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ABRSTRACT

Apparatus to measure the reflectance of small

semiconducting specimens. at room and liquid nitrogen

temperatures was designed and constructed. lieasurements

were made on the GaAs - GaP alloy system between 2 and
6eV, and some new interband transitions observed and
identified. Apparatus to measure electroreflectance
at room temperature was constructed, and measurements
made on the Gaas - GaP alloys. The results enabled
further conclusions on the optical properties and
band structure of GaAs, GaP and their alloys, to be
made. Alloys of the InAs - GaAs system of a high
quality were grown using a new technique, and electro-
reflectance measurements on these materials furthered
the reflectance work of Woolley and 3Blazey (W 30).
Some semi-empirical work was done on the effective
masses and fundamental energy gaps of the III - V
alloy systems, which enabled some general conclusions

to be drawn.



STATEMENT of ORIGINALITY

So far as the author is aware, the following parts
of the present work are original:-
1. The Reflectance measurenents on GaAsl - xPx at room
temperature between 2 and 6eV.
2. The Electroreflectance measurerments on an alloy system
i.e. GaAs, _ P, between 1 and 6eV.
3. The Electroreflectance measurements on Inl - xanAs
between 2 and 6eV. .
4. The Calculation of Electron Effective Masses in alloys
between the III - V compounds by an approach other than a
simple linear interpoclation.
5. The development of a General Empirical Formula giving the
magnitude of the departure fromr linearity of E° for the
III - V alloys, based on curve-fitting previously obtained
results to a second-order equation.

Other work on the roon-tenperature reflectance
(2 to 6eV) of GaAs; _ P was done concurrently but indepen-
dently of the above study (S 30, W 43).

Professor Cardona collaborated on some of the con-
clusions based on the GaAs, _ ,P, electroreflectance

x x
work (T 12).
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SECTION I
INTRODUCTION

1.1 HISTORICAL INTRODUCTION

The first observation of a property of a
semiconductor was made by Faraday (F 17) in 1833, when
he noticed that the temperature coefficient of resistance
of silver sulphide was negative. The photcconductivity
effect was observed by Smith (S 50) in selenium in 1873,
and rectification was obtained in lead sulphide and iron
pPyrites by Braun (B 39) a year later. The discovery of
the Hall effect in 1879 (H 40) started a gradual under-

- standing of the conduction processes in solids that
culminated in the work of Bloch, Brillouin and /ilson.
Modern theories are still largely founded upon the work
of these three.

Academic interest grew slowly, but the need for
high-frequency rectifiers in ‘Jorld Jar II greatly
accelerated the quest for pure materials. This work
resulted in the discovery of transistor action in 1949
(B 40), which was followed by intensive research into
obtaining very pure materials and finding their properties.

\lelker started research in 1952 on the III - V

compounds (I 54) after correctly reasoning that their



properties should closely follow those of the corres-
ponding group IV mesterial. Certain members of this
femily of compounds have since become almost as importeant

technologically as germanium and silicon.
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1.2 BAND THEORY OF SOLIDS.
The first electron theory of solids, the Drude~

Lorentz theory, qualitatively explained some of the
properties of metals, with notable exceptions such as
specific heats. It could not explain the differences
between the various classes of solids (see e.g. K 25, S 51).
The application of wave mechanics, by Sommerfeld in 1928,
to an electron moving in a field -~ free space bounded by
the surfaces of the solid, predicted a quasi~continﬁous
range of energy levels (S 52). Whilst this theory was
capable of explaining many properties of metals, it still
gave no clues as to why crystalline solids should fall
into the different categories of conductors and insulators.
Bloch modified the problem by pointing out that
the electron moves in a periodic potential field, rather
than a field - free space (B 41). 1In this way he showed
that the quasi-continuous energy spectrum is broken up
into regions of allowed and forbidden energy levels,
whatever the form of the periodic potential. The
existence of such forbidden bands then allowed the
differences between metals, insulators and semicon-
ductors to become apparent. This work was augnmented by

that of Brillouin (B 42) and Wilson (W 55, W 56).
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The development of the theory from the foundations laid by
these three workers is thoroughly dealt with in the stan-
dard texts (e.g. J 4, K 25, 5 51) and will not be expoun-
ded here.
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1.3 BAND 3TRUCTURE REPRESENTATIONS

o ol - O e wm—— - - e

The valence electrohs in a crystal lattice are
effectively free to move around, aond their motion can be
described bty plane waves, having wave vectors-ki (where
> 1 specifies the direction). The energy band structﬁre of
the crystal is then the way in which the electrcn energy
Z depends upon the ki.

There are two mein ways of representing this hand
structure on paper. The first is to plot surfaces of
constant energy, the paper being a certain plane in k
space intersecting these surfaces. Typicel examples are
shewn in the standzrd texts, eg S 51, pp 33 and 35 The
second way is to plot energy versus k choosing certain
directicns of k. It is found experimentally that most
cf the interesting bend extremz in adamantine crystels
occur either =t the centre of the Brillouin zone i.e. 000,
or in the (111) and ¢100) directions Thus E is plotted
against & in these twc directicns from k = 000, out to
the first Brillouin zone bcundsries at ¥ = %ﬂ (2, %, )
and k = &1 (1, 0, 0), see Fig. 1.

The second representetiocn is usuelly utilised
when genersl band thecory is being considered, and will

be used extensively in this thesis. The manner in which
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band structures and E - k diagrams are obtained

theoretically will now be reviewed.



1.5 BAND CALCULATIONS

If the crystal reriodic —~otential is l'nown. the
band structure mey be fcund but the inaccuracy in
estimatines such a rotential =lus the rractical necessity
of a~proximations Ias ~revented accurate band calculaticns

The first ste~ is tc find the crystal structure
cf the lattice of the materiels under ccnsideration
Using zrour thecry it is fcund that the symmetry cives
rise to & qualitative ricture of the band structure,.
notably the degeneracy of the vazricus levels This
methed is usually incanable of determinin~ the relative
rositions cf the levels etc. ithen spin is taken intec
account, certain degeneracies will be lifted, and
symmetry calculations will say where but not by how much.

