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Introduction

The thesis is concerned with the effecté of alloying the defect
structure gemiconducting compound indium sesquitelluride, IneTea, which
has a low electronic mobility and an energy gap of about 1.1 eV., with
the zinc blende semi—metal, mercury tellufide, HgTe. A phase diagram
is prbposed for the alloy system and the electrical, optical and thermal
properties for the main phﬁses are discussed with reference to the
structural ordering which occurs at some of the compositions.

A comprehensive review of the properties of Hgle is presented in
the second chapter. Singie crystals of this compound have been produced
using the standard techniques, but the electrical properties are peculiarly
sensitive to the previous heat treatment in mercufy vapour to which the
samples have been subjected, Electronic mobilities of up to 73,000 cmz/V.sec.
at 770K have been recorded recently in appropriately annealed samples. The
high number of carriers at room temperature and at 4 2°K have led several
workers to believe that HgTe is a semi-metal with an o;erlap in energy
‘between the conduction band and 5 valence band. Effective mass data
obﬁained'frcm cyclotron resonance and other experiments have been inter-
preted on the basis of this band structure which includes a non-parabolic
conductioﬁ»band. Many of the results guoted in the literature on this

compound &re: open to gquery on the grounds that the material had not been

annealed to produce stoichiometry. Until the measurements have been
repeated on single crystals in which the electronic mobility is at the

maximal value, the results must be considered tentative. |
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In comparison, far less work has been performed on InzTes.
Large single cfystals have not.been obtained and there is considerable
disagreement between the results guoted for different samples. Subjectéd
to the correét heat treatmen: the vacancies form an ordered superstructure.
This ordering produces changes in the energy gap, the electronic mobility
and the thermal conductivity.

Chapter II alsé contains a review of‘previous work on the system
HgTe - InzTe;,'énd includes a copy of a paper presented at the Exeter
Conference on the Physics of Semiconductors which forms part of the
original work of the thesis. In this paper the preliminary measurements
on an early batch of samples are given but are not sufficiently complete
to enable any conclusions to be drawn.

The greater part of the original work of the thesis is presented
in chapter VI. After & short discussion of the ternmary phase diagram
Hg-Te-In/Ca, a phase.diagram for the pseudo-binary system HgaTess Inszs
is proposed on the basis of X-ray and optical examination of the samples,
wpich were made up every 5 molecular per cent (mpc),variaﬁion in compésition
and annealed for 60 days at 600°C. The HgTe - type phase changes at
about 15 mfc. InzTe3 to a semiconducting phase of the same structure,
which is often obtained p-type, with an energy gap of 0.3 eV. Ordered
compounds, possibly peritectie, occur at HgSIngTe8 and HgInzTe4, an@ there
is a disordered compound HgSInzTes, corfesPQnQing.to the 50 mpc% com-
position, which may represent the maximum in the solidus.

The results. of the optical, electrical and thermal me&surements»arg

discussed in terms of this phase diagram. Since both p- and n-type
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materials were produced, values for the mobilities, effective masses

and intrinsic carrier concentration have been calculated using the

’

model of the simple energy band semiconductor which is discussed in

chapter I. The effects of ordering in the system are considered and

2

the thesis ends with a discussion of compounds of the type II III Te
2 8

11

{

some of which have the ordered structure.

The third chapter contains a description of the apparatus, much
of which was constructed on the premises, and the experimental technigues.
The accdracy of the measurements is also considered. The thesis opens

with a review of the relevant chemical and semiconductor physics.
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Group I 11 111 Iv ' VI VII VIII

Period
1 i He
2 Li | “Be B C N 0 F Ne
3 Ne | Mg | As si| P S cL Ar
L Cu 7Zn Ga Ge As Se Br Kr
5 Ag cd In | Sn Sb Te I Xe
6 Au He T4 Pb Bi Po At Rn

Table 1.

The B Sub-group of the Periodic Table of Elements.
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CHAPTER I

RELEVANT SEMICONDUCTOR PHYSICS

1.0 Chemical Bonding and Structure of Semiconductors

The fundamental tendency in the binding of atoms into solids is
to form closed shells of electrons similar to chose. of the.inert
géses. It is largely therefore the numbers of electrons in the
outermost shells of the free atoms which determine the nature of the
bonds in the solid state. Of the four types of bond (1), the two
which play important, though not exclusive, roles in the structure
of semiconductors are the ionic and %he covalent or homopolar bond.
The van der ﬁaals or residual bond is found in certain anisotropic

semiconductors, for instance Te and Bi,Teg (2).

¢

1.1 The Ionic Bond
To achieve the stable configuration‘of eight electrons in the

oute: shell it is common for atoms of group I in the periodic table
of elements to yleld their outermost electrons to atoms of group VII,
fhus’creating ions whose electrostatic attractions provide the
‘bihdihg forces. The types of crystal structure associated with
jonic bonds are typified by Caesium Chloride, bodycentred cubic{
,vﬁere the ions are of similar size, and Sodium Chloride whose
unequal ions must form the more open structure of the simple cube.
The latter structure is found in some Semiconductors notably the

sulphidé, selenide and telluride of lead which in this context

. mﬁ'}x
1 14 SEP1964

~ . 2 {10
= ‘ LIRRaRrY
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behaves as a group II element. The bonding for these conpounds is

not completely ionic, the effective charges being about 1.5e (3).

1.2 The Covalent Bond

The structures of the majority of semiconductors indicate that the
bond is predominantly of a different nature. An atom may also obtain
the inert gas configuration by matching its unpaired electrons to
valence elec£rons of the opposite spin belonging to similar atoms.A
Thus there is a covalent bond between the tﬁo atoms in .the chlorine
molecule, in which the third 3p electrons afe shared to form the
closed shell configuration similar to that of Argon. The total
number of such bonds that an atom can make is 8 - N where N is the
group numnbex.
| The ground state of the group IV atoms has only two unpaired
electrons, but the atoms form four bonds when in the slightly higher
sps~hybrid state where there is one unpaired electron in the s
state and three in the p state. The atom binds itself to four
other atoms situated at the corners of a regular tetrahedron as
in figure 1.

The covalent crystal formed by such bonds is best thought of
as two interpenetrant face centred cubic sublattices shown in |

figure 2.
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Pig.2. The

This structure is formed by diamond, silicon, germanium, and the

grey phase of tin, all of which may besélaééedgés semiconductors,

;;aé”an'inSulatdridgaordjcﬂ,Y“teﬁéefatures.

The zinc blende or sphalerite structure, Figure 2, derived
from that of diamond, is found in & large number of semiconducting

kS
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coﬁpéunds in which the number of eiectrons p%r crystal site,
averaged throughout thé lattice, is;four. Compounds obeying
this.rule may be of the type AB where A and B.may be elements

from gfoups I1I and V, II and VI or I and VII respectively, or

of the more complicated type ‘II,IQDVIS where Q. denotes a

lattice site not occupied by an atom. In general, each of the

two face centred sublattices are occupied by’atoms from different
groups. though for the defect type of,compoqnd one in thrée‘of the |
metallic sublattice sites is vacant.

‘The character of the bonds in the zinc blende structure is
partly ionic and partly éovalent.lllh order to maintain the sp°
hybrid configuration necessary to the covalent bohd,in this
chtext, the appropriate number of P electréns,must'be tr&ﬁéferred
fram one type'of atom to the other, thus introducing a degree of °
ionicity into the bond.

A structure closely related to zinc blegde is hexagonal
wurtzite. - This is formed by a number of II-VI and'Q;III comfounds

notably ZnS and CdS, both of which are polymorphous, having the

zinc blende structure in the low temperature phase. The two
polymorphs of such a compound have simil&rkinteratomic separations
and binding energies so that the semiconducting propérties are
'alsb similarf The difference between the two structures lies
mainly in the number of second nearest neiéhbours. The bond in

wurtzite is also slightly more ionic in character.




The particular structure assumed by this type of compound
depends mainly on two factors: the removal of the group of either
element gvay Irom group v in.thé périodic‘table and the ra.iius
of thé ions involved {1). it must be stressed, however, that in
semiqonductorS»the nature of the bond is of greaterfiéportance
thgn the crystal structure. Mooser and Pearson: define a type of
bond which appears to be necessary to semiéonduétors (ﬁ).b It is
predominantly covalent in cﬁaracter, but enly anions need acquire
filled valeﬁce subshells provided that cation—cation bonds do not
run continuously'through.the crystals A generalisation of‘the
eight electron rdle provides a meauns of predicting'neﬁ semiconducting
compounds'ﬁore'Successfully than pand caldulations’in which the'
emphasis iskén crystal symmebry.

Recent work,‘féported,by Kleinmah (5),,COﬁcerﬁing4tﬁe‘charge
density of bonds in .liamond and the bendingfofrbon&sin‘Si, gives

considerable insight into the nature of the covalent bond.

