over the Véh value.

The Parmenter type of intraband interaction in the A direction
r

depends on the distributioﬁ of the valence band density of states
relative to the AG and AS 4 bands (fig. 1.7) as well as to the Stréngth
r

of the corresponding matrix elements (5-17,18).However it is predicted

-

for most III-Vrcompounds that the density of states and therefore the
effective masses of these two bands do ngt differ great;y (IR73) at A.
The intraband contribution to the AG bagé and the A5’4 ﬁand are about
the same and thus the intraband effects in this cése will have a very
. small effect on Al(x).

Tt is therefore more likely that the intervalence band inter-
action be the dominant contributor to the Al(x) deviation from Alv(x),
It is logical to aésume tﬁat this interaction will take a form similar
to that of eg. 5~20. The energy separation between the two bands in’

the VCA is Alv(x), therefore the correction term takes the form .

_ 2
sz~ kAx(JE ;—x) ng | (5-22)
X
iv




-where k is a constant taking into account a modification in the strength
of the interband interaction as it is changed from that between a con—

dunction and a valence band at k = 0 to one between two valence bands in

the A direction.

It is found (1V72) that a reasonable fit is obtained by

k C2

on FG .
Alix) = Alv(xJ + A—-—-——%v(x) x(l‘-xl] . {5—-23)

whérg k is found to be v 0.14 for all alloy systems and Alv is as of
eq. 5-9. | |

In the theoretical calculation of Ao and Ai,.eq. 5-21 and 5-23
- are used to test the experimental results. Tﬁe assumptionﬁ in these
calculations (which were justified in the above arguments) ére; 1) the

VCA values for on and Alv.are assumed to vary linearly with alloy com—

position x and are therefore intérpolated linearly between the wvalues for

the constituents; 2) C is assumed constant for one alloy system;

G

3} interbanpd effects are considered to be the main cqntribution to Ebr

r

and intervalence band effects to be the main contribution for Al-
4) Y is calculated (eg.5~20} by using Eov found with s the intrinsic

VCA bowing parameter, and on.

The intervalence interaction given by eg. 5-22 should also be

present at the T point. This interaction, will be reduced approximately
by a factor of 2/3, since the sepafation between the bands at P_is
3/2 times larger than in the A direction. From fig. 5-1, if the Al's

deviation from linearity is mainly due to the 5-22 term, it is seen as
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TAS-.T,.E 5-4 Calculated and observed deviations from linearity for

several 50% - 50% alloys. Estimates of .experi.mental . *

|
P
\l\

l uncertainty are shown in the table.

on - Ao _ Al - Alv . .

_Alloy Cale ©  Expt Calc Expt -

{meV) . (meV) (meV) _ (meV)
InAs-sb . 295 285 + 10 . S8 58 + 5
Ga—IﬁSb 92 - .. 17 13+ 5
Ga-InAs 29 : 37 + 10 38 18 + S
InAs-~P 4 . 20+ 11 32 + 10
GaAs-P - 3 5 + 10 18 - 32 + 10
Ga-Inp ’ 4 0+10 92 70 + 20
Ga-AlAs 1 . 5+10 4 8 +5 “
$i-Ge 1 7% 10 19

O
I
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not too strong, and therefore even weaker at r. ‘Thus in the calculation
for 4 (eg. 5-21) this contribution has been neglected.

Figé. 5-13 to 5-16 show the experimental points and the predicted
curves according to the above theory. In table 5-4 the calculated and

observed deviations from the VCA values for both 8, and A, are tabulated

g .
at x = 0.5. The predicted values are clearly in best agreement for

narrow gap alloy systems; Here interband effegts are expected to be
large and therefore the aégroximaéions discussed above are reasonable.

The approximaﬁion in the above analysis, that of considééing CFG
independent of alloy composition, is particularly visible in thé case of
Ao for (In,Ga)As and In(As,Sh) systems.  An additional.depenaance of C.

on x may correct the deviations observed between theory and experiment.

. - . -Rk
This dependance arises possibly through the screening texm be S (3v70)

which may be modified with composition x. —JFT

5-8 TEE EFFECT OF THE APERIODIC PCTENTIAL ON m* (Tlc) THE BOTTOM OF THE

CONDUCTION BAND EFFECTIVE MASS

Introduction £

The properties of electrons in semiconducdtors aré largely deter—
mined by their effective mass. This quantity has been a key parameter
in the undérstandiqg of compound semiconductoxs and their alloys (1B62,
171, 2wes, 7D71}.

< .
Predictions of the effective mass (1C63, 2M67, 1W6B) for alloys has
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been only of partial reliability since some-assumption about the alloy

2 - : g
dependance of P~ and Ao was necessary (I1Wé8, 1C63}. :{/,/”5*~\\;\\ . '
. From eqg. 1-14 in the Kane model, the expression for various 1 . - .

Gt T

effective masses has been used: the conduction bénd”effective mass

b
fhl

(eq. 1-15): (2M67, 1C63)

2 .

m 2 P 2 1

= 1+5 == = 4
*

ms 3 E2 EO Eo + Ao
the light hole valéncg band mass:

mo- o1t 4 P2 1 .

— = = .

T eh 3 52 5

and the spin-orbit valence band effective mass:

mo o o,.202 [ 2
m - 3 .2 | E
S0 R o o

where Eo is the direct enérgy gap, Ao the spin orbit splitting and P2

is as defined in eg. 1-15.
- ¢ | .
Later, Cardona (1C63) modified the'ﬁxpression {1-15) to take

into account the loss in inversion symmetry in the III-V ccmpounds

: 2 . - 2
{which should increase the value of P ). When it was assumed that P

was a constant (23 eV) for all the III-V compounds the final expression

*
for m (rlc) was

' - 1
2 E, T E (Iv)

S 2 - S - EZ TE° E(IV) (5.24)
m rlc o Eo o o 5o o o -
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where E' is the optical transition between the T and T bands and
o - 15v 15c

Eé(rv) is the equivalent transition for the hemopolar analoeg for the:

IITI-V compound. . ) ‘ . °

Experimental

-

When room temperature values of o the bottom of the conduction
band effective mass, were determified for (Ga,In)As (1D71, 2F72),
InAs Sb
x

1-x (2we8) and for ngInl_be((lAGB),alloy systems, it was assumed)

that a Kane model {1, 2K56} applied in tﬁese cases and values of the
square of the matrix element, Pz,-were-dalculated. It was found that
:’although the values of P2 varied little from one compound to ahother,

the values dgterminéd in this way for the alloys showed a minimum at the

center of the alloy range (2W68). Recently, Fetterman et al. (2F72)

. s . - 2
determined m for a limited range of GaxIn _xAs allovs. Assuming that P

1
varied linearly between the values for the compounds, they showed that the
values calculated from a simple Xane model did not agree with the
experimental values. This is essentially the same conclusien as f£ound

-

above‘for InAsbel_x and GaxInl-be' It is suggested in this- work

-

"that this deviation from a simple Kane model form ;s due to the same

conduction-valence baﬁd mixing which is reguired to eﬁplain Aotx){
Values of mo have been cobtained by four tvpes of experiment:

F&raday rotation, magneto-thermoelectric power, infrared reflectance

and cyclotron resonance. There is no detectable difference among the . '
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values obtained by these different types of experiment (1A69). There-

fore, it is unlikély that any discrepancy between experiment and the

simple Kane model be due to any syvstematic experimental error.