Having obtained a general picture. the next ster
is to calculate the form of the bands This enteils
certain assumpticns and approximations The first
épproximation is that of reducing the prcblem tc a
‘one - electren® case makine an allowance for the effect
cf all the other electrons. 4 —suiteble- rericdic
rotential is then calculated frcem 2 l'nowled~e of the
lettice constant, atomic ener~y levels etc A set of

one - electron wave equaticns for the mcre imrortent
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directions in the lattice is then set up, and the self-
consistent solution of these equations will give the
required energy bend structure. Sjith the growtb of
high-speed computers, these calculations have becone
quite refined, and give o gcod genersl picture of the
band structure of the group 1V elements, but fail to
give detail such 2s relative energy level seperations,
and are not nearly so.good for more complex crystal
structures than diamond (see e.g. C 43).

The need for good band structures of sll materiels,
particulerly the III - V compounds, has given rise to
several different methods besed on the one described in
the preceding peregraph, but using a semi-empirical
apprcach. This worl: was developed quantitatively by
Kane (K 26, X 27) after suggestions by Dresselhaus (D 15)
end Herman (H 42, E 43).

The Schroedinger equstion for zn electron is =

periodic potentiel V(r) is

+ V o+ —— (gred V v pleoiv = T {i}
l..m?' C 2 Kk

—
I

N
o]

where p is a momentum cperstor.

o is a spin operator.



Using Bloch functions
wo= u (p)elk-Z
The equation for the lattice periodic function u, (r)

folloys:

T T — n? 1
where
p? -
Hy = 55 + V(r), hamiltonian of the unperturbed
problen.
Hl = %-5.2, spin-independant perturbection for q.
snall k '
I, = —A—— (grad V v p).g |
2 7 pmRe? = |
\. spin-dependent
» i perturbation
I3 = —% 5 (grad V v k).o |
Lm~Te” e
_ ' 222
and kv T T TZm

By expanding the wave functions of the perturbed problem
in terus of the wave functions of the unperturbed problen,
and using first order perturbsticn theory, a set of linear
eqcuations is obteained for the expsnsion coefficients whose
seculer determinant must venish. Solving this equation
gives energies to the first order, and higher orders can

be calculated. The full development of this theory is
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outside the scope of this work, but useful references
are Callaway (C 42, C 43), Cardona (C 13) and Kane

(B 4, K 27, M 22). The basic result is that by using
some experimental energy gaps, other gaps and quantities
such as effective masses may be predicted. |

This method has developed into three other lines
of approach. Cardona and Pollak (C 33, C 35, P 53) exten-
ded the k.p analysis to a full zone method, which gives
a complete band structure rather than merely the levels
at the zone centre and edges. Brust (B 12) and Cohen
and Bergstresser (C 37) have developed the empirical
pseudo~potential method, in which the coefficients of the
potential are adjusted so the solution gives agreement
with experiment for one or rore well-known gaps. They
claim a high resolution for the group IV elements.

The problem of fitting an experimental band struc-
ture over a wide (up to 20eV) energy range to an empirical
model is a very difficult one, however, and some
sacrifices in local accuracy usually have to be made in
order to obtain a good overall fit. FHerman (H 38&) claims
to have overcome some of these difficulties. He starts
with a first-principles method, namely a non-relativistic
self-consistent calculation carried out very carefully,

and modifies it to take care of relativistic and spin-

b



-1l -

orbit effects etc He then adjusts some of the
coefficients using well-established experimentsl values
to bring the entire scheme into good zgreement with the
experiniental energy level scheme. The adjustment
required is smzll compsred to thet needed by Cohen and
Bergstresser, end yet the scheme is not so empirical as
the full zone k.p zn=lysis. This calculation also yields
other paresmeters such as deformation potentials, pressure
dependences etc., which are capeble of being tested
experimentally, so future developments in the above

field are ezgerly zwaited.



1.5 BAND STRUCTURE OF Ge, Si, and III - V COMPOUNDS.

- - - - - — ks - - - -~

In this section, the band structure of some typical
Greup IV and Group III - V semiconductcers will be
discussed. Since this is of 2 review nature, detailed
accounts will not be given, but will be referred tc.

1.5 (2) Germenium and Siliccn

Both of these Grecup IVB elements crystallise
with the dismond structure. :s can be seen from Fig 1
the bend structures of Ge and Si are qualitatively
similar, the mein differences concerning the reletive
levels of the minima of the lowest ccnduction band. In
Ge these are lccated on the eight (11l) axes at the
zcne edges, but in 3i they are located on the six (100)
axes at k = O.&S.%P(IOO), that is, just inside the (100)
edge. Optical absorption measurements (F 1&€) and
megnetoresistance data (G 20) supported this thecreticzl
prediction made by Hermen (H 41). The values of the
varicus energy gaps are listed in Tzble 1.

The velence bzsnd is triply degenerate zt the
Brillouin zone centre, where it is z2lso at maximum
energy. Beczuse of the spin-orbit interaction however,
one of these is split off fror the other twc by 2 sm=ll

enerzy  Ag (see Table 1; N.B. - Fig. 1 shows the band

structure calculated without spin-orbit interaction
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effects being taken into account, and therefore does
not show Ao). This split-off band is found to have
spherical constant-energy surfaces, whilst the two
degenerate branches have #warped“ surfaces. It is usually
possible, for the purpose of theoretical calculations, to
replace these “warped surfaces by pairs of spherical
constant-energy surfaces having different effective masses
mvl* and mvz* -~ hence the expressions -light and “heavy#
holes (D 15).