2.0 The Chémical Approach to Energy (ap
When all the valence elections are uséd to form covalent bonds
in a semiconductor, the valence band is said to be filled and no
electrons are available for conduction. This is represented dia-
grammatically in figure 3(a), where the double lines indicate
& : .
covalent bonds. - However, although the energy needed to free a

bonding electron may be large compared to the thermal energy kT,

gquantum mechanical considerations show that, at any temperature




ag
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some bonds will be broken. The freed electron may then migrate
through the crystal under the influence of an applied electric field
and give the appearance of a moving negative ion, and the vacancy
in the bond may be filled successively to give the appearance of a
moving positive ion as in figure 3(b). Thus conduction is péssible
and ﬁhe energy needed to break a bond represents the energy ga?

between the valence and conduction bands.

— =
C N
,""

v

<1

Conduction
electron.

=

hole in

Fig.3(a). Schematic Representation
p Fig.3(b) An Electron~-

of Covalent Bonds in a Group IV Solid. hole pair.

Another view of the energy band structure is obtained by con-
sidering the bringing together of mutually independent atoms to
form a solid. This is shown diagrammatically in figure b for a

hypothetical element.
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Energy
E.

Conduction Band

Forbidden
energies.

Valence Band

Lower leovels

a Distance.

Pig.4. Energy Levels v. Interatomic Distance.

The discrete energy levels of electrons in the inlepenient atoms

must be split into bands each of which contain 2N separate energy
states, where N is the nunmber of atoms in the crystal. These

bands of allowed energy levels widen with decreasing interatomic
distancekbut will, at first, be separated by an energy gap. Where

the valence band contains 2N electrons and the next band is unoccupied
except for electrons exited from the valence band, the crystal that

is in equilibrdium at this separation, will be a semiconductor or an

insulator depending on the magnitude of the energy gap. At a smaller

separation the bands may overlap so that electrons from the valence

band may remain permanently in the upper band. Such a'material is a
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semi-metal. In metals such as the alkali metals one band is only
half filed with electfons and the upper bands also overlap.
Diagrams similar to that of figure 4 have been computed for a
number of elements and are discussed by Slater (6) with particular

reference to sodium and diamond.

2.1 The Chemical Approach to Impurities

The properties of semiconductors are greatly influenced by
defécts from the perfect lattice. They may be of substitutional
or interstitial atoms, vacancies in the lattice, surface atoms, or
dislocations. The weakened bonds thus introduced provide moré
electrons for conduction at a given'temperature tban the perfect
lattice. A well known example is provideddby the substitution of
group V atoms in germanium and silicon. Because of the high: .
dielectric constant of these materials, the extra electron on such an
impurity is easily removed and becomes a conduction electron without
leaving a vacancy in the covalent bond, although the impurity atom,
now ionised, remains a scattering centre in the lattice. Similarly,
-group IIT impurities'create vacancies in the valence band.

It is common to represent such impurities as introducing energy

levels withiﬁgthe energy gap in the manner of figure 5 in which

energy is pfoﬁted against distance through the crystal.
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Fig.5. Impﬁrity Energy Levels in a Semiconductor.

A survey of semiconductor chemistry, containing a discussion
of the effects of departures from the perfect crystal lattice, is

-

presented by several authors in reference T.

3.0 Band Structure

Semiconducting properties are generally described in terms of
:the energy levels allowed to the outermost electrons of the atoms
in the solid. 'The qﬁantum mechanical theory of these levels becomes
extremely complicated for even the simplest crystal structure so
thatlthé general approach to the energy band structure is empirical.
In this section; however, it will be necessary to outline the
fundamentéls of the theory and introduce terms that will be used
later in the text. Fuller treatment of the problem particularLy

for semiconductors is found in reference 8.
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Thevﬁkdel of the solid used for the simple theory is one
~in which the electreons are considered a8 moving independently
of each éther in a perfect' periodic lattice. The motion of

each electron is governed by the Schrddinger equation

_va;w_,_gzzm [E_V}wzo N

where ¥ is the wave function for an electron of mass m and
energy E, and V is v;the potential energy due to the crystal
lattice. In the model used by Sommerfeld (3.P23) the crystelline
i)otenvtiél was -aVE»xraged out so that electrons were bo’unded only by
the surface of the solid. : Consideral.ole understanding of the
motion. of eiectrorxs was gained f‘ro:ﬁ this approach and the idea
that electrons are free to move independently of the ic:;:ystal
1att-ice vas introduced into the model proposed by Block, which |
took ix‘n;o‘ a@ccourit the periodic nature of the cryS8tal potential.

V then becomes

VQ)=W§+Q) —_— ceees 20

where x is the vector pésition of the electron and d any vector
whose ccm?onem:s along any one of t:h'e thrée crystal axes Xr;
r= 1,2,3, ‘is.an i‘ntegré.l factor of the periodic spacing d.
along that aa_cis; ' |

‘Bloch showed that the solution of the Schrddinger equation

could be written in the form




- -
¥(x) = U, (x) exp [1(k.x)] o s

where Uk is a function with periodicity of the lattice and k is a
consﬁaﬁ% vector whose three components aléng the axes may be

thought af a® quantum numbers for the electrdn, The vector n@/e«

is called the crystal momentum by aﬁélogy‘with the ﬁomentum'hg/zn

in the solution for the free electron. The energy E is an even
_function of k and is periodic such that the periodicity for any

oﬁe camponent k, is En/dr.

The components of k define k-space. Because of the periodic
nature of E, it is-gusulklZ, to confine the discussioﬁ'to the first.
Brillouin zone centréd on ﬁhe origin in k-Space; which contains
all non-equivalent values of k. Distances in k-space aré»réciprocal
to those in the crys£a1 80 that the zone is known in terms of the
crystal strué ture.

The exact form of the énergy function in general is too
difficult to evaluate, but it is apparent from even the simplest
férm of a periodic potential, that of a square wave, that there are
values of E which can be obtained only from imagihary values of k.
This result corresponds to the idea of an energy gap from the chemical
approach in section 2.0. It cén also be shown (3.P30) that at the
surface of a Brillouin zone the normal derivatiVQ'aE/ékn is zero.
Thus E = f(g) may belrepresented schematically for a single direction

in k-space as the curves in figure 6.
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I
| \\\\\‘ Forbi@dgn
::},////, energies.

;

o %k
Fig. 6. Possible ¥ariation of E with k.

Since E is an even furction it is necessary to represent
only one half of a period: the region to the left of the origin
may be filled by the curves for some other direction in k-space.

The forms of the energy bands that have been empirically
evaluated for actual semiconductors are generally complex. The
following examples‘§how sane of the types that may arise.

In descr;bing a‘;arge number of semiconducting properties
it .is necessary”?ovknowkthe form of the bands near their maiimum
or minimum only. Thus, if a minimum occurs atrthe‘origin of

k-space in a cubic crystal the simplest form near the origin is

: n? )
E(k) = Er2 (r=1,2,3) ... L.
8ﬂ2mh

where m, is a constent with the dimensions of mass and the zero
for B is taken at the minimum.
This relationship differs from that for free electrons only

in the magnitude of my Bands of this nature are termed parabolic
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-and have spherical symmetry.

A maximum in a band is similarly represented by

E=-E -

1’12 " D .
o pID'S 5.

8®m r

b
In this situation the electrons behave as particles with
. negative mass. The cambination of these two types of band in
figure ? gives thé simplest possible configuration for the con-
duction and valence bands of a semiconductor. |

No actual semiconductor has been found Wiph this band

structure, but it is ususl té work on.the basis of this simple

energy band model until experimental results prove the contrary.

A

O

3

Pig.7. Model for Simple Energy Bands.
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InSb is the only semiconductor in which it is well
established that the minimum of the éonduction band occurs above
the maximum of the valence band at the cenlre of the zone. Its
conduction band is however found to be ﬁon-parabolic.

Maxima or minima maybalso arise at other points in k-space,
particularly at the zone boundary. The symmetry of the crystal
then enables other extrema to be predicted. Expansions for B
similar to equations 4 and 5 can be yritten Jown for each position
wheré it may be necessary te use an effective‘masé my which varies
with directibn. Constant energy surfaces will in general no longer

be spherical but ellipsocidal -as in figure &.

Fig.8. Ellipsoidal Energy Surfaces in k-space.
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Where there are a number of such minima the band structure is
termed multi-valley.

In the conduction band of germanium & minimum is believed to
exist at the zome boundary in the <111> direction considerably

below a subsidiary minimum at the centre of the zone above the

- valence band mﬁXﬂnmn.‘ Predictions about the band structure for '
PbS (8.?291) show that the conduction band is lowest on the zone
boundary iﬁ the <110> directién, but the valence'band has a maximum
at a point betweén the'origin gnd the "zone boundary. Band structures
fér other materiél.are~repofted in references 3%, 7, 9.
It is sometimés found that the valence band is not single but
consists of two bands which are degenerate at their maxima at the
centre of the zone. Different effective masses are ascribed to

each degenerate band which may be termed the light and the heavy

mass band respectively; Equation 5 indicates that the latter is the
outermost band in the E(k) diagram.

In the‘band structuré of true semiconductors the width of the
energy gap between the valence and conduction bands détermines mAarxy
of the properties. &m&ﬂnoﬂmrm&@rb&,ndam& méaMmLMe
earth metals, HgTe and HgSe which will be discussed below, possess
bands structure in which the wvalence band overlaps the conduction
band in energy though the extrema may not occur at the same points
in k-space. Under all conditions some electrons from the valence

band will be in ‘the conduction band and the material is termed &

semi-metal.