Band Mixing and the Effective Mass at T .

Whén such band mixing occurs, the fraction of valence band states
transferred to the conduction bané equals the fraction of conduction band
states transferred to the valencé band. Hence, the resultant conduction
band effective mass will bé determined to some extent by valence band character-
istics. Let ¥yr Y, and ¥a be the fractions ﬁf heavy hole, licht hole
and split-off valence bénd states mixed into the conduction band. To

- be consistent with eq. (5—20)-it is assumed that

x(1 - x) Cf,- x{1 - x)'C2 : .Y
L= = 6, = FG : (5=-25) o
Yy 5 ¥2 7 Ta; E 6 3 (E_+ 2 e :
ov . ov oV :

The resultant conduction effective mass can be written

1 - 2y: - v.) Yy R 4 b4
i 13 +—L+L+m—3-, (5-26)
mb mco mhh m1h so

where m , s m . m are the values the various effective masses
co mhh 1h &&= s0

would have in the absence of conduction-valence band mixing:
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1 - 1 + 1 1 1
m’ . ’ 3a ) E * m . E + m (B + 4 )
o co mhh ov l1h ov so T ov ov
_ 1 2 + 1
= z E_+L) (5-27)
co ov ov ov ‘

—

In order to. determine mo(x) for any system, the parameters in
L N

eg. 5-27 need to be known. Here, the following assmuptions have been

made. E;:\and on are the VCA values and are cbtained from the Van Vechten
and Bergestresser analysis, i.e. Eov is calculated frem the values of <

given by Van Vechten and Bergestresser and on is assumed linear with x.

-
3
P
3

Similarly, mhh and mso are assumed to vary linearly between the values for

the compounds. Tge light-hole mass mlh has been assumed to have the same

value as Dot which is a good approximation in the Kane model. Finally,

\

m_, is the effective mass for the conduction band in the absence of

conduction-valence band mixing but with all other effects, in particular
the true Eo(k), included. Thus, it has been assumed that LN is given by
the simple Kane type, egq.. (5-24), where P2 is linearly interpolated bet-

ween the values for the compounds and Eo and Ao take the experimentally . <

¢bserved values.

The experimentally observed mo(x) for the three alloy systems

—_

InAsbel_x, GaxInl_x 1L-x

(curve (a)). Also shown in each cése are the feollowing curves: (b} the VCa -

As, (2T71) and.GaxIn Sb (1a69) are shown in Fig. 5-17
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prediction, m obtaineé by using the values Eov and on in eq. (5~24);
(c) thé simple Kane model prediction, Mo obtained by substituting the
measured values of Eo-and &g into eq. (5-24) and assuming P.2 varies | .
linearly; (&) ;his prediction,'mo, obtained f;om eq; (5-26) .

Although the agreement is not perfect, it is seen that the values
obtained by aésuﬁiné.donduction—valende band mixing give the best fit to
the experimental .values. Thus, it may be coﬂcluded that conduction-valence
band mixing is presenﬁ and must be taken into account in calculatigé
effective mass values and otﬁer band parameters. The conducticon band in
allog sémiconductors will not be accurately represented by a Kané tvpe

equation if the VCA 1is assumed.

This latter conclusion raises the queétion of the accuracy of the

experimentally determined values 6f m,e In almost all cases; the experi-
mental obsefvatioﬂs have been made on n—-tvpe ma&erial apd the results then
computed to give a boétom of the band value. This correctién has been
madé #sing a Kanelmodel. However, in the majority of the resﬁlts quoted
here, the doping of the samples was not large, SO th;t the Fermi level was
norma}ly within cne or two kBT (at:rogm temperature) of the band edge and -
hence the correction term was relatively small; Thus, the error in

assuming a simple Kane model is an error in this correction term only

and shouid not be too large a percentage of thgréuotéd final valué.

/ . ’
However, this effect might explain some discrepancy between experimental

and predicted values of m,- -
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. In fig. 5-18 the predicted values (egn. 5~27) for the (GaAs)Shb
alloy system are seen. This system is presently being studied by
Faraday rdtatibn by Wooclley and Devlin. This alloy system has beén
reported to have a misciﬁ%liiy gap over the élloy range 0.38 <x< 0.60
(4872, 1G73). Therefore no predictions for the effective mags are

shown in this range of composition.

5-9 DISCUSSION

It is of interest to consider qualitatively, the effects which

cause the observed changes in the values of Eo' Ao or m . The presence

of aisorder, which breaks the symmetry of the lattice, produces intexr-
actions betweeh various states in the Brillouin zone. The ones of interest.
here can-be considered under ‘two headings: (i) intraband interactions as
discussed by Parmenter (1, 2P55) and (ii) interband ;nteractions as pro-
posed here. Both of these will affect the band enérgieé at the T - point.
Intraband effects iﬁ the conduction gand will push the minimum of that
band to lower erergies and, similarly, in the valence band will incregse
the energy ¢f the maximum; this leads to a reduction of Eo. Accordiné

to simple perturbation theory, conducﬁion band-valence band mixing will
cause the bands to separate, leading to an increase i? Eo. It seems clear
that the intraband effects on Eo are larger since Eo(x) is less than the
VCA prediction (see fig. 5-12). '

In the case of Ao(x}, the problem is more complicated since inter-



m_/m
o

237
1
| | 1 1 i i 3 1 T T
300°K
0.60)_
0.50
0.40_ ‘ _
+
1 1 f 1 1 ] ¥ : " !
0.0 0.20 _ 0.40 0.60 U.=0 1.0 >
Gasb ‘ - ) Gahs -

Figure 5-18. Predicted variation of the conduction-band
effective mass (egn. 5-27) for the Ga (AsSb) alloy
system.