For energies not far removed from the conduction

band edge, both Ge and Si have prolate spheroidal constant-

energy surfaces, leading to two effective masses o,
L

and mq”*. The conduction band minimum at k = 000 has
spherical constant energy surfaces in Ge, but Si probably
does not have a minimum at this point (Tl5) (C 33). Values
of the various effective masses are given in S 51, pp. 347

and 350

1.5 (b) InSb and Ce=As

These have been chosen for examples since they have -
both been widely investigated, and also illustrate the
type of differences that can occur in the Groups IIIB=~
VB family of compounds. Most of this family crystallise

with the zinc-blende structure, & sub-group of the
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TABLE 1. Energy Gaps in Ge and Si

. Energy Gap Germanium ; Silicon !
|  4.2% 290°k . 4.2°%6 290K
| e |
! E, (opt). | 0.741 0.665 0 1.156 1.114 |
= T, 5'~lowest' (M 25) (i1 25) | (i 26) (11 26) |
‘ minimum e ; |
o ; . |
| E, (direct) | 0.89¢ 0.806 § L .05 {
| = - : - !
=Tys' =Tt 1 (Z5) (z 5) 5 (C 49) |
i |
&, é 0.29 | 0.044 ;

| z . (C 13) ; (C 13)

Tablegkg

The values of the fundamental optical energy gap,
(Eg), the lowest direct energy gap, (EO), and the spin-
orbit splitting at I', for Ge.and Si. All energies are

in eV.
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diamond structure with lower symmetry.

If spin is not considered, the only difference
between dierond and zinc-blende band structures in 2
qualitative sense will be the splitting of the degenerate
X, point (N.B. This notation is the group theoreticel one,
see Figs. 1 end 2 ). The detailed structure of the valence
band of zinc-blende meterials with and without spin
effects being teken into account is shown in Fig. 2.

The first disgrem should be compered to Fig. 1 in order
tc see the differences in group-theoreticzl notation
between diezmond end zinc-blende lattices. As can be
seen from Fig. 2, the structure incorporesting spin-orbit
effects is nmuch more complex than the structure without,
anc, partly for this reason, it is customary to use the
non-spin noteticn, and mention the splitting if it is

important (e gz. the KS doublet, rather than the Xé
v
and I7 levels). The mein point is that the top of the

valence band no longer iies st the exact centre of the
zone, or T point, but is located a smell distance along
the (111) direction, or g (essuming Ty is the highest
sub-band). The split-off valence bend and the ccnduction
bend still have extreme at ™

Both Gz!s =znd In3b heve direct fundezmental energy

zeps, since the lowrest concuction bsnd minimum occui's,



. _2w ‘
k=-§(|,u,l) k=0 k=2-(1,0,0)

iz 2 The Valence Rang Schemes of Zine¢-Blende Materials from
.—*.——-.

Symmetry Considerations (a) without and
effects ( M22 )

(b) with spin
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es in most III - V compounds, at 3o~ Otherwise they
appear qualitetively similar to Ge znd Si, with the
symmetry exceptions noted esrlier. However, InSb has =
very smell fundenentel gap, and this leads to a departure
from parsbolicity in the conduction bend, beczause of the
influence of nearby bends (see Fig 3). The electron
effective mass therefore varies zccerding to the degree
tc which the band is filled, snd the different definitions
of effective mass (see Section VI) gzive different values
(e.g.}M 22, p. 34). 1lso, the value of the opticel energy
§=P varies =zs ¢ function of the impurity concentration
O the specimen This effect is named a2fter Burstein
(B 43) who explazined its cusntitative form in terms of the
non-persbolicity of the conduction bend and a2 low density
of states, the latter causing the bend to £ill rapidly
Ga's has a much larger energy gap than InSb, and
hes & practicelly perabelic conduction band. It was one
of the first of the III - V compounds to receive
thecretical attention, when Hermen suggested it was
qualitatively similar tc Ge, znd derived a theoretical
energy band scheme (H 43). Opticel reflectivity results
(B 44} and megnetc-resistance measurements (G 19) proved

that, uniike Ge, the lowest conduction bsnd minimum was



...19.."'

Me =0.015 Mo

:[-_---,-lo----ev----

!

Mm*=0.25Mo

Vs

EIHJ [“"]'

FIG 3 The Band Structure for InSb sround T.
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at k = 000. The energy band scheme derived by the full
zone k.p method (P 53) is shown in Fig. 4.

The fundamental energy gaps, relative levels of
the conduction band minima and other physical properties
of the more common III - V compounds, where known, are
shewn in Table 2, together with references as to their
source. Some review articles on band theory, the methods
of calculating band structures, and other useful
references are listed below:

Callaway (C 42)
Herman (H 9, H 27)
Long (L 1)
Nussbaum (N 1)
Pincherle(P 13)
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SACTION IT
ALLOY_ ST CONDUCTORS

2 1 INTRODUCTION.

The term “a2lloy semiccnducter: is generally taken
to mean an elloy fermed between twc or more semi-
conducting elerents cr compounds, and which is itself
a semiccnductor. In this thesis the alloy systems
censidered are pseude-binary Group III - V systems i e.,
tiwro III - V compounds are combined and have either the
Grecup III or Group V element in conmon.

‘ncther feature of these systens is that the
alloy produced must form solid solutions so that only
cne phase is present If this condition is not satisfied,
the interpretation of the physical properties observed
is usually extremely cifficult and misleading. s will
be seen later, satisfying this single~phase conditicn
fer all compositions leads tc most of the problems of
producing alloys between the III - V compcunds. This
statement is generally true for most alloy semi-
conducting systens.

ilso, the great majcrity of alloy semiconductors
are disordered, so that the mixed atoms lie randomly on
the sites available. This lack of ordering has an

important effect on the thecry of these materials as
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will be seen in the next few psges. If ordering dces
take place, the result is usually called a compound e.g.
CdInZSeh, which forms in the CdSe-In28e3 alloy systen,
at the 0.5 mole fraction composition (see 7 53).

‘
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2.2 THE VIRTUAL CRYSTAL MODEL

The calculaticns of the band structure of alloys
is extremely cdifficult, as indicated in Section 1l.4.
Very few such calculations have been made, and these
will be dealt with later. However, there is a very
useful general theory available, known as the virtual
crystal model.

