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ABSTRACT

Measurements of reflectivity and Hall effect have been made on
polycrystalline n-type samples of GaAs and alloys of the systems
GaAsbel_x and Gal_xAles to find values of electron effective mass at
the bottom of the conduction band m;o/m.

The experimental data were obtained with a Baird monochromator
which was modified to give double beam operation and extended wavelength
range up to 30 um, so that measurements of the free carrier reflectivity
could be made on samples with low carrier concentration. The reflection
coefficient R and hence the index of refraction n were obtained from the
experimental measurements. The variation of n2 was plotted as a function
of the square of the wavelength. For each sample, the graphical result
(r?‘vs A 2) was found to be a straight line and it was extrapolated to
zero wavelength to obtain the optical dielectric constant €_ . The
slope of the line also was determined and used to obtain the value of
effective mass at the bottom of the conduction band. For the systems

GaAsbe x the alloy compositions were determined by the X-ray powder

1-
photograph method.

For the two alloy systems GaAsbe and Gal_xAles,optical

1-x
dielectric constant and effective mass values were measured from infrared
reflectivity for the first time. The values of the effective masses were
determined by the simultaneous solution of the integrals giving the

statistical carrier concentration and the slope of the free carrier ref-

lectivity under the condition of the general degeneracy, the lattice
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contribution to the slope being taken into account.

Theoretical values of the effective masses in the (000)
conduction band as a function of alloy composition were calculated for
the alloy system GaAsbel_x using the disorder equation (73W) and Kane
equation (57K) for the effective masses. The experimental resultslwere
found to be in better agreement with the disorder equation of the
effective mass than with the Kane equation.

Finally, to complete the outline of the project, it should be
mentioned that the values of optical Fermi energy, dielectric constant,
optical relaxation time, optical mobility and optical conductivity were

calculated for 12 samples of the alloys GaASbel-x and Gal_xAles.
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I-1 INTRODUCTION

Historically, the fundamental phenomenon in semiconductors was
underlined by Faraday (F1) in 1833 by his discovering the negative tem-
perature coefficient of resistivity of silver sulphide. Subsequently,
rectification at a contact between a metal and a semiconductor was dis-
covered by F. Braun in 1874, and used in the early stage of the develop-
ment of the point-contact crystal in radio engineering. In 1874, the
photo-conductivity effect was pointed out by Smith. In 1879 (H1), the
phenomenon which is now known as the Hall effect was found and this later
proved to be extremely helpful in bettering the understanding of conduc-
tion processes in semiconductors.

In 1928, Langmuir (28L) introduced plasma oscillation, as the
longitudinal oscillation of electron gas which is analégous to sound
waves. In 1949, the first publication by Bardeen and Brattain (B2) on
the transistor effect (semiconductor triode) had a great impact on tech-
nology. Consequently intensive research has been carried out on the
properties of materials giving transistor effect, i.e., germanium and silicon.
Later, in 1952, Welker (52W) demonstrated that semiconducting properties
were present also in many of the III-V, II-VI and I-VII compounds and
their alloys. The study of the properties of III-V compounds and their
alloys has become inc;easingly important in modern technology because of
such applications as bhoto-detectors, light generators, thermoelectric
generators, Gunn oscillators and integrated optical communication systems.
These possible applications of semiconductors in technology created a

good atmosphere for the investigation of parameters related to the band




structure (e.g. effective mass and energy gap) of those material which
may be used in new applications.

The theory relating to optical effective mass and plasma
resonance in a conductor was developed in a series of papers by Bohm and
Dines (51B, 53B, 55B). The relationship between the theoretical expre-
ssion and the results of experimental measurements of optical effective
mass of free carrier in a semiconductor were developed by Fan and
Spitzer (57F). The form of this analysis together with later develop-

ments will be discussed in the following section.

I-2 BAND THEORY

Band theory is a method of investigating the states and energies
of electrons assumed to be nearly free in a periodic potential. The
experimental and theoretical results show that the allowed energies lie
in bands separated by gaps of forbidden energies. The theoretical analysis
of the band structure involves solution of the wave equation for the multi-
particle case and various methods of approximation have been proposed and
used. Usually, the solutions are guided by the use of group theory to
impose the effects of the symmetry properties of the solid concerned. 1In
almost all cases, thg analyses need the use of experimental measurements
to provide values of adjustable parameters, and the measurement of optical,
electrical and magnetic properties amongst others have been found very
important in the development of band structure analysis.

In the non-relativistic calculations of band structures, assuming
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the ions are at rest and considering a single electron moving in the
periodic field of the lattice, the action of the other electrons on the
electron under study can be réplaced by a periodic potential with the
perio&icity of the lattice. In the case of the collective motion of the
electrons in plasma resonance, (the subject studied in this work) the
electrons are regarded as a collection of particles, occupying one-electron
states in accordance with the rules of Fermi-Dirac statistics.

For a periodic potential, the non-relativistic Schrodinger
equation is

1
2m

Vy + {(E-V@k = 0 (I-1)
satisfied by the Bloch function ¥(x) = exp (ik.r) U(r) where U(xr) has the
periodicity of the lattice. For each particular value of ki’ i=1,n
there are an infinite number of solutions. The resulting energy distri-
bution is simply illustrated by conside&ing the one-dimensional case.

For a quasi-continuous variation of k, the resulting energy values lie on

curves which show discontinuities at values of k given by

. 4
kK = =2 (1-2)

where n is integral and a is the periodicity of the one-dimensional array.
Thus the energy spectrum is divided into allowed and forbidden bands. When
this analysis is made in the three-dimensional case, it is found that for
electron velocities in every direction in normal space, discontinuities in
energy occur at certain k values in the corresponding direction in k-space.
The surface in k-space defined by the first discontinuity in energy has a
particular shape and is called tﬁe first Brillouin boundary and the
enclosed volume is the first Brillouin zone. It contains all allowed

state up to the first discontinuity and each point satisfies the restric-




tions imposed by equation (I-2) in three dimension, corresponding to a
quantum state. Figure (I-1) shows the first Brillouin zone of the face
centered cubic lattice, with the symmetry poihts and axes. The range of
energy obtained by taking all possible values of k within one zone con-
stitutes one energy band. Within each Brillouin zone, surfaces of con-
stant energy can be drawn. In semiconductor work, these are mainly of
interest close to the energy minimum of almost empty (conduction) bands
or to the energy maximum of almost filled (valence) bands and in these
ranges the constant energy surfaces usually have relatively simple form.
In the present work we are concerned only with the conduction band energy
surfaces. In all III-V compounds, the conduction band minima occur either
at the origin of k space ((000) or T point) or along the directions of
highest symmetry, i.e. the <100> or <l111> directions in k space. Thus
the constant energy surfaces of interest are, to a good approximation,
either spheres around the T point or ellipsoids of revolution with their
long axes along the <100> or <111> directions. Hence most band structure
diagrams are drawn to show the variation of energy as a function of the
value of k from the T point to the Brillouin zone boundary in the <111>

directions (L point) and the <100> directions (X point).

I-31 Energy Band: Structure of GaAs

The band structure of GaAs in the vicinity of the band edge is
shown in Figure (I-2). The lowest minimum of the conduction band lies at

the centre of the Brillouin zone (T), where the value of the conduction
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band effective mass is m;o = 0.067 m (76 As) and the energy gap value
has been determined to be Eo = 1.519 eV at absolute zero. The next minima
occur along the <11l> directions at about 0.35 eV above the Fl band and have

effective mass m*(L) = 0.56 m at absolute zero.

I-32 Energy Band Structure of GaSb

The energy band structure of GaSb at the band edge (000) and in
the <111> direction is shown in Fig. (I-3). The minimum of the conduction
band lies at the centre of the Brillouin zone (rl) and has effective mass
m;o = 0.042 m and the energy gap Eo = 0.80 eV at absolute zero. The energy
separation, 8E, between (000) and <111> minima was found to be 0.080 eV
at absolute zero and 0.073 eV at room témperature (70C and 73S). This
shows that the L minima at room temperature lie very close to the conduc-
tion band edge at the (000) minimum and two band effects are to be

expected for GaSb.

I-33 Energy Band Structure of AlAs

The band structure of AlAs is still under discussion. Recently,
theoretical calculations have been made by Hess et al. (73H) and (69S)
using a k.p analysis. They calculated the conduction band effective
mass at the I point to be m;°=0.15 m. Using this data as a reference

point in their calculation, they found the lowest minima for the conduc-
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Figure (I;S): The energy band structure of GaSb (70C) ‘
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Figure (I-4):.The.energy band structure .of AlAs (73H).
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tion band to be the six equivalent minima along the A directions near the
X points.

From free carrier Faraday effect (7iR), assuming mé = 0.16 m
at the T band, the density of states effective mass at the X minima was
found to be mic(X) = 0.5 m. The energy separation between ch and rlc
was reported to be 0.873 eV for AlAs (73M), while the room temperature
direct and indirect energy band gap values were found to be 2.95 eV and
2.07 eV respectively (70L, 71R). The theoretically calculated band

structure of AlAs (73H) is shown in Figure (I-4).

I-4 CONCEPT OF EFFECTIVE MASS

Much experimental and theoretical research in semiconductors
is designed to determine band parameters. This section considers the
investigation of the effective mass values, which are used to a consider-
able extent as known parameters in the theoretical calculation of band
structures.

The concept of effective mass arises in a number of analyses
(64K, 72Z), so that the effective mass can be defined in a number of ways
depending upon which phenomenon is being examined. All of these definitions
reduce to the same value if the bands are parabolic, but if the bands do
not have parabolic shape it is important that the correct form of the
effective mass be determined in each case. Firstly, let us consider an
electron under the force of an electric field E in a solid. The electron

in such conditions responds in such a way that its wave vector k increases




linearly with time according to the relation
dk _
‘ﬁ'&g— eF

The mean velocity of the electron in band n with wave vector k is:

1
v = _ﬁ VkEn(k)

so that the mean acceleration is

5k
dv 1 .3 _+1 3v 3
it = | GOWE® =Ig 5k, 8t
or

2

32E_ (k)
oV 1 n 1
s e f e eE = X (—) eE
ot~ 52 - oK K, B noa e

As is shown in this equation and found by experiment, the effective mass
may be quite different in different directions if the constant energy
surfaces are not spherical. Physically, this means that the same electric
field applied in different directions will cause different accelerations.
Thus, formally, the mass has been replaced by a tensor (effective mass

tensor) with components

2
D - L )
n h a B

Let us call this definition of effective mass, band curvature effective
mass. When the non-diagonal terms of the effective mass tensor vanish,

the energy is a function of kx’ k kz only. One important case is

y’
E = const (ki + ki + ki) and in this case m* simplifies to a scalar.
) ) .
1 1 9 E
) = =5 (I-4)
m* _52 8k2

In the isotropic case, m* is thus inversely proportional to the curvature
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of the E-k curve at the given point and m* is positive if the curvature

is convex towards the k-axis and is negative if the curvature is concave.

1-41 Cyclotron Effective Mass

Under the influence of a strong magnetic field, electrons move
in orbits, in such a way that the action of the magnetic field on the
electrons under study is given by %E{ﬁk) = ev, B where v, is the velocity
of the electron in a plane perpendicular to the magnetic field and can be

written in the form

, oo LG
+ 7 h dk,

In the presence of the magnetic field, the expression for the Lorentz force
on an electron is evB, so that the time required for the momentum to change
by dP in the plane perpendicular to the magnetic field is dP/evB. The time

required to complete a revolution is

*
T L 4 _ 1 PR % (1-5)
" eB v = eB dE W, eB
where w, = ﬁE is called the cyclotron frequency, and m; is the cyclotron

c
effective mass. Therefore the cyclotron effective mass for an orbit can be

defined by
[ dPdp,.