238

-+

actions between valence bands will occur.. Intraband effects will raise
the energy of both the degenerate valence. bands and the split-off ;ralence E
‘band so ‘the effect on A_ may be small. Inter-valence band interaction
vi.l; tend to separate the interacting bands and hencc; would increase Ao
(fig. 5-19). Bowever, this effect, which causes the observed increase
in 51 with disorder {giving the u;_-:ward curvature of t_he 1_31 {x) curve), is

relatively small for A, for the cases of interest here, for which both

1
al and Ao are large. ‘As this effect is inversely proportional to Ithe

splitting and as Ao - 3/l2A1, it s}:ould be still smaller for Ao" The sum

of the intraband effects and intervalence band effects at the T point would h
thes be small and m the analysis of 4  was treated as negligible. Hence, =
the major disorder ef.fecﬁ on Ao is the conduction-valence bax;d inter—
action which results in mixing of 's-like states into the valence band.

As bas been shown p:'ev'iously, the form of the Ao {x) curve can be well

explained on this basis. . .

FPinally, in the case of the varation of m (x), the effects of the
various interactions can again be seen;  the results for InAsbel_x alloys
show these particularly well. As indicated above, the various inter-
actions will canse a re:?uction in Eo a.nd this of itself. Qould produce a
corresponding reduction in m . Thus, the ‘effects of intraband intex-
m .czn, to a good a-pproacimation, be taken inte account by using a
Kane eqnata.on and the expermentally observed values of E_ and Ao to

calculate valoes for - The change in effective mass due to this

effect, i.e. from - to ™ot is in fact, the difference between curve (b}

-
-
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and curve (¢) in fig. 5-17. In addition, however, the conduction~valence

band mixing causesg transfe; of valence band ‘states to the conduction band

thus increasing the effective mass in the band. This increase is the

difference between curve (¢) and the final curve (d) in figq. 5*i7. T It o
is seen that the redﬁctiqn from curve (b) to (¢} is 1érger than tﬁe ;
increase from (c) to (4}, again indica.ting that in.'t-.raba’nd inﬁeractidns

have the largest effect, consistent with the results for Eo'

5-10 CONCLUSION

-

"In tﬁis'ChaQter it has been shown how the results in Chapter 4 can
be stgdied to gain some insight into the more complex-problem of an alioy
_sand_structure and the various inherent alloy proceSses; Many problems
still remain to be understood and it is still not clear how some of the
initial properties of the constituents will affect alloy behaviour.
However, it is believed that the model of band mixihg-présented in
this analysis is more than coincidental in its capacity to explain the
alloy dependance of such band parameters as Eo’ E., Ao’ Al and nb(flc).
Its capacity to predict values for 4 and 4, in the case of the (al,In)sb
alloy system (1P73) as well as values of the effective mass {(fig. 5-18}
test the reliability of the model. Some important considerations have
been made along the developmént of the theory, and in fact this explains
Lwhy a better agreement between predicted and experimental yalues is

obtained in the case of small gap alloy systems.

The next step in the evaluation of alloy data would be pexhaps
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to overcome the approximationé by approaching the alloy problem from a
more quan;umfmechanical‘point of view. If ‘indeed the initial aésum@r
tions in the Kane model are overridden by grosser corrections in the

case of amalloy system, it might be useful to review the theory £rom
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- ' APPENDIX I

Al-l INTRODUCTION

As mentioned iﬁ the éirst seétion of Chapter 4, Appendix 1 is
mainly ccnéerned with the preéentafion of some part%al results on the -
optical’ﬁropertieg of the-(PE,Sn)Te alloy system and the lattice.para-
meter and the phase didgram of the (Pb,Sn)Sé allo?.system.' The reasbns. e

"why these results are presented as an appendix have already beﬁp discus-

i

sed .in Section 4-1.

/ "p ' ;
- -* The Principal interest.in the lead salts like PbTe, PbSe and Phs-

was motivated by their small gap, low resitivities and high mobilities. *
~These factors are characteristic of ideal infrared detectors.
In theisixties, electrical and optical measurements (1D66, 2D63,

B

2068, 47167, 5T67) suggested that (Pb,Sn)Te has a fundamental gap going

O zero somewhere in the alloy coﬁposition rahge. It has bee é;ggested
(1166, 3C64) that there is in this case a cfoss—ovdr of thé cdnduction
and valence bands. ‘In'fact, by the proper choice of cOmposition, IR
detectors of (Pb,Sn)Te can be designed for virtualiy~an§'photéﬁ ﬁbnge in-

. the infrared. | i

The crystal structure of most'fv—VI compounds is f-cic. (fig. Al-1)

as that of‘NaCl, i.é..two interpenetrating f.c.c. latticeétransla;ed bf (43 3)
along the’bod? diagonal. As with the III-V compounds, the like valency
atoms érystallize on one of the f.c.c. sGElattices. The f£irst Brillouin
zoné of the rocksalt structure is a truncated octahedron, as that of the

zinc-blende (Fig. 1-2h). However, the fundamental gap in the lead salts oo

and their alloys occurs at the L point. ' g
. - &
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The crystal structure of a IV-VI compound (eq. Pb(e),

Figure Al-1

Te(o) ).
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.-
This part of the research is involved with the study of the phase dia-

gram of ﬁhe (Pb,Sn)Se alloy system and with some of the optical Droper-

!

ties of the (Pb,Sn)Te alloy system.

Al-2 THE ALLOYING OF IV-VI CQOMPOUNDS AND SOME OF THEIR PROPERTIES, !