This concept was introduced by Nordheim (N §),
anc¢ extended by Hiuto (M 23) end Parmenter (P 47, P L&,
P L9),-the latter applying it specifically to semi-
conductors. The basic postulate of this theory is that
the potential function through which an electron moves can
be considered as two parts;

(r) = Vp(r) + v, (r) (iii)

i.e. Va1loy 5

“n & =

there V_ = a periodic part, representing the “ideals

p

crystal, chosen to give the average alloy
potential over all possible random arrangements
of atoms on the lattice

anc V = 2 non-periodic part, representing the sffescts of
disorder, chosen to give the deviation of
Valloy(r) from the average.

Both lordheim and Muto applied first order perturbation

theory to the problem by considering Vnp as a perturbing
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potential end V. as the unperturbed case. IMuto casme tc

P
the conclusion thet the disorder prcduced no chenges in
the energy levels to first order.

Parmenter extendecd this thecry, znd his results
shcir that while higher order perturbstion thecry zffects
the centre of zn unperturbed bend very little, larger
effects take place at the bznd edges The net effect

is thet the edges of the allowed bends are -smeared-

intc the forbidden bands, but only to =z finite extent;

i

the concept of sllowed =znd forbidden bands is therefore

S

still applicable Hence it is still reeasonable to
zssizn a wsve vector and 2n energy bend structure o

sn slloy, provided the effects of disorder are not lavgs
enouzh te invelidate the use of the perturbation itreet-

rent. This is usually the case oif course, since 2

o

large disorder +rould result in z high fres snergy,
which would effectively prevent the formetion of an
z1loy (see Section 2.1)

The general result of the virtusl crystal modsl
iz that certain physicel quantities should vary lineariy
sith 21loying to e first approximetion. Vegard?s law,
shich stetes that alloys between two substances having

the same crystel structure should show s linear dependence
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on composition of the lattice parameter, is probably the
best known result from the model. This law has been
proved, with the exceptions usually having only small
departures from linearity (e.g. W 58). Other properties
which should also vary linearly with composition to &
first approximation include energy gaps, effective masses,
some lattice écattering parameters etc. Deviations from
this lew are naturally of some interest, and are discussed
in Section VI. _

First -~ principles band calculations have not been
performed for alloy semiconductors, as the virtual crystal
model is usually assumed to hold for some basic quantities,
such as certain potentials. Bassani and Brust (B 2),
computed the band structure of Ge - Si alloys using a
pseudopotential method; the parameters were chosen from
a linear interpolation between the parameters used
previously for similar calculations on Ge and Si {see
e.2. 87, B 12}. The energy levels all vary approximate;y
linearly with alloy composition, any deviation taking the
form of & convex {upwards) curve. This contrasts with
the experimental evidence which suggests a slight con-
cavity {dewnwards} for certain transitions (see Section
z.3fa} 3. OChang Yu-Won and Yu Qi-Hua made calculations

on the Gads - (&P system using a pseudopotential method
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(Y 2), again using a linear interpolation between the

potential coefficients calculated for GaAds and GaP.

Further comment on this system will be made in Section 7.
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2.3  REVIZ OF fLLO

- —— -

 EMICONDUCTORS

- - ..

In this section the history of zlloy semi-
conducters r£s it affects this thesis vill be reviewed,
znd a resumé of the results presented. For 2 detsiled
account of 211 sendconducting alloy systems see Woolley
("7 53)

2 3 {a) The Ge-Si system

These were the first semiconducting =lloys to
be successfully synthesised, =nd have been more
theroughly studied then =ny other system. Stéhr and
Klemm {S 53) obtzined homogeneocus specimens in the form
0o compressed pcwders after enneeling for long times.
Their investigations showed thet single phase solid
solution could be obtzined cver the complete alloy
renge Sclid specinens were first obtained by Johnscn
and Christian (J 5) and they made infre-red absorption
rreasurements on them. The latter were extended by
Brzunstein, Moore and Herman (B 17). Other measurements
hzve been made on the Hell effect (B 45, D &}, megneto-
resistance and conductivity (G 20), thermal conductivity
{D €, 3 54), cyclotrcn rescnence (D 16, O 3} and
reflectivity (T 2, T 3) as a function of temper:ture
end elleoy composition Some cf these properties heve

b

een meessured s = function of pressure, such =s

L]

also
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Pzulfs work on the veristion of fundamental optical
gep (Eg) es 2 function of hydroststic pressure (P 50).
lecently, electroreflectznce messurements have been
reported (C 4E).

/s explained in 3ection 1.5, the conduction
band structures of Ge snd Si sre quite different; some
of the first evidence for this csene from weork on the
veriation of Zg with composition in the 2iloys, e
distinct bresgk in the curve being ovserved at GeO.SS
SiO,ls' This lead to the conclusion that between Ge
and this composition, the lowrest minimz are in the (111)
directions, at the zone edges, whilst abcve this
composition up to 3i the minima in the ¢(100) directions
ere the lowest This interpretztion was confirmed by
the megnetoresistance measurements mentioned above

Theoretical worlk on this system has been
extensive ccrnpsred to other =lloy systems. Herman?®s
initizl suggestions (H 41) were developed slongside
thie experimental worl: (see eg B 17, P 501, but the
first calculations of complete bend structures were
r.zCe by Bassani end Brust (see Section 2.2} who obtained
quite good quentitztive agreement with experiment.

2.3 (b) The III - V Systems
Zarly attempts to =2lloy the III - V compounds
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centaining =z common element were nct enccursging, with
the excepticn of In’s - InP and CGa.'s - GaP which were
vroduced and investigsted by Folberth (F 1) and .'eiss

(7 20). B3Shortly after this news, Joolley et =1 (7 1,

7 3) and Goryunove et 21 (G 21, G 22) shcwed that solid
solution occurred for 211 compositions in In3b -~ Ga3b,
but very long snnealing times were required to produce
equilibrium, even compressed powders taliing several
weel's when held within 50°C of the solidus curve Later
work established that complete so0lid solution also
occurred in Infs - Gass (2 2, ' 2), In‘s - InSb (77 5&),
‘13b - InSb (77 56) =nd %15b - GaSb (B 46). Reviews on
the crystallography snd preparetion of =2lloys between
the IIT - V compounds have been given by oolley (7 53,
. 57).

