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ABSTRACT.The thesis describes an investigation into the properties of alloys formed
between certain IV - VI semiconducting compounds namely: PbTe-SnTe, PbTe-SnSe,
PbSe-SnTe, PbSe-SnSe, PbTe-SnS, PbTe-Sl1S (lead-tin-chalcogenides) and PbTe-Ge
Te, PbTe-GeSe, PbTe-GeS, PbSe-GeTe, PbSe-GeSe, PbSe-GeS (lead-germanium
chalcogenides). The interest in these alloys is that they extend the range of properties
of the IV -VI semiconductors and it is shown in the thesis that certain of the alloys
are promising as potential photodetectors or emitters in the range 4-15 [Lm and
even beyond. The thesis describes the methods used for preparing specimens and
the techniques used to investigate the range of solid solution, structure, lattice
parameters and grain size of the alloys as well as their optical properties which give
informatioll on the band structure of the alloys which is perhaps the principal inter-
est in this work.

The thesis starts ,with a general review of the properties of semiconducting
alloys and in particular describes theoretical work which justifies the use of band
theory in these disordered structures. We have then described in some detail what
is known of the band structure of the particular compounds from which the alloys
studied in this work have been made since it is the changes in these structures with
alloying that we have investigated. The methods of preparing the compounds and
the alloys in both bulk and film shape have been described in some detail. Special
attention has been given to the preparation of the single crystal film specimens used
for optical work and the thesis describes the effect of different substrates on the
structure of the films and their optical properties. The measurements made on the
alloys included X-ray diffraction and electron microscopy for investigations of
structure etc. and measurements of reflectivity and transmission covering the range
from the infra-red to the ultra-violet using various monochromators and spectro-
photometers.

We have measured for the first time the range of solid solution of GeSe, GeS
and SnS in PbTe and also found, by annealing the samples closer to their melting
points, that solid solution of GeSe and GeS in PbSe and SnSe in PbSe extends
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further than the values previously reported in the literature. At the beginning of
the work, we showed that the fundamental energy gaps of the lead-tin chalcogenide
alloys all decrease with concentration of tin chalcogenide and that all these gaps
increase with temperature. Some of these results have since been confirmed by other
workers. We have also found that the energy gaps of most of the lead-germanium
chalcogenides increase with concentration of germanium chalcogenide and decrease
with temperature.

The energy band structure of GeTe proposed by Tsu et al. (1968) to explain
their data is not consistent with our data on PbTe-GeTe alloys and we have sug-
gested a new structure consistent with both sets of data.

Reflectivity measurements have b~en made on a number of alloy film speci-
mens and from these the optical dielectric constant, optical conductivity, plasma
wavelength and carrier relaxation time for each specimen have been calculated
using a computer fitting procedure.

Finally, optical investigations have been made on certain compounds - GeSe,
SnSe, SnTe - of which rather little appears to be known. We have seen in the
transmission data higher optical transitions in addition to the fundamental energy
gap. Our reflectivity data on these compounds confirm earlier measurements or
are consistent with values extrapolated from alloys.

1. ALLOY SEMICONDUCTORS

Semiconducting alloys are of practical interest because they extend the range
of available semiconducting materials. If two semiconducting compounds with the
same or even with different structures are alloyed, semiconductors with energy. gaps
intermediate between those of the starting components are normally produced.
The first alloy system to have been investigated was GeSi. The initial work was
by STOHRand KLEMM(1939) who found complete solid solubility throughout the
whole composition range. A great deal of work has now been carried out on these
alloys particularly since 1954 (HERMANet al. 1957, IOFFEand REGEL 1960 and
WOOLLEY1964): the physical properties of the pure constituents are very well
known, and this is of course of help in interpreting the alloy data. Furthermore
homogeneous single crystal specimens of any composition can easily be prepared
(JOHNSONand CHRISTIAN1954, and BRAUNSTEINet al. 1958).

By an alloy we normally mean a random structure. When ordering occurs
the element of randomness disappears, and a periodic crystal potential is found.
This ordered alloy might well be called a compound in which case one could say
that the only true alloys of solid substitutional solutions are those which are disor-
dered. Defect semiconductors are similar in many respects to alloys, the random
arrangement of atoms and vacancies, replacing the random arrangement of the
two kinds of atom.

A fundamental problem in semiconducting alloys is the problem of the appli-
cability of band theory to the structure where the periodic crystal potential is
affected by large random perturbation. In this chapter we shall present a short
review of the virtual crystal model. It follows in this model that bands and for-
bidden gaps exist in semiconducting alloys but that the band edges are less well
defined than in ordered materials.
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1.1. Band structure of semiconducting alloys

The band theory of solids is practically a one electron theory in which an
electron moves in a regular crystal with a lattice periodicity. When a substitutional
solid solution of two semiconducting elements is considered the sites occupied by
different type of atoms can either be randomly distributed as in a disordered alloy
or regularly distributed as in an ordered compound. PARMENTER(1955) proposed
that a band picture similar to that of the compounds is retained by their alloys,
so that the properties of alloys could be explained by similar parameters to those
of the compounds from which they are formed. He followed the approach of the
"virtual crystal" approximation used by NORDHEIMand MUTO for three dimensi-
onal alloys. The NORDHEIMvirtual crystal model of an alloy assumed that the pote-
ntial acting on an electron moving through the disordered alloy formed by a random
configuration of atoms can be separated into a periodic and an aperiodic
component

(1) Valloy(7) = VperiodiC(7) + VaperiodiC (7)

where the periodic part is the average alloy potential taken over all possible random
arrangements of atoms in the alloy. The aperiodic potentia-l is a measure of the

deviation of Valloy(;) from the average Vperiodic(;). The periodic potential
function defines the virtual crystal of the alloy and the effect of disorder is repre-
sented by the aperiodic potential function. We can now write the one electron
SCHRODINGERequation for a configuration of atoms in an alloy

(2)

where V, IjJ and E depend on the positions of the N atoms in the alloy. PARMENTER
(1955) assumed that the crystal potential V can be expressed as a spatial sum of
atomic1ike potentials.

(3)

where Rn is the position of the nth lattice site: the index s denotes the type of atom

on the nth lattice and V. (--:) i~ an atomic like potential associated with an atom
of type s.

In order to use perturbation theory, an unperturbed potential V0(;:) is first

chosen and assumed to have the periodicity of the lattice associated with the alloy, i.e.

(4)

The perturbing potential is then:

(5) V' c;) = 2: V;n(;-R:)
/I

where

(6)
---+ ---+ ---+

V/ (r) = V. (r)- Vo(r).
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The HAMILToNian can therefore be written as

(7)
-+ -+ -+

H(r) =Ho (r) + V' (r)

where

(8)

Vo and Ho depend on the composition of the alloy because the lattice constant
is a function of composition. For this situation the unperturbed wave functions
are the eigenfunctions of the HAMILTONianHo describing the periodic potential.
Using nondegenerate perturbation theory PARMENTERcontinued to label the pertur-
bed wave function with the index k which is now of course only a pseudo-quantum
number.

If we restrict our attention to electrons with energies in the neighbourhood
of an extremum of a non degenerate allowed energy band Eo(k) (SLATER, 1949)
one can write another equation equivalent to (2)

(9)

where the energy E is the same in both equations, Wo is the reciprocal effective
mass tensor and V'is only a slowly varying function of positions on an atomic scale.
Here ~ can be taken as the conventional wave function for a particle with
reciprocal effective mass Wo moving in a potential V'. In this notation the
electron is actually in a potential Vo + V'.

With all these assumptions the problem is much simplified and unpert-
urbed SCHRODINGERequation can be written as follows:

(10)

which has the simple solution of a normalized plane wave:
!

~ (k,;:)= (N 0.)-2 ei k;(11)

where 0. is the volume per lattice site in the alloy, N is the number of atoms
in the alloy and k is anyone of the series of k vectors which satisfy the
periodic boundary conditions. The eigenvalues of this equation are quadratic

, functions of the components of k i. e.

(12)

It can be further shown that one can obtain the perturbed eigenvalues associated
with equation (9) by using non-degenerate perturbation theory carried out to
all orders of the perturbation i. e. an exact solution. Thus

(13)
n

where En(k) is the contribution of the nth ,order perturbation theory. It can also be
shown that for n'> 1, En can be expressed as a power series expansion over the
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fraction fe of lattice sites occupied by atoms of type s associated with the various
impurity atoms added i.e.

(14) En (k) = Lf. Esn(k) + Lf.!t "stn(10 + higher
S 8, t

order terms in the various h'S...
Finally one can show that the dependence upon k of the energies calculated

for all orders of perturbation theory are qualitatively similar to those calculated
to only second order.

As an example of this we consider the case of a binary alloy. This can be treated
using the expression for the energy calculated either exactly or to second order.
In both cases one obtains the same expression for the energy E(k). This is written

in terms of a parameter E proportional to the E (k) (PARMENTER,1955, 1956).

(15)
where

(16) EO = (8 1tfa50) Lf.A/,
s

YJ= (21t)2 (2fa)3 n.

From these the density of states (dt'JdE) can be calculated and this is shown in
Figure 1.1. as a function of E for various values of EO.It can be seen that at large
values of EOa low energy tail ap-
pears indicating that the band edges.
are moved into the forbidden bands.
At very low values of EOhowever
the result is qualitatively similar to
that produced by thermal vibrations
on the energy levels of a perfect
crystal (FAN 1951).

We have seen that pertur-
bation theory can provide a bridge
between the cases of ordered and
disordered crystals in such a way
that a BRILLOUINzone scheme and
energy bands can be associated
with the periodic virtual crystal
potential function. Provided that
second order perturbation theory
is adequate our knowledge of the
zones and energy bands in perfect crystals may be applied to disordered alloys
taking into account the broadening of the band edges. Hence one can use in disor-
dered alloys a quantum number k to label the quantum states and hence to deter-
mine such parameters as the effective mass the density of states etc. One must always
bear in mind however that the wave vector k is not the "right" quantum number.

As we discussed earlier alloying causes the band edges to be displaced into
the forbidden regions and this results in curvature of the band extrema. This is
expected to be manifest in low effective masses, high carrier mobilities and low
density of states in the region of the band extrema. In practice the electron mobi-
lities are observed to decrease with alloying because of the additional scattering
associated with the disorder.

!:! ..(

(0. 2.~

"0 -0
203040~601O'O( .

Figure I. I. Density of states (d 1Jjd e:) versus e: for
various values of e:o
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1.2. Previous work on the optical properties of some semiconducting alloys

The first optical measurements made on Ge-Si alloys were of infra-red trans-
mission by JOHNSONand CHRISTIAN(1954). They showed that there was a marked
change in slope of the variation of the energy gap, Eg, with concentration at appro-
ximately 10% Si. Further measurements of optical transmission were made by
BRAUNSTEINet al. (1958) who also reported an abrupt change of slope in the variation
of Eg although in their work this was at about 15% Si. This change in slope can be
explained from a knowledge of the band structure of the two semiconducting
elements (HERMAN,1954). In Figure 1.2. it can be seen that there are three types of
conduction band minima in pure Ge. When Si atoms are substituted for Ge atoms,
these minima increase in energy. It is found that the increase in the minima at

~.,
.;:,

(000)

Wave Number k.

Figure 1.3. Diagram of the energy bands Si
in k space.

(100)(000)

Wa-e Numbe" k

(100).
Figure 1.2. Schematic diagram of energy band
in Ge along [111] and [100] axes in k space.

k = [111] is the most rapid, because in pure Si this minimum is very much higher
in energy than the others (Figure 1.3.) Between 0 and 15% Si the lowest minimum
is still that at [111] as in pure germanium. Hence the linear change of Eg with Si
content in this region is attributed to the rapid movement of this minimum. At
15% Si, the [111] minimum rises above the [l00] minimum so that there is a change
in the band structure. The [100] minimum remains the lowest at all higher Si concen-
trations, so that alloys with more than 15% Si have the band structure of pure
silicon. This changeover in the conduction band minima was confirmed by
GLICKSMAN(1956). In the range of composition between 10 and 17% Si he observed
a sharp decrease in the mobility. The variation calculated on the assumption that
the mobility is limited by inter band transitions is in good agreement with the
measured variation indicating that there are indeed two degenerate conduction
bands throughout this composition range. The reflectivity data of the Ge-Si alloys
(TAuc and ABRAHAM1961 and PHILLIPS1962) together with our knowledge of the

. detailed band structure of pure Ge and Si, confirms the movement of the bands
on alloying.

A great deal of work has been also carried out on 111- V alloys. A review
.of their preparation and crystallographic properties has been given by WOOLLEY
(1962) and their physical properties have been extensively examined in a series
of papers by WOOLLEYand his collaborators (WOOLLEYet al. (1961), WOOLLEY
(1964) etc.). One of the most interesting properties of the alloys is the change in
the room temperature energy gap that was observed in the InSb-InAs alloy system.
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Eg was found to decrease if either of the compounds was dissolved into the other
(WOOLLEYand WARNER 1964). The nearest behaviour to this in other systems
occurs in the InSh-GaSb system in which Eg lies on a curve rising from InSb to
GaSb (WOOLLEYet al. 1959), which is concave when looked at from above.

In the last five years several reports on the optical properties of alloy systems
prepared by thermal evaporation have appeared. For example POTTERand KRET-
SCHMAR(1964) reported measurements of optical transmission from, I to 6 microns
for the InSb-InAs system made on specimens prepared by the so-called four tempe-
rature method. The optical and electrical properties of single crystal films of PbSe-
SnSe alloys deposited on single crystal KCI substrates have been measured by
STRAUSS(1967) and a similar technique has been used for obtaining single crystal
films of some other IV-VI alloys (e.g. PbSe-PbTe alloys (BIS and ZEMEL,1966)
and PbTe-SnTe alloys (BYLANDER,1966) etc.).

2. IV-VI SEMICONDUCTING COMPOUNDS

2.1. Introduction

A considerable amount of data has now been published on the properties
of IV-VI compounds and, in the last few years, this has mostly been on single
crystal material which is now fairly easy to obtain. In this section we shall review
some of the work on these compounds together with recent theoretical ideas on
their band structure. There is a large number of semiconducting compounds in
this group and the discussion will be restricted to those on which work is reported
later in this thesis, in particular optical work on film specimens since in general this
work proved to be more informative than optical work on bulk specimens. These
compounds are: PbTe, SnTe and GeTe and to a somewhat lesser extent, GeSe
and SnSe.

2.2. PbTe

Lead telluride is one of the lead chalcogenide group of compounds which
are all polar semiconductors. Their structure is that of sodium chloride in which
each atom is octahedrally coordinated to six atoms of the other element. The prin-
cipal characteristics of lead telluride are its very small optical energy gap, its high
mobility and its rather high dielectric constant.

SCANLON(1959) has reported values of 0.32 and 0.29 eV for the direct and
indirect optical transitions for PbTe. These values, which are those generally qUQted
in the literature, were obtained from transmission measurements through bulk
samples.

There are also earlier transmission measurements (GIBSON 1950 and 1952)
made on both film and bulk samples. In more recent work (CARDONAand GREENA-
WAY,1964) measurements of both transmission and reflectivity were made on very
thin films oflead salts deposited epitaxially. Using the KRAMERS-KRONIGrelationship
they calculated both the real and imaginary parts of the dielectric constant for all
the lead chaJcogenide compounds. By comparing the positions of the reflectivity
peaks of the lead salts they observed that the energy of all six transitions decreased
monotonically with increase of lattice parameter. Furthermore this was not found
to be true in compounds in which lead is substituted for by an atom of smaller
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atomic number such as Ge and Sn. The absorption coefficients for PbTe and the
other compounds were either computed from reflectivity data or determined
directly from transmission measurements. Both methods gave results which were
in good agreement with each other.

It is interesting to note that GIBSON'Svery much earlier data (GIBSON1959)
on very thin films ofPbTe are in very good agreement with CARDONA'Swork although
at that time very little was known about the band structure of these materials so that
no interpretation was possible and as a result GIBSON'Swork received little attention.

The interpretation of GIBSON'Sand CARDONA'Sdata shows conclusively toat
both the conduction and valence band extrema are at the point L = (n fa) [111]
on the BRILLIOUINzone face. It was assumed by CARDONAand GREENAWAY(1964)
and also by other authors that the three lead chalcogenide compounds all have
similar band structures, and the temperature coefficient of the forbidden energy
gaps which is positive in all three compounds, unlike in most materials provides
strong support for this.

ZEMELet a1. (1965) have also made electrical and optical measurements on
single crystal films of lead chalcogenide. From their optical data they calculated
the refractive indices of the films in the 2.0 to 15.0 microns region. By comparing
their film data with available data for bulk specimens they conclude that epitaxial
films of PbTe, PbSe and PbS have properties very similar to those of bulk material
of those compounds.

DIXON and RIEDL (1965) measured the infra red reflectivity of PbTe. From
these measurements, and electrical data and using the classical free-carrier dispersion
theory and the.procedure described by SPITZERand FAN(1957) they obtained values
for the susceptibility hole mass of PbTe over a wide temperature region (24-3000K).

The optical properties of semiconductors can easily be explained in terms of
band theory. We make the usual assumption that the alloys we shall be considering
have similar band structure to the compounds from which they are formed.

The first theoretical work on the band edge structure of the lead chalcogenide
compounds was by DIMMOCKand WRIGHT(1964). In their model which assumes
there are three bands forming the conduction band and three forming the valence
band, they used the kp perturbation method developed by KANE (1956). An alter-
native approach is the pseudo potential method used by KLEINMANand LIN (1964)
and LIN and KLEINMAN(1966) and this will be compared with the extended APW
method described by RABII (1968) in the following section.

2.2.1. The development of the theory on energy bands in PbTe. The augmented
plane wave method contains the basic assumption that the crystal potential for a
valence electron is periodic i.e. around each nucleus of the lattice there is a spheri-
cally symmetric potential of radius Rc which should be the same for all atoms if
they are alike. Between these spherical equipotentials at Rc the potential is assumed
to be constant. With these assumptions it is now possible to use the one electron
SCHRODINGERequation.

To determine the eigenvalue energies, E, we consider the space within the
spheres and the space outside the spheres separately and then apply the appropriate
continuity conditions. Within a sphere, the wave function can be written as

(2.1)
00 1

y;= ~ ~ AlmPllml(cos6)exp(im<l»Unl(I~;:1)
l~oO m=-I



Some Optical Properties of Lead-Tin-Chalcogenide Alloys 59

-+-+ .
where AIm, are expansion coefficients, Ir-rn I, 0, <I>spherical coordinates, P, (m)
LEGENDRE polynomials and Unl are solutions of the radial wave equation:

(2.2) -~ ~ (r2d Unl )+
[
I(l+ 1)

+ Un
]

Unl=EUn,.
r2 dr dr r2

Well outside the spheres in the region of constant potential we can assume the wave
function to be a single plane wave eikr. It can now be shown that for ~ to be
continuous, the solution inside the sphere must have the form (SLATER, 1937):

.1. - (r -+
) ~ ~ (21 1) '1

jl{~!Rn)
U (I ~ -+

1)'t'i-exp I irn
i~ m=--l

+ 1
Unl(Rn) nl r rn,

x
(I-I m I)!