- ' ~ -

LY

>

The' earliest.work reported on.lead salts was on PbS (2L51) and it
was mainly concerned with the preparation of the material. Since then,
there .has been a large amount of work dqne on ‘the preparation (1N67, 3wWe7,
4weB) , the calculation of band structure (1L66, 2C67, %C84) and elé;trical
and optical properties of these éompounds (1, 2072, and references therein).’
) Yamamoto (1YS1l) was the first to report about fhe preparation of

solid solution of IV-VI alloy systems. Later, work on (Pb,sn)Te (3W67)

PbSe - SnTe(IN67, IN65) has been reported. A finite range of solubility

.

in tﬁe (Pb,8n)Se system has been foupd by both Krebs (1X61)} and this
worker (5W68). Kreb's work also includes studies on Sn(;é,Se) and
(Sn,Ge) Te alloy systems. V-They are found to’ exhibit miséibility gaps -
at 40% from the compound and +o gaverocksalt crystal structure. The
(Qé,Pb}Te*mixea crystal system has been studied by Wooclley and Nikolic
{3wes) . Théy report a continuo;s range of-solubility'with a change from
rocksalt to rombohedral structure over the alloy combosition; Additional
work on the Ge(Se,Te) (2&67) and Pb(Se,Te)‘(2365} systems has shown :
differing ranges of solid solubilities. ' : N
For reliable experiméntal3inform$ticn, gooa homogeneous material

is netessary. At the time this work was done, few if anv sources of
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pure, medium conductivity, dislocation ffee samples of (Pb,Sn)Te were
availabre. Later Dionne and Woolley (1, 2 D72) 1nvest1gated the
'metallurglcal and some of the transport and optical propexties of (Pb,Sn)Te
alloys. They found, among other things, that non—stoichiometric growth
of this system, with an excess of Te at the SnTe end of the composition
doped the material to excess p-type at ~ 1020 carrier;/cm?. By appio—
friate temperature-anneal timeg they‘could control the Te non-stoichiometry
until acceptable samples could be obtained for optical and electrical work.
The initial requlrement for the preparation of alloys over the
¢composition is reliable infcrmatiop about its phase diagram. While this

was available for the (PBb,Sn)Te alloy system (fig. Al-2), the‘(Pb,Sn)Se_

system had not been fully investigated at the time this work was started.
’ t

Al-3 PEASE STUDIES OF THE (Pb,Sn)Se ALLOYS (5W68).

Introducticn

The interest shown (2063, 4T67) in the lead salt and their alloys

Ve
due to the properties discussed above prampted fur;her’metallurgical
|

investigations of these systems (5W68). _In ordei\Egﬁsarry out the
: p
various materials, preparations such as single crystal{growth fram the

melt etc., it is necessary that the approbriate T-x phase diagram be
. 4 I‘\_/,;
known with reasonable accuracy. Also accurate values of lattice para-

meter are of use in determining the composition of samples taken from

grown crystals and ingoté. In (3W67), accurate lattice parameter data

and the T-x phase diagram for the Pb Sn Te system was presented.

1-x ’ ]
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' Iﬁ the case of the Pbl_xSnxSe alloys, various authors (1k61, 1vs1)
have shown frem X-ray powder photogreph data that single phase solid
'"solutionlih the rock salt type PbsSe Phase is limite@ tohx < 0.4 - OlS,
and ‘have given 1attice Parameter values in thig range. However, until
the results of Strauss (3S70), no T-x phase diagram had been given. The
data given by Strauss were deterﬁineg from differentialffhermel’enalysis
results and from the first-to-freeze coﬁposition values for directionaily
‘frozen samples. Here, data for the curves bounding the roék_salt'tjpe
phese have been Qetermined.by the same X-ray technique as was-used for

the ?bl_xSnx?e alloys.

Meﬁhod and. Results

Samples of three grams weight were weighed out* frem the ccmoonent

»

elenments so as to be as close as possible to the stoichiometric composition
‘ requlred and were sealed ‘under vacuum in small quartz ampoules.  The

ampoules were keot very small so that the loss of selenlum from the allov

as vapour in the anmpoule was practlcally negllglble. Other samp}es were

made in a similar way from appropriate welghts of the compounds, but no
* ‘ -~

noticeable difference was fouﬁd between results for samples prepared.by
the differeee methods. In every case the samples Gere melted by holding
them at 1100%¢ for two or three hours, to give good mixing of the
components, and were then air quenched.

Samples were tben held at teﬁperatures about 20;-‘SO°C ﬁelow the

estimated solidus temperature and annealed until a good equlllbrlum con-

dition was obtalned, as indicated by X-ray powder photographs. Periods

-
S
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of annealirg of approximately 12 hours were used in this case. Thé X-ray
powder photographs were then analysed and the value of the corrected

lattice parameter a, for each sample was obtained from the standard extra-

polation of lattice parameter a against the function 5(c°§ g + cogze)

where § is the Bragg angle (1HE1). The resulting variation of ao with x -

is shown in flg. Al-3 the estimated ?elatlve accuracy of these parameters

being 0. OOlA. C , ‘ . '7 : -
Similar alloy samples were annealed at temperatures corresponéing

to points in the liquid-solid two phase field, annealing timéé of three

hours being found sufficient in this case. At the end of the anneal, thé

sample was rapﬁzly quenched in water, so that the solid pﬁase appropriate

to the annealing temperature T was quenched in. x—ray powder photographs

were then used to £ind the lattice parameter of this solid phase and hence

from the data in fig. Al~3a, the corresponding value of x for the sample-
The point (;, T) then is a point on ﬁ?e sglidus curve.andlthe.;esulting
curve is shown in fig. Al-3b. ‘ -

Various alloy samples with x =‘0.5 and 0.6 were annealed at tem-—
peratures in the range 700 - 860°c, i.e. in the two solid phase field.
In this case, samples were annealed for 24 hours to give equilibrium
'csnditions, The composition of the rock saltltype phase, determined
as above, then gave points on the line limiting the termlnal single phase
fleld and these also are shown in fig. Al-3.

Finally, samples with x varied by incrénents of 0.05 in the range

0.5 to 0.8 were annealed to equilibrium at- 850°¢ and the phase then

‘Present in the samples observed from X-ray powder photographs. .



251

It was found t#at the lines of the rock salt tyﬁe phase Qegé very
faint when x = 0.6S'and.could not be observed for x > 5.65. This gives
an approiimatg estiméte of the limit of solid soluﬁility to be at x 0.70
and certainly x < 0.75. Krepsket al. (lKGl)dégcwed that the corresponding
value at 500°C was x = 0.76 and hence an appro#imate boundary tobfpis
single phase field can be drawn as in fig- Al-3b.
Discussion

_In fig. Al-3a, the lattice parameter values of Krebs et al. are given
in addition to the present data. It is seen that within the limits of
expeiihental exrror the variation of ao-with x is linear, but that the data

of Krebs et al. lie systematically below those given here. . (Present data

a, = (6.126 - 0.123;)1? Krebs et dl.’'a = (_6’.11'7 - 0_12?,3,.~ The size
.of the dis;repancy is such that it could se due to Krebs et al. not using
the extraédlation method for ao_dgscribed above, but no indication is
given of their method.of gnalysis.