Many physical properties have been measured on
these systems, znd sone references ars summerised in
Table 3 fcr infre-red sbsorption (or photocenductivity),
refiectivity above the fundsmentzl edge, ond electrical
transport properties, for some of the more important
IIT ~ V alloy systems This teble includes references
published up tc mid - 1965, =nd some of the wcrk tc be
described in this thesis, together with other inves~

tigations done concurrently or =fter it, therefcre appears.
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Most of the III - V allcoy systems on which

&, have been made
[~

show z lineezr or slightly monotonic varizticn with

optical sbsorption meassurements of

compositicn (see 3ecticn VI for further detail).
Hovever, Ga’s - GaP dces nct (F 1, R &), but shows an
abrupt change of slope at zpproximately the equimolar
composition. ‘lso, the Gzis rich alloys show sbsorption

characteristic of 2 direct trensitioén, whilst the GaP

$H}

rich alloys exhibit an indirect trensition. Pressure
measurements on GaP (P 3) showed it hss the lowest
conduction band minims in the (100) directions !
change similar tc that of the Ge-Si system therefore
tzkes place, except that different directions in k space

are involved since the Gz:'s ccnduction bznd minimz occur

st k = 000.
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2.4 CURRENT INTERESTS ~ND CONTENTS

—— e e e A e e Ao

ft the time this work was started, very little
wras known zbcut GaP a2nd its bend structure. In
particular, its reflectance spectrum was unlike most
of the other III - V compounds, anc subject to speculation
(C €). 'rfith this in mind, it wos decided to measure
the reflectance spectra of Ga’s, GaP snd Gais - Gaf
alloys, since Gais wes comparatively well known. This
reasoning was later fortified by the tremendously
incressed interest in the Gz's ~ GaP alloys by both
the academic world and industry, mainly because they
are cepable of leser activity in the visibile region,
whereas Gals radiates in the neesr infrz-red (see
Section VII a2nd Table 3) Gais has been used for a
while for electricsl devices, but interest is growing

in the use of the alloys end GzP for rectifisr and

D]

transistor zction st high temperature

by

“PParatus to meessure reflectence ot room
and liquid-nitrogen temperstures wes therefore set .up,
efter exar:iining the veriocus methods that had been used
in the past. The results frcm the Ga's - GaP reflec-
tance spectra were interesting, but still partly

inconclusive (see Section III).
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‘nother technigque was resorted to which had
been reported capzble of higher resolution than
reflectance, namely electroreflectance. The results
fron the electroreflectance spectrs ensbled further
conclusions on the band structure of Ga’s, GaP and
their alloys to be drazwn (see Section IV).

The different techniques of producing In’s - Gzis
elloys were exszmined (. 15) and specimens were
produced. Zlectroreflectance measurements were made
on these in an 2ttempt to further the reflectance
results of Woolley and Blazey (B 48, W 30) (Section V).

In Section VI some theoreticel werk on the
variation of effective mass in 2lloys is presented,
together with some semi-empiricsl observetions on
the veristion of the fundement:zl energy gzp in III - V
akloy systens, with their besring on the virtusl
crystal model, which arose from the effective mass
investigetion.

GConeclusicns on the above crk =zre drawn, and
suzzesbions for future lines of zpprcsch are mode in
Section VII.

The work outlined asbove forms part of & genersl
programme of resespch inte s1lloys involving the

IIT - V compeunds, directed by Professor John C “Joolley.
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Started a2t Nottinghem University (Zngland) in 1955,
this programme was centinued in 1963 at Ottaws  The
research on which this thesis is based wes stzrted in

‘ugust 1963, and finished in September 1966.
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SECTION IIL
TH: REFLECTANCE OF Gaks - GaP

W
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Many cf the im~crtant w~ror-erties cf semi-
conducters are directiv connected -rith their band
structure. ‘ihen endeavourine tc find a band structure
howvever, certain nrcperties are mcre useful than others,
and in »narticuler 2z inciledve of certain ener~y ~a-s
is necessary for both the ~seudo-notential (B 7, C 37)
and I° p perturbaticn metheds (C 13, C 33. P 53).

These zars are usually found by orticsl exreriments.
and are shcym in Fie 5

A study of the crtical constants of 2 semi-
conductor over & wide ener~v ran~e yields much useful
inforriaticn At lov; ener~ies. or lon~ ravelen~ths, the
aubscrrtion coefficient derends c¢n the number of free
carriers, lattice vibratiocns etc . so that a pure material
senerally is almest trensrarent in this resicn At a
certain -ravelen~th the abscrr»tion ccefficient rises
sharply, this bein~ Ynown as the fundamental absorrtion
edse It corresronds tc the ener’yv recuired tc excite
an electren frem the valence bhand t¢ the lewest lyins

conduction bend the wavelen~th ¢f the rhcton absorbed




Forbidden '
Zone , .
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- Transitions
Eqley T
| E<;='l-5v'll-5c
e =L3V-Llc
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>(3c E;fe(s =X

| Levels

« Ly min

[ -4, (min.)
Ao =[5, splitting
A, =N\;spilitting
D2=X3-X,

A A Xuw

k=0 k=27(1,0,0)

Generalised Band Structure for Zinc-Blende ( without
spin-orbit splitting ) showlng the location of some
Optical Transitions
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being given by

Py
hd o= TQ (iv)
AN

/t energies greater then that corresponding to this edge,
the =bscrpticn coefficient is very high, and is
zssccizted with interband transiticns Between abcut
€ 2nd 16eV the reflectznce decresses repidly, indicating
thst the valence electrons =re essentizlly unbound
(P 2). Between 16 znd 30eV odditicnel absorption
indicates trznsiticns from filled d bands below the vzlence
band tc empty ccnducticn band states (fer general
sccounts see C 23, P 2, P 36).