3E {1I-6)

where the integration is carried out along the curve bounding a cross-
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section of a surface of the orbit in momentum space and has a value equal

to the area dR(P) of the cross-section

m* = —1—- dR (P)
c 2m dE

For a spherical constant energy surface R(P) reduces to R(P) = an = ﬁﬁzkz
Therefore we can define the general expression for cyclotron effective

mass for a spherical constant energy surface as

—

1

n2x

(I-7)

]

O *
&8

Cyclotron resonance experiments are widely used to better the under-
standing of the energy band structure in semiconductors, since they enable
one to measure directly the effective mass of holes and electrons. The
results give explicit information about energy surfaces at the top of the
valence band and at the bottom of the conduction band, since the experi-
mental value of the cyclotron effective mass can be interpreted as the
slope of the constant energy surface in k space (E vs. k). It can be
shown that the effective mass measured in magneto-optic phenomena and
plasma reflectivity is the cyclotron effective mass. Cyclotron resonance
of free carriers in semiconductors has usually been measured at microwave

frequencies (60L) in high magnetic fields and low temperatures.

I-42 Faraday Rotation Effective Mass

This effective mass is measured by the rotation of the plane of

linear polarizatibh due to the difference of refractive indices for left
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and right circularly polarized components. For strong degeneracy con-
ditions with spherical constant energy surfaces, the Faraday rotation is
given by

eSBl2

8 =
gmve c4 m*

(1-8)

[38] 374

where 6 is the Faraday angle and is inversely proportional to the square
of the effective mass, which allows a direct measurement of the effective
mass value if the electron concentration N is known. The effect of an
external magnetic field on the band structure of a solid may be inter-
preted in terms of Landau levels. When the magnetic field is applied to
an n-type semiconductor, the energy of the lowest level of the conduction
band increases due to the formation of the Landau levels, the change being
dependent on the magnitude of the magnetic field. Thus és the field is
increased, the lower energy levels are gradually forced through the Fermi
energy. The effective mass measured when the lowest energy is at the
Fermi level due to the change in the distribution of the energy band (due
to the applied magnetic field) is called the effective mass at the Fermi

level, and for spherical energy surfaces it is expressed by

1 1 oE
T 2 e (i-9)
f hk

where the right hand side is evaluated at the Fermi level f. In the case
of a multi-ellipsoid band with cubic symmetry, the effective mass m* is a
combination of the longitudinal and transverse components and can be

represented by the quantity

- 3b k% . = L
mg = (b 72 ™ b= 3 (1-10)
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The Faraday rotation measurement is practically convenient for investigation
of the concentration and temperature dependences of the effective mass in

semiconductors.

I-43 Conductivity Effective Mass

This effective mass usually applies in transport and optical
properties of a solid. For a spherical energy surface the conductivity
effective mass will be defined by equation (I-3). 1In the case of energy
surfaces which are ellipsoids of revolution, the effective mass value is

expressed by

.12, 1
* *
m .'*’)mt

where my is the value of the effective mass associated with the longitudinal
axis of the ellipsoidal energy surface and m is that associated with each
of the two transverse axes.

When a magnetic field is applied to a solid, if the degeneracy
condition is not satisfied or the band is not parabolic, it is difficult to
define a special relation for the effective mass value at the bottom of the
conduction band. Recently Kukharskii (74K) and Arushanov (75A) reported a
method by which it is possible to calculate the value of the conductivity
effective mass at the bottom of the conduction band mzo as a function of
the value of mz obtained from experiment and of the carrier concentration

including the condition of degeneracy applying to the sample under inves-

tigation. They give their results for spherical constant energy surfaces
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with nonparabolic bands. In the case of ellipsoidal constant energy
surfaces, their result is reduced to an expression for the density of

state effective mass m;d at the bottom of the band as a function of ma.

1-44 Density of States Effective Mass

The density-of-states effective mass, defined as the effective
mass averaged over all the occupied states, is frequently obtained from
electrical transport properties of a semiconductor. The combined density
of states mass m; appears in the expression for the electron concentration
N as a function of temperature. For a parabolic band at the Fermi level
N is expressed by

/2 (m¥ kBT)3/2
N = 3 Fy(9)
T h

where F%(f) is the Fermi integral. In the case of multi-ellipsoid models

* is defined

with parabolic bands, the density of states effective mass m3

by the expression

2/3 (2

= N t

m

: mp’/?

The relation between density of state effective mass and effective mass

at the bottom of conduction band for nonparabolic band can be found in the

In addition to the methods listed in the present section, certain
other methods have also been used to measure effective mass value. Thus

the Nernst-Ettingshausen effect provides one method of determining
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effective mass values from thermomagnetic phenomena (62W, 62K). Measure-
ments of magnetic susceptibility (62Z) have also been used to give
effective mass values. One other method of determining effective mass
values is plasma resonance measurements. This is the method used in the

present work and will be discussed in detail in the following chapter.

I-5 TEMPERATURE VARIATION OF ENERGY GAP AND CONDUCTION BAND

EFFECTIVE MASS

Two mechanisms are usually considered in determining the change
of band gap with temperature, i.e. thermal expansion of the lattice and
interaction of the carriers with phonons. As might be expected, the
band structure is a function of temperature, so that both the effective
mass and the energy gap change as the temperature changes. Furthermore,
for a small direct band gap, the relative change in the energy gap is very
similar to the relative change in the effective mass (57E). For a sample
with sufficiently high carrier concentration, the measurements yield a
value of effective mass not near the extremum of the energy band but at
the Fermi level and hence the measured effective mass depends less strongly
on the energy gap. We might expect the effective mass dependence upon
temperature to be determined by the two effects mentioned above. However,
Ehrenreich (57E) demonstrated that the interaction with phonons makes a
negligibly small contribution to the temperature dependence of the effective
mass. Hence, it follows that the whole of the temperature dependence

of the effective mass is due only to the thermal expansion of the lattice
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while both effects are important in determining the value of band gap.
Both effective mass and energy gap show a negative temperature coefficient
over the whole temperature range but because of the above effects these
coefficients are not similar, At high temperatures, in addition to the
above effects, the energy gap can be affected by impurity concentratién,
as an impurity band may affect the band shape and position (70H, 63A),
causing some deviation of the conduction band minimum from its normal
position in k-space . However such an effect is beyond the scope
of the present work. Furthermore, the effect of temperature changes the
distribution of the free carrier from a Fermi to a Boltzamann distribution
hence affecting the value of effective mass observed in the measurement.

To give an expression for the variation of effective mass with
temperature Ehrenreich (57E) has indicated that the relation giving a
reasonable approximation is .

m;o(T) ) m;o(O) E;(T)

m - m E,(0)

where E;(T) is the effective mass band gap at temperature T and m;o/m is
the bottom of the band effective mass ratio. This topic will be dis-

cussed further in sections II-2 and V- 2.

I-6 EARLIER WORK ON THE GaAsbel_x.

Unlike many of the III-V alloy systems which have been investigated

in considerable detail (72R and (75K1)the alloy system GaAsbe x does not

1-
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show single phase solid solubility over the complete range of x; it has
a miscibility gap in the range 0.38 < x < 0.61 (73G). Thus the
investigation of band gaps and their semiconductor properties is limited
to the composition range in which single phase behaviour exists. The
alloys of the system GaASbel-x have a direct band gap and alloys of fhis
type are becoming increasingly important in new technological developments
because of their possible application in optical communication systems
(77N - 75N1) where their energy gap values are of particular interest. -
The room temperature band gap of GaASbel—x was reported by Thomas
and Woolley (70T) and their results are shown in Figure (I-5). The value
of Eo at room temperature changes from 0.73 eV to 0.71 eV in the
composition range 0 < x < 0.38 and 0.86 to 1.43 eV from 0.61 < x < 1.0.
Considerable progress has been made recently in the investigation
of the properties of GaASbel-x from measurements of electrical and high
pressure effect (75R), phase diagram (73G), Faraday effect (76D),
photoconductivity (70A), light emitting diodes (75N1, 75N2) and finally,
in this project plasma reflection measurements to obtain the values of
dielectric constant and effective mass value as a function of composition.
More recently some work has been reported (72N2) on the quaternary alloys
Aleal-xASySbl-x at small values of x. The variation of energy gap was
examined and it was found that the replacement of small amounts of Ga
by Al in GaASbel-x increased the band gap but that the lattice parameter
was practically unchanged. This latter result is of interest tech-
nologically in growth problems since it allows matching for epitaxial

layers of different composition.
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CHAPTER 11 THEORY

Before presenting the experimental work which has been done in
this research project, we shall start with a detailed discussion of the
band structure of the relevant semiconductor compounds and alloys. As a
brief introduction, some critical points of the theory which are related
to this project will be reviewed and for other aspects of the topic,

references to the literature are given.

II-1 k.p METHOD AND ENERGY BAND THEORY

The Schrodinger equation for the periodic part of the Bloch
function Unk can be written in the form

HUnk(r) = En(k) Unk (II-1)

For any given k, the set of function Unk is obtained by letting n run
over all bands. Let us assume the band edge is non-degenerate and occurs
at the centre of the Brillouin zone. Using simple perturbation theory,

the energy band from equation (II-1) becomes (66KA)

, 2,2 Thk.P 2yv k.P (0)k.P (9]
E () -5 (o) +BE Tl WS Tan' Tan
m B!, (0) - E_(0)

(11-2)
where

P (k) = J a* u_, (r) 1;‘ U, () (11-3)
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Here, we consider interaction between only the conduction and valence bands
and neglect the interactions of all other bands. Using the first
approximation in equation (II-2), we obtain quantitative values for the
energy bands. For simplicity in the calculation, let us denote the two

bands by ¢ and v. Setting Pcv = P =P and taking the zero energy at

ve
the bottom of the conduction band EC(O) = 0 and EV(O) = -Eo (Eo is an
energy gap), under this assumption the following condition for eigen

energies is obtained (69Z),

2,2
h7k h
“Eo - E* o (kP
2,2
5 2k _
ke e + LK =0 (11-4)

N\

If the free electron contribution in equation (II-4) is neglected, the

energy band will be obtained in the form

E E 2,27k
_ o 042 17k
E.v= -3 *4 G+ E 75 } (I1-5)

If the general definition of cyclotron effective mass in equation (I-7) is

used,

2

m _ 2P
(m*)c,v = * IE (I1-6)

o )

is obtained. This shows that the effective masses are equal in magnitude
for conduction and valence bands but are opposite in sign. Equation (II-6)

gives a value of m; = 0.013 m for InSb, and all assumptions in general will

2
be valid if Eg << ZE%—. The effective mass at the bottom of the con-

duction band is determined by equation (II-2), where in this case the
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linear term in k vanishes because of the symmetry at the band edge and the

energy close to the band edge reduces to

2,2 2,2 2 k.P (0) k.P (0)
E () =E(0) » E . BE LTy nn’ na (11-7)
n m E(0) - E_,(0)
Equation (II-7) at the band edge is of the form
2,2
_ hk
En(k) = En(O) + 2m% (II-8)

where m; is the effective mass.