The solidus curve given in fig. Al-3 is in fair agreement with the
curve given.by Strauss. - If the directional freeze déffVAé; heating curve
data of Strauss are considered independently, the present cuxve éives'very
good agreement.with the directional freeze data (derived Frcm the liguidus
and shown as poihts in fig. Al-3) as opposed to the heating curve data
(dotted line in fig. Al-3). - |

The present data are in good agreement with a horizontal at 879°C,
although the maximm solubility of SnSe in the rock salt type phase is

given here as x = 0.45 while Strauss obtained a value of x = 0.52.

\ |
f ‘ -
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~

Bowever the retrograde solubility of $nSe in PbSe could lead to some

syste=atic error of this type if the quench rate used in the present work

were not fast enough part:.cularly for observat:.ons at temperatures just

below the 8705 C hor:.zonta.l The solubility l.utu.t of ;he SnSe phase at
850°C has been estimated only approximately. Howéver, if X < 0.75 for

| this 1init as indicated above, it is possible that the diagram.in fig. Al-3

Zas peritectic rather than eutectic form.
Al~4 REVIEW OF THE (Pb,Sn)Te ALLOY SYSTEM

As discussed above, it has been reported by Wooiley and' Wagner

(Z%57) that {Pb Sn)Te is a pseudobinary alloy system having miscibility

over the whole alloy range- CT ‘
 The band structure calculations due to Lin and Kleinwan (1L66) |
2> Conlin et al. (5c64) fox'. the lead salts by the semi-empirical pseudo-
Poteatial calcnlation indicate that the fundamental gap occurs at the L
point, 'I‘l':c and structur; of SnTe is still unknown. When
cozside:'z::g the conduction band minimum and the valence band maximum for
=Te (£fig. Ai—a:), and 3s67, w:.tn SnTe it would seem that from
¢oe commomnd to the c;the: the two gaps meet at some alloy composition ‘
. 22 then separate with an interchange in the symniet.ry of the ¢.b. and
7."::- This type of behaviour bas been observed _in absorption (1D6'6,‘
23!.58. 2DE3, 4T67, 5T67) for this alloy system. Similar effects have

Seen noted in a number of other IV-VT alloy systems (1M73, 3567, see Fig. Al-5).

I

> -‘ i
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Fig. Al-4 Band structure diagram for PbTe (1L66), (subscripts:

e

without s—o splitting, superscript: double group notation,
with s—o splitting). '
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" Al-5 REFLECTANCE STUDIES OF THE (Pb;Sn) Te ALLOYS

. ' 255

The partlcular difficulty in preparing al oys for this system,

as mentioned before, is that there is a consmder le deviation frem StOI-

chiometry in the case of pulled alloy ingots. This is graphically demon-’

strated by.aeviations of the lattice paramefer seen on fig. Al-2. The
deviﬁtion in a function of alloy compositign and it reaches 0.94% at SnTe end
(1pé2, 3M63, 4,5B63). Therefore if the method of preparation.is not
kn;wﬁ, the detexrmination of lattice parameter is no ihdication of the
correﬁi,composition of the alloy.’

The effect of deviation from stoichiometry as found by a ;umber of
’

workers (1, 2D72) is to keep the carrier concentration at P > lo?'ocm-3

as discussed before.

° "

The samples used in this work were prepared at the Bell Howell
Laboratories. The composition of slices of the ingots were obtained by

X-ray powder photegraphs. The quoted compositions were in good agree-

-

ment with these measurements. Some samples were small grain polycrystal-

r

line, but some contained larger grains. The samples were cut and

“** polished by the same procedure as described in Chapter 3. The size of

5
the samples varied from 5 x 10 mm2 to lem'.

bl

Prioxr to reflectance measurements, the samples were etched in a
solution of 25=NaOH:1 = I, by weight in 10 ml of distilled H,0 (1Ne&6) .
After the etch, the sample is washed with distilled water, alcchol and

then acetone. No appreciable improvement in the optical spectra was



256

observed for different etching times. The samples ‘were extremely.brittle,

with a considerable risk to cleave. Being so hard, the surfaces were

probably little contaminated by polishing and grinding. - Tt is expected
- © .
that the effectiveness of the etchant for SnTe-rich samples would decrease

with incréa;ing concentration of Sn. At the time this work was being
completed, no alternative etchant for SnTe had beeﬁ found which would
gﬁarantee undamaged optical surfaces (4K66, 5B63).

Reflectance measureménts on these alloys were made on the equip~
ment described in bhaétgr 3. The meagureme;ts in,tge near IR and the
visible to y.v. were made in two separate runs. Eiqs. Al-6 énd Al-7

-

show the results in the two photon regions for a number of alloy samples.

.The results at the end points for PhTe agd_SnTe are ccméared in Table Al-1
to results obtained by Cardona (2A68, 5C64) and Belle (2B65) .

Four structures are obse¥ved in the reflectance spectra-of_JPb,Sn;fe
alloy sysﬁem. From the assigned .structures in PbTe (5C64) the observed-
_peaks are labelled as E,/E, and E, over the alloy compositidn. An_I
additional structure which/has here been labelled as E' is found at -

energies lower than E E appears generally as the dominant structure .

1" 2
- followed by E3 as a shoulder. The prominence of this shoulder decreases

with SnTe content in the alloy (fig. Al-7).

In fig. Al-8 the behaviour of the measured structures with alloy

composition is shown. It is seen that in the case of these energies

-

M

no clear alloy behaviour can be established. The width of the peaks

and therefore their pooxr resolution*_except‘for the Eereak: is the
main cause of the considerable scatter between experimental points.

o )
' X o

"

\ . . '
<3 : :
.
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,
Table Al-1 Energies in ev
PEAK . REFERENCE IPbTe SnTe
£ _ ~ 5ce4” R . 1.24
: 5ce4  Tr 1.26 0.97
2865 'R 1.22
2A68 Tr 1.2
Present Work 1.22 1.30%
E, 5c64 R 2.45 2.07
' 5C64 Tr 2.2 1.96°
. 2865 R 2.45
2868 Tr 2.25
Present Work 2.22 l.98*
Ey- 5c64 R 3.5 3.2
BC64 Tr 3.36 . 3.0
2B65 R 3.55
2R68 Tr 3.45
Present work . 3.48 3.2
* .Extrapoiatedr
‘\‘ M
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Furthermore, if one considers these peaks asldue ﬁo a cam- |
bination of transitions at slightly aiffering,energieSHat varioﬁs points
in the 8.2. (5C64), no relevant comment céﬂ be made on the alloy behaviour
of a compléx when no valid assumptions’éan be madé on individual structure
.behaviour. '

It would seem then that because of the-poor resolution in féglec- -
tance, electroreflectance mlght be an exoerlmental approach that could
v‘esc’lv‘e these energies. But it was. found for the alloys of (Pb,Sn)Te
J(but no£ for PbTe itself) that w;th carrier concentrations in the order
of lozocm-3 it was difficult tojestablish_an electric fieid on thé sui—
'féce of the samples. A%ready-the penetration.depth'of the photon

radiation is greatly reduced when carriers are in excess, therefore the

pbssibility.of detéctipg AR/R spectra which are reliable is difficult.