Two tyres of transiticn can teke place at the
fundament=1 edge. The first invclves only a photon,
but the second invclves phenons 21so i.e energy is
either supplied by the crystsl lattice or given up to
it These are known as ~direct+ end -‘indirect-
transiticns respectively, since nc movement in L space
tzles plece fcr the fcrmer, but usuzlly deces for the
latter (see Fig 5). The differences between the
varicus types cf transiticn =nd the sn=zlysis cf their
cerrespending ebserpticn edges is well documented in
the literzture (eg 1} 27, S 51) and will noct be
expanded here, since it does nct directly concern

this werk
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It can be seen therefore that the measurement
of the optical absorption coefficient of a semiconductor
will show the fundamental gap, and thus yield a value
of the energy separation of the top valence band, r15v
(using III - V spinless representation) to the lowest
conduction band minima, which is Tic in the direct gap
III - V compounds. Opticzal absorption measurements
sometimes give anether edge at higher energies due to
transitions frcm the split-off valence pand; the spin-
orbit splitting p, can thus be obtained. (The notation
to be used in this thesis generally follows Cardona,
C &, C 23, the fundamental direct gap being E,).

lieasurement of further absorption edges at higher
energies is rendered difficult by the extremely large
abscrption ccefficients mentioned earlier. One has to
use either very intense light sources and sensitive
detection equipment, which results in experimental
difficulties, ?%\very thin specimens. The latter cannot
be obtained by.the usual grinding techniques, and
usually take the form of thin films on transparent
substrates. However, doubt has been cast on the proper-
ties of thin films being representative of the bulk
material. [Ilso many materials do not lend themselves to
this techniéue of deposition, and the choice of sub-

strate has to be made carefully. “~ork has been done



- 41 -

using thin films of varying thickness (C 3) but other
r.etheds cf finding these higher energy gaps are svailable

and one cf these -yill ncw be ogtlined
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3.2 THE THEORY OF REFLECTANCE

The complex refractive index of =z materiszl czn
be written n* = n - ik / plane electromagnetic wave
cf frequency v and wavelength ). prcpagated through 2
neteriel in the x direction has the form

. %
x = 4 exp{2riv(t - -235—) ]

{ _21"\) kx
o4

= } exp } expi2miv(t - —2%-)3 (v)

Now phase velocity V = ﬁ, and wavelength > = on » S© (v)
beccmes

X = L exp :- %5} exp {2nmiv(t - %)}

) s o

where ~ = -5§£~ is called the abscrpticn ccefficient
I\o .

and .., is the free spsce wavelength at the frequency v

The complex dielectric constant e* = ey = iqz and

‘e' = 'n?], so the opticel and dielectric coenstants sre

Lo

’

relzted by

E (vi)

62 = 2nk

It can thus be seen that the opticsl properties of a
material closest relzted to the absorpticn coefficient
are the imsginary psrts of the refractive index and

dielectric censtent, k =nd ¢, respectively.
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For allowed transitions the imaginary part of
the dielectric constant €5 is proportional to the joint
density of states %%, which has singularities or
critical points whenever

Y5 (Ec - Ev) = O

Ec - EV = hy (vii)
where Ec and Ev are the energies of the conduction and
valence bands involved, and « is the angular frequency
of the radiation ( = c¢/A) (C 23). At high symmetry |
points in the energy band scheme, such as ', X and L
in zinc blende structures,

vkEc = vkEv = 0
Thus structure in €5 should be present for the energy
gaps at these points. However, the conditions in
equation (vii) can be satisfied without either VkEc,v
being zero, and would be expected at high symmetry
directions such as [111] in zince blende. The critical
points fall into four categories corresponding to minima,.
maxira, and two types of saddle points on the E - k curves;
the saddle points give rise to the strongest structure
in the joint density of states and hence in €5 also.

Therefore, by measuring €, over the energy range

of interest, the various transitions can be observed and
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the values of the energy gaps used for band calculations
etc. Now'e2 can be measured indirectly from n and k,

but this is usually difficult. The knowledge of one
optical constant over & wide range of energy is sufficient,
however to determine all others through the Kramers -

Krgnig relations. These state, for example,

- )

el(wo) = 1 + %J/ €y (w) du (viii)

UJ"U)O

The reflectance &t near-normal incidence is axrerimentally
the simplest constant to find over a wide energy range.

The reflectance phase is then (J 3, P 4).

1 [* 4in |R(B)] E+ B, .
el(Eo) = 72;‘-/0 ndE in -E—-:'ﬂE-o— dE (ix)

A knowledge of R(E) over a wide range of energy is then
sufficient to find 61 over & similar range. The optical
constants n and k are then given as solutions to the

equation.

(n - ik - 1) (n - ik + 1) = R 19 (x)

The treatment of this equation by computer methods is
dealt with in the literature, together with methods of

extrapolating R(E) over an infinite range of energy,



- L5 -

(see e.g.C 16, P 2). Thus }:. and hence €, Cr . can be
calculated. and the.resultin~s structure interrreted as
bein~ renresentative cf the lcceticns of the absorntion
edres,

Hence structure in the reflectance spectrum can be
cerreleted with abscerrtion ed~es and such structure -rill
be ex~ected tc occur even for very lerse absorntion
ccefficients. £lsc, if the absolute reflectance is l:nown
over a sufficiently wide ener~y ran~e. the ortical con-
stants (n, k .- €5 ~) may be fcund over the ran~e of
interest.