‘Reeeht‘develépmentstboth in'calcul&tions on the band structure

The quantlty’mn, the effective mass; introduced in equation 4

‘has become, due to: the camplicated nature of actual band structure,

ant in describing the motion of electrons.

Moreéveis~dév1atiohsfframrthe'parabplic b&ﬁd’are,generally described

in tefms of variations in m_ whose value can be determined using the
‘ adﬁénced’teéhnﬂgue‘of solid state cycIotrOn resonance.
The concept of effective wass arlses by comparlson with mass in

Newten ‘g second equatlon of motion. For a free electron moving with

a‘velccitytgwandwmﬁss‘md

k= 2y veess 6o
‘and 1n terﬁsyefythE:energy E of the electron'thé.m333'i§ given by

o K 3k

il

x
m

‘lThe effective mass for an electron in a crystal in general

depends on the position in k-space ahd §0 is & second rank tensor

I

defined by

1
m-
n,

hx® e
=;Em%1g%Em) veees 8.




For simpleenergy bands the quantity on the right reduces to that

in equation 7. This impiies that at the top of an energy band m,
is negative. However, since mass is conventionally positive and

it is the transfer of energy in the cbnduction process which is
important, the electrons at the top of the valence band are
considered as havings positive mass but positive charge. In the
Valénce band; electrons caﬁ only move into sites made vacant by

the excitation of othér electrons to the conduction band or to
impurity bands. These vacant éites appear to mdve through the
crystal and give rise to the phenomena of’positive hole conduction.
A fuller consideration of the concept of efféctive‘mass particularly
for deviétions from the normal band structure is given by Kromer ih
reference 1l.

The term effective mass arises in a numEer of other contexts
where it is,genér&llykaveraged over the three directions in k?space.
The densityiof states effective mass for ellipsoidal constant.energy
surfaces is my = (m,im.zm.a)l/s which must be multiplied by a factor
(N )2/3 where there are N similar‘valleys (12. P102). The con-

v v

~ductivity mass m, defined by

L2 el 42 Gomoo)
: .

is also used under certain circumstances involving the relaxation

time.
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The effective mass may. be ‘determined from consideration of
the Hall effect, or possibly the Séebeck effect, and the intrinsic
carrier density. The theory uséd is generally that for simple
energy_bandSQWheré the effective mass is scalar.

By far the most accurate determination of both the effective
 mass tensor and the form of the band structure -is obtained by
observing cyclotron resonance. For very pure semiconductors,
such as nay be-obtéined in Ge and Si, with low carrier densities,
the éxperimentkis7épnduct§d at microwave frequencies. In order to
overcame the short relaxation time due to impurity scattering in less
‘pure materials,,ahd the'ﬁagnetq—plasma effect due to high carrier
fdensities, iﬁ is ﬁéées$ary‘to dée infré-red'radiation,and strong
~magne£i¢ fields. Measurements have been taken on a variety of
»éemiconductors‘and metals, in particular on alloys of HgTe with
other II-VI cdmpounds which are discussed below.

A full &ccb&nﬁ éf the technique of cyclotron resonance is
‘given'by Lax-and Mavroides (13), and a review of recent developments

by Lax in reference 1k

L.0 Intrinsic Carrier Density

Agsuming the existence of an energy gap it is then possible to
calculate the number of electrons available for conduction. The
problem is approached by the method of Fermi-Dirac statistics which

is valid for particles obeying the Pauli Principle.




- 19 -

The probability that an energy level E will be occupied by

an electron is given by.

o

P(E) = £[(E - Ep)/xT] (3 P.7h) ceens

where

£(x) = 1/(e* + 1) | ceees 10,

I

is called the Férmi-Dirac function and Ep, known as the Fermi
level, is eggal ﬁo the value of £hé energy‘when the probability
of occupancy is one half. For values of x $> 1 the function approx-
imates to e and the frobability approaches the classiéalrvalug
f(E) = A exp [-E/xT] O

qgiwﬁere A is a constant.

In a simpié energy band semiconductor it can be assumed that
no electronsﬁcan occuﬁy levels with ene;gies~in the forbidden gap

i

By betweenﬁﬁhé conduction band and the valence band. The lowest
level in the conduction band may be conveniently taken as the .zero
of energy. If NC(E)dE 16 the density of allowed states between
energy valueé E and E + dErfor the conduction‘band then the density
3 of.elecﬁrons in the conduction band for the same énergy range is
given by

n(E).dE = 2 NC(E) PFE) &8¢ ... 12.

actor 2 accounts for the degeneracy of electrons with

pins.. The total number of conduction electrons is
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integrated between zero and the highest energy allowed in the
conduction band. The function NE(E) dE is easily evaluated

for the simple energy band structure (3 P.3) and is given by
L ) 2u(2mn)3 2 1/2
N (E) dE = ———— E dE T eeees 1k
C N 8 . .
The classical approximation may be used for the probability as
in equation 11, provided E - Ep >> kT, and therefere-an upper

integration Ylimit of infinity. of—impurdbywis applicable.

n = hn(EmnkT/hs)a/g exp [EF/kT] \/pa;l/z o™X ax
‘ o

ceee 15.
The integratipn~is straightforward, giving
n = Né*exp [EF/kT] . veees 16.
where v
N = 2(2nmnkT/h2)?/2 eeee 17

A similar calculation for the valence bend, the top of which

has the energy -'Eg, gives the number of holes as

<

p=N_ exp [-(B, + Eg)fkml ceee. 18.
where
- W /2 3/ 2
N, = 2(2xmka/h )T ceees 19

Hence for intrinsic semiconductors where p# n = n, the Fermi

level is given by
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E, = i é? + éﬁz_zn[pp/mn] veees 20,
Thus at low temperature the Fermi level is near half-way between
the conduction band and the valence band but is displaced towards
theylighter mass band at higher temperatufes. The substitution
of this value Of~EF and~the numerical constants in equations 16

and 18 gives

. S S 15 3/2" ‘ 2 3/4’ .
‘ni;s Dy u,82 x 101° 7/ (mnmp/mo) i exp[-Eg/QkT] veee. 21,

’This equ&tién may be used to determine the number of intrinsic
Carriersfat'é'g;venitemperatgre, although if little is known
about the_éffective masses, only an estimate can be obtained. The
‘variation of’the intrinsic garrier density with temperature is of
imp&rt&nge‘in the consideration of the.electrical properties.

The in&egrétion of equatién 1% cannot be .performed for
degenerate,ﬁéﬁerials for which EF >> kT and’the ciassical approx-

At room temperétures KT is about

0.67.eV, but of the same order as that for HgTe. An approxima-
vtionkfomfihe'ihtegralrhas been proposed by Ehrenberg (15) which is
valid up to dbout E; = 2kT, above which it is necessary to use

numerical methods (3 P.79).
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b.1 Extrinsic Carrier Density

The presence of im?urities in a semiconductor leads to energy
levels wﬁthin the energy gap. These may be of the donbr«or
-acceptor type depedding on their positions relative Lo the bands:
usually the effect of one type of impurity greatly exceeds thét of
any others. In figure 9 a possible distribution of energy étates
ls shown.

T

Conduction Band

Donors

V

t? Acceptors

Valence Band

> N(E)

Fig.9 Density of States for an Impure Semiconductor.

Provided the electrons and holes in the material are not legenerate,

‘the concentrations are still given by equations 16 and 18

it

n = I exp [EF/kT] ..... 22.

and the product

np = N N exp [—Eg/kT] ..... 25

is indépendent of the number of impurities and the Fermi level.
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Since n # P, the Fermi level is no longer given by equation 20.
If the number of carriers is measured, for instance by thé Hall
effect, then predictions concerning the Fermi level can be made.
Assuﬁing an effective mass ratio of unity, Né at T'= BOOOK is about
2.5 x 10%° per em®.  If EF is more than kT below the conduction
band, then n is less than 10%° per em®.. Ehis'valﬁe of n may be
taken as a criterion for non-degenéracy, although a small effective
mass.fOr a.carrief naturally lowers the value of n.
| The simplest example of doping may be’consideréd'when Nd

donors per,cm3 lieat an energy K. such that B, << Eg. At low

d

_ encugh temperatures, electrons will be excited thermally from the

d

donors to the conduction band according td
n:‘-"B exp [-Ed_/sz} LR I I ] 2]+‘

where B is a censmant, until at a certainutemperature'all the
anars are ionised. 'If n, 1s still small compared to Nd then the
number of carriers remains constﬁnt with’temperature, as in a
métal, until nj ?ecémqs appreciable. This*pfocess’is shown in
figure 10. .

The' slope éf the line at low temperature ié,Ed/EkT, and in
the intrimsic range, Eg/EKT. A similar process is possible for

p~type material with only acceptér impurities, N; per em®.
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Intrinsic Range

Loge n.
Saturation range -

Excitation from
impurities.

-Fig.lo Variation of Carrier Density n with Temperature.
The Fermi level in an extrinsic semiconductor is a function of

the difference betweeh donor and acceptor concentrations and 1s

ghown in figure 11. (3 P.86).
£

/

Vv | . Nd-‘Ng Ve

Fig. 11. Fermi Level v. Effective Impurity Concentration.