P,' m' (cos 0) PI !ml (cos 0i) exp im (<1>-<1>.)
(/+ Iml)! l

where Oi and <l>idefine the direction of Ie: :K are spherical BESSEL functions and

we have taken the origin of the coordinate system to be at -; Such wave functions
which contain both plane wave and a spherical potential solution character are
called augmented plane wave functions, (APW) , and it is convenient to write a
general wave function as a linear combination of a particular set of APW's. Hence
a particular problem is solved once the coefficients, Vi, in this linear expansion have
been determined. Thus if h is an eigenfunction of

(2.4) Hh=E~k

(2.3)

we write:

(2.5)

Since Unl = UI (rl' E) each APW is a function of both E apd k. It can readily be

shown that h(;) of equation (2.5) will be a solution of (2.4) if the equations

(2.6) L: (H-E);; V;= 0j .

for all i, where (H-E) is the matrix whose elements are:

(2.7) (H-E);j= J ~;*(H-EHjdT

(2.6) holds if the determinant (H-E)ij= 0 and this condition can be used to deter-
mine the eigenvalues E, for a particular value of k in the first BRILLOUINzone. Hence
the first task is to choose a suitable set of APW's. To do this we make use of the
symmetry of the particular lattice which has not so far been considered in the
discussion. Symmetry requires that the wave vector ki associated with Y;i is drawn

from the set [k+ K7] where K; is the infinite set of the reciprocal lattice vectors.
However, it is clear that i must be finite so that approximations are introduced
by which this infinite set is reduced to a finite set.

The APW method was used by CRONKLINet al. (1965) to determine the
band structure of PbTe. The HAMILToNian included relativistic terms and was
written in the following form:

p2 -+ Ii -+ -+ 1i2 p'
x=-+V(r) +-(J[(VV)xP]+-(V2V)--~.

2m 4m2c2 Sm2c2 Sm3c2
(2.8)
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This form was obtained by reduc1ng DIRAC'Sfour component field equation to the
two-component SCHRODINGER'Sequation (MESSIACH,1962). The first two terms are
the usual kinetic and potential-energy terms, and the third term is the spin-orbit
interaction term which can split and mix degenerate levels. The other two relativi-
stic terms are strongly dependent on the angular momentum character of the wave
functions, which in turn depends on the particular point in k space, so these terms
can change the relative spacing of the bands and their shape.

When the APW method is applied to a compound such as PbTe, one has
to take into account the fact that the radii of the Pb and Te spheres will not be
equal. CRONKLINet aI., (1965) determined these radii by assuming that the Pb and
Te spheres touch without overlapping and that the spherically averaged potential
from the Pb sphere evaluated at the surface of the Pb sphere is equal to that at the
surface of the Te spheres evaluated using the spherical potential within the Te
sphere. The one electron potential is taken to be the sum of a COULOMBpotential
and an exchange potential. The COULOMBpotential arises from the nuclei and from
the charge density of all electrons. The exchange potential is:

(2.9) - 6 [3 p (r)/8 7t]1/3

where p(r) is the charge density of all electrons. In this way the energy levels can
be calculated ,at points in the BRILLOUINzone using the APW method. The poten-
tials were obtained from a HARTREE-FoCK-SLATERcalculation 'U'Sing the computer
programme developed by HERMANand SKILLMAN1963.

In Figure 2.1. the energy bands
determined in this way are shown for the
[111] direction near to the forbidden energy
gap. These diagrams need to be slightly

-0.3modified to obtain agreement with the
optical data for PbTe reported by CARDONA

-0.4
and GREENAWAY(1964).

A check of the accuracy of the APW -o.~
calculation can be obtained by using
the wave functions calculated by this -0.6

method for calculating electrical properties
of the materials, such as the deformation -0.7

potential and in general good agreement
is obtained between these two values and
those determined experimentally. A check
of this sort on the calculations on PbTe
was reported by CONKLINet al. The calcu-
lated wave functions can also be used to determine effective masses using the kP
method. Using this method and CONKLIN'Sband structure PRATT and FERREIRA
(1964) calculated the effective masses and obtained good agreement with their own
experimental data.

DIMMOCKand WRIGHT (1964) have used an approach based on a nearly
free-electron model and kP perturbation theory (KANE, 1956). They actually used
a parameterized (kP perturbation) model of the conduction and valence band
extrema, although they did take into account spin-orbit mixing of the double-group
level of the same symmetry. The parameters they used involved both the relative
spacings between the bands considered and the momentum matrix elements between

E,RYDBERGS E.,V

rB -
-4

- 5
r. -

L4-,L5- -6

L6- -7

co-
LO> -8

r6 -
I

Figure 2.1. PbTe energy bands in the [111]
direction nea,r the forbidden gap.

-10
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ban<.\s. The order of the bands and their relative spacings were adjusted to give
reasonable agreement with the experimental data. The schematic energy level
diagram for lead salts in a f.c.c. lattice is given in figure 2.2 for the L point including
both crystal field and spin orbit splittings. One can see that all the bands at L are
doubly degenerate. The splittings are known from group theory but of course this
does not give the final order of the levels. The possible order of these six levels is
6! = 720. However since the 'valence and conduction bands each consist of three

bands and DIMMOCKand WRIGHTrejected
arrangements in which the gap lies bet-
ween two levels split only by spin-orbit
interaction, the two spin-orbit split pairs
must be on opposite sides of the gap. To
be consistent with experimental data they
assumed that lead salts are direct band gap
semiconductors which have both valence
and conduction band extrema in the [Ill]
direction. They also assumed that both
these bands were each made up of 3 bands.
These assumptions reduce the number of
arrangements to 144. Using further reas-
oning DIMMOCKand WRIGHTreduced the
number of arrangements to 14 and using
kP perturbation theory simplified their
model for PbTe to the four bands (shown
in figure 2.3.).
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lead salts.
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Figure 2.3. A schematic diagram of
the energy band states at L point

for GeTe and SnTe.

To simplify the calculation they reduced this still further into a two band
model which gave good agreement with transport data for PbTe.

KLEINMANand LIN (1964) and LIN and KLEINMAN(1966) have reported ano-
ther theoretical study of the band structure of PbTe which involves four arbitrary
constants which have to be detived from experimental data by a fitting procedure.
In this new pseudopotential scheme of calculation, the crystal pseudopotential
was taken to be a superposition of simple atomic pseudopotentials which were
expressed as follows:

(2.10) Vell=O r<ro, Veil = (2Zjr) [1-e-(3(r-ro)] r>ro'

Using the FOURIERtransformation of Veil and SLATER'S (1930) expressions for
analytical atomic fuctions and four adjustable parameters they determined firstly
numerical values of parameters which appears in the pseudopotentials.
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In order to obtain the energy band structure of PbTe and the other two
lead salts, KLEINMAN and LIN also used the well known experimental fact
that the valence and conduction band extrema are at the L-point. The energy
bands of PbTe they obtained which are given in figure 2.1. have been shown
to be consistent with the experimental data of CARDONAand GREENAWAY.We
note that the agreement between experimental and calculated data can only be
tested to a limited extent because the position of the broad peaks of the reflec-
tivity can not be measured very precisely. Furthermore the theoretical results
for band separations have to be compared with 1::2E2 where 1::2IS the imaginary
part of dielectric constant. This must be stressed because there are differences
in the energy band diagrams calculated by KLEINMAN and LIN and those
obtained by CONKLIN et al. although both authors can obtain very good
agreement between their schemes and the same experimental data.

RABII (1968) repeated the APW calculations including further terms
neglected by the previous authors and obtained values for the transverse factors
in better agreement with experiment but in general his ,results confirmed the
results of LIN and KLEINMAN.

Recently PARADA and PRATT (1969) showed theoretically that the states
associated with Te vacancies lie well up in the conduction band.

2.3. SnTe compound

Tin telluride is the only compound in the Sn-Te system and has the
NaCl structure. This compound always exhibits very high P-type conductivity
as a result of Sn vacancies (BREBRICK,1963) each of which gives rise to a double
ionized acceptor level (HOUSTONet aI, 1964).

A considerable amount of data has been published on SnTe both on bulk
and film specimens. The absorption coefficient is very high and the only optical
transmission measurements have been on films typically of the order of 1 micron
thick. BYLANDERet al. (1965) have shown that a single crystal film of SnTe with
a carrier concentration of 1 X1020cm-3 and a thickness of 1.4 micron had a sharp
absorption edge in the infra-red region near 0.5 eV. They assumed that this was
associated with the onset of direct transitions between a valence and a conduction
band and also suggested that the true energy gap might be less than 0.5 eV because
the high carrier concentration could produce a strong Burstein shift of the edge
to an energy much larger than that measured. RIEDL et al. (1966) have devised a
method for growing single crystal SnTe films on sodium chloride substrates and a
procedure for varying the carrier concentration in these films from 4 X 1019 to
7 x 1020cm-3. They calculated the carrier concentration from the position of the
wavelength of the reflectivity minima in the infrared region. The existence of a rela-
tionship between the reflectivity minima and the carrier concentrations has been
previously established by the same authors (RIEDLet al. 1965). They also calculated
the susceptibility effective mass ratios of free carriers at both room temperature and
800K using the experimental reflectivity data of BIS(1964). and showed that it varies
between 0.080 and 0.140. They calculated the room temperature dielectric constant
to be 41 and 48 for two different specimens with hole concentrations of 4.8 x 1020
and 4.8 X 1019cm-3 respectively. SCHOOLERet al. (1966) observed a strong BURSTEIN
shift of the fundamental absorption edge using specimens with hole concentrations
of 3.6 X 1019 to 1.4 X 1020cm-3, holes. For a specimen with a lower hole concen-
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tration they estimated the band gap to be less than 0.3 eV. ESAKI(1966) and ESAKI
and STILES(1966) have confirmed this estimate and have shown clearly that SnTe
is a semiconductor and not a semimetal as many authors had thought. They eva-
porated a SnTe film about 4000 A thick onto an oxidized evaporated strip of AI,
to make a suitable tunnel junction. By analysing the tunnel current, using the
FOWLER-NoRDHEIMcurrent-voltage relationship (1928) ESAKI showed the band
gaps at room and liquid helium temperatures to be as low as 0.2 eV and 0.3 eV
respectively.

CARDONAand GREENAWAY(1964) measured the transmission and reflectivity
ofthin epitaxial SnTe films evaporated onto a NaCI substrate. They did not observe
the fundamental absorption edge but determined the positions of the second, third
and fourth energy transitions from both transmission and reflectivity measurements,
which provides very useful information on the band structure of this compound.

To explain the room temperature electrical and thermal measurements
ROGERS(1968) proposed a two-valence band model in which the light mass band
was non-parabolic but the heavy mass band was parabolic. He also obtained band
parameters from his model using COHEN'Sdispersion law (1961) for energy surfaces
with both rotation and reflection symmetry. ROGERSsuggested that the heavy mass
valence band in SnTe was similar to that in PbTe but that the energy separation
between the valence band edges was much greater in SnTe, than in PbTe. This
would result in an effective mass at the top of the valence band being much smaller
in SnTe so that the carrier concentration and the room temperature HALL mobility
should be greater in SnTe than in PbTe. To check this one would have to use SnTe
specimens containing a much lower carrier concentration say about 1016-10I7 cm-3
but unfortunately so far as is known no specimens containing less than 1019cm-3
have been produced to date.

Recently Tsu et al. (1968) have determined a set of band parameters for SnTe
from a consideration of all the available optical data and using the simple four band
model proposed by DIMMOCKand WRIGHT(1964) for lead chalcogenide compounds.
Tsu et al. used the band scheme at the L point shown in figure 2.3. where the double
headed arrows indicate the allowed kP coupling for transverse and longitudinal
matrix elements denoted by P, and Pl, respectively. They assumed thatE!:,.c was
much larger than Eg or E!:,.vso that the 4 X 4 secular determinant could be reduced
to a 3 X 3 determinant describing the two valence bands and the principal conduction
band only.

where E' =E-n k/ 2mo and m[ (VI)and mt (V2) are the longitudinal and transverse
masses of the first and second valence bands, respectively. It is possible to make a
further approximation. If

(2.12)
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where kiP is the longitudinal Fermi momentum and m[(cl) the parabolic longi-
tudinal mass of the first conduction band, the 3 X 3 determinant can be reduced
to a 2 X2 determinant. Tsu et al. also found that quantity on the left of 2.12. was
in fact about 2 for SnTe but nevertheless used this parabolic approximation, because
it appeared to be good enough for calculations of the FERMIenergy and the suscep-

. tibility mass to within an error of a few percent in comparison with the 4 X 4 model.
Since Sn.Te is always P-type the solution of the 2 x2 determinant for the

valence band is adequate.
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where EVI is the value of the energy which is parabolic with respect to k[ for small kt,
but almost linear with respect to kt for small k/. The band parameters can be
obtained from this expression using a computer fitting procedure. The best set of
band parameters obtained by Tsu et al. (1968) is given in Table 2.1 together with
the band parameters for SnTe obtained using the third order determinantal solution
for the energy dispersion relation marked with*. They used the experimental data

(2.13)

TABLE .2.1.

from various authors obtained for SnTe,
but we note that not all specimens were
of the same quality.

The above table shows that the
error introduced in the reduction of the
3 x 3 to the 2 x 2 determinant does
not have much influence on the band
parameters obtained.

The energy dispersion relation for
SnTe is given in figure 2.4. The EC2bands
are shown by broken lines because their
position is not known accurately as the
information on the value of EM is limit-
ed. Tsu et all. believed that the second
conduction band should also be located
at the L point and that it would have a
rather high energy so that it would never
be occupied.
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Figure 2.4. The band edge energy dispersion
relation for GeTe and SnTe.
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2.4. GeTe compound

GeTe has a face centred rhombohedral lattice at room temperature with the
parameters 0=5. 962 A and oc.=88°21' (SCHUBERTet aI., (1953). When the tempe-
rature is increased to about 460°C, the lattice transforms to a face centred cubic
NaCI type structure with a lattice constant of 0 = 5.986 A. Mc HUGH and TILLER
(1960) reported that a congruently melting compound has an equilibrium compo-
sition of Geo. 975 Te and a hole concentration of about 1()20em -3. MAZELSKYand
LUBELL(1962) also found the hole concentration of GeTe to be of the same order
(7 X 1020cm-3). Because of this stoichiometric deviation and hence the existence
of Ge vacancies in the lattice, GeTe is always P-type. These values of carrier concen-
tration together with the known deviation from stoichiometry are consistent with
the proposition that each of the vacancies provides two positive holes. Measure-
ments of the optical and electrical properties 'Of single crystal GeTe in bulk and film
specimens have been reported, by Tsu et a1. (1967). These specimens had rather
high hole concentrations (1021 em -3) even though they contained less than 1%
excess tellurium. By fitting the reflectivity data to theoretical expression for the
free carrier dispersion relations they obtained values for the optical dielectric
constant of about 37.5 and 35 at room, and liquid helium temperatures respectively.
The carrier relaxation time obtained from the same fitting procedure was about
0.38 10-14sec.

In further work, Tsu et al. (1968) shgwed that a picture of the GeTe band
structure could be deduced from optical and other data obtained from film specimens
of GeTe. They assumed that GeTe had a similar band structure to that of the lead
salts, treated GeTe as cubic and used a similar four band model to that of SnTe.
For GeTe the reduction of the 4 X 4 kP determinant to a 2 x 2 determinant is better
justified than in SnTe because the ratio;

(2.14)

This shows that the first longitudinal conduction and second longitudinal valence
bands are practically parabolic. Using the same equations (2.11) and (2. 13) and
their own data, Tsu et a1. (1968) obtained for the best set of band parameters;

They also proposed the band-edge energy dispersion relations for GeTe given in
Figure 2.4. which can be seen to be very similar to those for SnTe.

The adsorption coefficients for an allowed direct transition between the
valence and conduction band can b~ calculated as a function of the FERMIenergy,

,

using FAN'S expression (1956).

(2.15)
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where n is the reflective index and Pt a transverse matrix element which is assumed
to be constant. By comparing their measured values for GeTe values calculated
from this expression (see Fig. 2.5.), Tsu et al. concluded that there may be a very
strong BURSTEINshift in GeTe and that the true energy gap could be between 0.1
and 0.2 eV. This is consistent with the room temperature energy gap for GeTe
of 0.1 eV. obtained from tunnelling measurements
also by Tsu et al. A similar value was also
obtained by ESAKI(1966) who further showed that
the rate of decrease of the energy gap for GeTe
with increasing temperature was about 2 x 10-4 eV
(deg °K)-I.

CARDONAand GREENAWAY(1964) measured
the reflectivity of GeTe film specimens in the
far ultra violet region and determined the energies
of the third to the sixth transitions, inclusively. T
Unfortunately however they did not observe either ~
the absorption edge or the energy of the second
transition.

MEASURED a
(SAMPLE 3b
AT 4.2'K)

2.5. GeSe and SnSe compounds

Ef..38V,: Ef'4eV

MEASURED a '

SHIFTED TO.
THE CALCULATED

As far as is known, only two papers have
been published on the optical properties of GeSe
and SnSe compounds both .. of which have the
orthorhombic B29 structure. OKAZAKI(1958) and
KANNEWURF(1960) obtained values for the lattice
parameters of GeSe of a=4.40: b=10.82 and
c= 3.851. OKAZAKI(1960) also studied the electrical
properties of polycrystalline GeSe and from the
slope of the resistivity curves at high temperature
estimated the energy gap to be about 1.0 eV.
KANNEWURFand CASHMAN(1961) studied the room temperature absorption in
extremely thin single crystal specimens of GeSe in the form of filaments. They grew
their specimens by heating polycrystalline ingots in a quartz boat through which
was passed a continuous flow of hydrogen gas. Their results indicated the
existance of a forbidden direct transition corresponding to an energy gap of
about 1.53 eV.