In practice whilst the exnected structure in
the reflectance R(E) is observed. other factcers rrevent
a straichtforward ccrrelation with band structure The
surface c¢f the material must be ‘atomically c}ean“ i.e
there shculd be no damaced layers cf the type produced
by »clishin~ Ttchins helps to renove these layers. but
results cannot usually be duniicated Other surface
treatments ¢ive differin~ results. and the hest is
srcbebly cleava~e (see C 23). Fcr this reason, results
must be interrreted with cauticn. a tonical case being
the “hyperfine structure® observed by Lukes and Schmidt
in 8i (L 4. L 7), which has been hoth interrreted

thecretically (P 51) and re-udizted (G 5)
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The only criteria used tc define the —best:
surface are highest reflectivity at the peaks and
sharpest structure - the latter in perticular.is some-~
what arbitrery  Whilst the absolute reflectances
cbteined by different workers for the same materizl vary
quite widely (which, of course, affects the megnitudes cf
the opticel consteonts found by equations (ix) and (x) )
cood agreement is usuzlly obtained on the type of
structure end the energy at which it occurs. Thus, as
rointed cut sbove, the pcsitions of the absorption
ecges egre consistent, zlthough their magnitudes need
not necesszrily be, between different experiments.

‘nother importzant difficulty lies in assigning
the observed edges tc the various direct transitions
wthich can teke place by equation (viii) on the energy
bend scheme. Both experiment sznd theory must combine in
crder to interpret such srectrs. The usual procedure is
to celculete a band structure lnowring only the fundamen-
tal gzp, a2 theoreticel 2nslysis showing whether this is
direct (r15v - rlc) or indirect (T‘l5v - Ly, or pr). The
epproximate velues cf the other gaps are then compsred
with the experimental ones, with symmetry considerations

helping in the enelysis For example, the L3v level is
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spin-crbit split (Al) by apprcximately 2/3 *,- liore
refined calculations can then be performed tc make the
band structure fit the experimental results better.
Other types of measurements also zssist in thié prccess,
magnetoresistance for exemple being capable of giving
the relative levels of the three conduction band minima,
together with their locstion in k space. The sizes
of' the abscrption edges can sometimes be of assistance,
and can be fcund from reflectance results

Practiczl evidence of the correlsticn between
structure in the reflectznce spectrum and absorption
edges has been obtained, notsbly by Cserdona and Hearbele

(C 3, C 23).
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3 3 REVIE] OF REFLECT'NCE RESULTS.

This reviev only ccvers wor!: published up to the
end cf 1963 .then this prcject wss stzrted. Such an
approach is necessary in order to make the resscns for
zttempting the work sound plzusible, bec:zuse scme work
cf 2 similer nature wzs done concurrently, but
independently

The first messurements c¢f the reflectesnce of =
serriconductor st energies higher thsn the fundsmentsl
edze rere mede by Philipp and Taft in 155C on Ge (P 4)
end in i960 on 5i (P 5). The srectrum of Ge is shom
in Fig 6, with the imsginsry port of the index of
refrzction calculated by Krrmers - Krdnig reletions
(P %) The relstionship between the structure in 2
and & cen be seen guite clearly. The first explanstion
of these results wzs given by Philliips (P 6). He
rroposed th=t the abscorption edge cerreswvcnding tc the
2 zeV peal wyes due tc¢ L37 - L, trensitions between the
valence and conduction bends in the (111} directions
The edge corresponding tc the 4. LeV pezk was 2llocsted
tc the Xh - Xl transiticns in the (100Y directicns.
This interpretation .ses macde more acceptable by Tauc

and ‘ntenicl:i*s report (T1l) of z splitting of the 2 2eV

bPezl by an amount szpproximetely equal to 2/3 o




S - 49 -

(0))
O

H
o

(V)
O

Reflectance (%)

A 3

R Y2V L

Energy (eV)

FIG 6 The Reflectance Snectrum for Ge, and the imaginary
part of the Refractive Index derived from it ( P 4 )



The spectrﬁm of 3i (P 5) was found to be similar
to that of Ge, but no splitting of the first reflectivity
reak at 3.4eV was observed, discouraging an L39 - L
assignment. The reflectance spectrum of gray Sn (C 2)
shows the same characteristic structure as Ge.
lieasurements on the III - V compounds followed very
shortly after, Tauc and Abraham giving the spectra of
InSb, Infs, GaSb and Gais (T 2), whilst Cardona measured
GaSb (C 7), GaP and 41Sb (C &) and InP (C 5).

JJork on the reflectance of semiconducting alloys
started with the Ge ~ Si system (T 3), and showed that the
3-4eV transition in Si occured at a different place in
k-space from the 2.2eV doublet in Ge; it was postulated
that the latter were Ly, - L; transitions (Later shown to
be A3 - Ay transitions), but the single peak in Si was
due to a r259 - rlS transition. Fig. 7 shows the
various levels in Ge, Si and their alloys; the circled
energies in the pure elements indicate levels which are
Tixed absolutely relative to P25”, the top of the valence
band, and which were obtained by combining direct and
indirect absorption and photoemission data, as well as
reflectance data (see P 36).

The reflectance spectra of the III - V alloy

systems InSb - GaSb and InAs - GaAs were measured by



FIG 7
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s
B L
O 3'

Ge : Si

The Band Edge Energies for Ge-Si Alloys. ( P 36 )

The solid lines indiczte cbserved edge shifts

and the dashed lines are interpclated. Circled energies
in the elements indicate energy levels which are

fixed relative to T , ( see text )
25



-oolley and Blazey (B 49) between 1.5 and 5.5eV. They
fecund a lineer variation of all transitions with allcy
conpesition within experimental errcr, as Predicted by
the virtual crystal model. No breaks were observed,
as had been in the Ge - Si System, so the transiticns
invelived were the same for the tirc constituents of each
syster.  This following through® of properties in an
alloy from one substance to anotner is an excellent
exar.ple of the utility of alloy investigations

The reflectance spectrum of Geis at s0%K is shown
in Fig ¢, reproduced from G 2 ~dditional structure
scretimes appears vhen spectra are taken at low ten-
reratures The assignments cf the various reaks at the
tire of commencement of the follcuring work are given

telov, in order of ascending energy in eV.