In general, the effective mass is dependent on direction and we

define an inverse effective mass tensor (l/mn)ae 3 a,B =X, y, z for the
band n by
1 2 T Pnn'(o) Pn'ﬁ(o)
& . " n S8 * 7 ngn’ (11-9)
m’ aB m En(O) - En.(o)

so that the energy band becomes

7 1
2

pX ka =

E (k) = E (0) + o os5s

close to the band edge and the shape of the band is completely described
by the components of the inverse effective mass tensor defined in

equation (II-9). For a degenerate band edge, we cannot write down explicit
expressions for the energy as a function of k and usually this is repre-
sented in terms of matrix elements. Kane (57K) used first order pertur-
bations in his calculation and obtained the eigen function of the

operator H in the form

P2 2
H = e +V(r) + ———0. (W x P) (I1-10)
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where V(r) is a periodic potential, P is the momentum operator, o is
the Pauli spin operator, and m is the free-electron mass. The eigen-

functions of the Hamiltonian (II-10) are Bloch functions of the form

b () = Uk(r) exp (ikr)

Kane used this basic idea and developed a theoretical calculation of the
band form by including the symmetry properties of the wave function in
his analysis to obtain quantitative values for the band structure para-

meters.

I1-2 KANE THEORY

According to the Kane theory (5§K), the interaction between the
conduction band around the (000) minimum and the three valence bands
determines the separation and shape of the conduction and valence bands.
The parameters in the Kane semi-quantitative theory are: the separation
between the valence bands and conduction band Eo, the matrix element of
linear momentum P for coupling between the conduction band and valence

bands and the spin orbit splitting of the valence bands Ao’ i.e.

P = —i%<s!Pz|z> (11-11)
a o= —3MC <k |(wxp) |Y> (11-12)
() 2 2 z

4moc

where s refers to the two s, functions representing the conduction band,

and x, y, z refer to x,_, y,_and z_, i.e. the six P functions representing

+
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the valence bands, the * corresponding to spin up and spin down. Under
these assumptions, Kane found an 8 x 8 matrix for interaction of the
conduction and valence bands and obtained a cubic equation which deter-

mines the energy of the electrons as a function of the wave vector k.

i.e.
E(E + E)(E +E_+4) - PAk%(E + E_ + 24,/3) = 0 (11-13)
where
- E(0) - 1—‘;‘;—2 = E(0) - ak®

Different approximations have been used to solve the Kane equation (64M).
In order to find a general solution for the conduction band, we use the
definition of cyclotron effective mass (equation I-7).

Let the zero of energy be at the bottom of the conduction band

2

(i.e. E = 0whenk = 0) and a =.%ﬁu Under these conditions, the

cyclotron effective mass reduces to the bottom of the band mass (m;o) and

this gives

1 2a 2ap? ‘
(m* =) EO(E° + Ao) (SE + 24 ) (11-14)
oo ‘K
or
2
m p? (2 1
—- = + — — (I1-15)
Moo 3 ‘L Eo o * Ao}
E (E + A )
2 m
PS¢ = (m* - 1) (1I1-16)
(Eo + 2Ao/3) 00

Substituting equation (II-15) into equation (II-13) the result becomes

2 m E E
E(E + E) = ak"E_ ( - DDA+ 1 + /)
o o m;o Eo + 2A0/3) Eo + Ao)

(11-17)
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and under the condition E<< E; + 2Ao/$, equation (II-17) reduces to

2 2 m
E™ + EEo - ak E° (m*
oo

- 1) =0 : (1I-18)

which is independent of b, Equation (II-18) can be written in the form

E 2 )
_ 2 0 4ak m &
E=ak” + 3 {1 * E (“‘So - ¥ _1} -1 (11-19)

and using the general definition of cyclotron effective mass,

. 7
dE = 4a . m 2 .m__ -
= 2ak [1 + %l + E (m*o 1)kF} (m*o 1)] (I1-20)

ak

E=E o o (o}

£

is obtained. Substituting kF from equation (II-85) in equation (II-20),
a value for the conduction band effective mass for a highly degenerate

semiconductor specimen is obtained (69T) in the form

S

- 1){1 + 2 (3n2N)2/3§

o 00

C

o) =1+
o 00
The Kane analysis applies at zero temperature only. However,
Ehrenreich suggested that the Kane theory would still be applicable at
higher temperatures if Eo is replaced by E;, the effective mass band gap
(57E). 1If the values of E;, the carrier concentration N and the effective
mass at the Fermi levelz(m/mg) are known, the effective mass at the

bottom of the conduction band (m/m;o) can thus be determined .
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II-3 DISORDER EFFECT IN SEMICONDUCTOR ALLOYS

The fundamental problem which arises in the study of alloy
systemg is that the crystal potential is not periodic. As a result, the
condition for the validity of Bloch's theorem are not satisfied and it
is no longer possible to characterize the electron state by a wave
vector k. Consequently, the energy band and the Brillouin zone lose
some of their meaning. However, these alloys show substitutional solid
solution with the atomé of the component elements distributed at random
over a sublattice of a regular crystal lattice. Thus a considerable degree
of order remains and the aperiodic part of the potential is relatively
small. All available data on semiconductor alloys indicate that the
alloys show very similar physical properties to the compounds and some
of their properties vary continuously with composition. For example,
Figures (I-5) and (IV-3) show the variation of the energy gap and lattice
constant as a function of the mole fraction x of the Ga.l\sbel__x alloys.
It is clear therefore that we are justified in attributing definjte band
structure properties to the alloys despite the presence of some
aperiodicity in the potential terms. In general, if the band structures
of the semiconductor compounds are known,a qualitative estimate of the
band structure of the alloys can be made,but for quantitative data
measurements must be made on the alloys

For theoretical analysis of the band structure of semiconductor
alloys, the virtual crystal approximation (VCA) method (SS5P, 70S, 72RZ)
is widely used. In this model, the random fluctuations of the potential

of the component atoms are replaced by a sum of suitable average potentials
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having the probabilities x and (1-x). In a later development, the
coherent potential approximation (CPA) (70S1, 75K) is a method that makes
it possible to treat the single particle properties of disordered alloys
within the framework of multiple scattering theory as a succession of
scattering processes caused by randomly distributed atomic potentials of
the component atoms of the alloy. In this section we shall concentrate
on the VCA method, in order to caiculate the effective mass value at the
bottom of the conduction band using the equation developed by Berolo,
Woolley and Van Vechten. They indicated that the effects of disorder in
alloys are due to the breaking of the crystal symmetry by the aperiodic
terms. Consequently mixing of valence and conduction band states occur,
particularly at the T point, and they found a quantitative value for the
conduction band effective mass as a function of composition, which involved
the values of the various valence band masses and the spin-orbit splitting
Ao.

The experimental values of the conduction band effective mass for
the systems InAsbel_x and Ga_In, _Sb, GaxInl_xAs and also for the systems

X 1-X
GaAsbel_x and Gal_xAles,which are considered in this work,are in agree-
ment with the theoretical calculation of the disorder equation. The
effects of disorder in semiconductor alloys on a number of different
properties have been investigated recently, e.g. band structure (70S, 75K),
effective mass values (33W, 74R0) , disorder properties of the energy gap
as a function of temperature (74H, 75H), k.p theory in semiconductor
alloys (74S), the density of stateé with a complete list of work on the

alloy properties (73Y and 74E), quantitative calculation of the bowing

parameter (735) and various other approaches to disorder properties (77C,
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77T) . The effect of disorder on the dielectric constant of the alloys

GaAsbel_x will be discussed in some detail in the following section.

II-4 VIRTUAL CRYSTAL APPROXIMATION (VCA)

Let us consider the binary solid solution AxBl-x whose atoms
are randomly distributed on lattice sites of a simple Bravais lattice.

The potential energy term in the one-electron Hamiltonian is

2
“h 2
H= - >m VT + V(r) (I1-21)

In the VCA, V(r) is the actual potential and can be replaced on each

lattice site by the weighted average poteﬁtial vVe defined (55P) by

V- R) = x Vi - R) ¢ (1 - VB - Ry (11-22)

where VA(r - Rl) and VB(r - Rl) are potential terms corresponding to atoms
of the type A and B centred at R with probabilities x and 1 - x. The

corresponding Hamiltonian is

Ve _ _n vC _ _
HS = - 5=v% « IV (r-Rp (I1-23)

Equation (II-21) can now be rewritten in the following form:

H=0C4+ vu) - vvc(r-Rz) = H

In this equation, the effect of the aperiodic term due to the disorder of
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the lattice has been included. It follows that the VCA may be considered
to be the starting approximation for treating alloys disorder. It can be
seen from equation (11-23), that the virtual crfstal Hamiltonian H'e is
periodic with the period of the crystal lattice. The solutions of the
Schrodinger equation wnk’ which are known to be Bloch functions, and the
energy eigenvalues En(k) can be calculated.in the same way as for perfect
crystals. However, in the calculation of the energy band structure in
semiconductor alloys, the question arises whether and to what extent the
usual concepts of band theory based on the translation periodicity of

the crystal lattice are preserved. This is one of the complicated problems
in semiconductor alloys and certain progress in this problem has been made

very recently by Kumar et al. (75K).

II-5 DISORDER EQUATION FOR THE CONDUCTION BAND EFFECTIVE MASS

The analysis on the VCA principle (70B) explains that the energy
Eo in semiconductor alloys will not vary linearly with mole fraction x
because Eo is not a linear function of the potential for any of the
commonly used methods of the band structure calculation. As indicated
above, the experimental results (67T, 63C, 57L) confirm this prediction.
The form of the variation of the energy gaps in semiconductor alloys was
found by Thompson and Woolley (67T). They showed that for most of the
direct energy gap of semiconductor alloys the value of E, has approximately

quadratic dependence on the mole fraction x. i.e.

Eo(x) = a + bx + cx2 (I11-24)
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where a and b are determined from the band gaps of the parent compounds,

but ¢, the bowing parameter, is characteristic of the alloys. The bowing
parameter c. predicted by Van Vechten and Bergstfessér (70B) in their VCA
analysis is always positive and the values are found to be different from

c. Thus it was suggested that the bowing parameter c was the sum of an

intrinsic (virtual-crystal) bowing parameter ¢y determined from the virtual-

crystal approximation (70V), and an extrinsic (disorder) parameter o due to

the effects of the short range aperiodic part of the crystal potential.
The value c is estimated as ¢, = CiG/A where Cp. is the Phillips
electronegativity difference (70P) between the mixed elements F and G and
A is a constant bandwidth parameter. Berolo, Van Vechten and Woolley (71W)
examined the variation of the spin orbit splitting Ao(x) of the valence
band at the T point, and of Al(x), the splitting of the L'point, as a
function of composition x for some III-V ailoys. From the VCA model,
Ao(x) and Al(x) should deviate from linearity only to the extend that the
overlap of the relevant wave function with the nuclei vary (67B), which is
very little, thus the magnitude of the bowing of Ao(x) and Al(x) must be
explained by the aperiodic effect. They also observed, for intermediate
compositions, deviations in the values of the conduction band effective
mass mgo from the predictions of a simple Kane model. This also would be
attributcd to the same kind of mixing of valence and conduction bands

due to the breaking of the crystal symmetry by the aperiodic terms (72W).
Thus mixing of the conduction and valence band states occurs at the T
point, and the resulting conduction band effective mass will be determined
to some extent by the valence band effective mass., Woolley, Berolo and

Van Vechten (73W) found for the conduction band effective mass value the
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following expression

2
1 1 x(1-x) Cgq 1 1
- = + + +
moo mco 3A mthov mlhEov
1 1l 2 1
+ - G + )
mso(Eov * on) Mo Eov Eov * on

(11-258)
where Eov and on are the VCA values and are obtained from Van Vechten
and Bergstresser analyses, i.e. Eov is calculated from the values of S
given by Van Vechten and Bergstresser and on is assumed linear with x.
Similarly ™ h and m . are assumed to vary linearly between the values

for the compounds. The light hole mass m h has been assumed to have the

1
same values as mco, which is good approximation in the Kane model (57K).
Finally, L is the effective mass for thé conduction band in the absence
of conduction-valence band mixing but with all other effects, in particular
the true Eo(x),included. Equation (II-25) can be used to predict
variation of the conduction band effective mass as a function of mole

fraction x and comparison with experimental data gives a good check on

the effect of disorder in semiconductor alloys.