SnSe has an orthorhombic unit cell and is isomorphous with GeSe i.e. both
have a distorted sodium chloride structure. DEMBOVSKIIet al. (1963) showed that
SnSe has a phase transition at 540°C which they assumed to be a second order
transition. ALBERSet al. (1962) made single crystals of SnSe containing less than
2.5 X 1016cm -3 impurities from polycrystalline materials which they first purified.
Their measurements of optical transmission at room temperature and at 77°K
indicated the presence of a transition between the valance and the conduction band
with an energy of about 0.9 eV. At 77°K they also observed several other transitions
between 0.2. and 0.9. eV and they suggested that one ofthem might be an absorption
band due to interband transition of holes from the highest band to a lower lying
valence band.

1.0

Figure 2.5. A measured absorption
edge for GeTe compared to absorp-
tion calculated for three Fermi

energies.
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2.6. The other IV-VI compounds used in this work

The crystal structures, energy band gaps and certain other properties of the
other relevant IV-VI semiconducting compounds are shown in Table 2.2. together
with the main references.

TABLE 2.2.

References. I. SCANLON (1959), II. SIMPSON (1964), III. MILLER and KOMAREK (1966),
IV. ALBERS et aI. (1962), V. ELLI (1963), VI. YABUMOTO 1958.

Quite a lot of work has been done on PbSe and it appears to be very similar
to PbTe and PbS in all its properties including the energy band structure. ZEMEL
et al. (1965) have shown that single crystal films of PbSe, have very similar properties
to those of bulk material as is the case with other IV-VI compounds and the
average value of the optical dielectric constant of PbSe obtained from their reflec-
tivity data on 2 samples at room temperature was 23. Calculations of the band
structure of PbSe by DIMMOCKand WRIGHT(1964): LIN and KLEINMAN(1966) and
RABAII(1968) indicate that the structure is very similar to that of PbTe.

There is much less data available on GeS and SnS and there is still considerable
uncertainty in the magnitudes of their energy gaps. The main reason is that they
all have high carrier concentrations normally higher than 1020 or 1021and so the
measured gaps may well be displaced by BURSTEINshifts. It is expected that tun-
nelling measurements will shortly provide information on this however.

2.7. IV-VI semiconductor alloys

A relatively small amount of data has been published on IV-VI alloys and
information on their optical properties, which is the main concern of this thesis is
particularly limited. The mutual solid solubility of IV-VI compounds has been
examined for fourteen of the eighteen possible ternary systems and nine of the eigh-
teen possible quaternary systems. These data are summarised in Table 2.3. It is
seen that complete solid solubility occurs mainly when both compounds have the
same lattice structure which is usually NaCl i.e. Bl. These data were largely obtained
using X-ray diffraction measurements. The optical work that has been done is mainly
limited to the PbTe-SnTe and PbSe-SnSe alloys which appear to be possible detectors
and emitters in the range between 8 and 14 microns or even beyond. There has
also been a little work on transport properties. A review of all this work has recently
appeared (STRAUSS1968).



Compound I Solubility Solubility
--

I I

of A in B B in A
A B mol % A mol % B

PbSe PbTe 1001 1001
PbS PbTe 3 to lOOIIl 1 to 10011
SnTe PbTe 100IIl looIIl

SnSe I PbTe 601V, 61V, 70vI lOv, 20IV

GeSe PbTe 35vI I
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TABLE 2.3.

1--
!

~I
PbS
Sn5e
GeSe
SnS
SnTe
GeS
SnSe
GeSe
SnS
GeSe
SnSe
GeTe
GeTe
SnS
GeSe
GeSe
GeSe

PbTe

PbSe
SbSe
PbSe
PbSe
PbSe
PbSe
PbS
PbS
PbS
SnTe
SnTe
SnTe
SnTe
SnSe
SnSe
SitS
GeTe

20VIII, 30lx

loox
looxl
43xII
SXIII, 9v
33Y
100v
SV
15v
SV
lOllI, loovlI
20v. 40v
20VI, 22xII
1OQXII, VIII
20XII
100111
loov
100Xlv
5-1ooXlII, 15XV
53xVI, 63v

I

SX

looX1
25xII
2QXIII, V

40v
100v

I
30v
10v
55I1I

I 5v
2SXII, 751v
1OQXII, VIII

2QX11

1()()IlI

loov
10000v
5v, SXVI, 10m

References: I. YAMAMOTO(1956), II. DARROV et aI. (1%6), III. ALBERS et al. (1926),
IV. NISHIYAMA and CKADA (1960), V. KREBS and LANGNER (1964), VI. NIKouc (1965),
VII. MOROZOV and CHIHFA (1963), VIII. MAZELSKY and LUBELL (1962), IX. SHEUMOVA
et al. (1964), X. WOOLLEYand NIKouc (1965), XI. SIMPSON(1964), XII. KREBS et al. (1961),
XlII. SHEUMOVAet al. (1966). XIV. ELU (1963), XV. ANTONOVand NASIROV(1966), XVI. MUIR
and GASHMAN(967).

2.7.1. Optical properties of IV-VI alloys. In this brief review of the optical
properties, we have included mention of our own published data to be described
later in this thesis. The first optical transmission measurements in the alloys were
made by SCANLON(1959) on single crystals of PbTe-PbSe and PbSe-PbS alloys.
He observed a linear decrease of the energy gaps where either PbTe or PbS was
added to PbSe and observed both direct and indirect energy gaps in both alloys.
Even at the present time his direct energy gaps for the compounds and the alloys
are those most widely quoted.

ALBERSet al. (1962) also made transmission measurements of single crystal
alloys of SnS-SnSe. a-nd found an almost linear change of the indirect energy gap
in this system too. The carrier concentration in these specimens was rather low
for an alloy-about 5 x 1017cm-3.
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WOOLLEYand NIKOLIC (1965) reported room temperature transmission
measurements for PbTe-GeTe and NIKOLIC(1966) for PbTe-~ alloys. In both
systems the energy gap increases with' increasing concentration of GeTe and GeSe
respectively. Since pure GeTe is believed to have a very low room temperature
energy gap (O.leV-EsAKI, 1966) one might expect that the energy gap should
decrease when GeTe is added to PbTe. However since this is not the case, we
anticipate that the gap should reach a maximum and then fall and this appears
to be what happens although the published work is incomplete.

NIKOLIC(1965) reported room and liquid nitrogen temperature transmission
measurements for PbTe-SnTe alloys. and observed a decrease in the energy gap
with increasing tin content. These alloys also have a positive temperature coefficient
of the energy gap which is similar to that in PbTe, but opposite to that in SnTe.
BYLANDER(1966) also measured the transmission at room temperature through
single crystal epitaxial films of PbTe-SnTe alloys and confirmed NIKOLIC'Sobser-
vation of the decrease in Eg with alloying. Further confirmation was reported by
DIMMOCKet al. (1966) who observed that spontaneous and coherent fluorescent
emission could be excited by a GaAs laser from alloys containing 19 mol % and
17 mol % SnTe. The coherent emission of the two alloys was at 15 and 14.9 microns
respectively again showing that the room tempera-
ture energy gap decreases when SnTe is added to
PbTe. DIMMOCKet al. (1966) proposed a band struc-
ture inversion model for PbTe-SnTe alloys to exp-
lain these data which is illustrated in figure 2.6.
This model accounts for the fact that linear extra-
polation of the gap energy against SnTe content
gives an energy gap value for pure SnTe of the
correct magnitude but negative in sign. This sug-
gests that the bands become inverted as shown.

It is interesting to note that WAGNER and
WILLARDSON(1968, 1969) have shown that the
CZOCHRALSKItechnique can be used to grow
single crystals of PbTe'-SnTe alloys from stoichio-
metric and nonstoichiometric cation rich. melts.
Their crystals had free carrier concentrations of about 1019cm-3 and mobilities
between 500 and 9000 cm2jVs.

In analogy with the PbTe-SnTe system, STRAUSS(1967) also explained the
decrease in the energy gap in the PbSe-SnSe system using an inversion model. Ho-
wever this model predicts a very small energy gap for pure SnSe (about 0.1 eV
at room temperature) in marked contract with the measured room temperature
value of 0.9 eV (ALBERSet al. 1962) quoted by STRAUSSin his review paper (1968).
We note that here STRAUSS'Ssingle crystal film specimens which were on KCl
substrates, were made from single alloy sources i.e. using the technique first
introduced by BYLANDER(1966). Confirmation of the decrease of the energy gap
of PbSe-SnSe alloys with SnSe content was obtained by BUTLERet al. (1966) from
their measurements of the emission wavelengths of laser diodes and by NIKOLIC
(1967) using optical transmission. NIKOLICalso observed a similar decrease of the
room temperature energy gap in PbSe-SnTe and PbSe-SnSe alloys.

The first optical work on GeTe-GeSe alloys was published by MUIR and
CASHMAN(1967, 1968) who made both electrical and optical measurements on

PbTe

V
Eg"O.l8eV

1\
Figure 2.6. Schematic diagram of
the velence and conduction bands
for PbTe, PbTe-SnTe at Eg=O,

. aftd SnTe.
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a single crystal specimen of 75 mol% GeSe, 25 mol % GeTe. They concluded that
this alloy was a degenerate semiconductor with a large free carrier concentration
(about 1020holes cm-3). Hence their measured value of the fundamental absorption
edge of 0.82 eV is probably too large because of the BURSTEINshift. Finally we note
that work has been published on the crystallographic and optical properties of some
of the lead germanium chalcogenide alloys (NIKOLIC, 1969).

3. DESCRIPTION OF SPECIMEN PREPARATION

3.1. Preparation of the IV-VI compounds

The compounds used for the work in this thesis are: PbTe, PbSe, SnSe, SnS,
GeTe, GeSe and GeS. They were all prepared in the laboratory by a direct combi-
nation of a stoichiometric mixture of the constituent elements. The elements used
to prepare the compounds were at least 99.999% pure and were obtained either
from L. LIGHT and KOCH or from JOHNSON,MATTHEY.It was not considered ne-
cessary to purify the elements further.

If the elements used were supplied in the form of a single lump, the lump
of each element in turn was placed in a mortar and reduced to smaller grains. The
mortar was first properly cleaned with concentrated nitric acid and then washed
several times with distilled water. The stoichiometric quantities of the constituent
elements were weigb,ed out, placed in a quartz tube which was evacuated to about
5 X 10-5 mm Hg and then sealed off. The quartz ampoule was suspended by an
Kanthal wire in a vertical tube furnace maintained at a temperature at least 100°C
higher than melting points of the compound and of the constituent elements. The
ampoule was shaken at intervals to aid mixing. The temporature of the furnace was
measured using a calibrated Pt - PtjRh thermocouple. The compounds were
usually left in the furnace for two hours and then quenched either by immersing
the ampoule in cold water or by removing it from the furnace and leaving it in air
to cool down. The compounds were then set to anneal in furnaces usually at about
600-700°C.

X-ray powder photographs were then taken to check that each of the compo-
unds had lattice parameters in reasonable agreement with those found in the li-
terature. Occasionally X-ray photographs were taken of samples cut from different
points along an ingot to demonstrate that it had a constant lattice parameter thro-
ughout its length.

Particular care had to be taken in the preparation of GeS and SnS since a
very high pressure of sulphur gas is q.eveloped inside the ampoule at high tempera-
tures. Thick quartz ampoules tubes were always used in this case (about 1.5 mm
wall thickness in a diameter of 6 mm) and the total sulphur content was always
kept below 1 gm. In later preparations the ampoule was lowered into the furnace
in two stages: first it was heated for about 30 minutes in the cooler regions of the
furnace and then it was lowered towards the centre. A still better procedure would
be to raise the temperature of a totally cold furnace. In the earlier preparations
before these procedures were adopted, two ampoules exploded causing damage
to the furnaces.

The ingots of GeS and SnS were necessarily very small but the ingots of the
other compounds each weighed between 15 and 40 grams. During the course of
this work we had to prepare ingots of every compound at least five times.
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3.2. Preparation of the alloy specimens

Alloy specimens weighing between two and six grams, were prepared by
melting the required quantities of the respective compounds in evacuated quartz
tubes usually at about 1150°C. The tubes were left at this temperature for two
hours. The alloys were then annealed until X-ray photographs indicated that
equilibrium had been obtained. Details of annealing times and temperatures are
given in chapter 5. After annealing the ampoules were quenched in cold water or air.

In many cases the range of solid solution is incomplete and to obtain the largest
range of concentration possible it is necessary to anneal the alloys at temperatures
very close to the melting point. However if a specimen melts as a result of a fluctu-
ation in the furnace temperature, it has to be discarded so that considerable care
and patience have to be used in the annealing procedure.

Measurements of lattice parameters and optical transmission were only made
using ingots containing a single phase i.e. those which gave sharp lines, in an x-ray
photograph. Some of the specimens made for optical work contained a large quantity
of pin holes and other broke during the polishing r>rocedure, so that many of the
specimens were prepared twice or three or four times before satisfactory specimens
were produced. Usually measurements were made on two different specimens.

Normally a complete set of specimens of one alloy system, but of various
compositions was made in one day, each of the specimens being made under nomi-
nally identical conditions. About 10-20 specimens of each system were made.

3.3. Preparation of bulk specimens for optical measurements

The specimens for optical measurements were cut from ingots prepared as
described in 3.2. The ingots were mounted on fibre blocks with "Durofix" adhesive,
and slices between 0.5. and 1.5. mm across were cut from them with a carborundum
wheel 3 in. in diameter and 6 x 10-3 in. thick rotating at 4000 rpm. The slices were
then removed from the block and attached with "Durofix" to the end of a steell
cylindrical rod about 5 in. long. The rod was a clearance fit in a I" hole bored
through a cylinder 4" long and about 21/2" in diameter. The end of the rod on which
the specimen was stuck was made of phosphor bronze to reduce wear. The slices
were first ground using the table of a tool post grinder on which the rod was mounted
by means of a V clamp. The 4" grinding wheel (universal grinding wheel c 220 kv)
was rotated at 4000 rpm. Next the steel rod was put into the hole of the bar and
the specimens were polished by holding the bar so that they were in contact with
a rotating "microcloth" impregnated with either 6 micron, 3 micron or 1/4 micron
"Diamond compound". "Hyprez lubricant" was used during this polishing. No
further polishing was carried out on specimens used only for transmission measu-
rements, but for specimens used in reflectivity work a higher degree of polish was
necessary so in this case a fina.l polish using alpha alumina (particle size I or 0.3
micron) was given.

In many cases an electropolishing procedure was used finally to remove the
damaged surface layers. For this procedure the specimen was potted in an epoxy
resin, "Ceemar", together with a brass rod to which it was connected electrically
with silver paint. With this arrangement, all the electrolytic current passed through
the front face of the specimen. The electrolyte was usually a 5% solution of nitric
acid in ethane diol although on occasions CP4 and CP6 and some other electrolytes
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used by RIEDL(1962) for PbTe were also tried. The construction of the electropoli-
shing machine was such that the specimen rotated about its own axes so producing
a washing action.

After several minutes of electropolishing, crystallites of the specimen usually
became clearly visible under the microscope showing that the surface layers had
been removed and that the specimen surface was suitable for reflectivity measure-
ments. The other surface which was usually parallel to the polished one was always
left unpolished to avoid parasitic reflectances which can occur from back faces
if they are also highly polished. An alternative is to use wedge shaped specimens
(CARABATES 1917).

While the specimens used in reflectivity measurements could be thick i.e. up
to 3 mm, the specimens used for transmission measurements had to be as thin as
possible. So for transmission measurements, after a polish had been obtained on
one specimen surface it was dissolved off the rod with acetone and turned over,
and the unpolished surface was ground until the slice was approximately 100-200
microns thick. Finally it was polished to get a specimen which was as thin as pos-
sible while at the time did not contain any holes.. Usually after polishing, the speci-
mens were between 70 and 100 microns thick, although occasionally it was pos-
sible to make slices as thin as 30 microns. Such specimens were very difficult to
handle. After the polishing the specimens were removed once more from the rod
and washed carefully in pure acetone to remove all traces of "Durofix" and were
then finally washed in alcohol. ,The specimen was next mounted with a single blob
of Durofix across the narrow slit of the brass specimen holder used for room tempe-
rature measurements. At liquid nitrogen temperature, the arrangement was slightly
different and the brass specimen holder to which' the specim.en was attached had
two identical slits side by side so that both the incident and transmitted intensity
could be measured readily by displacing the holder.

3.4. Preparation of film specimens

Several articles have been published on the techniques of preparing film spec-
imens of semiconducting alloys. One, two or even more !1ources have been used in
this work. For instance POTTERand KRETSCHMAR(1964) have described a so called
four temperature method for making InSb-InAs specimens. In this three crucibles,
each containing one of the 3 elements, were heated to the different temperatures
necessary to obtain film specimens of the required InSb-InAs alloy. The glass sub-
strate was heated to a fourth temperature to allow diffusion to take place within
the film. In a second method the compounds rather than the elements are evapo-
rated. BIS and ZEMEL(1966) have described their arrangement of two separate
"ovens" containing either PbTe or PbSe. Both compounds, were evaporated at
the same time into a heated NaCI substrate and single crystal alloys of various
compositions could be obtained by varying the temperatures of the ovens.

The first films prepared from a single source i.e. from an alloy sample were
made by BYLANDER(1966) who prepared epitaxial films of PbTe alloys. These films
had the same lattice constant as the bulk source material to within the experimental
error of two parts in 6000!

STRAUSS(1967) has also shown that single crystal films can be made using a
single alloy source, in this case of PbSe-SnSe and this technique was mainly used
in the present work although occasionally two separate sources have also been used.
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Particular care was taken, in preparing the bulk specimens used for evapora-
tion. The same technique was used as before but the ampoules were evacuated
for longer typically 3 hrs until a lower pressure, 1 X 10-5 mm or better, was attained.
Also the ampoules were kept in the furnace for a longer time, typically 4 hrs, and
were then allowed to cool in air. The evaporators used were made by Edwards:
type numbers El2E3, 19A8/136 and 12E3; details of th<::sewill be described later.
The temperatures of the source and substrate were in the ranges 600-800°C and
60-250°C respectively and the rate of deposition was usually about 500-700 A/min.
After deposition the films were allowed to cool down in a vacuum although many
of them were kept at their deposition temperature to anneal for 1-1.5 hours.
Usually two specimens were made at a time and about 200 evaporations have been
carried out in the course of the work. Various substrates have been used, principally
NaC!, KBr, mica and glass depending on the type of experiment for which the film
was to be used in. Also at the beginning of the investigation formvar was used as a
substrate for electron microscope studies. It was desirable that for both transmis-
sion and reflectivity measurements the films should be single crystals, so that for
this work transparent single crystal substrates of NaCI or KBr were used. These
substrates were pieces measuring about I" x 0.5" which were freshly cleaved just
before being put into the evaporator. The thickness of films used for transmission
measurements in the ultraviolet-visible region and in the infra-red region were
typically about 1000 A and 1 micron, respectively. In some cases a weighed piece
of microscope slide was put very close to the substrate and from its increase in
weight a value for the thickness of the film was obtained. This method was checked
by measuring the thickness of the film on the glass useing an interference technique
with visible light (TOLANSKY,1948). For thicker films where interference with visible
light is not easily seen, the thickness was often obtained from interference effects
apparent in the transmitted infra red beam.