!
>4

The above reference also provides a full discussion of the relations

between the carrier densities and N, N; and n_.
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A useful relation is easily obtained when the saturation
carrier density q, of say p-type material, can Be measured.
For mixed conduction immediately beforethe intrinsic range,
provided thei#g@ .is no other source of carriers, the number of

‘holes is given by

p=q+n ceees 25,

The product rélation pn:'ni2 is still valid.

5.0 Transport Phenomeng in Semiconductors

The‘Paﬁli exclusion principle, appliéd to electrons in
solids, implies that no two electrons of the same spin.can
occupy the same energy level within a band. Thus electrons can
change their ehergy only if there are higher énergy states vacant.
A full valence band in a semiconductor, therefore, prohibits cén—
duction unless some electrons have been excited into the conductim
band or an impurity band, or electrons have been freed from other
impuritieé, b& a thermal or photo mechanism. Then all tﬁe wholes
in the valence band and all the electfons in the conduction band
becéme current carriers.v

The theory behind the various transport effects observed in
semiconductors, generally derived from first principles, is
avéilable in standard texts. A concise account, together with
extensive tables of formula is given by Putley (12). It is

necessary to reproduce here the relevant expressions for mixed
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and extrinsic conduction in simple energy band semiconductors
and weak magnetic fields, and to indicate what can be obtained
from them. Thé discussion will be restricted mainly to non-

degenerste materials.

5.1 Conductivity and Hall Effect

The expression for the electrical conductivity is

O = new -+ peu ' e 26.

where pn and pp are the mobilities of elegtrons and holes
respectively, defined as the drift velocities per unit electric
© field.

If a magnetic field is set up perpendicular to the direction
of the cu;fént flowing in a material, then an electric field is.
produced in the mutually perpendicular direction. This is known
as the Hall effect. The Hall coefficient, R, is defined as the
ratio of the Hall electric field to the product of the current
* density and the magnetic induction. In terms of the mobilities

and carrier densities R is given by

| nb? -
eR = «r GB—_—,_-JI;)Q . eeane 27.

vhere the mobility ratio b = “n/“p which is usually egual to or

greater than unity, e the electronic charge and r & scattering

factor .that will be discussed below.
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By convention, R is negative if electrons are the predominant
carriers and positive for hole conduction.
For extrinsic conduction by electrons or where b >> 1 in

intrinsic material equation 27 may be approximated to

eR= -r/n or n = -6.25r x 10'%/R eeees 28,
There.is a corresponding relation for holes.
The conductivity reduces to
czneun eeees 290
and the product
o RO = 1y ceee. 30.
is called the Hall mobility.

The intrinsic Hall coefficient is given by

e{b - 1)
eR”B-ETB_—:—»U . . eense 31

and the conductiVity

O = nep (b + 1) cee.. 32,
so that the product is

Ro =%(b - 1)u : ceee. 33,

P . v
If the value of n, from eguation 2} is substituted in equation 31
it is seen that
RTS/2 = D. exp [—Eg/EkT] ceees 3k

where, provided b doés not vary greatly, D is a constant. From
the gradient of a graph of log RTS/2 ageinst l/T the value of the

‘energy gap is obtained.




- 28 &
Considerable information can be obtained from the variati.on

of R with T for p-type material in the manner shown in figure 12.

/
, / B
Ry fommm mmmm e A e

Pigil2. Hall Coefficient Tor p-type materiel.
The constant value‘of'Rq at'lowttemperatures yields the saturation
carrier dens;ﬁy‘g, .in the intrinsic range R is.neggtive since b >1,
and.decreaSing. The negative maximum in R can be showm by differen-

tiation of equation 27 to occur when

(b - 1)n=gq ceees 35,0
Hence the mobility ratio at the Hall maximum is obtained in terms

of the two Hall coefficients from the relation

R o _
“meax = (b - 1) Rq ceees 36

" In the evaluation of the quadratic'the positive sign is taken to

cbtain values of b >.1.
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Aséuming b does not vary much the values of the mobilities in
'the,inﬁrinéic range can be calculated from quation 33.

Siﬁce both n and p can be evgluated at the position of the
Hall,maXimum, the intrinsic carrier concentration can be calculated -
and eomﬁared with that obtained from theAenergy gap by meéns of
equation 23 to predict values of the ekfective mass product

2
mnmp/mO .

5.2 Variation of the Hall Effect with Induction

The exac£ expression for the Hall coefficient (12 P.ll9).
indicates that in the region wvhere the effect changes sign for
‘ pAtype materials; there should be appreciable dependence on the
magnetic induction, even if this is not large. The predicted
effect has been ;bservea for InSb (9.P.152). Disagreement between
results and the simple theory for Ge led to the discovery of the

lighter mass valence band (12.P.120).

5.3 Seebeck Effect

If two dissimilar materials A and B are joined in the sequence
B-A-B and the two Jjunctions so formed are maintained at témperature
differing by BTOC, then an‘open circuit voltage, known as the Seebeck
voltage, is established across the two thermojunctions. The differ-
ential Seebeck coefficient & for the two naterials is defined from
the magnitude of the voltage &V, by the relation

a = dV/3T
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in the limit as &T approaches zero. In order to obtain the absolute
Seebeck coefficient for material A it is necessary for that of B to
be zero. This is so if B is in the suferconducting state. Once
absolute values have‘beEn obtained at low temperatureé, it is
possible to extend them to higher temperatures withoqt the use of
materials &ith Zero Seébeck coefficient.

The absolute Seebéckcoefficieht for semiconductors is usually
much larger than thatvforvmetals. Therefore if B is a metal and A
a semiéonduétor only a small correction is needed to account for the
metallie component of ~the Seebeck coefficient. A good qualitative
discussion of the Seebeck coefficient for metals and semiconductors
is given by Toffe (17.P.299).

For mixed conduction the Seebeck coefficient is given by (§.p.175)

nb(% -8 +7) - p(% - s +7q')

o lx

ceess 3T
nb + p

where n and n' are the reduced Fermi energies as shown in figure 13,
and.taken~as positive Quantities’when the Fermi level lies in the

energy gap.

C. B.
A\ o~
1B I Fef’fﬁi L@Vél
N e — e e ST
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|
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' \L :

V. B.

Fig. 13. Reduced Fermi Levels.




_1;25&%‘: -

The Seebeck coefficient by convention is negative when
electrons are the predominant carriers. The parameter s, which
will be discussed below, has the value 1/2 for lattice scattering.

For extrinsic material & reduces to the simple relation

a = -86.5 (2+n)pv/°C cev.. 38
where numerical values have been inserted. Hence the Fermi level
may be calculated. Using equation 23 for the éxtrinsic carrier
density,; ahd the Hall coefficient, an idea of the effective mass
can be oObtained.

In p-type material the Seebeck coefficient changes sign when
approximately p = bn which is close to where the Hall effect is a
max imum.

The intrinsie Séebeck effect may also be used to obtain further

information about the effective mass ratio.

5.4 Relaxation Time, Mobility and Scattering Mechanisms

To account for theyeffects of scattering mechanisms transport
phenomena are described formally in terms ﬁf a relaxation time and’
mean freé.path of electrons. According to the Bloch theory, the
mean free path in perfect cfystals is limited only by the dimensions
of the crystal, so that in actual materials scattering is caused by
departures from perfection in the lattice described in section 2.1
and by lattice vibrations. Most scattering processes have been

considered in some detail>in the literature. A good summary of the
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theory is given by Smith (3) and a discussion by Putley (12).
A summary of.the relevant typés of scattering is given below.
In general, the relaxation ﬁime T, cén be»describéd by
the equation
T=ak ceees 39,
where a is a constant and s is the scattering parameter. The

conductivity mobility in terms of T is

e<t> v
Moo = "2 (3. P.111) veee. bO.
n
and the Hall mobility
2
e<t"> )
y = mﬁ<T> ceee. A1,

wheré~<7>'isrthe«average relaxation time.

In order to evaluate these it 1s necessary to know the value
of s. The relation between the two mobilities may be written
"pH = r “ce' Constant relaxation time is found in metals and highly

degenerate semiconductors, where r = 1.

5.5 Lattice Scattering

If it is assumed that the energy lost in a collision is small,

- then interactions betweén electrons and phonoﬁs are restriéted fo
the low energy of acoustic modes of vibration of the lattice. The
problem has been considered from Variéus approaches, all of which
prediét a value of 1/2 for s, r equal to 3n/8 and a mobility propor-
tional.to T"a/a. Lattice scattefing is naturally predominant in
extremely pure semiconductors,and at high‘temper&tures iﬁ less pure

materials. It is generally assumed when there is no other information
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,Wavaiigble;about«the,séattering.e_Depanturesffrémithié*QEIiation
fo: theVmObility, as~héve beén obgerved im-pﬂré’@e“aﬁd.Si,

'iﬁdieatev£hat the multi;Valléy band'structurefmustvbe taken into
égeounm. 'Scatﬁeriﬁg'may‘also»be affeCted.b§ the more energetic

optical modes of vibration, for which s = -1/2, or mutually by

*

electirons..