In fact, with the electric field modulation'technique only E2 could be

detected to any significant extent. These results are not reproduced

here since they are th'considereé sufficiently reliable or in any sense

more useful in explaining the reflectance results. There has been also
. AN . . . .

an attempt teo obtain -thermoreflectance-measurements. The qualutv of

these results'is';::\kmoroved. For these reasons in part, furthe*

measurements on ‘this alloy system have been 1ntcrrupted untll better

F

nate*zal would _be avazlable. However, lt has been found by Cardona

that several tranSLtlons in the B.Z. can be assigned at energies ¢&lose . .

o

to the observed E2 ahd Eg‘peaks. " The El transition has been assigned to

Qccur in the (110) directionr involving Ml and Mz crifical_points (5C64, ; |
. . . L4 o I
2R68}.  The experimental value of 1.24 eV of Cardona compares well with
. ' ! ’ -

j | -

/ . o

- . .
Lo :
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"the El = 1.20 eV meafured in this work for PbTe. Johnston et al. (1J62)

predlct a value of 1.23 eV for this energy transition.
The Ez transition has been found as the absolute maxlmum in refleec-

tivity. Thls‘malepm-éocording to Brust (3B64) is due to saddle'point

singularities at X and I verygtlose in energy for zinc-blende materials.

It—has been suggested by Cardona (5Ce4) that thrs tran51tron in the case

of the lead salts glVlng E ~may be partly due to transitions in the

(100) directions. '\; : - )
Cardona et al., ‘have seen fine structures on the Ez and E E, peaks

for PhTe lndlcatlng that it is llkely that these Deaks are the c%?ulatlve

o

effect of optical transitions at various B.Z. localities. However,

Johnston s band%structure calculations are not complete enough that much

N j,,\
finer structure in reflectance may be rellablv correlated to band struc-

ture. The E3 transition has been tentatlvely assigned to occur at the
X point. ‘ : -

Ny

. The E' peak, whose resolution is often comparable to that of thé

El throughout the alloy range (fig. Al—e) has not been identified by

' Cardona and workers. The Lin, Kleinman (1L66) band structure caicul-

ations would indicate a transition at the L point of 0.98 eV. This value

compares réasonably with the 1.1l eV value experimentally observed.-

This transition would then be an admixture of ﬂo and Ml_singularities.u

-

&
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A2-1  Introduction . .
A2-2 'Electroreflectance for an MOS configuration
A2-3  Reflectance of a double layer
A2-4 Electroreflectance of a double layer. o ) .- ’

o
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A2-1 INTRODUCTION -

In section.3-8 some of the properties and'aspects of the preparation

of MOS sandwiches has- been dlscussed. Clearly when thln fllms are depo-

sited on an optical suxface, the absolute reflectance of the heterostructure

will undergo a certain c¢hange,

In other words, it lS lmportant to 1nvestlgate how ‘the reflectance
and the electroreflectance spectra are altered ang whether the observed

electroreflectance lineshape changes: This change will he affected by

-~

various parameters, Such at the refractive index and the thickness of

the £ilm layers. . E

~

In practice, it has been already (cf. ch. 4). demonstrated that for

‘layers of Si0 of thickness A/2 (A= 54988 ana Ni-alloy (incorel), 70% trans-

mlttlng films no detectable difference between the EER and the SBER spectra -

-
1
x

is seen for the Ga (as,P) alloy system.

Here it is wished to make a qualitative study of this effect in the

vicinity of the fundamental gap of GaAs. This is done in terms of the
optical parameters of the compound and the thin films within that enérgy

range. This study has not been made on lower gap materials, since

&

important parameters such as Aﬁ_and A€2 are not available.
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A2-2 ELECTROREFLECTANCE FOR AN MOS CONFIGURATION

Eq. (2-31) gives the electroreflectance signal inf‘ terms of

~

a(s]_,sz) and 8(51’52),2’5

ale) ,e,) bey + Bley ey B¢, b (a2-1)

ol

Im

1l 2R
and (e ,e.) = %

. ) . )}
where it can be shown that 3(8_1'22) R ael 1785

Q)

€2

Seraphin (2C69) has shown how in the vicinity of the Lundamental gap

!

“a>>5  for most III-V semiconductors. _However, AR/R will undergo serlous

changes when metal electrodes (Shockley barr:.ers) and oxide layers (M0S)_

cover the optical surface under study (1G73). 'In the past, as recently
as (1a73) these effects have been ignored. 7' .

Clearly, the total reflectance R is changed, @ and 8 will change

w, o

and they will be a function of the \&n'@e optical constants (El '€, ) and

thickness the' metal optical constants (€ ) and th:Lck.ness, as well
P

lm2m

157 225). The effect of these

will also depend on the thickness of the oxide, (do) and that of ‘the metal

_ as the optical constant of the semiconductor (€

.

layers (dm). Therefore eqg. (A2-1) becomes:

+ € 25’ S207Com’ Yor 9 2814

lo + &

R = " '1s’ Im
(a2-2)

+ Ble, , € dd}Ae \
1s

10" €1m’%2s'%20 'ezm'
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w=en ;: is assumed that the application of an electric fiéld does not

izwolve. charges in the optical constants of the oxide or the metal

electrode nor in the geometric thickhesses of eitﬁer. fi.e., Ael - Aeé =
o o

e, = 582: =Ado =Adm = 0). This can'be easily be verified for the
“cz=ical coastants by.?reparing a metal-oxide~metal Sandwiéh.and perfofﬁing
2= eleciroreflectance run bégaéen the metal electrodes. Né observable

» c¥aoze In g'ther the transﬁitted or the reflected intensities and the
LR/R gicnal haslbeen seen, indicating alse that no detectable-cﬁange in

~ the thickness of the thin film layers occurs.