The specimen evaporated onto the glass substrate was also occasionally used
to determine the composition of the specimens by X-ray diffraction analysis.
Unfortunately, however this technique can not be used to give information about
the grain size of the film on the single crystal substrate since this is not in general
the same as that on the glass. Hence attempts were made to determine this infor-
mation from the specimen films themselves. The difficulty in this technique where
used with a single crystal substrate is that the films are so thin that X-ray lines are
also seen from the substrate. To identify these lines a second pattern was always
obtai~ed from the back of the substrate and in many cases, at compositions where
the lines from the film were well away from any substrate lines, they could be iden-
tified and so the number of different grains determined. Other authors have also
found it possible in many cases to determine the nature of similar films e.g.
SCHOOLERand ZEMEL(1964): 3 micron films of PbS, and Bis and Zemel (1966):
0.5 micron films of PbTe-PbSe. In some cases however it was found in the present
work that the lines from the film and the substrate were too close for clear identi~
fication to be made and a different procedure had to be adopted in which the film
was transferred to an amorphous substrate. The substrates are of course water
soluble so that the films were removed from their substrates by bringing them
to the surface of a watch glass containing water. It was hoped that they would sink
in one piece to a glass substrate resting at the bottom of the watch glass. Unfortu-
nately the films invariably parted into small pieces which remained floating on the
surface. It was possible to collect some of the pieces onto the slide but this was
an unreliable technique; often there was not enough material to give good X-ray
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lines or NaCI or KBr lines were still present and .the film had to be rewashed at
the risk of damaging it. We later arrived at a simple method for transferring a film
from a NaCI substrate to a glass substrate in one piece. A thin layer of "Duro fix"
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Figure 3.1. A Bragg diffractometer recording of 70 mol % GeTe and
30 mol % PbTe on NaCI substrate. .

is spread onto a glass substrate and the
front side of the film is stuck to it and left
for about 30 minutes. The NaCI substrate
is then cleaved to leave a in layer of
NaCI stuck with the film to the glass and
the whole arrangement is then immersed
in water. The NaCI dissolves away leaving
the film in one piece firmly stuck to a
glass substrate. Very good X-ray diffrac-
tion patterns showing even the relatively
weaker BRAGG diffraction lines were
obtained with this arrangement. This was
the case even with very thin films (under
0.4 micron) since the X-ray source could
be run up to 35 kV and 24 mA giving
very intense beams. Several diffractometer
recordings for various alloys on NaCI
and glass substrates are given in Figures
3.1. to 3.4.
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Figure 3.2. A Bragg diffractometer recording
of 20 mol % GeTe and 80 mol % PbTe on

NaCI substrate
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It was often convenient to make specimens for electron microscope studies
during the same evaporation in which the optical specimens were prepared. However
the optical specimens were typically 1 micron thick while the electron microscope
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Figure 3.3. A Bragg diffractometer recording of a film of 20 mol % GeTe
and 80 mol % PbTe on glass substrate.
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Figure 3.4. A Bragg diffractometer recording of a film of 5 mol %
SnTe and 95 mol % PbTe on glass substrate.

specimens which had to be transparent to the electron beam were about 0.1 micron
thick. Hence the substrates were exposed for different times using a specially designed
shutter. Further details of the preparation of specimens used in electron diffraction
work are given in chapters 4 and 5.
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4. METHODS OF MEASUREMENT AND APPARATUS

4.1. Optical properties of solid semiconductors

The optical absorption coefficient, of a semiconductor provides valuable
information on its band structure. The lowest (fundamental) absorption edge gives
the minimum energy separation between the conduction and valence bands and
also information about the nature of the transition. In Figure 4.1. the absorption
coefficient is plotted against wave length for a typical semiconductor. In the ultra-
violet region, (1), the absorption coefficient is very largely due to electronic polari-
zation, (2), in the visible and near infra red region,
to electron excitation from the valence to the
conduction band, and at higher wave lengths, (3),
the absorption is largely due to free carriers.
Electronic polarization and free carrier absorption ~
can both be treated successfully using classical ~
theory but electron excitation is of course essenti-
ally a quantum mechanical process.

The absorption coefficient rises very rapidly
at and above the fundamental edge to values very
often"" 104 and 106cm -1. These can only conveni-
ently be obtained from transmission measurements
by using very thin specimens about 1000 A thick
or less which are usually prepared by vacuum
evaporation. The optical constants can also be
determined from reflectivity measurements using the
KRAMERS-KRONIGdispersion relation. Since this
involves an integral over the whole frequency range,
measurements have to be carried out over as broad frequency region as possible.
The advantage of reflectivity work ~s that measurements can be made on bulk speci-
mens. In this way the influence ofthe large number of imperfections which can be
present in thin films prepared by vacuum deposition techniques is avoided. A disad-
vantage is that the measurements are very dependent on the condition and previous
treatment of the surface.

There are six possible contributions to optical absorption: (1) excitation of
electrons from the valence band to a conduction band, (2) generation of lattice
vibrations, (3) generation of excitons, (4) excitation of free carriers within a band, (5)
excitation of free carriers from one band to another of the same type, (6) absorption
by imperfections. The present work is mainly concerned with the first absorption
process, usually called the "fundamental process". The minimum energy separation
of the conduction and valence bands is called the energy gap.

The absorption coefficient (X is defined by the wave equation

2 oE 02EV' E-fL O'---fL E-=O.o
0 ( 0 0 (2

E is the electric field; fLothe permeability of free space; 0' the electrical conductivity
E the dielectric constant of the medium.

From equation (4.1) one can easily obtain the following:

2cuk 47tk
(X=-=-

C A

o

Wavelength c.I')

Figure 4.1. The variation of the
absorption coefficient, ex, with

wavelength

(4.1)

(4.2)
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Using FERMI'SGolden Rule it can be shown that for an electronic transition

(4.3)

where xij is the matrix element for the transition and n (\I) is the density of electron
states corresponding to this frequency.

If the COULOMBinteraction between the electron hole pair is neglected, IXcan
now readily b~ calculated. This is a reasonable approximation because of the effects
of screening by carriers and impurities and can be justified by the agreement obtained
between this expression and experimental results on samples at high temperatures.
Without the interaction the energy can be expressed by

(4.4)

near the bottom Ee of the conduction band and by

(4.5) E(k) = Ev-(1i2 mh) k2

near the top Ev of the valence band, where me and mh are the effective masses of
electrons and holes in the conduction and valence bands respectively. Hence near
the fundamental absorption edge the transition energy can be written

(4.6) h\lcvk = Eg + (~ )k2
2m,

BARDEENet al. (1956) has shown that for direct and indirect allowed transitions,
1

(hV-Eg )- (hV-Eg-XEPh )
2 .

IX is proportional to ~
2 and

hv
respectIvely and also for

direct and indirect forbidden transitions IXis proportional to (h~:gr} and

(
hv-Eg-XEPh

)
3. .

hv
respecttvely where Eph IS the energy of the phonon absorbed (+)

or emitted (-). Hence from the frequency dependence of IX,one can in principle
determine the nature of the transition.

We should now discuss briefly the meaning of the terms direct and indirect
and allowed and forbidden transition. A direct transition is when an electron is
excited from the valence band to the conduction band without any change in its
wave vector k. An indirect transition involves the emission or absorption of a phonon,
which assists the excitation of a valence electron with one value of k to a part of

the conduction band where it will have a different wave vector k. Indirect transitions
in general have a lower transition probability than direct transitions.

To discuss the meaning of the terms allowed and forbidden transitions we
must consider in 4etail the perturbing HAMILTONIANcausing the transition.

. In a magnetic field described by a vector potential A, it is well known (e.g.
LANDAUand LIFSHITZ- fields, 1958) that in the HAMILTONIANdescribing an

->
-> -> eA

electron, P must be replaced by P + -e

(4.7)
1 (-> eA

)
2 ->

[F ] [
e -+ -+ 1 e2 -+]x=- P+-- +V(r)= -+V(r) + -P.A+-.-A2

2m e 2m me 2m e2
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~

since P and A commute in the gauge VA=O. For the fields present in normal light
sources

1 e2 e ~ ~

- -A2~-P.A
2m e2 me

so that

(4.8) x=xo+x'

where

(4.9)
e ~ -+ e ---+ -+~

x' ~-p. A~-AoP. ek eik.7
me me

where -;k is a unit vector. Hence, using FERMI'SGolden Rule the transition proba-
bility per unit time between states i and j is

(4.10) W..= 2" IX
'l' 1

2~ (E.-E. )
IJ

Ii.
I I J

The probability that a photon is absorbed can be readily calculated by expres-
sing Ao in terms of annihilation and creation operators whose matrix elements are
known so that we obtain an expression for the absorption coefficient

(4.11 )

-+ -+-+'
Suppose for convenience ek is thez direction so that p. ek = PZ' and since the optical
wavelengths are usual1y much larger than the linear dimensions of the wave func-

tions we replace ii:.;:- by 1 then
.

(4.12) OC~
I J ~i* Pz ~jd't'

12

Now

(4.13) inz=zx-xz

so

J~/*Pz~jd'r=: J~i*(zx-xz)~jd'r+ ~ (Ei-~) J~i*z~jd't'

and J~i* ez ~j d 't' is the electric dipole moment of the electron in the direction of

the field. Hence transitions of this sort are cal1ed Electric Dipole Transitions.
It is important to note that such transitions are not always possible. If we

change the definition of the coordinates such that x-+-x, y-+-y, and z-+-z,
then clearly physical1y nothing is changed and the matrix elements must be the
same. However, if ~i* and ~j have the same parity - either both odd or both even
- then

(4.14)

(4.15)

and so must be zero. Hence we arrive at LAPORTE'Srule: Electric Dipole transitions
are forbidden between states of the same parity.
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This does not mean, however, that iX=O. In obtaining an expression for iX,
we neglected ikr in comparison with 1. but if iXE'D=0, we must reconsider this
term since now

(4.16) iX~ If ~i*(;:.;)(k';:)~jd't"12
Physically the integral represents transitions due to magnetic dipole and electric
quadrupole moments of the electron. Transitions due to this are called "Forbidden"
and the resulting absorption is generally much weaker than that due to electric
dipole transitions.

One final point which can modify the position of the apparent gap should
now be mentioned. BRIGGS(1953) observed a strong dependence of the position of
the absorption edge in InSb on the carrier concentration in the sample. This has
been explained theoretically by BURSTEIN(1954) and the effect is now usually re-
ferred to as the BURSTEINeffect. An explanation
of this can be obtained by considering the expres-
sion for the absorption coefficient of a degenerate
semiconductor (FAN 1956). The effect of doping
can also be seen by considering a diagram of the
energy bands. For example the energy bands for
InSb are given in Figure 4.2. (GOBELIand FAN,
1960). One can see that for an N- type specimen
(Figure 4.2a) interband transitions begin at a
photon energy of hVI' This is a heavy mass band
transition. The absorption reaches its full value at
a photon energy of hV2 which is equal to the
onset energy for transitions from the light mass
band V2. These two steps in absorption can be
seen when hV2-hvI?>kT. For a P- type specimen
of InSb (Figure 4.2b) the situation is opposite to
this, The absorption edge is now due to transitions
from the light mass band at an energy hV2' Howe-
ver, if the FERMIlevel moves deeper into the valence Figure 4.2. Schematic diagram of
bands, the energy hVl2 (the maximum photon energy bands 6f InSb.
energy at which transitions between V2 and VI can
occur) becomes comparable to the energy hVI (Figure 4.2.c) so that the absorption
associated with the transition between VI and V2 can be seen near to the absorp-
tion edge.

4.1.1. Transmission and reflectivity of semiconductors. Expressions for the
transmission and reflectivity of semiconductors can be derived as in other trans-
parent systems, either by applying the electromagnetic boundary
conditions to the total incident, transmitted and reflected
waves, or by summing the complex amplitudes of the individual
waves arising from multiple reflection at the interfaces. We ---!:-

l

ri"'>-ik2

1

-L.
shall briefly consider the general approach in both methods. 0:;;;:;;' -n,-nrik3

STRATTON(1941) has given rather complicated expressions R/2 R2J

for the transmission, T, and reflectivity, R, for the three 5" 823
arbitrary homogeneous media (Figure 4.3) separated by plane F 4 3boundaries; Rij and 8ij represent the reflectivity and the phase 19ure.

angles of the boundary between media i and j respectively. If the extinction coeffi-
cient, k, is very small (k< 10-2) for media (1) and (3) and the specimens are thick
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and self supporting (i.e. without substrate), then the final expressions for the average
transmission and reflectivity become (MILLER, 1967)

T=
(I-Ro)2 exp (-ocd)

,
I-Ro2 exp (-2ocd)

(4.17)

R = Ro[1 +
(I-Ro)2 exp (-2OCd)

] = R [1 + Te-Otd].
I-Ro2 exp (-2ocd)

If internal reflection in the sample can be neglected as in strongly absorbing
thick specimens

(4.19)

(4.19)

and

(4.20)

and

T= (l-Ro) exp (-(1.d)

(4.21) R=Ro'

This shows that under these conditions. the measured reflectivity is simply equal
to the reflectivity at the first boundary.

The transmission can also be determined by measuring the transmissions
of two identical samples differing only in thickness. Equation (4.17), can then be
used to determine (1..If the conditions are such that (4.20) can be used, the deter-

Jmination is trivial:

(1.-~ln (Tt )dl-d2 T2
.
where Tl and T2 are the transmissions of samples with thicknesses d1 and d2. But
if (4.17) has to b~ used, (1.and R cannot b~ obtained analytically. and in this case
graphical methods have often been employed (VA~KOand MILER, 1961 or PRISHI-
VALKO,1966).

In our work on bulk specimens the energy gap for each specimen was obtained
by plotting a graph of log (lo/I) against wave length where 10 is the incident intensity
and I the corresponding transmitted intensity.

An example of such a plot is given later in Figure 5.9. The optical density
falls at the absorption edge to an approximately constant value which we refer

to as log (;
)0'

(If this is not constant, log (I;
)0is taken to be the minimum value

of log (~ ). Since the edge is not infinitely sharp there remains the problem of

how to define the wavelength of the edge. We have adopted the following procedure.
First we assume equation (4.20) is valid although in fact the coefficient ofreflection
for our specimens is not usually known in this range.

Hence we can write

(4.22)

log (-~ ) =-~
I E 2.303

and for convience write this in terms of the additional absorption above (1.0'«(1.E-(1.0)'

(4.23)



Some Optical Properties of Lead-Tin-Chalcogenide Alloys 81

Thus

(4.24) log (!~ ) -log (~ )+
(OI:g-OI:o)

d.
1 E I 2.303

We now define the energy gap as ocurring when the additional absorption coeffi-
cient (IXE-IXO)reaches some particular value which we somewhat arbitrarily take
to be 300 cm-l on the grounds that
this gives the same value for the energy
gap for pure PbTe as that of 0.32 eV
given in the literature.

For a thin film on a substrate
multiple reflection both within the film
and the sub5trate is possible. Since the
film is much more absorbing than the
substrate, the most important multiple
reflection process is that in which light
is reflected at the back side of the sub-
strate and then again at the substrate-film interface before being transmitted
(Figure 4.5). If we neglect other multiple reflection processes, the overall trans-
mission of the system can be expressed as

T=~=nz l-Rw (TY
10 l-RwRj

where Rw is the energy reflection coefficient of the substrate-air interface; Rj is the
total energy reflection coefficient at the substrate-film interface and Ta the expres-
sion for the transmitted amplitude through the film, given below (equation 4.27).

The second method of treating this problem is that of summing the complex
amplitudes (HEAVENS,1965) and is conveniently used for treating very thin samples.
Clearly both methods must give the same results if the same assumptions are made.
This method considers a beam of light of unit amplitude and wavelength incident
on a homogeneous isotropic plane with refractive index nl and thickness d. The
specimen is usually supported by a substrate whose index of refraction is nz. The
other medium is always air with index no= 1 and the angle of incidence of monochro-
matic light is taken to be 60, The amplitudes of successive beams reflected back
into the air are given in Figure 4.4. Since the change in phase of the beam in tra-

versing the specimen is a =
2rc

n1d1cos 61 one can easily show that the reflected
A

and transmitted amplitudes are

Figure 4.4 Figure 4.5

(4.25)

(4.26)

(4.27)

The reflected and transmitted energies, Rand T, obtained from these are

(4.28) R=
r12+2r1r2 cos231 +r/

1+2rlr2cos2al+rI2r;],2 '

(4.29) T=~
no

112//

(I L2rJ2cos231+"r,2r/)
.
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These expressions for reflection and transmission from film specimens are compli-
cated because of interference phenomena and the influence of the film backing. By
considering certain physical situations MOONEY(1945), HALL and FERGUSON(1955)
and HEAVENS(1965), HOWSON(1964 and 1968) have reduced these expressions for
T and R in various ways. The technique we have used to measure nl is to observe
the position of the interference fringes. If the thickness of the film, d, is measured
using an interferometer method, the refractive index nl can be obtained at all the
wavelengths at which a fringe occurs from

(4.30)

provided that the order, m, of the fringe is known. To find this we note that the
wavelengths of two successive fringes (both maximum or both minimum intensity)
are given by

(4.31)
m Am+2.nt Am

Am .nnm+2m+2

Approximate values of nl at these wavelengths can be obtained from measurements

of reflectivity R. If we neglect absorption, R =
(1-nl)2

and the values of nl> only
(1+ nl)2

approximate because of this assumption, are nevertheless sufficiently accurate
to give rough values of n from which, since it is known these are integral, can be
correctly rounded to the nearest integer. Approximate values of thickness can also
be obtained from (4.30) using these approximate values of nl' We note that we
have also made approximate refractive index measurements in the region of the
plasma frequency from reflectivity data.

4.1.2. Determination of optical constants. A detailed review of the various
methods used in the determination of optical constants has been given by HEAVENS
(1955 and 1964). He describes the two principal techniques (a) intensity measure-
ments using unpolarized light (usually at normal incidence) and (b) measurements
using polarized light.

The first method is normally preferred because it is insensitive to polarization
effects in the optical system and also, because irregulatities of the surface do not
produce large errors in the results. In principle it is possible to obtain information
on band structure from both reflectivity and transmission measurements made
in this way but in practice only the first energy gap can be obtained from transmis-
sion measurements unless the specimen is very thin, i.e. a film, as the absorption
at lower wavelengths is very high.