-

i

L4 %.Fundamental direct gaps E_ and &+ s . (N.B.
I

1.75 (o) 0 o

- care nmust be taken when interpreting these since
raflection from the specimen hclder is possible,
because the absorption is small below the edge)
. - Ty, Confirmed by absorption measurements
“L15v ic
(F 3, 8 55).
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~
23 |
2.6 €1 and e, + Ay, IBV - L,,; small, occuring et
J
edge.
2.99
')E '—" h A - . . - ] .
3 237 % @d By + 4y, A5, - £y j strong transition
since it occurs between saddle point edges.
w2 |, ,
}7‘ 5 E‘ ™ - T. « an .
5.12 |
> 5, end T, + A, K. - ¥ X
5.55 { g 8RG £5 + by, agy - o and Ry
o’

The Z, and E, peal's were conlirmed by other work (B 49,

£2 T 2), and the second of these also reported a higher

> . d &. + A L - L. .
SHG Ln F Aq5 3v T 3¢

-7 , ) ) e . .
The Ly is at variance with "Jcclley and Blazeyis wvork con
In.s - Gais alloys (B 4%), where only the L. 5eV peak is
observed in Gass, going to i4.6eV in Inks, corresponding

to the only peal observed by Greenaway in this regicn (G 2).

The ey doublet is also doubtful, as the structure is

very small, and theoretical worl puts the L edge values

considerably closer to the E. doublet (see Section 2.6).

1



- 55 <

+y (0.24eV) is apprroximately 2/3 o (0.36eV) &s
expected, and P (0.43eV) is in ressonable azreement

with estimates by Paul (P 3) cof C 3eV.

\J

The reflectence spectrum of GaP from 3 2 is

shown in Fig ¢. The various Peak energies are as

37 ... Single peak with a tempersture ccefficient

-

different from cther bl pegks in IITI - V
compounds, but the same as Si (C &)

?
herefor nably = i -
Therefore Presumably c * 15y 15¢

53 I st - ch y nc splitting reported
- 7 .
0. ¢ K L,, - L30 » N0 splitting reported.

‘

iy, the reflectznce

0

“fith the asbove focts in min

nectrs of Gza’'s, Gz2P »nd their alloys were measured cs g

Tho Sy

m

function of 21loy composition znd tempersture The

3
b
P=te
]

point of interest was the correct interpretaticn of the

2.7eV pesir in GeP, and the location of either the

. |

“3v T e

cne of these did not correspond to the 3.7eV peak. In
2dditien this .jori formed pert of a general investigation

into =llovs cf the semiconducting III - V compounds.
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3.4 APPARATUS
The reflectznce of = meterizl is the rctic of

reflected tc incident light intensities ( = ~—J The

problem of meesuring it reduces tec twe sepcrate

&

esurements unless 2 standard is sveilazble. i/hilst
such standards are zveilable in the infra-red (e.g. 1)
nene is in the visible and ultra viclet, znd the two
measurements therefocre have to be done separeted by
time. The first recuisite then is = stable source cf
monochrometic lizht capsble of covering the energy region

interest, znd these zre readily available. The next

(@]
=ty

2 suitable detector, znd for this energy range

e
n

rhotecrultipli ers, run from a stzblie pover supply, ere
& lcgical choice, having : high gain with low ncise.
iie menner in which the messurerment of the tuwo quantities
&S UO be undertszlien irrs thorouchly investigsted, three
scheres being considered. |

(1) See Fig 10 (2) TFor s perticulsr -reve-
length, Ir is measured The specimen is then moved out
¢ the way, snc the detector moved around tc measure Io
(rore complex schemes have been devised which use
essenvially the seme principle, see e.g.B 50, ¢ 7). It

T

FES

R

und with this method that the combined uncertzinty

)
0
“

N resetting the specimen and detector for each wave-

’_h
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(a)

lo e

Detector Specimen out Specimen in

A /

rd
~ .- Detector

\-——’

Movement for each wavelength

(b)

lo e

Detector | Specimen out Detector | Specimen in

O

Detector2 Detector2

Movement for each wavelenath

(c)

lo T

Desecior Specimen ouf Specimen in

‘
!

N s

~
S~ _--" Detector

cnge of wavelength

]
o

Movement once Tor sach
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length was higher than could be tolerated, particulerly
for small specimens of the size to be used.

| (ii) 3ee Fig. 10 (b) Two detecters of the seme
tyre were used, sc only the specimen had tc be moved.
Procuring & calibration curve between the detector
responses proved difficult, =nd since it varied with
time would heve had tc have been done after each short
series of measurements ,

(1ii) See Fig 10 (c) One detector was used,
but I, was measured for the range of wzvelength recuired
The specimen -;as then inserted into the been, the
detectcr moved, end Ir nmessured for the same range of
wevelength The stability of the lamp + detector +
anplifier was fcund te be very gecod after a warm-up period
of en hour for the instrument on trisl (see next secticn).
No resetting errcrs cccurred for either the specimen or
the detector =s they were only mocved cnce for eny series
¢f measurements.

The lest method iras adopted, znd found tc work
sctisfecterily. One drawback concerned the direction
cf the monochromastor cutput besm which veried slizhtly
in the ultrz violet. Date taken several times for the
s:me specimen showed that wthilst the =zbsclute vzlue of

s S

verlectsnce varied, the position of the pealk did not,
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within the errer of estimating it from - graph. The

usual procedure was tc take twc runs, one in the visible
for the &, and Ecp peeks (see section 3 6), znd one in
the ultrz viclet for the E; and &, peaks. This division
cecrrespends tc changing lamps (see belcw). The

~

speciren and detectcr :rere vesligned for each czse at
the wavelength =zt which the msin pezk occurred
The experimentsl laycut is shown in Fig 11.
The derk bex wes found to be necesssry tc reduce
detector noise c-used by room lighting etc , to zn Q!
undetectable level with ~ 1 sec. time ccnstant on the
emplifier/indicetcr unit. The room was air conditicned,
wthich f