iIn the past, the fact that 8<<g has been a neat guiéeline that

tie elditroreflectance spectra AR/R'is characteristic of the AEl term
s, T
iz ez, 22-1 3
égf = a(sls,ezé) Aels i (a2-3)
do:d =0 : ’

- 5 &
Do 4D

» @5 is the case in MOS devices,. B can be comparable to a or even

z s 4R/R will undergo sexious lineshape changes%whereby easily shifting

g

-

toe apparent peaks to different energies. If the peaks are taken as the

cctizal emergy transitions, serious errors may be made if no careful

4

consideraticn is taken of the above mentioned changes. Such changgs must

thickoesses and their refractive indices over the photon energy range.

i
U\\\

Ze Imrestigated before deéiding on the appropriate configurations of layer
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-
A2-3 REFLECTAXCE OF A DOUBLE LAYER: TWO ABSORBING IAYERS ON AN
h N w
ABSORBING' SUBSTRATE .
In (1H65) the reflected lntens:Lty due to a double layer on-an
_absorb:.ng substrate is g:.ven as \
2 2
t13 UlB
R = > > {(A2-4)
P PP - s5_,Us

:132+hP+glq2 | -

=t P.-h

2" 91727 1%

= qz* Bt 90,

:_P2+ gltz- hle

el sin Y, f

i |
e : cos"rz

- e ©1 (g2 cosY

.
2_. hs:.n'fl)

1 2
-0

-~

. - 1 in Y.
_;;U - e (h cosYl -9, sin Yl)

P::":e2 (cosY)._

3 =

q, = e 2(sin‘f_2)

-.s,L
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The appllcatlon of thin films on the surface of a semiconductor w;ll

alter the reflectance of that surface.

Volume 3 of Willardson and Beer:" Optical Properties of Semicon- ‘
ductors and Semimetalifcontains measured optical constants for some
of the III-V compounds. Values of n, k end R are available over the
energy rangefclose to the fundamental gap.

These values are”cbtaiced by a number of different technlques which
are discussed in the text {3W67) . The informetion supplied by Sturge
(1562) and Marple (3M64) are fothd also in table A2-1. With these,
the cctlcal constants for ‘the oxide and the metallic film are also glven.
These are tEEf used in equations A2~ . The reflectance of an MOS laver

* . -
is then reproduced by increasing the oxide thickness and the metal

" thickness from zero to those desired values which are characteristic of
. : \
the sample mountings (eq. dm” 1208, do‘ A/2). -The optical constdnts for

Y

the Si0 layer are obtaihed from tables given in {Afi_g. 3-13, 14) and the
optical constants of the metallic 'film are those of Ni (1A57) since no \\\\\\_.
Ni-alloy values are available. This is justifiable as it is wished here
only to democstrate the effect that these layers have on the electro-
reflectance lineshape, and no actual comparisoﬁ to experiment isidcqe.
FiG--A%fl shows how the reflectance of GaAs.in the l.2 to- 1.6 eV energy
range is affected by the deposition of a A/4 tﬁlck 510 layer, {compare
2) to b)) and then a layer of Ni film (- 120n thick, c)) The behaviour

3 .

of R as a function of energy is completely changea‘from mopothically

increasing to one with aamaximuﬁ over this energy range. The : 10 layer"
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.decreases the reflect1v1ty~of the sample but the Nl fllm lncreases lt

_as WE¢1 as reduces the actuae change in reflectance, whereby. . masking

T the structures due to the sem;conductor alone.: . . T o |
~ - ; ‘

\\

In f;gs. (A2-2a,b) reflectance as a function of d an% a is shown

at the 1.437 e energy poznt which is taken as the gap of Gaas. The

-

reflectance decreases at odd A/4 oxide thlcknesses and suffers a

maxlmum
~_T__H; ___at euEBNA/4 oxlde thlcknesses. For reasons shown ln the next section as
‘% . well as because R is the highest value at A/2 with a reasonable-oxide.. .. _ HT"
y ‘ _

tnlckness, this thickness was used to cbtain experimental information.

o

Because 1n the v1c1n1ty of the gap for’ any semlconductor nS “and. k will

have similar behaviour and for SiO gee variation of n, and k ¢ fE; 3-13

’
A

over the energy range fram v 0. 7u t Bu ), k 15 very small and -

»

2. <n < 1.7, the systematic behaviour for R for any sem;conductor wxll be

\k'\\tE‘““close to that at the gap of GaAs. Therefore the-investigation of the\\\
) g ’
behaviour of R fos\GaAs will not be too dlfferent than that for other =

~
compounds hav;ng lower fundamentaiagaps. ~ ‘ . .. L

In Fig. A2-3 and A2-4 the depéndence oE“R‘at\Eg for GaAs in an
- —\\

+ - o
k4

\“-.
M-5 and in an Mos conf;guratlon are shoym respectlvely. “The Benav1our

- \\\\\\\H
. _of R (@ - o, = Y.437) in a M-S configuration resembles that of R T
e o . \\\\\\\\
(d;\= A/2, E = 1. 437) ln an MOS conflguratlon they both increase w1th =
increasing 4 . ‘The actual values of R are lower at d A/2 than at
m ..
a, = o. : ~_.
' ! \E\\\ g
e - .
A .\'\'\. ¥ .
F . A '23 - §§'
. # .\'\
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Figure 52;2a}k .Showing how R changes a function of do and dm at

A4 A/2  3N/4 A SXA 32 A

17437 eV for Gaas.
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Figure A2-25b) Showing how R changes a function of do and dn at
1.437 eV for Gaas. '
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Figure A2-4. Showing the reflectance dependence of an MOS configu-
ration on .the electrode thickness for a GaiAs sample
at the fundamental cap.
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The question now is that if R is changed by the d'epss_ition‘ of

oxide and metal layers how will the electroreflectance spectrum be

affected.

A
A2-4. 'ELECTROREFLECTANCE OF A DOUBLE LAYER e

- i

- The change in reflectance due‘to a modulating effect can be written

as
s .
. 9R IR / T
~ AR =) (= de . o+ = de, .} /
¢ e, Y 5y, | 2i /,
7
where the summation over i . takes into account the contribution

of g{e ith layer to both the AR s%gnal and R as a function of the

E. ., and E

1i 2i° : T

Therefore eg. A2-2 can be rewritten as

= % EEIS s T Fe F10” e, _delm) o
&
w%zich redt.;;:es‘ to. | | | ﬁ\/ >
E,x‘. -A_g = ; g_%s _dals :‘ %3%2-5 dE:Zs. ’ ; ‘
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+ v

when it is assumed that there. is no chaﬁ@e in the optical constiRrs o

s

either the ckxde or the electrode when an electrlc field is apoi;ed

.