The optical dielectric constants <:1+i<:2 can be evaluated from reflectivity
data either by using the KRAMERS-KRONIGanalysis first used by SIMON(1951) and
improved by ROBINSON(1952) or by using the classical oscillator fitting procedure
which has been discussed extensively by a number of authors. We shall describe
first the KRAMERS-KRONIGanalysis.

Using the FRESNELequation the dispersion relation between 0 and R can
be expressed as:

(4.32) o(CO) = i J
oo

In
I

00 + 000

I

d In ~
do 7t' 00-000 d 00
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where the complex reflection amplitude vi R is given in the form VR ei6, e is the
phase change on reflection and (,)0 is the plasma frequen~y. The integral covers
the whole spectral region but if the contribution from frequencies far from (,)0
is small, particularly if R is nearly constant outside this range which is often the
case (BOWLDENand WILMSHURST,1963), a close approximation to the integral
can be obtained from detailed knowledge of the reflectivity in the spectral region
around (,)0. Even if R is not constant at the limits of the range of observation it is
still possible to obtain an approximate value for e «,)0) by extrapolating R «,»
to infinite frequencies. Thus ANDERMANNet al. (1955) used an extrapolation pro-
cedure by making a classical oscillator fit to the data at the ends of the measured
range. ROESSLER(1965) introduced a method which avoids the necessity of extra-
polating the data and requires only experimental data in a limited spectral range.
He divides the whole spectral range into three sections. The middle section, b< (,)<e,
represents the region where the experimental reflectivity data are available. The
equation for the phase change e is then expressed in the form

(4.33)
e ~

e«,)0)= - ~ Jf(Rl (,)0) d (,)-
~ Jf(Rl (,)0)d (,)-

~ Jf(Rl (,)0) d (,),

o b e

where f Rl «,)0)= In .JR. «,»~ (In
I

e.> + e.>o

I
) and e«,)0) = Y«,)0) + <I>«,)0) + ~ «,)0). de.> e.>-~

where y «,)0) and ~ «,)0) are the contributions to e «,)0) from the frequency
ranges (,)<b and (,»e.

KRAMERSKRON1Ganalysis of this type can be used for both bulk and film
specimens although there are complications arising from the substrate properties
and multiple reflections when films are used. However as we have noted, it is pos-
sible with films to obtain detailed measurements of both transmission and reflection
and indeed a similar analysis on transmission data only can be used to obtain the
optical constants. For example NILSON(1968) used the expression for the phase
change on transmission:

(4.34)

where Tf is the amplitude of the transmission inside the substrate. To obtain this
measurements of transmission of the substrate alone as well as through the substrate
and the film must be made. Oncee (vo) is derived a similar analysis to ROESSLER'S
(1965) is used.

In practice, transmission measurements are usually more accurate than reflec-
tivity measurements and are also less sensitive to surface properties but of course
transmission measurements can not be made if the material is highly absorbing.

A classical oscillator fitting procedure can also be used to extract the optical
constants from the measured reflectivity and transmission spectra. Good examples
of this procedure occur in the work of SPITZERand KLEINMAN(1961) and DIXON
and RIEDL (1965). Recently VERLEUR(1968) has devised an improved method of
calculation which he calls an "automatic fitting procedure".

6*
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In our own work so far we have used a relatively simple expression for the
dispersion law which ~s essentially the classical DRUDE law (e.g. Tsu et al. 1968)

(4.35) (n+ikF=zopt
[ 1-

E:opt
] .

(CU/CUp)2 + i (l/cup T)2 cu/cup

Equating real and imaginary parts we obtain:

(4.36) n2-k2=z [1- 1

1
opt

(CU/CUp)2+ (l/cupT)2 '

2 nk =
E:opt [ 1 ]CUT (CUfCUp)2+ (l/cupT)2

.

Since the reflectivity can be expressed as a function of nand k

(4.38) R=
(n-l)2+k2
(n+l)2+k2

a computer fit to the experimental curve for R (cu) in the plasma region can be used
to calculate the optical dielectric constants and the other parameters including
the plasma frequency. The optical conductivity was also calculated from the para-
meters obtained during the fitting procedure.

(4.37)

(4.39)
E: T.I0-11

cr =
oPt

opt
367t

The computer programme for this was written in Fortran with the help of
M. SMILJANICof the Institute of Physics of Belgrade and M. A. MCCONACHIEof
the Cripps Computing Centre, Nottingham University.

4.2. Instruments used in the measuremeltts of transmission and reflectivity

In general commercial chart recording spectrophotometers are less sensitive
than monochromators with which measurements are recorded point by point.
Hence both types of instruments may be used for thin specimens such as films from
which fairly strong transmission signals are obtained but only monochromators
can be used for the thicker bulk specimens. In all, 4 monochromators and 5 spectro-
photometers have been used in this work.

The lowest measured energy gap in these alloys occurs in the infra-red but
higher energy transitions occur at wavelengths which extend into the visible and
ultraviolet. Unfortunately in transmission work these higher transitions could not
be seen when the thicker bulk specimens were used although it was possible to see
them with some film specimens.

4.2.1. Monochromators. The optical transmission measurements in the infra-red
region were made either with a BARRand STROUDdouble monochromator V. L. 2
with KBr prisms or with a converted HALLEmonochromator with a NaCI prism.
The infra-red source used with both monochromators was a NERNSTfilament which
consisted of a filament 3 cm long and about 1 mm in diameter made from a mixture of
zirconium and yttrium oxides. The incident radiation was chopped at a frequency
of 5 Hz and focussed onto an adjustable entrance slit by means of a combination
of mirrors aluminised on their front surfaces. The detector was a HILGERand WATTS
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Schwarz thermocouple (SMITHet a1., 1957) arranged with both elements in series.
The signal from this was fed via a quadruply screened matching transformer to a
high gain amplifier. This was either a BARRand STROUDthermocouple amplifier
with a maximum voltage gain of 5 X 107and a bandwidth of 7% or a UNIPANselective
volt meter with a gain of 109 and a bandwidth of 5%. The noise level figure of the
UNIPANwas better than that of the BARRand STROUD.The output of both amplifiers
was read directly on a meter. Occasiona11y the signal from the detector was too big
for the amplifier and had to be reduced using an external attenuator consisting of
five T networks matched to the detector and the transformer.

The calibrations of the monochromators were checked in the region between
2.42 and 15 microns by observing the absorption spectrum for a thin polystyrene
film both with the monochromators and with one of the calibrated spectrophoto-
meters, PERKINELMER457 or 337. Further checks were made using the absorption
lines of water vapour at 1.901 and 2.673 microns and of carbon dioxide at 4.225
and at 14.90 microns. The resolution of the instruments was a function of wavelength,
both being highest at about 2.5 microns. At this wavelength the bandwidths of the
HALLEand the BARRand STROUDwere about 20 and 300 A. respectively.

In the visible region three types of monochromator were used. The Barr and
Stroud was modified by replacing the prisms with a synthetic quartz prism and the
other two instruments were the Specol and the SPM2 both made by Carl Zeiss,
lena. The range of all these instruments was about 6000 - 15,000 A but their
resolution varied considerably. For the Barr and Stroud and the Specol this was
about 100 A (at 8000 and 5.461 A respectively) and for the SPM2 this was 6 A
at the 5,461 A. The source used was a 36 watt car bulb and the detectors were usually
photomultipliers although the Schwartz thermocouple was used at times with the
Barr and Stroud.

The monochromators were calibrated using the lines from a high pressure
mercury arc. This was satisfactory for the SPM2 but less so for the other instru-
ments since their resolution was poorer and so the Barr and Stroud calibration was
checked by measuring the absorption spectrum of didymium glass on both this
machine and on a Perkin Elmer Spectrophotometer UV 137.

4.2.2. Spectrophotometers. Five spectrophotometers have, been used in this
work. A Unicam model SP 200 spectrophotometer equipped with sodium chloride
optics was used for taking preliminary measurements of transmission in the region
between 2 and 15 microns, and two Perkin Elmer grating spectrophotometers
Models 337 and 457 have been used for more accurate measurements of transmission
in the region from 2.5 to 25 and 40 microns respectively. Another Perkin Elmer
spectrophotometer Model 137 equipped with quartz prisms has been used to measure
the transmission of very thin homogeneous specimens in the visible and ultraviolet
region but the Unicam SP 700 was found to be the best instrument for measuring
transmission in this region of even thicker specimens with thicknesses from about
500 A and 3000 A. The samples had to be as thin as this because the materials had
strong optical absorption in this spectral range.

4.2.3. Methods of sample mounting for transmission and reflectivity measure-
ments using monochromators. This was similar for all of the instruments and is
illustrated by describing the arrangement for the Barr and Stround. The bulk speci-
mens were mounted over a slit cut in a brass disc. This was then fitted into a speci-
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men holder in the exit beam and mounted on the accessory bar of the BARRand
STROUDmonochromator in such a way that when the specimen holder was rotated,
the beam passed either through the slit covered by the specimen or through an
identical uncovered slit. This is the so called "sample in sample out" method. At
liquid nitrogen temperatures, a brass dewar vessel was used for transmission mea-
surements. This was a modified version of the low temperature apparatus built
by EVANS(1961) and included two KBr windows 1.5 inches in diameter and 1/4'1
thick. The specimen was mounted across one of two identical slits (10 \( 1mm) of
a specimen holder which was in close contact with the inner wall of the liquid nitro-
gen dewar. The dewar was moved so that the light passed either through the slit
covered by the specimen or through the uncovered slit.

Measurements were made at other temperatures by filling the dewar with
other liquids, e.g. solid CO2 together with CCI4/CHCI3 was used to give a tempera-
ture of about 202 OK and water, heated electrically, to give a temperature of about
100 °C. The temperature was measured in each case with a copper constantan
thermocouple.

The reflectivity measurements were made by comparing the intensity of the
light reflected from the surface of the specimen with that reflected from a standard
mirror. The standard mirror had the front surface aluminized and then covered
with a protective coating of SiO. The "sample in sample out" method was again used.

For measurements of transmission through film specimens, three wide slits
(4mmxl1.5 mm) were mounted on the specimen holder. One was left uncovered,
another covered with the film and substrate and the third with a substrate of similar
thickness only. Hence the absorption due to the substrate and to the film could
be separated. If a double beam spectrophotometer was used, a similar substrate
was placed in the second beam.

4.3. X-ray measurements

During the course of this work several X-ray techniques were employed. thus
bulk specimens which were all polycrystalline were analysed by taking X-ray powder
photographs and the crystal properties and composition of the film specimens
were determined using X-ray diffractometers.

4.3.1. X-ray powder photography. The technique was used mostly to determine
whether two compounds were in single or two phase solution or to determine the
composition of alloy specimens for which the variation of lattice parameter with
composition was known. However, it was also used to investigate several alloy
systems, whose variation of lattice parameter with composition or range of solid
solution was unknown. In all some 500 X-ray photographs were taken. The line used
was CuKoc with a Ni filter.

The camera used was mainly the Unicam 9 cm which has the van Arkel
method of film mounting. The positions of the powder pattern lines and so the
angles 11>were measured with a travelling microscope. The values of 6 were plotted
against values of an ab30rption correction function (HENRYat aI., 1959) and the
resulting straight line was then extrapolated to 1(6)=0 corresponding to a BRAGG
reflection of 90°. From this the true lattice parameter was obtained. The accuracy
of a parameter determined in this way was about ::J:0.002 A.
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The powdered specimens were stuck with Durofix on to a fine glass fiber
so that the average diameter of the specimens was usually about 1/2 mm. Since
glass and durofix are amorphous, no lines appear from these materials although
it seems likely that the blurred smudge at low angles of e could be due to scattering
from them. Most of this work was carried out using a Solus Schall type 49917 X-ray
machine containing a Philips tube.

4.3.2. X-ray diffractometer analysis. The measurements made on the film
specimens with an X-ray diffractometer were used to determine whether the film
was single crystal or polycrystalline and also to calculate the lattice constant so
that it could be compared with the bulk value of the same composition. The equip-
ment used was a Philips PW 1011 X-ray unit, a Philips goniometer PW 1050/25
and a Noreclo PU 1010 diffractometer. In general the CuKoc line was again used
although at the beginning when difficulties were experienced in obtaining good
recordings from very thin films made on NaCl substrates, cobalt and iron targets
were also tried.

The technique can of course also be used for bulk specimens and some checks
were made on the lattice constants of some bulk specimens used.

4.4. Electron microscopy

Two electron micros opes have been used in this work, one a JEM7 of Japanese
make at the Institute of Nuclear Energy in Belgrade and the other an AEI EM6 at
Nottingham University. Both microscopes were used for obtaining information
on the crystal structure of very thin film specimens as described in chapters 3.4.
and 5.3.1.

For our purposes it is sufficient to consider the motion of electrons as
similar to that of light. Detailed discussions of the special properties of electron
microscopes are well covered in the literature (COSSLETT1951; PINSKER 1953;
STRILAND,1966).

In this present work with the electron microscope the specimens were about
300-700 A thick.

Typically an electron beam is abotlt 10 to 20 !1-in diameter although areas
down to 0.2 !1-2can be observed using a special "selected area" technique. Using
this, the characteristic spots of single crystal material can be obtained from individual
crystallites within polycrystalline material. However if the crystallite size were very
small, the beam would cover a number of randomly orientated crystallites and a
complicated spot pattern would be observed. At even smaller sizes - in practice
if the beam size is greater in area by a factor of 103 than the crystallite size - the
spots merge completely into rings whose diameters are determined by the separa-
tions of the possible ~rystal planes. Hence the pattern gives information on the
gram SIze.

Some of the electron energy is always absorbed by the specimen resulting
in a rise of temperature. This is particularly noticeable in very thin films since the
mechanism of heat transfer from the film is rather inefficient and care must be
taken to avoid recrystallisation or even melting of the film. Both effects have been
observed in very thin films. « 500 A) in the present work.



88 P. M. Nikolic

4.5. Evaporation process

4.5.1. Vapour deposition. Vapour deposition processes can be either physical
or chemical. Chemical deposition is the dissociation of a vapour species from a
multicomponent system on to a substrate. Physical deposition, which is the technique
used in the present work, is very often called simply evaporation and is a conden-
sation process from a supersaturated vapour phase.

In this latter process materials are evaporated in a vacuum and then con-
densed on to a surface with a lower temperature than that of the source of evapo-
ration. The advantages of working with a vacuum rather than with a modest pressure
are that the materials being evaporated have lower boiling points, much fewer
impurities are introduced into the film and well defined films of different shapes
can be produced by putting a mask between the source of evaporation and the
substrate.

The techniques of producing thin films have been reviewed by DUSHMAN
(1949), HOLLAND(1960) and recently by POWELLet al. (1966).

As we have noted earlier, a compound film can be either produced from a
single source or from multiple sources. If a single source is used in which the com-
pounds are stoichiometric, films can be fairly readily obtained with many materials
e.g. the alkali halides, the lead chalcogenide compounds and the selenides and
tellurides of Group II with the exception of zinc sulfide. In all of these (except ZnS),
decomposition does not normally occur during evaporation. However many other
compounds do decompose at or below the temperatures needed for evaporation
and then flash or multi source evaporation techniques must be used.

If homogeneous films are to be obtained the components must be evenly
distributed on arrival at the substrate because the diffusion coefficients are usually
not high enough to achieve homogeneity by self diffusion. It is also necessary to
have a very good vacuum and very clean crucibles for the sources in order to obtain
films free from large concentrations of impurities. Because of all these difficulties
the multisource method is usually only used to prepare alloys and compounds
which can not conveniently be produced by the other methods.

5. RESULTS

The experimental part of this investigation can be roughly divided into the
production of and measurements on: .

(a) bulk specimens, and
(b) film specimens of IV-VI semiconductor alloy specimens. The results

for (a) are described in Section 5.1. and Section 5.2. and for (b) in Section 5.3.
Most of the experimental work on the bulk specimens has already been pub-

lisbed (NIKOLIC,1964. 1965. 1967, and 1969) tbe exception being that on PbTe-SnS
and PbSe-SnS alloys.

5.1. Bulk specimens of lead - tin chalcogenide alloys

The mutual solid solubility of the ternary systems: PbTe-SnTe and PbSe-SnSe
has been previously investigated by ABRIKOSOVet al. (1953): NISHIYAMAand OKADA
(1960) and KREBSet al. (1961) and that of the quaternary systems: PbTe-SnSe,
PbSe-SnTe and PbSe-SnS by KREBSand LANGNER(1964). This work has been re-
peated and is discussed here together with work on the PbTe-SnS system.
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Specimens of all these alloys were prepared as described in Chapter 3.2 .After
the specimens had been annealed and then quenched in cold water, X-ray photo-
graphs were taken to examine whether the specimens were in single phase equi-
librium.

The work on alloys that had already been investigated was done partly to
check the composition of the present specimens and also to discover whether a
prolonged annealing treatment could extend the mutual solid solubility of the
compounds. The details of this work wi11be given later in this chapter and discussed
in the discussion section.

Before the present work was started no actual data had been reported on
these alloys, other than measurements of structure. The present work has now been
published (NIKOLIC, 1964, 1965, 1967 and 1969) and work on PbSe-SnSe alloys
was published by STRAUSS(1967) at about the same time as our own. Also there
have now been two other detailed studies of the PbTe-SnTe system (BYLANDER
(1966) and DIMMOCK et al. (1966)), the special interest here being that, as
we also found, the energy gap decreases with alloying.

5.1.1. PbTe-SnTe Alloys. Specimens
of these alloys containing between 0 and
100 mol% SnTe were annealed at 700°C
for 21 days. X-ray photographs then showed
that they were all in single phase equili-
brium. All samples containing more than
15 mol % SnTe were found to be P-type,
but below this concentration the samples
were either N or P-type. Since it was found
impossible to obtain optical transmission
spectra on any of the P-type specimens we
also have shown electrical measurements
only on the N-type (15 mol % SnTe) spec-
imens. In Figure 5.1. the optical density
log loll (fa and 1 are the intensities of the
incident light and transmitted light res-
pectively) of some PbTe-SnTe and PbTe-SnSe alloys is shown at room tempera-
ture. The energy gaps were calculated as described in the previous chapter, using
a value of 300 cm-l for iXE-iXO'The energy-gap values as a function of composition
and temperature are plotted in Figure 5.2 and 5.3 respectively. One can see that
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~
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Figure 5.2 The variation of the energy gap
with composition for PbTe-SnTe and

PbTe-SnSe alloys.
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the optical energy gaps for PbTe-SnTe alloys change nearly linearly with compo-
sition which may be an indication that the band forms are the same over the range
of measurements.