:the crystal is that ef ionised impurltna% partlcularly 0 in d@ped

materiaISa It 18 feund that mobilities assoc1ated with thls form

, @f scattering vary as bu The value of s is -3/2 and that of r is

'1.93.

Neutral or unlenised 1mpur1t1es are f@und to have 1ittle effect

on the temperdture varlatlon of the moblllty, though in generai,
the. a.ddition @f such impurltles lowers the value of the moblllty.

WheanéVErélﬂségttéfimg;mech&nisms are complned. it is

'frequently as umed that a separate relaxatlom ‘time can be calculated

;fer each and the' effectlve value found by recrprocal adstlon.

Of the w~ermaﬁagmétic effects, the NérnSt is“usuallyfthe
easiest to«meaéurew It is the thermsil amalogue of- the Hall effect:
e»electr@ns tending to dlffuse dewn & temperature gradlent are

' 'deflected by a tr&nsyerse magnetic field ﬁo~produce~a,mutu&lly

perpendicular electric field. The sign of the Nernst coefficient
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depends, not on the type of carrier, but on the scattering
mechanism prevailing. It is positive for ioniged impurity:

scattering and negative for lattice scattering.

5.8 Thermal Conductivity

The thermel conductivity K of & semiconductor consists of

two major camponents such that
K=K, +K cees. Lol

where Kz is the lattice component and Ke the component dde to the
current carriers.. A full consideration of thermal conduction in
semiconductors is given by Drabble and Goldsmit (18).

| K)Z is a property bf the lattice at the particular temperature
and an expression for it is obtained by considering the prbpagation
and scattering of phonons in the lattice.

For extrinsic semiconductors Ke is directly related to the
electrical conductivity by an extension of the Wiedemann-Franz -
Law for metals |

K =LoT ... 43,

e

where the Lorenz number for non-degenerate materials is

L= (2-8) (W)l ... e
which for lattice scatﬁering reduces to

L=1.49x10°% o7 ceee. b5,
In the condition of complete degeneracy

R b6.

"Por mixed conduction an extra term arises in Ke' As
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-electrons and holes ﬁ%ve~under the influence~of the temperature

gradient, their,tehdepcy'toraccumulatevat,the cold end is -

éﬁqnﬁeractéd‘byktheir recombination, in.whiéh‘proéess energyfis

Jéiven up to the~surf0undinés« Thus thé:ioﬁiSation energy of the
,créatiOnfof electr6n+h§ie;pairs at the hot end is: transported in
thiSu@roceéég ‘iﬁe;LQrénz numbér for’mikedgéohductiongand lattice

scattering becemes

‘L’ﬁ@é(k]ﬁ)é;4{;~ ;Q“f¥%2' [h+~ﬁé/kT]2 ceen. b7,

where'oi‘aﬁd @égaﬁe'the»conductivities of electrons and holes

7,respgctively.

of eﬂeréies, and.haﬁfied to a ﬁumbef‘off,:' 'XJE;diséoveriéS. A
revieﬁ-of somé;aspécté Of,recent,progfess is‘giQén by'Tauc (19)," ‘ |
althOuéh many deVélmeént§fhave yet to”be disecussged in review

literature: Thefb&sic~tﬁeory;1and baCkground knoﬁledge of‘photo

effects in-many~sémie0nductars, is givén by Moss (20). The_two

prgﬁertiesvrélevant to this tﬁesis are the absorption and reflec-

tion of radiation.

6.1 Absorption Processes
The absorption spectrum of a semiconductor can be divided

into thrée distinct wavelength ranges. Figure 1k shows typical




absorption in a semiconductor opague to visible radiation.

ng o4 //

‘Absorption Edge

>
Wavelerigth

Fig. 14 Absorption Coefficient » v. Wavelength

At waveleungths lower than the absorption edge the energy of
incident photons is absorbed strongly by valence band electrons
which make the transition to the conduction Band. In the infra-
red region beyond the edge, radiétion is absorbed by free carriers,
holes as well as electrons.’ This can only happeu by/virtue of the
perturbations due o the vibrations of the cr&sta] lattice. The
absorption, which is éenerally small near the edge, increases with
~wavelength.

Inveétigation of the absorption edge can iead to considerable
knowledge ahout the energy gap.

Photon energy and wavelength are related by the equaﬁion

1.2k ] .
B o= 5N eV. 'where A is in microns.




Fig. 15. Direct and Indirect Transitions.
Figure 15 Sﬁ@Ws g}§QSSible energy bénd[Scheme‘bf the type calculated
for Ge. The.qaa' umpméchanical‘a110wed tranSitions)from the valence.

band are thoss i

olving 1o change in k, i.e. vertical or direct
"transitions’to_ﬁheiéubgidiaf&.ﬁinimum. The’intense absorption
’E@QES‘shafplyrachv %iEg, A@kthe‘seleCtionfrales'are genefally

‘ rel&%ed,to alcéftaiﬁféQﬁeﬁt, indirect tfanéiﬁiéns are;@ermitted’to
VAthe_miﬁimumfin“@he;cohdﬁction band.’ Momentum ié conserved by

interaction with phonens. In this way absorption continues down

- *

to hv = E_. ‘In;ﬁ;é%m@ielenergy band semiconductor only_direcﬁ

w

transitions take place.

’ ‘fWhghfther’ ion edgé has not been.plotted‘in great detail

it s possible to define the energy gap (20 P.L0) asfthé;wavelength
- ‘where the slepé\isjéteepest,‘ Ihis corresponds to the point where
thg‘déhgi;yﬂofia owed states is changing most rapidly. Ina

¥5miconductor this function is discontinuous:
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However, any lattice disorders cause a tailing off of the states
into the forbidden region, which has the effect of spreading out
the observed absorption edge. o |

The exact form of the absorption edge has been diécussed by
a number of‘werkérsg Their results are reviewed in the standard
texts (5, 20). In general, the absorption constant is proportianal
to (hy - Eg)n, _For direct transitions n has the value i/e for
allowed, and 5/2 for forbidden transitions.. For indirect allowed
ﬁransi@ions‘n eQﬁals 2, and for those not allowed nfhas the Value 3.
Thus, from the relevant straight line plot the energy gap can be
found by extrapolation, and also the naturé’of the transitions is
déter@ined.

Fdr the‘majority of semiconductors thevlowest unfilled states
in the coﬁdaCtion band are very close to the bottom of the migimum,
so that the intrinsic energy gap iskmeasufed in absorpfion experi-
ments. Where the conduction band is non-parabolic aS‘in_InSb,kof
where, as in a semi-metal,;the conducfion band contains a con-
‘siderable numbef of electrons, tr&ésitions can only take place to
thé lowest unfilled'states in the band so that the apparent energy

gap increases with carrier density.

6.2 Reflection Experiments

A powerful technique in thé determination of band structures
is the study of the reflectivity of semiconductors in the ultra-

violet and visiblé'wavelength regions where the absorption is too
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high for good measurements to be made. The reflectivity presents
a number of peaks which are believed to be associated with the
onset of new interband transitions. The method is discussed in
references 10, 20 and 21.

E

Y.OkSemiconductor Allogys

‘The term alloy is used here to mean a:disordered crystal in
which two or more elements form elid substitutidnal solution.
Ordered,phases'are regarded as compoﬁnds. Where two phases do
not form solid solution the region is called a miscibility gap.
The term binary system implies alloys of two elements but solid
solution between.two compounds is generally described as pseudo-

*
binary.

Investiéation of phase diagrams is best carried out by differ-
ential thermal analysis in which melting points and other changes of
phase are feadily observed. An apparatus, suitable for the materials
discugsed in this thesis, is described by CGasson (22). VWhere DTA is
not available, and also for additional information, the limits of
solid solutibn cén be found by annealing the rquifed proportions
of  the basic materials at various‘temperatures. The resulting
mixtures are examined for homogeneity by X-ray analysis and, if
solid, optical and infra-red microscopy. Two-phase regions are

shown up by éhanges in reflectivity and absorption.




The energy gap pfhalloys is generally found to Vary
s%eadily with composition between the two end values: abrupt
changes in gradient can be taken to indicaté changes in band
stfucture. Thé disorder in the laﬁtice often has considerable
effect on the scattering of both electrons and phonons,ana 50
the thermél4C6nductivity and electron mobility of alloys fall.
below the end values.

Theoretical aspects of alloy syétems are cpnsidered by

Herman et al. (23).
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CHAPTER 11

Previous Studies on Materisls
8.0 Introduction

PR

In the firsf part of this chapter ?revioué;studies on the
'compoundVHgTé and;its alloys with other g?oup II-VI eomPOundsbare
~reyieﬁéd, A considérabie amount'of‘work_has been¥perf6rmed on

 ;this maﬁéri;l~on~the results of which a band structuré‘of the semi-

'métalfﬁype h&éﬁbeeh~propcsed. It isvappéﬁent tha£ the transport

*propeftiés are peculiarly sensitive‘to the previous héat treatﬁent'
of the meterial.