II-6 CLASSICAL THEORY OF OPTICAL CONSTANTS
I1-61 Maxwell's Equations

The physical properties of the interaction of radiation with a
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medium characterized by the permeability constant o the dielectric constant

€, of free space and conductivity o follow from Maxwell's equations

V. (e E+P) = 0 (11-26)

V.H =0 (11-27)

WE = -2 uH (11-28)
ot o)

WH = J+ %E-(eoe + P) (1I-29)

where J the current density in terms of electric field is J = oE.
For cubic crystals, the polarization P is proportional to the field and

can be expressed by:

P = ech

where X, a scalar quantity, is called the electric susceptibility. The

electric displacement thus becomes:
eoE + P = eo(l + XY)E = EOEE (11-26a)

which defines the specific dielectric constant € of the medium,. From

equation (II-28) and (II-26a), it can be shown that

2 9J 325
v .E) - VE = —_— - ce ==

o (11-30)

The combination of equations (II-26) and (II-30) gives a transverse plane
wave function which represents propagation of radiation in an energy

absorbing medium
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2 9J 62E

= (II-31)

In order to solve equation (II-31), consider a single plane wave function

within the medium of the form

E - Eo exp i(q.T - wt) (I1-32)

where ?o is perpendicular to the wave vector q and w is the frequency.

Substituting equation (II-32) into (II-31) and (II-33),

2 .
w ig nn
qQ = M, 7 (e - o) (I1-33)
c o
is obtained. Now define a complex refractive index n* = n + ik (where

n is the real part of the refractive index and k is the extinction
coefficient) and obtain expression for € and ¢ in terms of n and « from

equation (II-32) and (II-33) of the form

€ = n -K (11-34)

1
€. = 2 = 2k (II-35)
2 7 we n >
e 1is defined by
e = g +ie, (11-36)

where € and €, are real and imaginary parts of dielectric constant and

€ is a complex dielectric constant which appears in the usual versions

of Maxwell's equations.
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II-7 REFLECTIVITY

The reflection coefficient of a perfectly smooth surface
material which represents the reflected part of the energy of a normally
incident beam, can be expressed in terms of the optical parameters N énd
« in the form

(n - 1)2 + Kz

(11-37)
(n + 1)2 + Kz

and the transmission coefficient of light through a plate of thickness d
is given by:

2
(12' R) ¢4 (11-38)
1 + R” exp(-2ad)

where a is the absorption coefficient, which can be expressed in terms

of the extinction coefficient k, as
o= —x (I1-39)

The optical parameters n and k are related to the electrical parameters

o and y by the relation

€, = 2k = —— _ (11-40)

In the range of wavelength in which the absorption is weak (i.e. a is
small),k <<(n - 1)2 and the reflection coefficient (II-37) reduces to

2oly o n? - Ao (11-41)
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Equation (II-41) has been used in this work to analyse data in the range
9 to 30 microns in order to calculate values of dielectric constant and
effective mass and other parameters which are related to the band structure

of the alloys of the systems GaAsbel-x and Gal_xAles.

I1-8 CLASSICAL PLASMA FREQUENCY

In a one-dimensional model of a solid, let us assume that the
electric field has a z-component only and that VXE = 0 when H = 0.

Maxwell's equation (II-29) then becomes
9E, _

J + €€ (at =0 (11-42)

and for longitudinal motion we have
oV

m(sz- = eE (1I1-43)
The current density and velocity are related by (59S)

J = Nev (11-44)

where N is the equilibrium density of electrons. The relationship
between local electron density and electric field given by Poisson's

equation is

3E

1
3z - ¢ Ne

Substituting equations (II-43) and (II-44) into (II-42), we obtain

€_EM 2

Nev + Z 2—%— =0 (11-45)
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Using equation (II-32) and by replacing %E- by -iw, equation (II-45)

reduces to

€_em 2
(~w)") =0 (1I-46)

v {Ne +

Since v must be finite, and the term in the brackets is independent of
wavevector, there is only a single value of w allowed by equation (II-46)
for longitudinal motion. This is called the plasma frequency wp and is

defined by rearranging equation (II-46) in the form

2
2 Ne
u)p = W (11-47)

For a degenerate specimen the dielectric constant may be written in terms

of the plasma frequency as

vs
€, =€, Qa - 3 )
w
2
“p
€, = €, 3 (I1-48)
w'T

From these equations, it may be seen that for w >>wp the
imaginary part of the dielectric constant becomes very small and the real
part is dominant. For w << mp, the real part of the dielectric constant
is negative and the imaginary part of the dielectric constant will be
greater than the real p;rt. It is also seen that as w approaches w o’
the real part of the dielectric constant decreases and reaches a minimum
when w = wp. This minimum is referred to as the plasma minimum, and
after this minimum the reflectivity usually rises very rapidly. Equation

(1I-48) may be written for the real part of the dielectric constant € in
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the form

2
c= e, - —ae— 2 | (11-49)
0o's

where N is the carrier concentration and m; is the susceptibility
effective mass. According to equation (II-49), a plot of € vs. Az shbuld
be a straight line and the effective mass value can be obtained from the
slope. The second term in equation (II-49) is the free carrier con-

tribution to the dielectric constant and may be denoted by €rC where

2 2
e = - %__NE_ (II-50)
w £ m*
oS
11-9 DETERMINATION OF SOME OPTICAL PARAMETERS
(Topt’ uopt’ 0opt and kmin)

The basic equationsdescribing the free carrier dispersion in a
region where the free carriers of the material interact with the electro-

magnetic radiation are given as follows (69T, 71D)

€ = €1 + 182
2 2
2 2 Ne T
€ = n° =K = ew - —— < .._____>
1 : m; €o 1 + wZTZ
€. = 2nk = Ne? < T > (I1-51)
2 ° = e w 22
co 1l +uwr

where €1 and €,y are the real and imaginary parts of the dielectric constant,

m* is the free carrier conductivity effective mass, N is the free carrier
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density and t is the relaxation time. Phillips (67P) and subsequently
Rheinlander (70R) showed that if the intraband free carrier contribution
to the dielectric constant is neglected, the left side of the equation

(I1I-51) can usually be replaced by

<12> <12> r2<1:>2
(—==) " 7 3 = 7 7.2 (11-52)
1 +wT 1 + w <t> 1 +w r <T>
2 2 2 . . . .
where r~ = <r">/ <r> is the Hall scattering coefficient for the

material and <t> is the averaged carrier relaxation time. From (II-52),

equations (II-47) and (II-51) can be written in the form

2 2 2
€, + K -n w
z = = (11-53)
© W + T <T>
2
2 mp
2nKr w<Tt> = 5 — )
w + T  <T>
(e, + Kz - nz)
w<T> = > (11-54)
2nk T

Substituting equation (II-54) into equation (II-53), the result becomes

2 2 2 2
e +K -n + k° -n
2 o« 2 -]
wo o= ) w 2
P € <> ¢
or
w2 €. + Kz - n2 4n2K2r2
—E= ) o+ 5 (11-55)
w o e, (e + k" - 2)

To find an interrelation between n and ¢ at the minimum reflectivity,

manipulation of equations (II-54) and (II-55) to eliminate o leads to
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2 2.2

_ (e -n" + %) 4 2

(e - n2 . KZ) { r2 . o } = r Ne <t>

- 2 m e
4nk SO
= constant ' (11-56)
and the reflectivity is defined by

R (n - 1)2 + K2 or 1 +R n2 + Kz + 1

e e

(n - 1)2 K

By differentiating (1 + R/l - R) with respect to Kz on bath sides of

equation (II-57) we obtain

d_nz_ = ——;——2- (11-58)
dk l1+k” -n

and by differentiating equation (II-56)with respect to Kz we have
2K2 + 3+ (4r2 - 3)l<'2 - (g, - ﬂz)s
2

dn n {

3 . } (II-59)
dx 2« { 2n

- 3¢+ (4r2 - 3)} n4 + (e + K2)°

From equations (II-58) and (II-59), the following interrelation

between n and k at the minimum reflectivity can be cobtained

4n2K4r2(3n2 - Kz
2 2.2
(e, - n + «x7)

- 1)

K2(sn% + 3e_ - 2) = (e - nD)(° - 1) -

(II1-60)

in which the last term on the right hand side of the equation can be
neglected if wztz >> 1. Therefore, at the minimum reflectivity,
equation (II-60) can be written in the form

2 2
2 _ (€ = Mpind (Mpgn - 1)
2= 5 (11-61)
S sn ¢ 3, - 2)




'y

- 39 -

and = &
uopt m*
g = =
ne uopt ewe wp'r
Thus T, and o can be calculated from the values at the minimum

K .
uopt’ min

of the plasma reflection.

STATISTICAL THEORY
II-10 BOLTZMAN EQUATION

The distribution of electrons in energy in accordance with the
Fermi-Dirac function is valid only for a.system in thermodynamical
equilibrium. When a force is applied to a solid, the distribution function
must be modified to take into account small deviations from equilibrium.
This is done by use of the Boltzmann equation.

According to the electron theory, for crystals which have
spherical symmetric energy surfaces, the electron distribution function
f in a stationary state is determined as a new distribution function of

the state k of the electron and time using the Boltzmann equation (59§)

e df " df £- £

e ¢t \Y = { & = o
h ° dE (F. E) dt coll T

" (11-62)

In this equation, fo is the distribution function at the corresponding

df

thermal equilibrium state and T is a relaxation time. The value {—;J coll

is the difference between the number per unit time of particles whose
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wave vectors change to k due to scattering and the number of particles
whose wave vectors change from k to some other wave vector due to the
scattering mechanism. Assuming that the distufbance is small, so that
g% s c;n be replaced by E;%, that £ - fo = Af and F = -eE where E is

the electric field, equation (II-62) can be written as

of
TE =2 VE (1I-63)

= &
Af = n 3 K

When the electric field varies with time according to

?X = Eo exp (iuwt) (11-64)

then equation (II-63) can be written as (36W1)

- 1 '

where Afl is a solution for the alternating electric field given by

equation (II -64).

I1-11 STATISTICAL THEORY OF FREE CARRIER REFLECTIVITY

The current density in the x direction in terms of the dis-

tribution function f is given by (57F, 69T)

2
J = - ——— ¢ J Af1 Vx ko (I11-66)

(2m)>

where Vx is electron velocity in the x direction and ko

volume element in k space. Equation (II-66) may be rewritten in terms of

= dk_dk dk_ is a
X ¥y 'z
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equation (II-65) in the form

e2 TVx afo
J = e e j E as (II-67)
X 47r5‘ﬁ X 1 + iwt akx k

By substituting the relations

E _ . _ 1 3E
T 1wEx and Vx = 5 akx (II-68)
equation (II-67) becomes
ez J TVx of
J = - E dQ
X 411'3}'{ X 1 +w2‘rz ak k
2
oE ™V of
X f o) !
T J —27 . %% } (11-69)
l +w'T X

In the alternating electric field, the current density J can be represented
formally as the sum of a conduction current, varying in phase with the
electric field, and a displacement current, lagging in phase behind the

field by w/2 for a crystal of cubic symmetry, i.e.

J = oF + ¥ %E— (11-70)

where o and x represent the conductivity and electrical susceptibility.