The decrease in Eg at room temperature with concentration of SnTe in PbTe
is given by:

Eg=0.32-0.7 X[e. V]

where X is the molar fraction of SnTe in PbTe.
For each alloy measured, Eg was found to increase with temperature between

liquid nitrogen and room temperatures and the temperature coefficient of the gap
was between 004 and 0.420 meV deg K-1.

5.1.2. PbTe-SnSe Alloys. Specimens containing up to 35 mol% SnSe were anne-
aled at 700 °e for twenty-one days and were then all in single phase equilibrium.
The optical density of two typical PbTe-SnSe alloys (denoted by broken curves)
is shown in Figure 5.1 together with those for the PbTe-SnTe samples. The optical
energy gaps Eg at 293 and 82 oK of specimens containing up to 6 mol % SnSe are
plotted against composition in Figure 5.2. together with the results for the PbTe-SnTe
alloys. The data for the two systems clearly lie close to the same curves showing
their similarity. A positive temperature coefficient of between 0.4 and 0.42 meV deg
K-1 was found which is also very similar to that of the PbTe-SnTe system. This
was obtained from measurements of the variation of the energy gap with temperature
made on several samples (Figure 5.3.).

5.1.3. PbSe-SnTe Alloys. Since the PbSe-SnTe alloys containing more than
70 mol % SnTe partly melted at 7000e the annealing temperature was reduced
to 630oe. After annealing for fourteen days all the specimens were in single phase
equilibrium. Although the lead selenide used in these experiments was P-type, the
specimens containing up to 3 mol % SnTe were found to be N-type, although at
high concentrations they did indeed become P-type.

It was shown by X-ray analysis that complete solid solution existed throughout
the whole composition range and that the variation of the lattice parameter had
a small positive deviation from the "VEGARD" line. The variation of the lattice
constant ao with composition is shown in Figure 504.
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Figure 5.5 Optical density of the PbSe-SeTe and
PbSe - SnSe alloy samples of different composition
Curve AB CDEFG H
Composition 1,3 mol.% SnSe 1,1,3,6,6, mol% SnTe

PbSe

In Figure 5.5. the optical density of some samples of PbSe-SnTe of different
thicknesses is shown, together with. some measurements on PbSe-SnSe specimens.

Figure 5.4 The variation of the
lattice parameter with composition

for the PbSe-SnTe system
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The data at room temperature are shown with full curves and at liquid nitrogen
temperature with broken curves. Sample C and partly also sample D exhibit trans-
mission interference fringes. The free carrier absorption of the specimens is rather
strong and measurements were not possible at concentrations greater than 6 mol %
SnSe. The carrier absorption has to be taken into account in interpreting the ab-
sorption curves. The energy gaps at 82 oK and room temperature are plotted against
composition in Figure 5.6.

A striking initial decrease in the energy gap occurs at both room and liquid
nitrogen temperatures as the SnTe concentration is increased. At nitrogen tempera-
tures this only continues up to 3% SnTe where it reaches a minimum and at higher
concentrations it increases.

It may be significant to note that the specimens become P-type at about the
concentration at which the slope changes sign.
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Figure 5.6 The variation of the
energy gap with composition for
PbSe-SnTe and PbSe - SnSe alloys

Figure 5.7 The variation of the energy gap
with temperature for some PbSe-SnTe

PbSe-SnSe alloys.

In Figure 5.7. the optical energy gaps, Eg, of several typical PbSe-SnTe speci-
mens containing up to 6 mol % SnTe are plotted against temperature, together
with two PbSe-SnSe specimens. It is apparent that Eg varies linearly with tempera-
ture in the region between 82 oK and 293 oK with a positive temperature coefficient
between 0.180 and 004 meV deg K-1.

5.104. PbSe-SnSe Alloys. Alloys in the composition range 0-40 mol% SnSe
were annealed for fourteen days at 600.oC and single phase specimens were produced.
All the specimens were P-type, except for that containing 3 mol% SnSe which was
N-type.

Absorption curves for two of these alloys (A and B curves) are shown in Figure
5.5. The variation in the energy gap Eg with composition is plotted in Figure 5.6.
and with temperature in Figure 5.7. together with the results of the PbSe-SnTe
system. In these alloys Eg at room temperature decreases monotonically with increa-
sing SnSe content but at 82 oK, Eg unexpectedly increases as the percentage of
SnSe is raised.

These alloys also have positive temperature coefficients of Eg but the values
are much smaller - between 0.016 and 0.14 meV deg K-1 - than those of the
other alloys measured.
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5.1.5. PbTe-SnS Alloys. Specimens of PbTe-SnS alloys containing up to 50
mol % SnS were prepared in the way described in Chapter 3. After having been
annealed for fourteen days at 700°C only the specimens containing up to 15 mol %
SnS were in single phase equilibrium with a simple
NaCI structure. It seemed possible that the range ~

o'of solid solution might extend beyond the range
observed. However, attempts to anneal the rest of
the specimens at higher temperatures were unsucces-
sful as in all cases the specimens melted due to
temperature fluctuations in the furnace. The values
of the lattice parameters, 00, are plotted against 6.3

composition in Figure 5.8. The variation is nearly
linear and can be represented by the following
equation: 15 mol % 5nS

Figure 5.8. The variation of the
lattice parameter with composi-

where X is the mole fraction of SnS.
tion for the PbTe-SnS system.

In Figure 5.9. the optical density of the specimens containing 3 mol % SnS
is shown at room and liquid nitrogen temperatures. From the form of the curve
it can be seen that there is no apparent contribution to the absorption by free car-
riers. The energy gaps at room and liquid nitrogen temperatures were determined

00 = 6.459-0.59 X (A)
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Figure 5.10. The variation
of the energy gap with
composition for PbTe-SnS

alloys.

for several alloys containing between 0 and 3 mol %SnS and the values are plotted
as a function of composition in Figure 5.10. Optical transmission measurements
were not possible for specimens containing more than 3 mol % SnS although several
attempts were made using specimens about 40 fLm thick.

4,5 5,0 5,5 6,B 6,5
A [t']

Figure 5.9. Optical density of PbTe-SnS
alloy sample at room and liquid nitrogen

temperatures

2 . 3
mOl.!. SnS

5.1.6. PbSe-SnS Alloys. The specimens preparation wa5 similar to that des-
cribed earlier. After fourteen days annealing at 700°C the specimens containing
up to 30 mol % SnS were in single phase equilibrium with the NaCI structure
but at higher concentrations the specimens contained two phases.
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The values of the lattice constant, 00, obtained for these specimens are shown
in Figure 5.11. The decrease in lattice parameter with SnS content is given by the
equation:

00= 6.127-0.385 X [A]

where X is the mole fraction of SnS.

No detectable transmission could be
1:.10
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[5.2. Lead-germanium Chalcogenide Alloys
~. 00 ]

It is only recently that any appreciable
work has been done on the pseudo binary
alloy systems derived from lead and german-
ium cha1cogenide compounds. In the present
investigation, PbTe-GeTe and PbSe-GeSe
alloys have been studied, as well as the quaternary alloys: PbTe-GeSe, PbTe-GeSe,
PbTe-GeS, PbSe-GeTe, PbSe-GeS.

Since none of the germanium cha1cogenides has the NaCI structure it is
perhaps to be expected that their solubility in lead cha1cogenide compounds would
be rather limited. In fact our work has shown this is not the case and this will be
discussed later. '

So far as is known, the only reported optical work which has been published
is by WOOLLEYand NIKOLIC(1965) and NIKOLIC(1969). A possible reason for the
little work that has been done on this system is that the optical data on the ger-
manium cha1cogenide compounds are not in agreement and values of 1 eV and
0.1. eV have been reported for the energy gap of GeTe at room temperature by
HEIT et al. (1964) and STILESet al. (1966) respectively.

5.2.1. PbTe-GeTe Alloys. Lead-
germanium tellurium alloys were
prepared in the usual way and then
annealed at 600°C for between two
and six weeks before quenching in
air. The variation of the room
temperature values of the rhombo-
hedral lattice parameters 00 and ~

angle IXas a function of composition ";040

has been given by WOOLLEYand
NIKOLIC (1965) who also reported
measurements of the room tempera-
ture optical energy gaps for GeTe
concentrations up to 40 mol %, In the
present work we have observed that
there is a rapid decrease in the room
temperature energy gap between 40
and 42.4 mol % GeTe (Figure 5.12)

10 5030
mol % SnS

Figure 5.11. The variation of the lattice
parameter with composition for the

PbSe-SnS system.
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Figure 5.12. The variation of the energy gap with
composition for the PbTe-GeTe, PbTe-GeS,
PbSe-GeTe, PbSe-GeSe and PbSe-GeS alloys.
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but it was not found possible to measure the energy gap at higher concentrations
even using specimens of thickness down to about 40 !Lm. It was not easy to obtain
optical specimens of sufficient quality, particularly at the higher concentrations,
because some of the ingots contained
small holes. Indeed in some cases it
was nearly impossible to obtain a
wafer specimen which did not contain
any pin holes. However, it was always
found possible to reduce the amount
of light transmitted through the holes
by suitable alignment of the specimen
in the infra-red beam. Typical data
showing the variation in the optical
energy gap with temperature are plotted
in Figure 5.13. together with the results
from other systems.

For these alloys a negative
temperature coefficient of about -
0.19 meV deg K-l exists.
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Figure 5.13. The variation of the energy gap
with temperature f01 some PbTe-GeTe,

PbTe-GeSe, PbTe-GeS, PbSe-GeTe,
PbSe-GeSe and PbSe-:-GeS alloys.

5.2.2. PbTe-GeSe Alloys. The specimens were prepared as described: the
annealing was at 600°C for twenty-one days. The X-ray photographs then taken
showed that specimens containing up to 35 mol % GeSe were in single phase equi-
librium and possessed the simple NaCI structure, but that all the other specimens
had either two phases or the rhombic structure of GeSe. The variation of lattice
parameters with composition is shown in Figure 5.14. The cubic lattice parameter
decreases with GeSe content as:

.

00 = 6.459-0.745 X [A]

Figure 5.14. Variation of the lattice
parameter with composition for

PbTe-GeSe
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Figure 5.15. Variation of the room
temperature optical energy gap
with composition for PbTe-GeSe.

The energy gaps at room temperatures for various alloys throughout the
composition range were determined and the values are shown as a function of
composition in Figure 5.15. The variation in the optical energy gap with temperature
is plotted in Figure 5.13 together with those of the other lead germanium chalco-
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genide alloys. For these alloys the energy gap temperature coefficient, ~, is negative
with an average value of about -0.19 meV deg K-l i.e. very similar to the values
for PbTe-GeTe and PbSe-GeSe alloys.

.

5.2.3. PbTe-GeS Alloys. Specimens containing up to 30 mol % GeS were
prepared and annealed at 630°C for two weeks; their lattice constants, 00, are
plotted against composition in Figure 5.16. The specimens containing less than
5 mol % GeS were in single phase equilibrium
and had the NaCl structure. The discontinuity in
the curve shows the limit of solid solubility to
be about 5.7 mol % GeS. 00 in the range of solid
solubility is given by the equation:

00 = 6.459-0.84 X [A]

where X is the mole function of GeS.
The optical energy gaps of three alloys

throughout the composition range were determined
at about 90, 200, 300 and 350 oK. The room
temperatures values are shown as a function of
composition in Figure 5.12. and as a function of
temperature in Figure 5.13., together with values
for the other lead-germanium chalcogenide alloys.
It is interesting to note that the energy gap temperature coefficient is positive
for these PbTe-GeS alloys as it is for the lead-tin chalcogenide alloys (~=0.53 meV
deg K-1).

5.2.4. PbSe-GeTe Alloys. The alloy specimens were annealed at 705°C for
two weeks and then quenched in cold water. The values of the lattice parameters

00' (NaCl structure) are plotted against composi-
tion in Figure 5.17. In the range of solid solubility
00 is given by:

00 = 6.127+ 0.23 X [A]

where X is the mole fraction of GeTe. From the ~61

discontinuity in this plot the limit of solid"
solubility for these alloys can be seen to be about
16.5 mol %GeTe.

The variation of the optical energy gap Eg
with composition and temperature is shown in
Figure 5.12 and 5.13 respectively. In these alloys ~
is also positive but less than 0.2 meV deg K-1.

25 3515
Ge~ (mol. 0/0)

Figure 5.16. The variation of the
lattice parameter with composition.

for the PbTe-GeS system.
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Figure 5.17. The variation of the
lattice parameter with composition
for the PbSe-GeS, PbSe-GeTe

and PbSe-GeSe alloys.5.2.5. PbSe-GeSe Alloys. Specimens contain-
ing up to 60 mol % GeSe were prepared and
after annealing at 640°C for three weeks it was found that those containing
up to 40 mol % GeSe were in single phase equilibrium and had the NaCl
structure. Values of the lattice parameters 00 are plotted against composition in
Figure 5.17. The variation can be expressed by the equation: 00= 6.127-0.285 X [A]
where X is the molar concentration of GeSe. The variation of the optical energy
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gap with composition and temperature is shown in Figure 5.12 and 5.13 respectively.
The energy gap temperature coefficient ~ is negative and has a value of about 0.15
meV deg K-1. It is interesting to note that in earlier work by SHELIMOVAet al. (1966)
and KREBSet al. (1964), the limit of solid solubility of GeSe in PbSe was reported
to be at only 8 and 9 mol % of GeSe respectively. The reason for this discrepancy
is very probably because their annealing temperatures were lower than the 630°C
used in the present investigation.

5.2.6. PbSe-GeS Alloys. Specimens containing up to 45 mol % GeS were
prepared and after they had been annealed at 705°C for two weeks, those containing
up to 28 mol %GeS were found to be in single phase equilibrium. The values obtained
for the lattice constant ao are plotted against composition in Figure 5.17. The linear
variation in ao is given by the equation: ao=6.127-0.23 X [A] where X is the
molar fraction of GeS.

The variations in the energy gap, Eg, with composition and with temperature
are plotted in Figures 5.12 and 5.13 respectively, together with the results of the
other lead germanium chalcogenide alloys. We note that the limit of solubility
of 28% of GeS in PbSe found in this work is very much greater than that of 8%
reported by KREBSand LANGNER(1964). Again their annealing temperatures were
lower than those used here.

5.3. Film specimens of lead-tin-germanium chalcogenide alloys

The production of polycrystalline and single crystal films of these alloys on
various substrates has been described in chapter 3.4 Two preliminary investigations
were made to determine the most suitable substrate materials.

5.3.1. The effect of the substrate on the structure of films of PbTe-GeTe Alloy.
The crystal structure of these films was examined by both R-ray and electron diffrac-
tion. At the beginning of this work, electron diffraction was used most since this
appeared to be more suitable than X-ray diffraction for films as thin as about 1000 A.
but once a technique has been developed for transferring a film from a NaCI or a
KBr substrate to an amorphous substrate, X-ray diffraction was used more freque-
ntly.

For electron diffraction work, very thin specimens 300-800 A thick were
prepared on substrates of sodium chloride, glass or microscope copper grids coated
with formvar. Glass was found to be a poor substrate material because it usually
resulted in amorphous specimens. Films evaporated onto formvar substrates were
normally found to be polycrystalline although occasionally these too were amorp-
hous. The formvar net clearly had a strong influence on the growth of the semicon-
ductor films since after the formvar has been washed away in a chloroform bath
the pattern of the formvar net on the film could still be seen. An example of this
is seen in figure 5.18 which shows a photomicrograph of an evaporated film obtained
from an alloy containing 90 mol% G~Te and 10 mol% PbTe. The pattern of the
hexagonal formvar net can clearly be seen. It was shown that the pattern closely
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followed the form of the net by distorting the net slightly in one direction. In figure
5.18 also some round spots are visible which do not always follow the geometric
pattern of the formvar net. These spots can be seen more clearly in figure 5.19
which represent PbTe-GeTe alloys containing 20 mol% GeTe .When the net was

Figure 5.18 Figure 5.19 Figure 5.20

stretched as before, the round spots became ellipsoids as shown in figure 5.20 for
the 90 mol% GeTe alloy. From the magnification the diameters of those spots were
calculated to be betw.een 3.600 and 5,800 A.

From photographs at a higher magnification it appears that spots are holes
with diameters of about 4000 A. This is shown in figures 5.21 and 5.22 showing

Figure 5.21 Figure 5.22 Figure 5.23

photomicrographs again of a 90 mol% GeTe alloy at magnifications of 55,000 and
60,000 respectively.

An interesting pattern was observed on one sample made from an alloy contai-
ning 90 mol% GeTe and 10 mol% PbTe and using a copper grid with formvar as
a substrate as before but in this case the film was made considerably thicker than
before (figures 5.23 at magnifications of 16,000). The almost hexagonal network
pattern appears so similar to that in the thinner films that it seems probable that
it is also due to the formvar network. An electron diffraction pattern was taken

7 Publikacije
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for the same surface. The result, the ring pattern shown in figure 5.24 shows that the
grain size was v~ry much smaller than the size of the electron beam (--.4000 A) and
so smaller than the hexagons (, ,4,000 A). When the electron beam was moved

across the surface the same ring pattern was obtained, indicating that the whole
surface was of small crystal size. Hence we conclude that the hexagons are due to
the formvar network.

Figure 5.24 Figure 5.25

Similarly the ring pattern shown in figure 5.25. obtained for the surface from
which figures 5.21 and 5.22 were obtained indicates that this material was also
polycrystalline with small graili size and the structure in these cannot be the result
of dislocations. The rings observed for the surfaces offigures 5.18 had an amorphous
pattern showing that in this case the formvar was having an even bigger influence.
In figure 5.19 a photomicrograph is shown of a film that has been folded over. An
electron diffraction pattern of this" film was again of rings characteristic of poly-
crystalline material with grain size ~4000A i. e., very much smaller than the linear
dimensions of the »holes« observed in the photomicrograph. We conclude that the
»holes« cannot be grains nor could they be dislocation patterns since these would
not extend across grain boundafies, and are in fact physical holes in the -fibres.
A similar conclusion based on grain. size .rules out grains and dislocation patterns
as being responsible for the hexagonal structure of 5.23 etc.

When single crystalNaCl was used
as a substrate the electron diffraction
patterns obtained were either character-
istic of polycrystalline material of large
grain size or occasionally showed single-
crystal behaviour. In this case it is as-
sumed that the films grew by enlargement
of islands around nuclei which form pre-
ferentially at crystallographic defects on
the substrate surface. We attempted to
take the electron as the photomicrographs
and for convenience approximately the
same magnification was used throughout.
An example is shown in figure 5.26. of a diffraction pattern taken with a narrow
electron beam: one can almost see individual diffraction spots. The number of
individual resolved spots could actually be counted to provide an estimate of the
number of crystals contributing to the observed pattern.