Less ié;knéwn:about the compound InéTeg, meinly because suitable
singlé CryStélsfﬁave not been»obtained. Some prdpérties of the
ordered and disorderéd phases have been obtained aithoughrthe low
”values fof the electron mobility and the ¢5rrier density furthef
hinder experimehtal work.

‘The“chd@tér‘ends Wiph a review of‘previous work on some alloys

between n0rmal and.defect zinc blende compounds.

9.0 The Mercury-Tellurium Binary Phase System

A détai;éa~éﬁu¢yvéf th;s’systgm haégnét;beéh Carried out, Although
ﬁhe principai;ﬁeétugésjof the,phaéé‘di&grém are clear. Anal@sis of the
Té-fiCh'part df;éhéfsyé%em repop£ed in ref;'?hféhowg that the pnly
:compéuﬁa~is[HéT§‘w@iéh is-sha;ply7def1ned;,and;that there is a -
eutectic at“8855tdﬁic‘pef cént Te at a témﬁératufelbf 110%C: the

‘melting point of Te itself is 435°C. Delves and Lewis (25) agree
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with these findings and further propose a phase diagram in the region
of HgTe whose melting point is founé to be 67000. Using the tech-
nigues of differential thermal analysis and vapour phase equilibration,
they find that there is considerably less than 2 atomic per cent solid
solubility of Hg in HgTe but that Te may be soluble to about 2.5 at{p.c.
The mavimun in the liguidus occurs on the Te rich side, between 2.5 and
L attp.c., although they admit that the actual compositions of their
samples could have been 2 at.p.c. deficient in Hg hear the melting

point. ‘The phase diagram is reproduced in figure 16.
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Fig. 16. Schematic PhageDiagram in the Region of HgTe (25).
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The mlneral fonn of HgTe, ColoradOLte, was dlscovered in

1877 (26) in small 1mpure dep051ts.k Néarly all later work was

nperformed‘on synﬁh“'  materlal of hlgher purLty In7comm6n

with m&qy.o%ﬁér II d “I1I- V campeunds t;;;strueture 18 zine

blenae, and ihe-l 1eaparameter has been generally Observed to
lie between 6.&6O;H_jﬂ

'been5reppi%ed (2&)

1othneTébmpound5has

- been carried ‘out 1y in & humber of countries, mainly Britain,

Fraﬂcey“Ru“ i “wU;S;A.](eT‘e‘56);.butgs"compfehenSivéVihveé@iy

:gat1on has net J,fngpépérted.f At least two reasons may account

for thls._,;nf place, without afull understanding of the

phase disgram, has been encountered in fomming the exact

.;,héLﬁa&fow;widfhfdf,ihe]ﬁoiﬁiddén'energy €ap;

‘!Secén&iy,ibeéa
moféladvanééd” ;jues than\those used @n other semlconductors
‘,haVé hédftb bé' rwloyed to obtain any 1nfonmat10n of the band
strhcfufe1 These p@lnts Will be expanded in the follow1ng review
1‘.of the known pr@pertles of HgTe and its alloys w1th other TI-VI

'compouﬂds.

Early‘studiesvoffthe‘propéftiesfof“ﬁgﬁe; performed  in Russia

on sintered or préssed powders (29 - 32), were sufficient to

indicate thatscohduCtion was mainly'by electrons whose mobility
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was fairly high, and that an energy gap of between 0.02 and 0.08 eV
accounted for the vériatioh of the Hall coefficient and conductivity
with temperature. In 1958 Carléon in America (3%) extended the
nessurefients Of.Hall»coefficient and conductivity down to liguid
,hydregen“temperapures ahd worked on some doped materials. Eis.
polyérystaliine materi@ls which were formed from stoicﬁiometric
quantities of‘theVelemehts by the two furnaqe.technique,,were not
’annealed for any length of time, and he does not report the
presence. of freé Hg in the ampoules after cooling. The Hall effect
?éindicated that undOped'Samples were p-typé; énd that Cu acted as an
acceptor-and 2n as a donor. Electron mobilities at rooﬁ temperature
were about 10,000 cn?/V.sec. and the calculated values at 20°K were
similar. Figﬁres of‘between 4o énd 100 were estimated for the mobility
ratio atithe lgyer temperatgfe. The Seebeck coeffiéient was observed
to follow the standard p-type variation from -150 at room temperature to o
+210 miérovolts/OCZat 50°%K: Carlson also showea that below room
température‘the‘ﬂall éoefficient is strongly dependent on magnetic
induction~and‘sdggests;that a complicated conduction band may be
the cause. Similar,vo?k to that of Carlson is reported by
Lagren&udie,(5h). Bell has.examined the crystalline perfection of
- this and other single crystal compounds by X-ray techniques (35).
Some - of the'first‘iarge single crystals of HgTe were grown
using the Bridgeman method by Black (36). He measured Hall

coefficient, magnetoresistance and conductivity as functions of
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temperature and concluded that the materlal, Wthh was p—type,

s

wa's intrinsic abeve 25@ K, had: an electronlc effectlve mass ratlo

"ratio;

some carefully prepared material Lawson et

@duce both p- and n= type HgTe. Analysms’of
,vmgggaﬁgmggtgg" ?_pe sample gave a moblllty ratio of 7O and an

-‘intﬁiﬁéid-car w,;ty'of 6 h X 1017 per cm? at lTh K, and

ahaﬁygiéfo. effect varlatlon w1th magnetlc lnductlon gave

Therelectronlc moblllty varies

;K and 23 MOO cma/V sec at T7 K Single'
crusbaie*df‘ : 1ting s1mllar pr@pertles were also prepared
« byHarman etal, ‘ L
, ﬁighielecf ;}. éﬁiiiﬁies;arerreeerdedfbyvRodot”andrTriboulet

.(58) @n'maﬁer‘;: ’flédfinvCoﬁiroiied;merEury Va@@ur,pressure,‘
‘Ingots made by the n@rmel method and zone reflned to remove foreign
;er:annealed for 7 days at the salhe temperature

lmpurltles’ﬁa

:(one~gr0up-f ;‘and the other at 500 C) but under varylng

preégueééw@r , ‘H gh pressures produced n-type samples

ahd‘léﬁ PféSb iéeﬁpitype. In the 1nt:dmed1ate pressure range, )

ﬁhieh;w&sebq :r for the lower anneallng temperature, samples were

préduée.dﬁiﬁéh? wéreaint'rinsic down to-at least 77 °k. None of the
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material prepgred in this way showed any appreciable variation of
the Hall coefficiéntiith magnetic induction‘as had beén observéd
in earlier'expefiménﬁs. It has been suggested (39) that samples
‘made'in;the.normal~vay mey contﬁin'micréheterogeneities, perhaps
Hg precipit;tes, which érerreidissolved by gnﬁéaling. ‘Giriat haé
'fbund ﬁhatfimﬁrévéaTmatérial can be obtained by annéaiing in
vacuun (40) whicﬁpalsé.indiCQteé that the hypéthESis is correct.
The ﬁechniqge,Of annealigg'in Hg vapour has been extended by
Giriat (LO). HéAfoﬁnd that for a givén;vapcur pressure, controlled
by théftémperature; there wes an optimum time of anneal which gave
the highest mobility. The materials prepared in this way were
intrinsiq,dovﬁ'té 779K and,the‘highést mobility recorded at this
tempefdture'was‘Tjjooo cm2/V.sec: The Hall effect below room
temperature QaS'éénsiderably dépendent on the msgnetic induction,
which is in dissgreement with the work of Rodot and Triboulet.
The change in properties by annealing in Hg vapour may also
be parﬂly explained with reference to the phase diagram proposed
by Delves which is reproduced in section 9.0. As the compound
that is formed froﬁ the melt probably contains excess Te it will

be necessary to increase the Hg content to obtain stoichiometric

‘material. On the other hand the work of Rodot and Triboulet (38)
and;@iriat (40) indicates that the solid solubility of Hg in HgTe

is no£~negligibie.
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A summary of the properties of HgTe is given in section 10. 4.

10. 1 The Band,Structurefof.HgTe

InveS%igétions into the‘band structure of HgTe have mainly
bgen‘coupled with studies of the alloy'Systems of CdTe and with
HgSe. |

" Some work on the~lgt£er system has been performed by R;dot
(41, &2). ,From‘méasurements of the magnetéresistance, whicﬁ is
much'greater)in”a fiela perpendiculdr to the current than one
parallel, it is concluded that the conduction band for Hgle is
of . the standard isotropic form, whilst thatkfor HgSe is a system
of ‘ellipsoids of reVolutibn centred on the crystallographic
direction <100>.

From studies of the properties of both alloy systems Harman
et al. havé arrived at a band structure for BgTe. iﬁ a paper
published in 1961 (43) it is shown that HgSe and intermediate
compositions in‘theaéiloy,system with HéTe'have electrical
propérties wﬁich~caﬁnot’be explaihed,on the basis of a conventional
two<band,ﬁodel. It iS‘pécessary to assume that these materials
are semimetals5‘with an overlap in energy pf one valence band with
the conductioﬁ band. The schématic diagram for such a model is
siﬁilar to that given in Fig. 17.