Comparison with equation (II-69) and (I1I-70) leads to

e2 J Tv‘ Bfo ’
o = - S T — -~ dQ (11-71)
T 1+ ()2 dkx (2")9 Qk

and
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e2 TV, afo
X = — J d (I11-72)
¢ 41r3‘h 1+ ('rw)z ka %

In a static electric field, the conductivity represents the value of the
current of free electron charges and the value of the electric suscep-
tibility represent the displacement of bound charges.

In the case mz'rz >> 1, equation (II-71) can be rewritten

in the form
EVX
¢ T T 22 f T, o % (11-73)

Integrating by parts, we obtain

e2 J' . kx= +
X = - {V f} dk _dk_ -
FC 4h2n2w2 X o kx = — Yy z
avx
J —BE;—- fo ko (I1-74)

and substituting equation (II-68) into (II-74) gives

- e 3 E _
Xpe T T 2.3 2 J 7 £, 9% (11-75)

For a crystal with cubic symmetry, the susceptibility is independent of

direction, hence equation (II-75) may be written

)
e 1 V2

X = ___.___J— " Ef_ dQ (11-76)

FC A2 2 3 k o k

The terms inside the integral can be expanded in spherical polar co-

ordinates. Since the angular terms vanish, we have
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3

o = S (II-77)
FC )

o« 2 -
Jo Y (k VkE) fodk

and integrating by parts,

e2 2 k
X = —— ijf kv é}
FC Snzﬁzwz o k "

In equation (II-78), the first term is zero and after changing the

=) [--] 2
- Vv -
. jo k“y £V Edk| (11-78)

integration variable in the second term, we have

2 o

e 2
X = - —_—— [ k™ vE v.f dE (I1-79)
FC 311‘2712(»2 Jo k ko

and the free carrier contribution to the real part of the dielectric

constant is expressed by

X
= FC ‘ -
€ c © & ' (11-80)

In the spectral range of interest to the present work, the total dielectric

constant of the crystal is expressed by

€ = € 4+ €.+ E (II-81)

where €y is called lattice reflection and expressed by
(e, - ec) wi
&y = 5 5 : (I1-81a)
wt - w - iyvw

where w, is the transverse optical phonon frequency and y is the lattice

damping constant. By substituting equation (II-79) and (II-80) into

(II-81) we have

. 2 (ec - €.) w:
e = e - —5— I - g — 5 (11-82)
: 3m"h w, - " - iyw

t
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where

I = j k Vk E Vk fo dE

)
E - Ef -1
and
E - E E. - E
I £ £ -1
VEfo = kBT{ 2 + exp C——E;T—J + exp (_E;T_— )} (11-84)

Thus as is seen from equation (II-82), the present analysis shows that
the real part of the dielectric constant is dependent on the frequency of

the incident radiation and also on the energy band of the material.

I1-12 CARRIER CONCENTRATION

The total concentration of electrons in the conduction band of
a single band material is obtained in terms of a statistical distribution
by integrating fo g(k)ko between the lower and upper limits of the band,
where fo is the Fermi-Dirac distribution function (equation II-83) and
g(k) is the density of states, i.e., the number of states per unit volume
of crystal in the range k to k + dk. The total carrier concentration of

the conduction band is determined by
= : Q -
N JEc g(k) fod . (11-85)
Let us integrate equation (II-85) over the entire band for the case of a

spherical energy surface, taking the zero of energy at the bottom of the

conduction band and using « as the upper limit of the conduction band,
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since the Fermi function goes very rapidly to zero as a function of E,
hence it makes no difference how high the upper limit is taken. 1In
equation (II-85) using g(k) = 2/(21r)3 as the number of states per unit
volume and with the terms inside the integral ko expanded in spherical

polar co-ordinates, we have

1 ® 2
N = = J £ k“dk (II-86)

™ (o]

By integrating equation (II-86) by parts, changing the variable of

integration from dk to dE we obtain

1 (0.3 f
N = —5 J k a—E°- dE (I1I-87)
3T o

For a strongly degenerate specimen, no integration is necessary since

of .

EEQ-reduces to a & function at Ef and the carrier concentration is given
by

3
£

37

where kf is the wavevector corresponding to the Fermi energy Ef.
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CHAPTER III DESIGN AND INSTRUMENTS

I1I-1 APPROACH TO THE DESIGN

A Baird monochromator was used to measure the room temperature
reflectivity of the alloys GaASbel-x and Gal_xAles. The monochromator
was previously used in a single beam operation with an upper wave-
length limit of 16 um. For the essential part of this project, the
operation of the monochromator was changed from single beam to double
beam operation to facilitate the measurement of the plasma reflection and
also the upper wavelength limit was extended up to 30 um to allow values
of effective mass for the two pseudobinary alloys GaAsbel_x and

Ga xAles to be determined.

1-
According to equation (II-49), the square of the plasma resonance
frequency is directly proportional to the carrier concentration and
inversely proportional to the effective mass.  For the alloys to be inves-
tigated, in order to bring this resonance frequency close to the available
wavelength range, it was necessary to use very large values of carrier con-
centration N. However the technical difficulties of crystal growth set an
upper limit to N. Thus it was necessary to extend the upper wavelength
1imit of the spectrometer, in order to cover a wavelength range in which
the effects of the conduction electrons on the reflectivity could be
observed for samples of relatively low carrier concentration. In this

way, measurement could be made on samples available in the physics

department.
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Extension of the upper wavelength limit of the monochromator
required readjustment of the setting of the prism and Littrow mirror
system. Various settings were tried and for eéch arrangement the wave-
length calibration was checked by observing absorption lines of polystyrene
and PtCl4 films. A wavelength of 30 um was chosen as the upper waveiength
1imit of the monochromator and with this setting, the lower wavelength
limit was found to be 9 ym. This range was quite satisfactory for the
proposed measurements since in all cases it allowed data to be obtained
from which the graph of e vs. Az, described in equation (II-49), could
be drawn and values of m; determined. The advantage of this wavelength
extension can be illustrated by considering a GaASbel-x alloy with
x = 0.04. With an upper wavelength limit of 16 um, the minimum carrier
concentration which could be used was 7 x 1018 cm-s, which was difficult
to obtain. However with the extended wa&elength range, the minimum required

17cm-3,which was easily obtained.

carrier concentration was reduced to 2 x 10
For sample of higher effective mass, the minimum carrier concentration was
correspondingly increased, and the extended wavelength range was of still
greater importance.

Some of the electrical and optical instruments used in the double
beam arrangement for this experiment were built in the physics department.
The following section deals with the research and development of the
basic method of the double beam operation which was carried out in this

project, and also gives a general account of the final spectrometer arrange-

ment.
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I1I-2 OPTICAL DOUBLE BEAM ARRANGEMENT

A Globar was used as the main source of radiation in the infrared
range up to 30 um. It is a silicon carbide rod of % inch diameter and
4 inches in length that can be electrically heated by a constant voltage
transformer to about 1200°C with approximately 300 watts input. The
Globar was surrounded by a water cooled jacket with one window, abopt
1 x3 cm2, to safeguard the main source and to keep the temperature
constant around the Globar. Radiation passing through the window was
collected by the mirror M1 (see Figure III-1) with a 20 cm focal length
and 10 cm diameter and focussed on to the entrance slit of the monochromator.
The radiation was then reflected by a plane mirror M2 inclined at 45° with
respect to the incident radiation and sent to a collimator mirror M3 of
70 cm focal length. This mirror was used firstly to send a parallel beam
to the prism and, after the required wavelength of radiation has been
selected by the littrow mirror M4 and prism combination, it focussed the
parallel beam returning from the prism on to the exit slit via reflection
at a plane mirror MS' The selection of wavelength was carried out by
rotation of the littrow mirror, the angular position of which was controlled
by the rotation of a calibrated wavelength drum.

The entrance -and exit slits and also the littrow mirror were
controlled by the slit cam and the wavelength cam respectively. These
two cams were moved synchronously by rotation of the wavelength drum. In
the short wavelength range, where the source intensity was high, narrow

exit slits were used to increase the resolution of the measurement. In
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the longer wavelength range, where the source intensity was lower, the
entrance and exit slit widths were made wider in order to increase the
radiation intensity at the sample,

| Radiation passing through the exit slit was split into two
beams by two front surface-aluminized half-concave mirrors M and M7
(each of focal length 25 cm and 10 cm diameter), one beam being refocussed
on to the sample M8 and the other on to the reference mirror Mg. The
sample and reference holders were supported by a single holder and
situated at a suitable distance from the exit slit of the monochromator
so that their angle of incident was approximately 10°. Any change in the
radiation source affected the two beams equally, so that the system
remained completely symmetrical with respect to emission. The ratio of
integrated intensity of two beams could have been made unity, but go get
the best voltage ratio signals in the oufput of the lock-in amplifiers,
it was better to use a higher integrated intensity for the beam chopped
at the higher frequency to compensate for the fall off in detector response
with chopping frequency.

Each beam was chopped by a chopper placed in the beam near to the

surface of the plane mirror Mg and sample M_, the chopper frequencies being

8’
26 Hz and 71 Hz respectively. The two adjustable choppers were mounted on
a rubber table to reduce the effects of mechanical vibration and also to
facilitate adjustment.:

The two infrared beams, after being chopped, were incident on

two identical front-surfaced concave mirrors M10 and M_, with 12.5 cm

11

focal length and 10 cm diameter. The radiation reflected from mirrors

M11 and M12 was refocussed onto a highly sensitive pyroelectric detector
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with a KBr window. This window had high transparency up to 40 um.

The pyroelectric detector (TGS crystal) is a thermal detector
with uniform response in the wavelength range 2 to 40 um with low noise.

All the components of the optical double beam arrangement were
mounted on one frame to facilitate adjustment. Each optical component,
ji.e. mirror, sample, detector, was mounted on a separate holder which was
movable on the frame. Each holder was designed to give all required
degrees of freedom to the component, i.e. rotation as well as three
dimensional linear adjustment. To ensure that the optical system and
detector and final focussing mirror system remained fixed, each holder
could be locked in position after adjustment. The optical system, the
chopper system and the detector were surrounded by a styrofoam box
(1x1x0.5 m3) to screen them from draughts, temperature fluctuations,
etc. This decreased the noise picked up by the detector and also isolated
the optical system from the environment and consequently increased the

voltage signal-to-noise ratio during the measurement.

III-3 OPTICAL PREPARATION

Due to the poor transmission of glass in the infrared range,
it was necessary to use mirrors giving reflection from the front face.
For this purpose, pure aluminum was chosen as the reflecting material,
because it has constant, high reflectivity in the infrared range and also
high thermal conductivity.

The procedure for aluminising an optical surface has been
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described by Bennett (62B) and was followed here, all mirrors in the
double beam system being treated this way. The surface of each glass

mirror was cleaned with agua regia (3HCI, IHNOS), and then rinsed

successively in acetone, deionised water and finally methanol to completely

remove all grease, dust, etc. The aluminum layer was produced by Qaéuum
evaporation, the Veco Model, VE-400 evaporator being used for this
purpose.

The aluminum to be evaporated, in the form of short rods, was
placed in a tungsten basket filament (diameter 1 cm) which could be
heated electrically and the glass mirror was held about 30 cm above this
filament. The whole system was covered by an inverted glass bell jar
which seated on a rubber gasket to give a vacuum-tight contact with the
base plate through which the various connections were made. The system
was evacuated for about 15 minutes to gi&e a pressure of about 10-4Pa.
and then the filament current was slowly raised until the aluminum melted
and evaporation onto the mirror occured. After the filament current was
turned off, the system was left for 10 minutes before air was admitted
into the bell jar. This ;llowed the mirror and its aluminum film to cool
down and avoided any excess oxidation of the aluminum. The mirror was
then removed from the system, great care being taken to avoid any contact

with the aluminized surface.