LAs m tloned before this fact has been experxﬁéntallv verified over

. -
tHé/photon energles of intgrest. |

.
-

~The| next step is to differentiate eq. A2-4 to obtain g%— aﬁd
, ] ,

: . ' - 1s
dR . . : :
3525 where\R is a function o€ (Els’EZS' Elo'EZO' Elm'EZm' dm, do) or

. \ .
of (n ,k . o'ko’ n ,k R d ,d }. The differentiation of R w.r.t. each

optlcal constant and in particular the optlca constants of the semi-

and Ae_ are obtained
1s RS

from the work of (1P72, fig. 2-8} where the EER‘épect:um of GaAs has

conductor is only lenghtly but not dlfflcult.

been studied exﬁensively. The AR/R spectrum calculated with do_t d =0

m
should reproduce these results. (Compare fig. 2-8 and A2-5a). -In
flg. A2-5, the AR/R spectrum is showed fqr cases of d = 0 and the effect

of an lncreaSLng oxlde layer thickness. 1In flg. A2-6 a‘similar set of

AR/R spectra is seen with the 120A thick electrode. Considerable changes-

in the electroreflectance lime shape are seen for the varieus oxide
. " IS . - . .
thicknesses. If the threshold is taken to be the peak 'in the structure,(a

seriols error in the determination of the fundamenta; gap can be made.
Table A2-2 lists for a numbér of oxide and film thicknesses the peékg

energies. '1.437 eV is taken as the norms

theeshold for GaAs. It will

u .
can be made in the determination of these energies.

re 1eas£>érrors

be shown that at oxide thicknesses of A/2 and

1
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_Figure A2-5. Showing electroreflectance line shape change dEE’;gza’SiO
, deposited film in the ¥icinity of tﬁf/ffﬁé»gap. _
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Figure A2-6. Showing the lineshape change in eléctroreflectance for Gaas

in the E_region as a function of oxide (Si0) thickness with
a 1508 %hick Ni electrode..
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4
\\

. TABLE A2-2: In part (A) the energy values pf'the Peaks is shown as aufunctiQn

- ,0fd and d . In part (B) the width at half the height of the
" peak is shown as a function of & -and 4 . . !

) o] m
@
1
& /a0 | \/4 M2 mva
: .
"0 -1.437 1.463  1.431 1451 1.4d0
25 o o 1.455 ~1.433 1.455 1.447
" 50 I © 1.455 “1.434 7 LA L
| .75 - . 1.457 WER 1.454 ©  1.447
100 | ©1.459 1.434 1.453  1.448
125 | | 1.461 1.433 1 .dsa 1.447
) ) .
,
F
0 7: A/4 A/2 /4 o
/ o a28 © T 134 595 .384  1.06
25 | " .303 1.157 - .80 . 2.32
. | .
() 50 - ' .543 : 1.503 1.1 3.1 : ]
75 . ' 825 ) 2.17 L 1
100 13 L 2.9 1.76 7 4.7
. 125 o 1.47 © 3.648. " 2.10 7.72 :
: 1
// |

tH
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?his is due tg the dependence of a and B on the o%tical constarnts
"and.therthicknesses of the oxide and electrode Igyers. Fig. A2-7 shows

the ¢, B dependence on dm for an M-S configurétion (d; - o) at 1.437 ev;'_a‘

. . ' P
Fig. A2-8 shows this same dependence at_do = A/2. The gqualitative dependence

,of a is similar although the values of a are reduced. B's dependence is
N o

very different in these two cases: in the M-S configuration £ undergoes.
- a maximum at dlix ~ 30%. The magnitude of B8 is also drastically reduced.
( - In fig. A2-9, always at the.ga§ of GaAs,the behaviour of a and B8 are

seeﬁ for dm n1208 as a function of oxide thickness. The dependence of «a

4 and B8 at the gap (and simi}arly over the eneréy range of interest) are seen
;g to be similar but with some interesting features. As pointed out in (2G673)

the oscillating behaviour is out of phase in.such a way that it is possible

to choose oxide thicknesses where either a>>8 (eg. d_ = 3/2) or -a<<f

(do = A/10, A/4, 31/5) ., Clearly the:eEOﬁ%é)by'ghe'propér choice of oxide
- e : ’ . T\ .

tﬁickness it is possible to get a &R/R spectrum characteristic of the

! s . .
Ael(c>8 ) ér the Aﬁz(a<<8) spectrum. Therwoikiﬁé conditions (dom A/2} during .
these éxperiments is such that.over most of the energy rénée studied, littie.;r
if any Qifference inflige shapé should be p;ésent‘betweeh ﬁbs and‘EER_ '

L.

—- ~

measurements. - \f -

In fac{ this is the relevaﬁthoint in this éppendix. As argued befjiaf

the changes &g n , k_n_k ovér_ﬁhé/;hoton transition energies studied in
. of "o m ' m ) . | - |
this work by SBER do not change to the extent that the éﬁgﬂrtatmveijqclu51ons

A L

-

N
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"‘:j

obtained at 1.437 eV should differ at other energies.

In fig. A2-10 a s;mllar study at the Sap of GaAs\\§ the variation

‘of e, B with the optical constants of the oxlde is seen. It ¢an be

. .
shown that for some choice of refractive index o<<B (58% of n )} or - !
. o

u>?B (100% no). Iﬁ_may also 'be noted that the large negative value of o ) A
; at 40% orﬁless of n results in a change in the direction
of the peaks in SBER. ‘

Conclﬁsioﬁ = as a result the choice of appropriate oxide parametérs
can be used as a device to op;gigVQBZR,signals:which are predeminantly

Aels or Aézs in character. The coefficients (a, B respectively) can be

calculated and the actual values of Aels and AEZS can be found.

Throughout the experiments the oxide thickness (for SiO) of A/2 - i

is the one which can give most reliable optical transition measurements

-

by the SBER technique.

When MOS devices are used it is therefore important to know the

&

thickness of the oxide layers, an information which is more difficult
to obtain with accuracy for Al,0; oxide growth technique described in .
this wérk. ' e S .

As one last poxnt this exercise demonstrates the lmportance of
sample et.ch.xng ‘even for reflectance or EERﬁu.rements. Different material !

oxidizes at different rates and to different depths - if any correlation

between results on materials is to be done, all surfaces must be atomically

iclean. , ' ' ‘ ) . o (

<
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