In two papers (Lb, 15) on the properties of CdXHglﬁxTe a

wide range of experimental evidence is anﬁlysed to show that HgTe
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Fig. 17

1metals. “he«lntr1n31c

carrier-concentration at 4. 2% is estlmated from uhe Hall coeffl-

cient and c@nduct ‘of both P~ and n-type samples td be

2% 10t® per cm o S value can only ‘be acceunted for by an

overlap Of the-cond ;ion and valence bands,31nce the 1ntrins»c

carrier ccncentrat1®n for zero energy gap, with reasonable values

of . the effectlve ma ses, is only 1012 per cm” at

h.2 k and the result compared with a theoretlcal curve obtalned by

assuming thevhxgh«yaiues for the 1n$r&ns1cfcarr1eruconce

‘the good agreement confirms the assumption.




- bo -

. MagnetoreflectionAmeasurém&nts on‘lcﬁ ca cqntent»alloys, maae
in inductions of up to TC-kilOgausé, indicate both interband transi-
tions and c&clotron’fesOnance within the céﬁduétion band and have
beeh intéfprétedlassuming the semimetal band structure and a non-
p&iabolic conduction band similar to that proposed by Kane (46)
for InSb. Satisféétotyfagéeement is obtained between theory and
‘i~expefiment'by adgpting~thé‘value Bv = Q.OO6 eV. as the direct energy
gapt the‘elgctronic effective mass ratio at the'bottom of the conduc-

tion band is calculated to be L4 x 107%,

10.2 Scattering Mechanisms

Fromihé measurément and interpretation of the magnetothermo-
électric;effectfbé with temperature, M. and H. Rodot (42) have
determined,thé scattering mechanisms in operation in HgTé. \At low
, temperafﬁres the sign oﬁ BQ is positive which indicates ionised
iﬁp&rity écéttering, but-at room temperature the sign ié négative
sdeing thaﬁ the ﬁajority,ofithe scattering must be by lattice
vibrations in the,agousticjmode. The variation of,yg, the scatter-
ing parametef,'is giveh in the summary in sectioﬁ ld.h.

In the regjion ofvrobm‘£emperature‘the mobility of electrons
is found to vary as T”d/z aécording to Tsidil 'kovski (31), and as

- T”lfaCCOrding.to Hayman et al. (37).




©10.3 Other Sti
It’ié VCrfﬁ rééofding sdme of thé other effects observed fﬁ”fg'
HgTe, notali of=vhi§htare directly relgted to its semiconducting
Tprdpeities. | |
fBlair5and Smith {47) have observed that the resistivity of

HgTe changes by a factor of about IO"under a ﬁressure in the region
- of 15,000,§g/qm?;’ This is presumﬁbl; due to achange in structure,
bﬁtvnbnothgr-ﬁeéSufeméﬁts are«récorded. A similar effect has been
obséfved,in~HgSe‘(h8) for which the high pﬁessufe étructure has
been:maintaihed:&ﬁlle,temperatures in atmospheric pressure enabliﬁg
. X-rgyﬁphotﬁgfqpﬁs ﬁé'bg ﬁaken. The’phésevh%§'a hexagonal structure
‘best.ﬁéﬁ?eéénpéﬁgﬁyfa highly distorted Naci'structure in which the
Hg atoms farm'only(fyo strong bondsv(éé in the Hg halides) instead
of the~usuai_four in a zinc blende structure.

"Phoieéiéctrén;emissiOn ig reﬁorted~by Sorckin (49). A smooth
‘threshold to the emission at 4 eV is Followed by & steep rise at
h.8 éy to a maximumiét sbout 6 eV where the emission is considered
higﬁifOr‘this typeféf'material., Exaﬁi@atiog of the data leads to
f;gniélectrodggffﬁhity of:h eV'And 8 fofbiddén,zone of 0.45 éV.
' 'Phétoééﬁductivity has been’studied by Braithwaite (50) and by

‘Krwséjet al. (51) who also measured ﬁhe thermalhﬁgrnst effect.

‘The longwave thréshbld for photoconductivity in a thin film of HgTe

at liquid oxygen temperatures is 3.1 microns i.e. 0.k eV.
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Measurements on the photo effects were made before any ideas
concerning the band structure had beén formulatéd and the infer-
pretation of the results in terms of the coﬁplex semi#metél model
would be difficult since nothing is known of the transition prob=-
abiiities between the valence band and the ponducpion band of
between the two valence bands. Hdwever, it seems possible that
the photo effects may be due to electron transitions between the
lower valeﬂce band,ana the Iowest unfilled levels in the conduction
*band, with minimum energy change of 0.4 eV. This figure may be too
high anless'it is assumed that the material vas strongly n-type and
the Fermi level was well above the conduction band minimum.

Lawson et al. found that samplés of HgTe were opague to radia-
tion as far as 38 mierons>(0.055 eV), the limit of the apparatus.
Transmission through p—type'saméles has Dbeen observed by Quiliieﬁ
et al. (52) in.the range 3 to 15 microns. The square of the
absorption constant is proportiomal to the energy of inciden;
radiation, indicating direct transitions through an energy gap of
0.01 eV. This value is in agreement with the proposed. band
structure provided the Permi level is not fér above the conduction
band minimum, which is probably the cése for the p-type material
obfained by annealing in Hg vapour. The energy gap as obtained
from the absorption edge would naturally be the sum of the true

energy gap and the Fermi level. Meagurements in the far infra-red
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‘are normally difficult tO'ﬁake and the effect may;bé’furihef masked
by free é&rfier gbsorption. An energy gap has'been determined for
HgSe (25), by thﬁs,métho@. A ﬁinimum‘is<observed betweén the inter-
5and gbsOrptién gnd. the free éérrier%absorption which‘mOVes to higher
enefgiés with iméréasing free elecﬁrbn,conégntration.

The “&@bsorption spectrum of HgTe and other II-VI cémpounds in
the form of thin films has been studied by Cardona:and Harbeke (53).
The L ahéorption edge and its spin-orbit splifﬁing could be seen
eésily. The fUﬁd&men@al reflectivity and its bearing on the band

structure has also been studied (54).

10. 4 A éummary of - the Properties of HgTe., Table 2.

Lattice Parame¢ét‘ Melting Point 670°C

Electron Mobility

a = 6.461 2°

300K B % 20% 2%
22,000 ‘31;odg 18,000(38) 15,0007 (45) | cm®/V. sec
'7519,600' r25;000(28) » - - "
.23,000 B} 73,000( 40) - _ ;
| s00% 5,1'4 175 77K 2%

| s0*(us)

"0 (28)

50" (45) |

100% (45)

X>V&lues*a83umed by'Harman et al.




Intrinsic Carrier Concentration

300°K 116°K R S P S B
5 1 0.2 % 10 per em® (45)
5.8 2.3 0. ho (28)

Effective Mags Ratio for Electrons and Scattering

Perameter r

300K 200K 100%%
carrier : .
density | 5.0 x 107 5.9 x 1087 24 x 107 | (L2)
per cm” sl g
nf/mo 0.027 0. 007 "
S +0. 2% . 012 -1.5

m /m at bottom
n e

Thermal conductivity

of conduction band = 4 x 107* (hs)

. o, .
300K Remarks and References
kY o7 mw/cm C varies at 1/7 (33)
“otal < vy Ccm ries R [
K .. 2 o 56
phonon = (56)
" 9 (55)

In the above suwmmary of properties, the values quoted are

thought to be typical of those found in the complete literature
g NAY ) X

on HgTe, bearing in mind the degree of perfection of the materials

used.

Thus, though the earliy values for.the electron mobility were

about 10,000 cmZ/V.sec, continued improvement in the production of
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single crystals has led: to great increases in the mobility.

It must be realised that many of the properties depend not
only on the lattice defects but also on the distance of the
Fermi level above the Conduction band, which is naturally‘affeéted

by the foreign impurity concentration.

11.0 Alloys of Hgle

In this section will be considered the alloys of HgTe with the
tellurides of Cd, Zn and Man, and with HgSe, ail of which, with the
exception of MnTe, have the zinc blende structure. Previous work

cn the alloy of HgTle with In,Tey will be reviewed In section 14.3.

11.1 Hgle - HgSe

’Comesitioﬁs in this system have been studied by a number of
- workers (30, 56 - 58). Solid solution exists throughout the system
and the lattice pér&metér changes smoothly but not in a linear
fashion between‘6sh6-x for HgTe and 6,08 E for HgSe (56).

Brach (57) btained some good materiel by annealing the ingéts
at 5OOOC for 100 hours after which there was no trace of free Hg and
then again for 200 hours at EOOOC (homogenising anheél).- Both the
Qonductivity and the number of car?iers rose to a makimuﬁ near the
centre of the system, whilst theimobility dipped in the éentre froﬁ»
.20,000 for HgSe and from 25,000 for HgTE. Values of the Seebeck
coefficient and)effective mass are given. The disagrg?ment betﬁeen
the results aﬂdvthgsé of Nikol'skéya and Rééel.(}O) is explained by

the difference in heat treatment given to the two sets of samples.
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A comprehensi?e table of properties for the compléte range 1is
given by Rodbt et al. (56) for the temperatures 77°K, 293°K and
3730K. The electron mobility is found to be essentially character-
istic of the lattice, and proportional to l/T near Hgle and l/T2 near
HgSe. ‘The values of the effective mass and lattice mobility seem to be
'iittle sensitive'to the disorder of the lattice, but the value of the
lattice thexnﬁl&condubtivity is seen to decréase appreciably from the
extreme values as was aléo observed by Ioffe (55).