III-4 ELECTRICAL ARRANGEMENT

As shown in the block diagram (III-2), the Globar radiation was
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converted into a voltage signal by the pyroelectric detector and its
associated circuit. To minimize noise and to improve the voltage signal,
it was necessary to use a battery as the power supply for the associated
detector circuit. The output of the associated detector was fed to a
PAR 113 roll-off preamplifier, via a short cable, the latter being uéed
to keep the noise in the voltage signal as low as possible. To optimize
the alignment of the optical components in the double beam system, the
two voltage signals in the output of the preamplifier were fed through
a single low noise cable to an oscilloscope and each signal maximized by
adjustment of the various mirrors and the detector.

The output from the preamplifier, containing the two required
signals, was applied to two low Q selective amplifiers (PAR model 189).
These amplifiers were tuned to frequencies of 26 Hz and 71 Hz respectively
so that each selected one of the requirea signals and rejected all other
signals including noise and combination frequencies of the two unwanted
signals. A low-pass filter in the output of each selective amplifier was
used to reduce unwanted signals and noise. The two amplifiers were
identical in band-width, time constant etc. so that the two voltage signals
were dealt with in identical manner. Great care was taken to ensure that
each selective amplifier was tuned to the appropriate chopper frequency,
this being done by observing the output signal on an oscilloscope and
adjusting for maximum signal. With the Q of each amplifier set at a
relatively low value (5 or 10), small drifts in the chopping frequency
caused negligible change in gain. To further improve the required signal,
the output of each preamplifier was fed to the lock-in amplifier through

an impedance matching circuit.
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The two lock-in amplifiers used were one PAR. model 126 and
one PAR. model 186. In the input of each lock-in amplifier, a low pass
filter was used to reduce further unwanted signals and noise. A 3 sec.
time constant was selected for each lock-in amplifier to obtain identical
characteristics and to avoid relative phase shifts between the two systems
during the measurements. Each lock-in amplifier requires a reference
signal of the appropriate frequency and phase and this was provided from
the chopper system, the signal being fed to the lock-in amplifier through
a low noise cable. In the output stage of the lock-in amplifiers, the
signal is rectified and the output consists of a d.c..voltage proportional
to the input signal. The output from the two lock-in amplifiers were fed
into a PAR. model 193 voltage divider, the output of which was proportional

to the ratio of the two input signals. The time constant control on the

~divider was set at 3 sec., the same value as for the lock-in amplifiers.

The output of the divider was fed into a Honeywell chart recorder.

The chopping frequencies of 26 Hz and 71 Hz were chosen to avoid
as much as possible any unwanted pick-up at the general line frequency of
60 Hz or its harmonics. 60 Hz interference was further reduced by using
a d.c. power supply for the dtector. Also, a voltage regulator circuit
was used for the chopper systems to give stable reference voltage and this

also reduced noise in the input signals.
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ITI-5 DESIGN OF CHOPPER AND DRIVER CIRCUIT FOR THE DOUBLE BEAM

ARRANGEMENT

The chopper frequency used in the signal beam operation of the
Baird spectrometer was chosen to suit the slow response time of a thermo-
couple detector. Substitution of a pyroelectric detector to obtain
higher sensitivity in a spectrum up to 30 um with double beam operation
allowed a higher chopping frequency to be used which gave a better signal
to noise ratio. This improvement in performance at high frequencies was
due to the faster response in the pyroelectric detector, this giving a

smaller current noise during the measurements.

IT11-51 Control Circuit of Chopper Drive

The chopper system used in this project was designed and set-up
in the physics department. Each chopper consisted of a blade with a
diameter of about 6 cm mounted on a driver motor which had its spindle
connected through a flexible coupling to that of an identical motor used
as a generator. Each driver motor was stabilized by a negative feed back
circuit (Fig. III-3), the fed-back voltage being the DC voltage from the
generator. The generator voltage was compared with a chosen voltage
developed across R2 and the difference gave the input signal to an
differential amplifier (DAM). The output of the DAM was applied to the
driver current amplifier B (a transistorized Darlington pair), the output of

which powered the.driver motor M. Any change in the speed of the motor resulted
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in a corresponding change in the generator G and hence a change in the
voltage fed-back to the DAM input. The DAM output was thus changed
in such. a way as to compensate for the initial change in the speed of
the motor. The required speed of the driver motor M could be varied by
changing the value of the resistance Rz. |

The voltage across the Rle potentiometer was provided by the
power supply shown in Fig. III-4. This used the standard full wave bridge
rectifier circuit to provide equal and opposite D.C. voltages. The R, C
and R', C' combinations provided low pass filtering and the zener diodes
gave stabilized output voltages of +15 and -15V. These were used to
operate the D.A.M.'s and to provide the 15V applied to the R1R2 potentio-
meters.

Thus the generator, differential amplifier and driver current
amplifier formed an automatic control ci?cuit for controlling the speed
of the associated motor and the two separate circuits driving the two
chopper motors were identical in design. The chopper drive system under
normal running conditions had a stability of about 1% over a period of
35 hours. However, to retain this stability, it was necessary at frequent
intervals to clean all commutators and brushes and to tighten the flexible

coupling between driving motor and generator.

ITI-52 Chopper reference signal circuit

Each chopper system provided the reference signal for the

associated lock-in amplifier. The light from a small lamp L was chopped
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Figure (III-5): Reference circuit associated with the

chopper driver
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by the chopper blade and fell on a photo-transistor 'I‘1 (Figure III-S).
The changes in light on Ty caused corresponding variations in its
output which was applied through resistances Ry and R2 to the base of
transistor T2. T2 was biassed by the chain R3R2R1 and, with suitable
adjustment of R2’ was switched by Tl from cut-off to saturation witﬁ
corresponding change in the light signal at Tl' Thus the output voltage
had a stabilized square wave form as is needed for the reference signal

to the lock-in amplifier and also satisfied the required conditions of

being larger than and synchronous with the lock-in input signal.
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CHAPTER 1V

IvV-1 PLASMA REFLECTION MEASURMENT

The reflectivity spectrum of a sample produced by the free
carrier effect in a semiconductor is called the plasma reflection.

To eliminate the effect of fluctuations in the radiation source,
temperature, amplification of the signal etc. which may occur when a
single beam system is used and to improve the accuracy of the reflectivity
measurement, the single beam operation of the monochromator was changed to

double beam operation and the wavelength range of the monochromator

extended. The basic design of this arrangement has been discussed in
sections III-2, III-4 and III-5.

In the double beam operation, the monochromator was set up to
be geometrically symmetrical, with similar mirrors and other identical
instruments used simultaneously throughout the reflectivity measurement.
The ratio of sample signal to reference signal was found by using a
P.A.R. divider and this eliminated effects of atmospheric absorption and
of any random source fluctuations which might occur during the measure-
ment. The two beams, one chopped at 26 Hz and the other at 71 Hz were
converted into voltage §ignals by a single pyroelectric detector, and
these signals amplified simultaneously by a single preamplifier to
eliminate any effects of the characteristic of the instrument.

The pyroelectric detector is an a.c. device, which detects

temperature levels with a high response time and low noise at room temperature.
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To increase the resolution of the measurement as much as possible,
a narrow exit slit proportional to the wavelength was used in all measure-
ments_in the wavelength range 9 to 30 um. The'spectral range of the wave-
length drum on the monochromator was scanned at a very slow rate to obtain
higher signal-to-noise ratio (noise = t-b where t is the time of absbrption
in the detector and b is positive). The reflection of the sample was
compared with that of an aluminum mirror with an assumed reflectance of
98.5% (62B).

The characteristics of the instrument were eliminated by a
special arrangement to measure absolute reflectivity as follows: First
of all, the sample M8 (Figure I1I-1) was a semiconductor alloy sample of
GaAsbel_x or Gal_xAles, and the voltage signal VS for the samle was
compared with the voltage Vr for the reference mirror (Mg). The variation
of the ratio R1 = VS/Vr was obtained ovér the range 9 to 30 um, the
value of R1 being recorded on the chart recorder. Keeping all optical
paths and electrical instruments the same, the sample and the reference
mirror were interchanged and the above measurements repeated giving the
ratio R, = vs'/vrf' R, was recorded on the same chart as Rl' The

2

absolute reflectance of the sample R was obtained as

A2 \Y

. (.S _s'y!

R = & - 7
T Tr

(Iv-1)

where Rref is the absolute reflectance of the reference mirror. For most
specimens, repeat runs of the reflectivity were made and an average of
the values from equation (IV-1) taken as the absolute reflectivity of

the specimen.
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Iv-2 CALIBRATION OF DOUBLE BEAM ARRANGEMENT

The wavelength of the Baird spectrometer in the range 9 to 30 um
was calibrated using absorption lines, the wavelength of which had been
determined by Dowie (53D) using a KBxr prism.

Several precaution were taken to obtain high absorption with
as high a resolution as possible. The absorption data for each individual
run were fed into a recorder. At each 1.00 reading of the wavelength
control drum, a relay caused a mark to be made on the recorder paper, and
this was used for calibrating the system. The calibration was performed
in three steps in order to obtain a good number of accurate points for the
calibration graph.
30H, HZO and solid CO2

respectively were put in a styrofoam box with open ends through which the

First of all, three bowls containing CH

radiation passed. This increased the vapour concentrations in the air
through which the beam was passing and improved the measurement of the
position of atmospheric and CHSOH absorption lines up to 29 ym. Those
values were used to draw a calibration graph. The calibration graph was
tested in the double beam arrangement, using polystyrene film to give
high absorption at 11.0,13.2 and 14.29 um and for the longer wavelength
points, a PtCl4 film was used. This film was prepared in the chemistry
department of the University of Ottawa, and calibrated with a high
resolution spectrometer giving absorption points at 23.90 and 28.90
microns. These were used to extend the calibration curve of Baird
spectrometer. The results were fitted to the atmospheric absorption curve

as is shown in the calibration graph (Figure IV-1). To reduce errors from
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the reading of the calibration curve and to facilitate wavelength
determination, all calibration data were fitted to a cubic equation using
the I.B.M. 360/65 computer. The empirical equation

3

10051 = 0.007588T° + 0.2976T% - 4.,294T + 27.21 (IV-2).

where A is the wavelength (inum) and T the drum reading, fitted the
experimental data very well over the whole of the range 13 to 29 um as

is shown in Figure (IV-1).

V-3 SAMPLE PREPARATION
a) GaAsbel__x

Most of the alloy samples of éaAsbel_x used in this work were
grown in this department by Dr. Stanley Rosenbaum, who used the horizontal
Bridgman technique with a pull rate of less than 1 cm. per day. This
ensured that homogeneous material was obtained. The details of the
growth of the GaAsbel_x ingots are given in his work (72R). He also
particularly considered alloys of small x value in the ingot T.Z.F.-6
which had high Te doping. The variation of composition along the length
of this latter ingot is shown in Figure IV-2.

Each sample was cut from the ingot by a spark cutting technique
and was about 9.0 mm in diameter and about 1.0 mm thick. All samples
exhibited polycrystalline form with normal N-type conduction. The com-
position of each specimen was determined by using the X-ray powder method

to obtain the lattice parameter a, and the composition was obtained by
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applying the data on the variation of a, with x (Figure IV-3, ref. 73G)

for the GaAsbel_x system. The variation of.lattice parameter as a
function of composition for the GaAsbel-x system is plotted in Figure IV-3,
It is seen that for a0< x < 0.36, the values of a, lie on a straight line
connecting the values at GaAsbel_x, i.e. satisfy Vegard's law, bﬁt~for
0.61 <x <1 the a values deviate from that line.