Figure 5.27 shows the ring pattern obtained from a thin film of PbTe-GeTe
alloy containing 10 mol% GeTe, which again indicates a polycrystalline material of

Figure 5.26 Figure 5.27
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small grain size. The picture of the surface from which the rings were obained is
given in figure 5.28 where one can see that there were many small crystals in the field.

For specimens of large grain size (i. e. comparable to the beam size) the pattern
approaches that of a single crystal. Figure ~.29: is of a surface of 90 mol% GeTe, 10
mol% PbTe on a NaCl substrate which clearly contains quite large size grains. From
the scale it is clear that the grains could be comparable in size to the electron beam.
For such surfaces, the electron diffraction patterns approach those of a single crystal

Figure 5.28 Figure 5.29 Figure 5.30

and contain a small number of spots. The diffraction pattern for this surface is
shown in figure 5.30. A typical single crystal spot pattern obtained from a thicker
specimen of the same material is shown in figure 5.31. The arrangement of the spots
would appear to be consistent with the distorted NaCl lattice of this material. A
further example of a single crystal pattern
is shown in figure 5.32 for a specimen
containing 43 mol% GeTe and 57 mol%
PbTe.

We have found from, investigations
of this sort that thin ("'500 A) specimeQs
obtained on heated NaCl substrates were
occasionally single crystals but usually
polycrystalline but about half of the tbicker
specimens ("'1000 A) were single crystals.
Hence their lattice constant and so com-
position could be obtained from the size
of the diffraction rings but we have
found the error in the lattice constant obtained in this way to be quite large
(i. e. "'2%). '

5.3.2. The effect of the substrate on the optical properties of films of PbTe-GeTe
alloys. The production of polycrystalline and single crystal film of IV-VI compounds
and their alloys on various substrates NaCl, KBr, glass and mica has already been
described in Chapter 3.4. The sodium chloride and potassium bromide substrates
were carefully polished just before the evaporation although whenever it was possible
both substrates were obtained by cleaving a single crystal rod. The glass used was
microscope slide 0.20 mm thick. The homogenity of the films was usually confirmed
by measuring the transmission and reflectivity of different areas of the films on both
their front and back surfaces.

7*

Figure 5.31 Figure 5.32
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In figures 5.33 - 5 typical transmission spectra are shown. The specimen in
5.33 was a pure PbTe film evaporated on to a heated substrate of NaCI, in 5.34 a
film of 20 mol% GeTe and 80 mol% PbTe alloy on heated NaCI and in 5.35 a thicker
film of a GeTe -PbTe alloy on heated KBr.
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Figure 5.35

The clead): derfned and uniform interference fringes in these figures show
that films produced in this way are uniform in their composition and thickness.
The film thickness was usually determined from the analysis of these interference
fringes as previously described and reasonable agreement was usually obtained with
the values obtained by measuring the weights of the substrates before and after
evaporation of the films.

A typical differential spectrum for a GeTe film evaporated onto a glass subs-
trate measured with a similar glass plate in the second beam is given on Figure 5.36.
The oscillations in the transmission are due to interference in the substrate. The
amplitude of these is small so that the results are not too seriously affected. The main
disadvantages of this substrate is that it is only transparent up to about 5 microns.
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It would appear that a mica substrate can have a sizeable effect on the trans-
mission spectrum. An e.mmple of such a spectrum for a film on a mica substrate is
shown in Figure 5.37.
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In nearly all cases the optical measurements were made on films freshly taken
from the evaporator but a check was made to see whether exposure of the films to
the atmosphere had any effect on their optical properties. In Figure 5.38 and 5.39
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the transmission spectra taken under identical conditions are shown for the same
specimen 90 mol% GeTe 10 mol% PbTe immediately after the evaporation and
after 22 days respectively. The only difference between these spectra is that the
maxim are slightly sharper for the specimen measured immediately after evaporation.
However, in other checks we have noted that, the position of maxima were disp~aced
after the films had been exposed to air for a long time: an example of this behaviour
is seen in Figures 5.40 and 5.41 showing spectra for a film containing 10 mol% GeTe.

T ["/oj

80 /~

f
\ /

401 \~
4000 2000 1000----

Figure 5.40

The spectrum shown in Figure 5.40 was taken immediately, and that in Figure 5.41
was taken after 5 months exposure to air. It is seen that after exposure the maxima
are displaced to higher wavelengths. However on the whole one could say that
the films were very stable.

T[%J
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Figure 5.41

To summarize, we have found from these two preliminary investigations, that
heated NaCl and KBr substrates are the most suitable for an investigation of the
optical properties of these alloys.

5.3.3. Optical propcrties of PbTe-GeTe film specimens. All the film specimens
of PbTe-GeTe alloys were evaporated on to heated KBr and NaCI substrates using
a single source or occasionally two sources. Single crystal Of polycrystalline speci-
mens were obtained. In Table 5.1. details of the evaporation conditions are given
for some specimens such as substrate temperature, the material used as substrate,
the crystal structure of the specimen as obtained by X-ray diffractometer methods,
the thickness of specimen d and the time of annealing.

Transmis&iOl~and reflectivity measurements were made and several typical
transmission spectra, obtained with Perkin-Elmer spectrophotometers, are presented
in chapter 5.3.2. In addition similar transmission measurements have been carried
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out using an SP 700 Unicam spectrophotometer for the visible and ultra violet
regions, (Figure 5.42). .

Further transmission data were obtained in the same wavelength region
using Barr and Stroud and Specol monochromators. The optical density of
several samples of different composition, obtained using these monochromators

are given in figures 5.43 and 5.44 respectively.
From these data we tried to estimate the
energies of the higher order transitions for
some of the specimens and this will be
discussed in Chapter 6.1.
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Figure 5.42 Transmission versus 1/10 A
for a 20 mol % GeTe, 80 mol % PbTe

specimen.
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Figure 5.43 Optical density of PbTe-GeTe
alloy samples of different composition in

the infra red region.

The reflectivity of the alloys close to normal incidence and at room temperature
was also measured in the range 0.5 to 18 microns using these monochromators.
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Figure 5.44 Optical density of PbTe-'-GeTe
alloy samples of different composition in

ultra violet region.
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Figure 5.45 Measured reflectivity of
PbTe-GeTe film specimens.

Experimental reflectivity data from several typical specimens are given in Figure
5.45. These results were used. to calculate the optical dielectric constants, Eopt.
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plasma wavelengths, Ap, and relaxation times, T, of the carriers using the classical
free carrier dispersion relations given in chapter 4.1.2. and a least square method
for fitting. The results obtained are listed in Table 5.1. together with the measuring
conditions, thickness, the crystallographic properties of the specimen, and the
results for CoPt.The thickness of the films were determined where possible by the
methods given in 4.1.1.

5..3.4. Optical properties of PbTe-SnTe film specimens. All specimens of
PbTe-SnTe alloys were prepared by evaporation using single source techniques. The
composition of the samples produced were
checked by an X-ray diffractometer record- 0

ing method and polycrystalline structure
was usually confirmed. The lattice constant
was found to be in agreement with the cor-
responding bulk alloys. 0

Two typical transmission spectra for ....

these alloys are given in figures 5.46 and 0
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Figure 5.46 Optical density of a
10 mol % SnTe, 90 mol % PbTe

film specimen.

Figure 5.47 Transmissions versus 1/103A
for a 20 mol % SnTe, 80 mol % PbTe

film specimen.

5.47 for specimens with to and 20 mol% SnTe, respectively, and transmission and
reflectivity spectra for a single crystal film sample of pure SnTe are given in figures
5.48 and 5.49 respectively.
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Figure 5.48 Optical density for a SnTe
specimen.

Figure 5.49 Me;isured reflectivity
of a SnTe film specimen.
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Reflectivity data for some of these specimens were also used to calculate
optical dielectric constants using the fitting procedure, mentioned earlier and these
results are given in Table 5.2 together with general information about the evaporation
conditions, substrate, thickness of the film specimen and its crystal properties.

5.3.5. Optical properties of PbTe-SnSe film alloys. The specimens of PbTe-SnSe
alloys were prepared by evaporation from a single source on to a heated NaCI or
for some of the reflectivity work, on to a glass substrate. Using X-ray diffractometer
recording we found that some of the specimens on NaCI were single crystal. A
transmission spectrum obtained with a Perkin Elmer spectrophotometer is given
in figure 5.50 for a typical specimen containing 3 mol% SnSe. The optical densities
for the same specimen and for a 1 mol% sample are given in figure 5.51.
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Figure 5.50 Transmission versus wavelength for a 3 mol % SnSe,

97 mol % PbTe specimen.
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The optical densities of film and bulk specimens of SnSe are given in figure
5.52. The position of at least one higher energy transition can be roughly estimated
from the film data.
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Figure 5.51 Optical density of
two PbTe-SnSe film specimens.

Figure 5.52 Optical density of a film
specimen (F) and a bulk specimen

(B) of SnSe compound.

Experimental reflectivity spectra are given in figure 5.53 for a specimen conta-
ining 3 mol% SnSe. The experimental detail and the results obtained by a fitting
procedure for the reflectivity data are given in Table 5.2.
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5.3.6. Optical properties of GeSe film specimens. Germanium selenide was
evaporated from a single source on to a heated KBr substrate. The transmission
spectra of the specimens were measured in
the region 0.25 to 25 microns. A spectrum
from 2.5 to 25 microns for a typical
specimen is shown in figure 5.54. from
0.25 to 25 microns for a second specimen
in figure 5.55.

The reflectivity data in the infra
red region were fitted to those computed
from the free carrier dispersion relation
and from this the optical dielectric con-
stant and optical conductivity were
obtained. These results are given in Figure 5.53Measuredreflectivityof a 3mol%
Table 5.2. SnSe, 97 mol % PbTe film specimen.
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Figure 5.54 Transmission, spectra for a GeSe film specimen of
thickness O.9fL in the infra red region.
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6. DISCUSSION OF RESULTS

Before discussing the data described in this thesis it is perhaps appropriate
to explain why measurements have been made on both bulk and film specimens
of the same materials. .

.

When this study of IV-VI alloys was started we had no intention of making
film specimens, but later we realized that film specimens could give important infor-
mation especially on the optical constants. Hence film specimens of three IV-VI
alloy systems were made following a study to determine the best of several techniques
of evaporation. Thus the work can be divided into two main parts namely bulk
measurements and film measurements.

The bulk specimens were always polycrystalline and were used to obtain the
variation of the fundamental absorption edge as a function of both composition

* Single crysta
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and temperature. In addition, crystallographic measurements were made in an
attempt to extend the solid solution range previously measured for various IV-VI
compounds and insotne cases to .find for the first time the limit of solubility for
such systems as PbTe-SnS, PbTe-GeSe etc. However considerable difficulty was
found when trying to make reflectivity measurements necessary for a derivation of
the optical constants using bulk. specimens. The accuracy was often very poor be-
cause ofthe great difficulty in obtaining a mirror finish on a polycrystalline specimen
and it was primarily for this reason that film specimens were made. There is of
course a fundamental problem in obtaining these optical constants which applies
to all specimens in that accurate measurements of reflectivity are needed over a
wide range offrequency and in our case this was limited by the equipment available.

The transmision and reflectivity of film specimens are always higher than
those of bulk specimens and since both can be measured for the same film specimen
the optical constants (index of refraction, n, and the absorption coefficient, ex),can
be derived at a given energy. One important difficulty in work with film specimens
is the presence of interference phenomena which can reduce the accuracy with
which the optical constants are determined. However the location of the interfe-
rence fringes is a function of the film thickness, so that for the best determination
of the optical constants one should use the data from one thick and one rather thin
film (about 10,000 A to 30,000 A and 300 A thick) where the regions of inaccuracy
are different. Much attention has been paid to the problem of producing IV-VI
compound and alloy films, using techniques with one and two sources. Since both
methods are rather new in the literature it was thought that it would be useful to
describe the experience obtained in chosing suitable substrates (mentioned in chapter
5.3.1.) for both transmission measurements and electron and X-ray diffraction analy~
sis, and also to describe the effect of substrate on the film structure. We have tried
to find the most suitable evaporation conditions for obtaining single crystal film
specimens. We note again that specimens were obtained with a very wide range of
crystallographic properties beginning with amorphous specimens evaporated onto
formvar and occasionally glass substrates, very good polycrystalline mirror like
specimens and finally the acquisition of single crystal specimens on either KBr
or NaCI monocrystalline heated substrates with almost 50% reproducibility.

The optical investigation on the film specimens (mainly single crystal) of
PbTe-GeTe, PbTe-SnTe and PbTe-SnSe is at present incomplete and our work
has been more concerned with establishing the fact that the production of good
quality alloy films is possible for these materials. It is hoped to make more extensive
optical measurements on these and films of other alloys at a later stage as part of
a major project. However the optical measurements on the PbTe-GeTe films do
provide some information regarding the fundamental energy gap of pure GeTe
which is at present the subject of some disagreement.

6.1. Lead-Germanium Chalcogenide Alloys

It has been shown in the present work that there is an almost linear dicrease
in lattice constant with increasing concentration of GeSe and GeS in lead telluride
(Figure 5.14 and 5.16 respectively), with the exception of the alloys of lead selenide
with germanium telluride for which the lattice constant increases (Figure 5.17).
It has been shown also that solid solution of PbSe-GeSe and PbSe-GeS alloys extends
further than previously thought. Thus KREBSet al. (1964) reported the limit of
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solid solubility of GeSe and GeS in PbSe to be at only 8 mol %but they annealed
their specimens at temperatures of only 480°C and 470 °C respectively. In the
present work, solubility was found to extend to about 40 mol % and 27 mol %
respectively after the alloys had been annealed at 630°C and 705 °C respectively.

It seems likely that the progressive decrease in lattice constant described above
is merely a consequence of the smaller interatomic distances of germanium chalco-
genide. The anomalous case of the PbSe-GeTe alloys in which there is a progressive
increase in lattice constant despite the smaller lattice constant of GeTe could be
a consequence of the much lower ionicity of the GeTe atoms.

It is very noticeable that in all of the alloys studied the energy gaps increase
with germanium chalcogenide content (Figure 5.12 and 5.15). Similar increases
are found in materials in which the gaps are known to involve an s-like conduction-
band state, as in zinc blende type semiconductors where the energy gaps jncrease
when an atom is substituted by the other atom of smaller atomic weight so that
this may be some evidence for s-like conduction states in the present alloys. It is
also interesting to note that the rate of increase of the energy gap is larger when
PbTe or PbSe is alloyed with GeSe or GeS than with GeTe. We believe this is due
to the fact that selenium and sulphur are more electronegative than tellurium and
so produce a larger increase in the ionicity of the average bond and so a larger
increase in the energy gap.

With the exception of the PbTe-GeS alloys, the energy gap temperature coeffi-
cient ~ of the germanium chalcogenide alloys (Figure 5.13) is either negative
(~=-1.9 X 10-4 eV deg C-1 for PbTe-GeTe, PbTe-GeSe and PbSe-GeSe) or positive
but less than 2xl0-4eV deg C-1 (PbSe-GeS and PbSe-GeTe). This suggests that ~
is more affected by the electron-phonon interaction than by expansion of the lattice;
this expansion causes a positive increase in the gap for PbS and PbSe of about
2xlO-4eVdegC-1 (PAUL et at 1962).

In earlier work it was shown (WOOLLEYand NIKOLI<::'1965) that the optical
energy gap for PbTe-GeTe alloys increases at a nearly constant rate up to 40 mol %
GeTe but the present work shows that at higher concentrations there is a rapid
decrease (Figure 5.12).

Unfortunately an explanation of this change of optical energy gap for PbTe-
-GeTe alloys is complicated by the disagreement in the published results for the
fundamental energy gap of GeTe compound. The first measurements indicated
that the fundamental energy gap should be about 1 eV e.g. WOOLLEYand NIKOLIC
(1965), MUIR and CASHMAN(1967), Tsu et al. (1967) although HEIN et al. (1964)
suggested it was between 0.5 and 1 eV. However, STILESet aI. (1966) showed by
tunelling measurements that the gap was about 0.1 eV at room temperature and
about 0.2 eV at 4.2 oK, and SYSOEVAet aI. (1965) obtained 0.2 eV from thermal
conductivity measurements. It is possible as suggested for example by Tsu et aI.
(1968) that the values obtained at "-'1.0 eV could be due to a very large BURSTEIN
shift of the 0.1 eV value due to the very high carrier concentration in GeTe of about
1020cm -3. This would not affect the tunnelling measurements but would affect the
others. However we suggest that it is also possible that the energy gap of ,,-,1 eV
could correspond to the second minimum band separation, E1. We have obtained
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a value close to this by extrapolation from the experimental results of CARDONA
and GREENAWAY(1964). In figure 6.1 the first, Eo, second E10and third ,E2, minimum
band separations are plotted for the five IV-VI compounds as a function of effective
atomic charge q. These have been calculated in
each case using the empirical formula given by
SUCHET(1961)

q=n[I-C,-:)C]

.£:
°E.. £]

(6.1)

where n, the ionic charge number, equals two,
z and z' are the atomic numbers, , and

"
the

cation and anion diameters for the elements
respectively and c is a constant which we calculate
to be c=1.l9xI0-2(A)-I. The values for the
first minimum band separation for GeTe were
taken from SYSOEVAet al. (1965). By extrapolating
the curve for E1 (Figure 6.1) as shown, a value
for the second minimum band separation for

,0'06. -0'

GeTe of about 0.85 is obtained.
CARDONAand GREENAWAY(1964) concluded

that the' band structures of GeTe are probably.
rather similar to those of PbTe, PbSe etc. in view
of the 'striking' similarity of their reflection spectra
although they did point out that the d-bands
of GeTe and SnTe were much deeper than. those of the others. It is interesting to
see what information is provideQ. on this point py the present work on PbTe-GeTe
alloys. We assume first that the band structures ofPbTe and GeTe are irideed very
similar, and consider in turn what we should expect for GeTe gaps of 1.0 eV and
0.1 eV; the gap for PbTe is 0.32 eV. For a
gap of 1.0 eV, we should expect a steady
increase in gap as GeTe is added. This is Copt

found up to 40 mol% GeTe and indeed if
this increase is extrapolated to pure <;JeTe,
a gap value of .--,1.0 eV is obtained.
However with a gap of , 0.1 eV, which
we believe is in fact the true value, a
steady decrease would be expected. In
this case, the increase found must surely
imply that there are important differences
in the band structures of PbTe and GeTe,
such that the gaps are from different
points in the BRILLOUlNzone in each case.