After making sure that the sample was homogeneous with single
phase behaviour, it was mounted on a holder and mechanically polished
successively with 5, 1, 0.03 microns powders to obtain a smooth mirror-
like surface. The sample was then removed from the holder and washed with
water and rinsed with acetone to prepare for room temperature reflectivity
measurement.. The surface layer of the alloy was etched just before use in
a solution of 1:2:2:HN03:HC1:H20 at room temperature to remove any surface
damage in the sample. The rate of etching with this solution was
approximately 2 um/sec. After etching, the sample was rinsed in distilled
water and then mounted on a copper holder in order to measure the plasma
reflection. It was found that irregularities or scratch on the sample
scatter the incident radiation and reduce the measured reflectivity below
its actual value. After the reflectivity had been measured, the sample

was cut off as a van der Pauw sample for measurement of Hall effect.
Iv-4 SAMPLE PREPARATION FOR Gal_‘Ales

G Ales layers were grown by liquid phase epitaxy at the Bell

a1-—x

Northern Research Company laboratories, by Dr. A. Springthorpe. High

doping with tellurium, resulting in a polycrystalline sample, was used to
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obtain high carrier concentration for the reflectivity measurement.

Ishii et al. have indicated (701) that the distribution coefficient for Te
in liquid phase-epitaxial growth of Gal_xAles is independent of alloy
composition. Details of the technical method of growth have been given
by Springthorpe (74S).

The composition of the layers was determined at B.N.R.C. by
quantitative electron microprobe analysis and by photoluminescence. The
two measurements were in agreement within *3%. Before the reflectivity
measurements were taken, the alloy specimens were washed in acetone and
then in concentrated HC1 at 60°C for one second to remove any oxidation
on the surface. . In the case of the GaAs sample, the surface layer was
etched at room temperature in a solution 2:2:1:H2804, H202, H20 giving
an etch rate of approximately 5 um/sec. Immediately after etching, the

sample was used for reflectivity measurement at room temperature.

IV-5 HALL EFFECT MEASUREMENT

Hall coefficients were measured by the van der Pauw method (58V)
at room temperature, using the standard DC arrangement available in the
physics department (Figu?e Iv-4).

After the reflectivity measurement, the specimen was cut into
a square van der Pauw sample. The contamination of the sample surface
was removed by washing successively in acetone, trichoroethylene and de-
ionized water. Gold-germanium was evaporated onto the four corners of

the square specimen and the specimen annealed at 350°C in a He atmosphere




- 70 -

POTENTIOMETER

-y

MAGNET

o L ?j

~\van der Pauw sample

(o]

Q [ ]
NANOVOLT AMPLIFIER
© @
& &

DIGITAL VOLTMETER

Figure (IV-4): Electrical Circuit for Hall effect measurements.
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for two minutes for the purpose of increasing the adherence of the
evaporated layers to the specimen. Good ohmic contact, which preserves
the linearity of the voltage-current characteristics, was obtained by
using tungsten wire with diameter of about 3um as a connector. Ohmic
contacts were made at the four corners of the symmetrically square
specimen with a spark welding method. The resistance of the specimen
after contact was typically about 5 ohms.

Current was applied through a diagonal pair of contacts, being
supplied from a 12 volt battery, and the Hall voltage was measured across
the other pair of contacts. The current through the sample was adjusted
to be 10 mA or 5 mA by a variable resistor in series with the specimen
to avoid electrical heating of the specimen during the measurement. An
Astrodata nanovolt amplifier was used as a preamplifier of the output
signal and it could also be used to back-off the signal to zero. The Hall
voltage was measured for two different field directions and the average
value taken. The Hall measurements on some of the samples in this work

were made by Mr. H. J. Lee of the Physics Department.
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Iv-6 VAN DER PAUW ANALYSIS AND EFFECT OF CONTACT SIZE

As indicated above, to determine the Hall coefficient by the
van der Pauw method, current is applied on a pair of diagonal contacts of
the square specimen and the Hall voltage was measured across the other

pair. The Hall coefficient is then given as

R, = SoF (11-4a)
where d is the thickness of the specimen, i the current flowing and &V
the change in measured voltage when the field B is applied. Usually,
the field B is reversed and the average change in Hall voltage is used
in equation IV-4a).

van der Pauw in his theoretical.calculations (58V) assumed
jnfinitesimally sized contacts to the sample, a condition which cannot be
realized in practice. As was pointed out by Chwang (74C), the finite size
of the contacts on a specimen has considerable effect on the potential
distribution inside the sample and usually results in a reduction of
the measured value of the Hall voltage from that for the ideal case.
Hence, to determine the true Hall coefficient, the measured value must be
multiplied by a correction factor. Chwang et al. (74C), calculated
values of correction fgctor for both triangular and square contacts
at the corners of a square sample. They found that the correction factor
is a function of the AL/L, which AL is the contact length and L the sample
length, and the value of the Hall angle. Typical curves of correction
factor against AL/L are shown in Figure IV-5.

In the present work, the contacts were approximately square in
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shape and AL/L was taken as the average over the value at the four
contacts. From the observed RH values, an approximate value of Hall
angle could be found and hence the required cofrection factor determined
from the data of Chwang et al. The value of Hall cocfficient and
correction factor for the various samples measured in the present work

are given in Table (V-1).

Iv-7 ANALYSIS OF HALL COEFFICIENT DATA

For electrons in a single conduction band, the Hall coefficient
is expressed as RH = ﬁg- where N is the carrier concentration in the
conduction band and r the Hall scattering factor which depends upon the
scattering mechanisms. If the samples afe highly degenerate (i.e.

E >>kBTj r= 1.0. But the samples used here were not within this

£
limit. For the non-degenerate case r > 1.0 but it can be shown (59S)
that for non-degenerate samples in infinite magnetic field r becomes

unity, i.e.

R = (Iv-4)

Therefore, the value of Ry was determined as a function of B and extra-
polated to infinite field, and Rm and hence N were determined

When two condﬁction bands overlap (labelled o for the band
lower in energy and 1 for the second band), it can be shown that to a

good approximation the low field Hall coefficient is given as
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Figure (IV-5): Hall voltage correction factor vs. contact size for selected

‘values of tan 6 in van der Pauw measurements for triangular

contacts (Ref. 74C).
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where Nd and N, are the electron concentrations in the two bands, b is

1
the mobility ratio uo/u1 and r, are the Hall scattering factors for
band o,

Most of the GaAsbel_x samples used in the present work were
cut from the same ingot as those used by Rosenbaum and Woolley (75R).
They determined values of b, Nl/No and T, for samples of various x and
showed that Nl/No was of the order one or less. Since b is appreciably
larger than unity for these materials, the Nl/No terms are small
corrections in equation (IV-5) and hence for the GaAsbel_x samples used
here, it is sufficient to use the values for b, N1/N0 and T, determined
by Rosenbaum. These values have been used. in the present‘work to obtain
values of No from the RH data at small magnetic fields. Figure (V-1)

shows the values of No as a function of x determined by Rosenbaum and in

the present work for ingot no. TZF-6.
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V-1 METHOD OF ANALYSING EXPERIMENTAL DATA FOR SINGLE BAND (ﬁ)

AND TWO CONDUCTION BAND (Pl and L) SEMICONDUCTOR ALLOYS

Experimental data have been obtained from plasma reflection for
alloys of the two systems GaAsbel_x and Aleal_xAs in order to calculate
values of effective mass, Fermi energy and dielectric constant. The
method of analysis used here is based on that used by Thomas (69T) but
has been modified to allow calculation of effective mass values in the
case of a conduction band with electrons in two different minima
(e.g. ry and L in GaASXSbl—x)' We shall discuss the procedure for the

analysis of data for the single band (Alea xAs) and two band

1-
(GaAsbel_x) cases in the general degeneracy condition.

For all alloys considered in the.present work, the lowest
minimum of the conduction band is located at the centre (T) of the
Brillouin zone. It will be assumed that the condition wt >> 1 is
satisfied in the infra-red range and under this condition, for wavelengths
less than the plasma minimum, the imaginary part of the dielectric constant

is small and the extinction coefficient is negligible compared with the

index of refraction. Hence equation (II-37) simplifies to

R N L) (v-1)




V-2 CASE OF GENERAL DEGENERACY

For A < Amin’ the simplest form of expression for the dielectric
constant which includes contributions of the lattice vibrations has been.
chosen. The expression for dielectric constant in the range of interest

of the measurements is

2 2
w Ae Wy
e=e°°(1_————L+ )=em+e + €
wlw + 1Y) w, - w - iyw FC Lv
(v-2)

In this equation, €_ is the high frequency dielectric constant, i.e. the

©
value in the absence of free carrier contribution or that obtained by
extrapolation to zero wavelength. The secong term in equn..(V-Z) is due
to the contribution of free carriers to the dielectric constant. This
term, which is proportional to the refractive index, is due to absorption
and emission by the free carriers and is thus dependent on the carrier

R . 2 .
concentration. For n-type semiconductors, when w 12 >> 1 the damping

factor Y is negligible and hence we have

© w
= ———-——p (V—S)

where v is the pulsatance of the incident radiation and wp is the

electron plasmapulsatanceﬁhich for a single band semiconductor is given

by
2 4w 2noe2
w, = —— (V-4

P me
o

where n, is the electron concentration and m* the electron effective mass.
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For the two band semiconductor materials considered in this
work, the lowest conduction band isat k = 0 (r point) and a set of
equivalgnt minima at the L points are a little higher in energy. At
room temperature, there will be electrons in both bands and the value of
€rC will be taken as the sum of the contributions from the two types of

carriers, i.e. equations (V-3) and (V-4) then give

no n1 eZAZ
€ = et ) S (V-5)
FC mg m1 4n2czeo

where n, and n, are the carrier concentrations and m; and mf the
effective masses of electrons in the (000) and <111> bands respectively.

Equn. (V-5) can be written as

i T
®rc = Spe 1+ == —2 ) (v-6)
o 1
where eZno
SFC i 41%c"e _m* V-7
oo

and the value of m;/mi may be taken as 9 (72B) to the accuracy required

in the correction term in equn. (V-6).

The third term in equn. (V-2) gives the contribution of lattice

vibrations to the dielectric constant, which is

Ae mi
‘v © 7 2 (v-8)
mt - W o~ iYw

where w, and w, are the transverse and longitudinal optical phonon pulsa-

tance and Ae(= €, - €,) is the difference between the static and high
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frequency dielectric constants which are related by the Lyddane-Fochs-

Teller relation (41L).

w €
2 1

e = D (v-9)
t -]

Assuming that W, and w, are independent of carrier concentration, since

L

the reflectively measurements are made at wavelengths shorter than that for

2 2 2 2

reststrahlen effects, in this range w2 >> wt, Y~ so that mt and vy

are negligible and equn. (V-8) reduces to

_ 2
v = St (V-10)
where
_ 2 2
Sy = €2 - VD) (v-11)

and Vv, and Vt are the longitudinal and transverse optical phonon wave
numbers. Thus equn. (V-2) for the dielectric constant of alloys of

interest in the system GaAsbel_ can be written

b'4
= g = S Az (V-12)
€ = € R | -
where
n m¥*
_ 1 o 2 2 -
SR = SFC (1 - ;; . Ef- (v2 - vt) (Vv-13)

In the analysis of the experimental data, values of € were
determined from reflectivity values using equn. (V-1), and the shape of

a graph of € vs, A2 gave values of SR’ It was assumed that v, and Ve

varied linearly with alloy composition and hence values of SFC were

obtained, n, and nllbeing available from the electrical measurements as

indicated in para(IV-7). For the case of Aleal-xAs alloys with a single
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conduction band, ny is zero in equn. (V-13) and thus values of SFC are
obtained from the reflectivity data.
The value of ¢ from the theoretical calculation in Chapter II

can be obtained from equn. (II-82) as

5 :
e 32 2
ge= €~ (——==)A J k“V.EV. £ dE + € (V-14)
o 12ﬂ4c2h2€ k" ko LV
and from the Kane model (equn. II-13)
v, E = 2ak2 1 4-{1 + ( - 1) kz}' ( - 1) (V-15)
k E* mgo m*

where a = ﬁ2/2m and the first term ak2 can be neglected in comparison with

the other terms. Rearrangement of the Kane equation gives k in terms of
E as
3
E(E + E;)
k = - (v-16)
* -
an(m* 1)
(o1}

Substituting first for VkE and then for k in equn (V-15) and then

comparing with equn (V-12) gives

Sec = e/[akTa‘i e Ale {Eo Ge - D 3/2}

- 1){1 +—— (E + E*)}

) + exp (’—12?_)

u\"‘l

E - EF

E(E + E;)s/z [1 + (
|
2+ exp (—pw—
kT

(v-17)

where kB is Boltzmann's constant.
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By substituting equns. (II-84) and (V-17) into equn (II-87)
and integrating over energy, an expression for the carrier concentration

in the T band is obtained as
' EE + B0 aE

-3

1

E-E, - E -E
2 SPI, | 3/2, ‘o Fs E
3% kT {aB} (Egz- - 1Y% 2 + exp( KT j+ exp ( KT ).

(V-18)

Since n, and SFC have been determined experimentally the only
unknown parameters in equns. V-17 and V-18 are EF’ mgo and E;. In previous
work on similar alloys (69V), a satisfactory expression for E;(T) has been

found to be
EO(O) + EO(T)

3 (v-19)

and so this expression will be used here. Then simultaneous solution of
the two equations gives values for m;o and EF' Using a iterative, numerical

integration method on the IBM 360/65 computer, values of m*

were obtained
00 :

from each equation for a series of values of EF' The programme then

searched for the value of E

F which gave identical values of m;o from both

] *
equations, these ms and EF

natively graphs of m;o versus EF could be plotted and the values at the

point of intersection determined.

values being the solution required. Alter-
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V-3 DEGENERATE CASE

In a semiconductor material with large carrier concentration,
usually Ef >> kBT and this material is said to be degenerate. In this
condition, if wpr >> 1, there is a sharp absorption in the infrared at the
plasma edge and this affects the value of refractive index. Furthermore,
as shown in equn. (II-49), if the extinction coefficient k is negligible
compared with refractive index n, when n approaches unity, the reflectivity
R approaches zero, the corresponding wavelength being called Amin' As
the wavelength is further increased, the reflectivity rises very sharply
to a maximum value. In such a case, the result can be expressed by
equn. (II-49) in the form
m; N e2 2

- O :
) = .Amin (vV-20)

(.___
m 4ﬂ2c2meo(€co -1

where m;/m is the effective mass at the Fermi level. If N, and € are
known, m%/m can easily be determined. This method has been used for
determining effective mass values in GaAs (59S). In the present work,
heavily doped samples were not available and therefore the condition of
degeneracy did not apply. Further the minimum reflectivity was not close
to zero and the analysis for the condition of general degeneracy
described above had to be used.

Another method of analysing the reflectivity measurement to
obtain an effective mass value has been proporsed by Lyden (64L), for
the case when the reflectivity measurement shows a pronounced minimum.

The Lyden analysis gives a cubic equation in (m*/m) which can be solved
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if the dielectric constant is known and initial estimates for the average
relaxation time T are made from mobility measurements. Riedl (67R)

proposed another method for a graphical fitting of R as a function of A,
which leané heavily on the position of the minimum but, by making use of the
whole curve, allows the average relaxation time to be determined
independently. This method was used by Dionne (71D) to calculate effec-
tive mass values from reflectivity measurements on lead-tin telluride

alloys.

V-4 DATA, RESULTS AND DISCUSSION

As indicated in section III-1, the monochromator,'modified to
double beam arrangement and with the wavelength range extended, was used
to measure plasma reflection at room temperature. The monochromator was
calibrated by observation of the absorption lines of water vapour, 002,
CHSOH, PtCl4 and polystyrene film in the wavelength range 9 to 30 um.
The values of wavelength against monochromator drum reading in the.new

arrangement are given in Figure (IV-2). The data were fitted by I.B.M.

computer to a cubic equation in T of the form

100)‘.'1 = 0.007588T3 + 0.3976'1‘2 - 4,294T + 27.2 (v-21)

It was found that equation (V-21) is a good fit to the experimental data.
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V-42 GaASbel'x Alloys

The infrared reflectivity and Hall effect measurements were made
at room temperature on nine samples of the alloys GaAsbel_x. Some part
of each alloy sample was used for X-ray powder photograph to give values
of lattice parameter and hence of mole fraction x.

The Hall coefficients of the van der Pauw samples were corrected
for contact size as described in section IV-6 and hence values of No
determined as shown in section IV-7, using the values of T b and Nl/N0
given by Rosenbaum and Woolley (75R) for the appropriate value of x.

The resulting values of No together with the correction factors for the
van der Pauw samples are given in Table (V-1) and the variation of No
as a function of composition x is shown in Figure (V-1).

From the infrared reflectivity measurements for values of wave-
length less than that of the plasma minimum, values of n2 were determined
from equation (II-41) and graphs of n2 against Az were plotted, some
typical results being shown in Figures (V-2) and (V-3). All the
graphs were found to be linear as predicted by equation (V-12). “The
intercept of n2 at the zero wavelength gives the optical dielectrical
constant € and the variation of € with composition x is shown in

Figure (V-4). There was some scatter in these points and thus it is not

clear exactly how e_ varies with x. It has been pointed out, that the
disorder properties in seﬁiconductor alloys cause changes in the density
of states (73Y), effective mass (73W, 74P), energy gap (73S) and electronic
state (75K) and all these quantities contribute to the optical properties

observed in the reflectivity measurement. Thus some changes in e due
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to disorder might be expected to occur. However, the random error in the
experimental points is sufficient to mask any such variatior and hence,
within these limits,e has been taken as a linear'function of the com-
position x.
The value of carrier concentration No and of the slope coefficient
SFC was determined for each sample. Further, the value of lattice con-
tribution SLV to the slope was taken into account. The lattice reflection
in the present alloys, as shown in equation (IV-11), is a function of longitudinal
and transverse optical phonon wave number, Voo vt and is assumed to be

independent of carrier concentration. Values of Vo and vt were calculated
for each sample composition by assuming a linear variation between the
values for the parent compound as is shown in Figure (V-5).

In the case of two overlapping bands (Fl and L bands) it has
been assumed that the plasma reflection is é sum of the effects for the
two separate bands, and hence the correction factor for the L band was
taken into account in order to obtain the slope of free carrier reflectivity
of the I' band. The experimental values of effective mass under the con-
dition of the general degeneracy described in section (V-2) were deter-
mined by the simultaneous solution of the integrals which give the
statistical carrier concentration (equation V-18) and the slope of the
free carrier reflectivity (equation V-19), using the I.B.M. 360/65
computer (program in the Appendix). A series of values of Ef versus m;o/m
were obtained and were plotted for each equation and the point of inter-
section gave the simultaneous solution. For the sample of the alloy
GaAso.338b0.77 the graphical solution is shown in Figure (V- 6). The

values of m;o/m and Ef thus obtained for each sample are given in table(V-2) and
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(V-3). The variation of m;o/m with composition x is shown in Figure (V-7)
together with the values obtained from Faraday rotation (76D). In the
range 0.13 < x < 0.24 it seems that there is reasonable agreement bet-
ween the ﬁrésent values and those from Faraday rotation. For samples
outside the composition range 0.13 < x < 0.24, values of effective mass
and dielectric constant were here determined for the first time.

Figure (V-7) also shows two theoretically calculated curves of
m;o/m as a function of composition. The dotted line was calculated from
the simple form of the Kane model given in equation (II-15), the value

of E_ being replaced by E* as indicated in section II-2, with E*(T) being
o 0
E (0) + E (T)
o] o
2
gaps Eo were given by Thomas (70T), while the absolute zero values EO(O)

taken as The room temperature values of optical energy
have been calculated, assuming that the temperature coefficient of Eo
varies linearly with composition between the values of the components.
The same assumption was made about the values of P2 and b,-

The values of mgo/m calculated in this way are seen to be below
the experimental values. The same result was reported for GaxInl_xAs
and Ga, In, _Sb by Berolo and Woolley (73W), who explained the
differences as due to the effects of band mixing caused by disorder. This
led to the development of equation (II-25) and the full curve in Figure
(V-7) shows the values given by this equation, with the values of the
various parameters taken as in section (II-5) and listed in table (V-5).
This last theoretical result gives a good fit to the experimental data
confirming the effects of disorder on the values of m;o/m.

Due to the relatively low carrier concentrations of the samples

used in this measurements, in some cases the plasma minimum was out of

the available wavelength range of the observations. As a result therefore,
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equation (V-20) has been used to give an approximate value for Amin from
the m;olm values determined in the general degeneracy case. These values
have been used to calculate values of optical relaxation time T, optical
mobility, optical conductivity and extinction coefficient at the minimum

reflectivity using equations (II-54) and (II-61). These values are listed

in table (V-4).

V-43 Gal_xAles alloys

Plasma reflectivity measurements were made on two alloy samples
of Gal_xAles and a GaAs sample at room temperature. The alloy samples
used here were epitaxial layers grown at the Bell Northern Research (B.N.R.)
Laboratories where their composition was determined. With these samples
some multiple reflection occurred throughoﬁt the reflectivity measurement.

From the measured reflectivity data R, values of nz as a
function of kz for these alloys are plotted in Figure (V-8). Again, the
intercept of nz at zero wavelength gives the value of optical dielectric

constant €, and the values of ¢_ for the two alloys Ga xAles and

1-
for the GaAs sample are listed in Table (V-6). The slope of n2 vs. 12

for each sample was calculated and the simultaneous solution of equations
(V-18) and (V-19) used as before to give values for m;o and Ef, the graphs

in the case of the x = 0.13 sample being shown in Fig. (V-6). The values

of mzolm and E. so obtained are given in Table (V-6).
Due to the relatively large electron effective mass of the T
band in these alloys, large carrier concentrations were required to obtain

the effective mass values in the plasma reflection. Also a conduction

e <t et e e = = e+ it et RN
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band cross-over occurs in these alloys at around x = 0.30 and hence in
the range 0.15 < x < 0.45, two or multiband behaviour is to be expected.
Since for alloys with x < 0.30 subsidiary band parameters are not known,
analysis of the reflection data could not be carried out as for the
GaAsbel_x alloys. As a result, the number of samples in which infrared
reflectivity could be used were limited.

The straight line on graph (V-9) drawn through the experimental
points, when extrapolated to x = 1 gives a value close to the value
estimated for the Fl band electron effective mass for AlAs as indicated
by Rode (74R).

The values of effective mass, dielectric constant, optical
relaxation time, optical conductivity and optical mobility for these

alloys were calculated and the results are recorded in Table (V-6).
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APPENDIX

COMPUTER PROGRAMME
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