A possible model for the band structure of GeTe is shown in Figure 6.3 a
and b together with the structure for PbTe 6.3 c (see also figure 2.1) which is quite
well known. We see that in PbTe, the first transition is at the L point and the second
at the ~ and we are postulating that the reverse is true in GeTe. We take the value
of Tsu et al. (1968) of 0.6 eV for the second transition in GeTe i.e. in our model
the separation at the L point. On adding GeTe to PbTe, we would expect the sepa-
ration at the L point to increase and at the ~ point to decrease. Clearly the rate of
increase at the L point should be quite small since the two separations do not differ

---p-

GtT. ~~T. PbT. P;S.

0, 06 09

Figure 6.1. The variation of the
first, Eo, second, E" and third

E2' minimum band separations
for some IV'- VI compounds as

a function of effective atomic
charge q.

50

30

10

20 40 60 80 mol Y. Ge Te

Figure 6.2. Optical dielectric constant versus
composition for PbTe-GeTe alloys.
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greatly (0.32 and 0.6 eV) but the rate of decrease at the 1: point is very fast since
the values there differ greatly (1.26 and 0.1 eV). Hence when the two separations
become equal, the steady increase should be replaced by a rapid drop. We presume
this is what is being observed above 40% GeTe. However the drop is so rapid that
it is possible that it may drop to - 0.1 eV i.e. that there is band inversion as in

PbTe-SnTe etc. This is consistent with further information we have obatined from
transmission measurements on very thin specimens of PbTe-GeTe alloys. Using
figure 5.44 one can roughly calculate two energy transitions for pure GeTe
of about 0.68 eV and 0.97 eV. When PbTe is added to pure GeTe both
transitions apparently move towards lower energies
i.e. adding PbTe to GeTe produces a decrease in E..,
the energy gap. This decrease i.e. an increasein the ro-
gap as the GeTe rich alloys become even richer in
GeTe, could only simply join on to the decrease
found about 40% GeTe if the bands become
inverted at some concentration between 40%
and 90%.

We quote here the transition values for two
alloys 41% GeTe: 0.60 eV and 0.80 eV: 20%
GeTe: 0.53 eV and 0.77 eV. Further transitions
were observed in very thin specimens containing
90 mol% GeTe and 20 mol% GeTe (Figure 5.45).
For the specimen with 90 mol% GeTe, two transit-
ions were observed at about 1.8 eV and 2.6 eV
but for 20 mol% GeTe only one transition could
be obtained at 2.0. We note that CARDONAand
GREENAWAY(1964) observed the third energy
transition for GeTe to be at 1.98 eV and for PbTe to be at 2.2 eV and the fourth
transition for GeTe to be at 3.2 eV. We assume therefore that the transitions obser-
ved in our specimens (Figure 5.45) were also the third and fourth. If this is true
it means that these higher transitions have a tendency to decrease in energy when
either PbTe is added to GeTe or vice versa. This is qualitatively consistent with
our assumption that the band structures for pure PbTe and GeTe are different.
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Several attempts have been made to prepare very tlttn alloys at compositions bet-
ween 40 and 90% GeTe to examine these higher order transitions but the quality
of these was not sufficient for the optical instruments available and this work is
to be continued at a later stage.

Another fact which has bearing on these differences in band structure is the
difference in sign of the energy gap temperature coefficient, ~, for lead telluride and
all the lead-tin chalcogenide alloys (+ve) and that for GeTe (ESAKI 1966) and for
all the PbTe-GeTe alloys even that containing 2% GeTe (-ve). This demonstrates
that even a very small percentage of GeTe apparently produces a modification of
the band structure. Clearly it would be interesting to extend this work to smaller
concentrations of GeTe.

.

We now discuss briefly how our data compares with the band structure model
for GeTe of Tsu et al. (1968). In their model, both the first and second transitions
at 0.1 and 0.6 eV respectively are from two valence bands both at the L point. This
model would thus predict a decrease in the first transition when GeTe is added
to PbTe so we conclude it is incorrect. We note finally that the band parameters
Tsu et al. calculate from their susceptibility mass data versus carrier concentration
are equally consistent with our model as with theirs.

We suggest that it would be very worthwhile investigating a number of these
alloy systems very carefully at and near to the 50-50 mixture. The band inversion
that apparently occurs could lead to very small band gaps and these in some ma-
terials would still be very small at a 50-50 concentration where the possibility of
an ordered structure i.e. a compound exists. Such materials could be of consid-
erable technical importance. Further measurements on PbTe-GeTe alloys have
been made in the region of the plasma frequency, (.Up.

The reflectivities for several typical samples
are given in figure 5.46 and these were used to ...

compute the optical dielectric constant, the relaxa-
tion time and the optical conductivity. These 10

data are given in Table 5.1. The optical dielectric
constant is also shown as a function of composition
in figure 6.2. It is interesting that there is also a
rapid decrease in the dielectric constant at com- 6

positions greater than 40 mol % GeTe. This indi-
cates a sudden decrease in the ionicity of the alloys
at this composition which could also be consisteht
with a sudden change in band structure.

The values at !i, the ratio of the carrier
ms

concentration to the susceptibility mass calculated
using the formula

""""""Go To

6

(6.2)
4 "ITNe2

m=
e:opt (ijp

M...I

Figure 6.4.

are given in table 6.1. Also given in this table are the values of the optical conduc-
tivity for the specimens and values of the D. C. conductivity of the specimens.

Finally a comparison is shown in Figure 6.4 between the values of the index
of refraction obtained from the experimental interference fringes using the method
described in chapter 4.1.3, with the values computed from the experimental reflec-
tivity data at the plasma frequency minimum. For one 20 mol% GeTe, 80 mol%



Composition
I

GeTe 190% GeTe170% GeTe141% GeTe120% GeTejlO% GeTe
,10% PbTe130% PbTe 59% PbTe 80% PbTe 90% PbTe

N/ms x 1066cm-3 g-l 0.65 0.35 0.28
I

1.6
I

2.7

I

0.78
cropt(Qcm)-1 1.220 387 204

I

400 12264 1420
crDC(Q cm)-l 5570 3120 1620 236 84 157
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PbTe specimen one can see that the interference fringe data give an almost con-
stant, n, whereas the reflectivity data give values of n which decrease with increasing
wavelength. This lack of agreement has previously been observed in many other
systems. The values of n extrapolated to zero wavelength obtained from both these

TABLE 6.1.

results together with a value for a 90 mol% GeTe 10 mol% PbTe allDY obtained
from data for n from the interference fringe method are all in reasonable agreement
with the value calculated from the optical dielectric constant, eopt,given in figure 6.2.

6.2. Lead-Tin Chalcogenide Alloys

We have shown for the first time that as in the lead-germanium chalcogenide
alloys there is a linear decrease in lattice constant with increasing concentration of
SnS in PbTe (Figure 5.8.). We have also confirmed a similar decrease in adding
SnSe to PbTe (NIKOLIC,1965); this was first demonstrated by KREBSet aI. (1964).
We also showed in that paper but have not given the data again here that solid
solution in these PbTe-SnSe alloys extends a little further than was found by Krebs
et al. They annealed their specimens at 520°C compared with the annealing tem-
perature in the present work of 700 °C.

Here we shall discuss the work we have carried out mainly with a view to
investigate how the optical energy gap varies with concentration and temperature.
It was observed that the decrease in the gap on alloying PbTe with SnSe is no greater
than in alloying with SnTe i.e. the effect of replacing a tellurium atom by the more
electronegative selenium seems to have little effect on the gap in contrast to what
was found in the lead germanium chalcogenides.

When PbSe is alloyed with SnTe, a decrease in the energy gap at both room
and liquid nitrogen temperatures (Figures 5.6 and 5.7) was observed up to con-
ce?-t:ations of "-'3% SnTe. At liquid nitrogen te~eratur~ there is apparently a
mInImUm at around 4% SnTe and at about this concentratIOn, the specImens also
become P-type. Furthermore from CARDONAand GREENAWAY'Sreflectivity data
(1964) for PbTe it is clear that when lead is substituted for by either Sn or Ge, the
energies of all the measured reflectivity peaks decrease also. There are then two
possible effects that could arise when SnTe is added to PbSe both of which should
produce a decrease in transition energies i.e. the effect of replacing Pb by Sn, and
the effect of replacing Se by the less electronegative Te. The effect of adding Sn
atoms to a PbTe or PbSe compound should be greater than that of adding Se
atoms, as we can see from the relative sizes of the changes in the energy gaps for
PbTe-SnSe, PbSe-SnSe and PbTe-SnSaIIoys (Figure 5.2, 5.6 and 5.10).

From their data CARDONAand GREENAWAYconcluded that the smallest direct
energy gap Eg which corresponds to transitions between the Lt -(L4", L5) states

8 Publikacije
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for PbTe does not exist in either SnTe or GeTe, implying that overlapping of the
first valence and conduction bands occurs in these materials. Some evidence for
this overlapping for SnTe came earlier from the work of DAMONet al. (1963) who
measured the magnetic field dependence of the Seebeck coefficient for SuTe. It
is interesting to note that if we extrapolate the variation of the room temperature
energy gap with composition for the PbTe-SnTe and PbSe-SnTe alloys given in
Figures 5.2 and 5.6, values for pure SnTe of about - 0.3 eVare obtained in both
cases (NIKOLIC, 1965, 1967). This value, which is now believed to correspond to
inverted bands although was earlier assumed to be due merely to overlapping agrees
well with that deduced by DIMMOCKet al. (1966) from a consideration of data from
various sources although in view of the distance of the extrapolation, this good
qualitative agreement is partly fortuitous.

A relatively large positive temperature coefficient associated with the optical
energy gaps was found for lead tin chalcogenide alloys. Values between 0.4 and
0.415 meV deg K -I were obtained for PbTe-SnTe and PbTe-SnSe (Figure 5.3),
between 0.18 and 0.4 meV deg K -I for PbSe-SnTe and between 0.016 and 0.14
meV deg K-1 for SnSe alloys (Figure 5.7).

Using the following thermodynamic equation it is possible to give a qualitative
explanation for the existence of a relatively large difference in the positive tempera-
ture coefficient of the optical gaps of the alloys we are considering (CARDONAand
GREENAWAY, 1964)

(6.3) ~=(~:t =(~it + ~(~~)pV(~:)T(~~)T'
The first term is due to electron-phonon interaction and the second due to thermal
expansion. Knowing that for bbth PbTe and PbSe, ~ is about 0.4 meV deg K-1
and that

1 (OV) (OP ) (0£ )- - V - - ,0.2meVdegK-1.v oT P oV T oP T

(PAUL et al. 1962) it is clear that for the two alloy systems PbTe-SnTe, PbTe-SnSe
the electron-phonon interaction must have a positive value and this is true for
PbSe-SnTe also. A positive electron-phonon interaction could imply that the band
extrema which produce this transition are not the absolute extrema of the bands
and that the bands draw closer together with increasing temperature.

Our film transmission data for PbTe-SnTe alloys given in figures 5.47 and
5.48 do not show a transmission similar to that found in PbTe-GeTe alloys - see
figure 5.44. Furthermore the temperature dependence of the energy gap is very
similar in both PbTe and PbTe~SnTe alloys, and this might suggest that PbTe and
SnTe have similar band structures. Confirmation of this point could come from the
observation of higher energy transitions for PbTe-SnTe alloys. Unfortunately
although we have made several attempts, we have not been able to observe these
higher transitions for the alloys in transmission data, although we did observe
the third, fourth and even fifth transition (at about 2 eV, 3 eV and 6 eV respectively)
in pure SnTe (Figure 5.49). The transmission peaks were not as sharp as those obtai-
ned by CARDONAand GREENAWAY(1964) who found transitions at 0.97 eV, 1.96 eV
and 3.06 eV from transmission data and at 6.1 eV from reflectivity data but they
are in reasonable agreement.

From our reflectivity data on pure SnTe (Figure 5.50) and on several PbTe-SnTe
alloys we computed such parameters as eopt,1', (Joptetc., which are given in table
5.2 together with results for other materials. It is interesting to note that the optical

(6.4)
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dielectric constants have a tendency to increase rather fast with increasing SnTe
content in these alloys. For an alloy with 50 mol% SnTe and 50 mol% PbTe the
dielectric constant is as high as 312. This might be the result of an extremely high
ionicity produced by making a compound of 50% SnTe and 50% PbTe, i.e. an
ordered structure.

For the sample of SnTe used to obtain the reflectivity spectra, given in figure
5.50, the position of the reflectivity minimum at the plasma frequency could be
used to obtain the approximate value of hole concentration. Using SCHOOLAR'Sdata
(1966) we could see that our specimen had a rather high hole concentration, (higher
than l()2o cm-3). This high carrier concentration could be the main reason why
we could not produce specimens of PbTe-SnTe alloys containing more than 50 mol%
SnTe good enough to obtain reliable reflectivity data.

We next discuss the optical work we have made on PbTe-SnSe alloys. Examples
of some of the transmission and optical density data which were obtained are given
in figures 5.51 and 5.52 respectively. We note that there is some similarity with the
data on the PbTe-GeTe alloys - see figure 5.44. The optical density for a pure
SnSe film specimen given in figure 5.53 (F) shows also an energy transition at about
1.4 eV besides the fundamental one which appears at about 0.9 eV.

The existence of the fundamental energy gap for SnSe at about 0.9 eV is con-
firmed by the bulk data also given in Figure 5.67, and earlier data on bulk single
crystal specimens by ALBERSet al. (1962). All these values, however, disagree comp-
letely with the value of 0.1 eV obtained by lineady extrapolating data for PbSe-SnSe
alloys - STRAUSS(1967). This may be because this extrapolation procedure can
only be expected to be valid if the band structures of the two compounds are ,similar
so this may be evidence that the structures are in fact rather different.

As far as we know no information has been published on the band structure
of SnSe so it is very difficult to say if alloying with this compound can change the
lead telluride band structure. However we can see that even alloys with 1 and 3 mol%
SnSe show transmissions at about 0.8 eV and 0.6 eV respectively which do not appear
in pure PbTe or in alloys of PbTe and SnTe. We note that SnSe ha an sorthorhombic
lattice structure like GeSe and SnS but of course unlike PbTe, SnTe, etc.

The reflectivity spectrum for the 3 mol% SnSe specimen shown in Figure 5.55
and the optical constants computed from it are rather similar to those of PbTe,
SeTe and their alloys.

6.3. GeSe film specim~ns

The transmission data for GeSe given in Figure 5.55 and 5.56 have been used
to obtain information on this compound of which very little is known. We obtained
a value for the fundamental energy gap of about 1.6 eV which is in reasonable
agreement with the earlier value of 1.53 eV obtained by KANNEWURTand CASHMAN
(1961). From the reflectivity minimum at the plasma frequency, values for the
optical dielectric constant and the optical conductivity were obtained at about
17 and 625 (Q cm)-l, respectively. <-oPtis thus sufficiently large to indicate that the
material is ionic. We have also calculated values of 21.3 and 1710 for the dielectric
constant and conductivity respectively of a single crystal alloy of 75 mol% GeSe
and 25% GeTe (sample No. 5101) from the published reflectivity data of MUIR
and CASHMAN(1968). This value of the dielectric constant can be seen to be broadly
consistent with our values for pure GeSe and GeTe (see Table 5.2).

8*
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7. CONCLUSIONS

In the work presented in this thesis we have shown that the fundamental
energy gap decreases with alloying from that of the lead compound for all the lead-tin
chalcogenide alloys studied. A marked decrease from that of PbTe was also observed
in the energy gap for PbTe-GeTe alloys but only for concentrations above 40 mol%
GeTe. This decrease in the energy gap makes all the materials studied promising
potential detectors or emitters in the part of the infra-red region between 4 and
15 [Lm and probably beyond. For these purposes it will probably be particularly
convenient to have single crystals and it is of interest to note therefore that we have
successfully produced single crystal films of PbTe-GeTe and that other single crystal
films have also been produced in particular PbTe-SnTe (BYLANDER,1966) and PbSe-
SnSe (STRAUSS,1967). In view of this we might hope that some of these alloys will
be of practical use in the near future.

It is to be hoped that experiments on high quality single crystal specimens
could provide enough data to yield detailed information on the band structure of
alloys. Very little theoretical work has been done on these with the exception of
Ge-Si alloys and we feel a useful first step would be to calculate the structure of an
ordered alloy. In particular we would suggest alloys with 50 mol% GeTe and 50
mol% PbTe or 50 mol% SnTe and 50 mol% PbTe because it seems likely that there
is a good chance of obtaining ordered specimens of these which should closely
resemble compounds. Furthermore, the energy band structures of the IV-VI
compounds are well known.

ACKNOWLEDGEMENTS.The author would like to express his sincere grati-
tude to Professor E. R. ANDREW for his great interest and encouragement
and for allowing the use of the facilities of the Physics Department and to Professor
K. W. H. STEVENSfor his helpful advice on several occasions.

I would like especially to thank Dr. L. J. CHALLISfor his very helpful super-
vision and discussions and also for his great help with language problems during
the writing of this thesis.

I would like also to thank:
Professor R. MARKOVICfrom Belgrade University for his encouragement

and advice during this work.
Professors A. MILOJEVICand D. TJAPKIN,from Belgrade University for encou-

ragement and for the facilities of the Institute of Physics - Belgrade University,
where a part of this work was carried out.

The technical staff of the Departments of both Nottingham and Belgrade
Universities who were concerned with the development and servicing of apparatus
and the processing of photographic work.

The author's colleagues provided much valuable assistance.
My thanks are also due to Mr. M. A. MCCONACHIEand Mr. SMILJANICfor

help with computing ,programmes and to Mrs. E. M. FROST,Miss D. M. PRITCHARD
and Mrs. J. W. MELLORwho also helped greatly by typing a difficult manuscript
in a short time.



Some Optical Properties of Lead- Tin-Chalcogenide Alloys 117

APPENDIX A.

The Determination of Optical Constants from Reflectivity
Data by a Computer Fitting Procedure

We assume that at some frequency ii, ni and ki are given approximately by
equations 4.50, 4.51 in terms of the unknown parameters PI> Pz and P3. (PI =€opt,
PZ=Ap, the plasma wavelenth and P3=ljCllp 1" where 1" is the carrier relaxation
time and Cllpthe plasma frequency). Hence analytical functions Fi (fi, PI, Pz, P3)
can be derived using 4.52 so that Fi is the reflectivity calculated from these para-
meters in the approximation that 4.50, .51 are a good representation of nand k.
The fitting procedure consists of adjusting the parameters PI> Pz, P3 until Fi , , Ri
where Ri is the measured reflectivity. Typically some 30 values of Ri were measu-
red i.e. i=I-+30. This procedure was carried out by modifying standard computer
subroutines for least mean square analyses.
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