In two papers Harman and Wright et al. (h}, 58) discuss the band
structure.‘ Detailed énalysis of the Hall coefficient of HgTe and
, HgSe®;5 Tey. s léadé;to the concluslon that these materials are semi-
fsmetélstith a baﬁdioverlap of approximately 0.07 eV. The absorption
coefficient foergSeiexhibits an edge which moves to higher energies
with increasing free electron concentration. Ihe‘electron effective
mass is found to increase in a similar fashion, and thus. it is con-

cluded that the conduction band is non-parabolic.

1132 HgTe —,CdTé

The properties of this alloy system were first investigated
by Lawson et al. (28) and later by Shneide£ énd Gavrishchak (59),
Woolley and Ray (60). It is well established that solid solution '
exists throughouﬁ the range and that,the solidus, almost coincident
with the liquidus, is practically linear. The lattice parameter
‘(60) shows & slight Cu;;'vatur-e below the straight line joining the

end values. 'The production 6f'single crystals in the system is
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described in detail by Blair and Newman (61).

The optical energy gab, plotted against composition to 90
mol.p.c. HegTe (28), presents a swooth curve from the value of
l.h eV for CdTe. As HgTe is approached the absorption edge
becomes less well defined and measuréments more difficult.

Electrical measurements have been restricted to the range
4O to 100 mol.p.c. HgTe since CdTe has a low conauctivity and &
mobility much lower than that for HgTe. The work of Strauss et al.
(4=), already discussed in section 10.1 indicates that; at low Cd
concentrations, the material 18 a semi-metal. It is estimated, from
the sharp drop in intrinsic carrier concentration at both BOOOK
: andl77oK; that the transformation to a semiconductor takes place at
80 mol.p.c. HgTe. There is a corresponding dfop in the value of the

mobility at this composition (28).

1t.

N

Hgle - ZnTe

This alloy systeﬁ has been investigated by Wooley anleay (60).
Since molten ZnTe attacks’quartz and the weakened ampoule explodes
under‘the Hg pressure, the samplés Qsed were of anneaied, compressed
powders. The lattice parameter follows a curve very slightly below

) - ., , ol
the line joining the two end values of 6.100 A~ for ZnTe and

P

6.°L8

}.-.!

o .. . . .
A7 for HgTe. Also reported is the solidus curve, which
exhibits a very steep rise from about 800°C at 795 mol.p.c. ZnTe tothe

melting point of ZnTe at 1240°C.

\
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A HgTe - MnTe

Telves and Lewis (25) have found that up to 80 p.c. of the
Hg atoms can be replaced by Mn atoms in the zinc blende structure
while the possiblé éoncentration'of'Te vacancies increases to
13 p.c. The interest in this system lies in the introducfion of
appfeciable gquantities of paramagnetic Mn ions into a crystal which

has a high electron mobiiity.

11.5 HgTe - InAs

This system has been studied by Goryunova et al. (86). e
The formation of a continuous series of solid solutions was estab-
lished in a wide concentration range with a zinc blende structure.

The lattice parameter varied linearly with concentration.
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,12 0 The In -Tbllurlum BlnarxiPlane System

An outllne of the phase diagram of this system is given by
iH&nsen (2& p.836). The pr1nc1pa1 compounds are InTe and InzTe
AaInaTe and InzTe5 are formed perltectlcally, and there is a
egtectle‘att90»at.pae,,Te at a temperature of w27°%C. The phase
diagram in ‘the region of In,‘,Te3 has been revised by Holmeé ét‘al;
(62) to include the polymorphism of In Te_  and the peritéctic

compound IngTe,. The revised diagram is reproducéd in figure 18,
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Disgram in the Region of In Te_ (62).

en prepared by the directional freezing
technique (Woolley. and Pamplin 63), by zone refiﬁing in'a

background température of 6008C (Holm®s et al. 62) and by slow
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cooling of the melt (Zhuze et al. 64). Good single ciystals»
have not been cbtained. The crystal grains ére generally a few
mm. in size though thin flakes up to 16mm® in area have been used
(63).
By the use of infra-red microscopy, Holmes et al. have observed
three types'of inhomegeneity in their material. Opague regions

corresponding to grein boundaries have been shown by X-ray diffrac-

tion to consist of InTe. It seems likely that the other two, small
random biébs and a needle-like pattern, are also InTe since Te may be
lost by evaporation in the heat treatment of the material. The
neédles appear to be redissolved above 600°C where there is thought
to be wider solid solutiop in»tﬁé high temperature phase. This work
thrqws doubt on the validity of measurements performed on material
whiéﬁ has not been examined for a second phase by infra-red micros- -
copy - |

The transition temperature between the two phases is found to
be 620°C and-the transition is thought to be reversible, provided

the stoichiometry is exact.

13.1 The structure of IgeTeE

The structure Qf bqth phases of InzTe3 is discussed by WOolléy'
et al. (66) on the basis of X-ray powder photographs alone. It is
found that the structure could be eilther defect zinc bléende or defect
anti-fluorite on which is superimposed, for the low temperature
phase, a pattern of ordering of the vacancies. ‘‘Iwo possible
structures are proposed for the supercell but the evidence is

inconclusive.




- 60 -

Zaslavskii and Sergeeva (67) have iﬁterpreted‘Laue photographs
of single crystgls on the basis‘of the zine blende structure. They
conclude that,.although quantitive comparison of intensities is
extremely difficult, thg results are best explained by a face-
centred cubic 1atticé of space group FLI3M with a three-fold increase
in lattice parameter on the disordered parameter. The structure

is based on‘ﬁﬁﬁﬁlayer cubic packiﬁg with three patterns of ordering.

lﬁ;zugpticalhan@;Bnotoelectric\Properties’

Samples used for infra-red transmission by Petrusevich and
Sergeeva (65) were found to scatter the rediation strongly. When
this had been ailowed for, the absorption edge appea;ed sharyp,
though high abscorption measurements were not made. Thisixatte;ing,
which probably.accounts for the poor absorption curves produced by
other workers, is not explained in thé paper but in view of the work
of Hakes et al. (62) may be due to the preseneerof small precipitates
of InTe or other imhomogeneitieé. The measurements are interpreted
using the formula for indirect transitions and the valués of tﬁe
energy gap obtained are 1.026 eV for the 6rdered and 1.02 eV for the
disordered material,

Woolley et al. (68), defining the energy gap as the point
where the absorption coefficient hasvéhanged by 560 em™ from the
background value, obtain valuesvof 1.16 eV'and 1.10 eV for the

ordered and disordered phases respectively.
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The half maxima points iﬁvthe?fiotocendﬁctivity purfe”(655
give values of O.theV,andvO;QQ:eV ferj0ndéTéd'§Qd disqrdered‘
material respeetiveiy,_ Iheee;cemparetiveiy‘1ow°vaiuesware o

explained in terms of the strong Scattériﬁé‘ébservéd-é'

The several sets of eiectrical'measuremente repbrted,in the
literature have all been made on polycrystalline material so ‘that
goOd-egreement bétweegfresults-cannorjbeeexpected.v’It.is unfoft@nate,
ﬁhet single crystals.éﬁ‘this intereetingﬂeo@peund have not been
oObtained. ” o R

Most workers;assﬁmed that their material'was”stoichiometrie,
although this.may:ﬁotoﬁave beeh correetgf“fhe eembination'of lov
carrier density andflev‘mobility'in tpe;iﬁtrinsic material; as ie
usually obtained“5y7ﬁermel methods ef'éreperetion, m&ﬁe ie&Sure@ents

of bulk propertles below 250 c dlfflcult and questlonable. High

temperature measurements are also of doubtful valldlty because of

changes in the surface layer of samples aﬁdgthe redissolution of’
precipitates. | | Ean |

The 1nterpretatlon of results is generally based on & gimple
semlconductor model although Ioffe (69) has suggested that conduc-;J»
tion maJ be better explalned in terms of & hopplng m#%hanlsm.

Woolley and: Paa@lln (65) together with earller workers have
observed, in the variation of conductivityegnd Hall effect with
tempereture, a changeiin acpivation‘energy»et about MTOOC;  1his

effect was not repqrtedfby Zhuze et al. (6%) who explained pfevi¢@s

oSS s
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results as probably being affeéted by irreversible changes in the
material. They observed that when their results were. not affected
by conducting surface layers, the activation energy was constant
up to the melting point and agree& well with the optical energy
gap-

Variations with temperature of the productilRo, observed by ‘
Woolley and Pamplin for ordered material, were not found by
Zhuze et al., although the room temperature values of 14 and
50 cm2/V'sec for the mobility of disordered and ordered material
respectively ére agreed upon. .The constant’mobility suggests that
scattering is meinly by neutral impurities, probably cation vacan-
cies. * In doped material, the mobility wes found to increase
rapldly with temperatﬁﬁi-(6uﬂ.

From the variation of the Seebeck coefficient with tempera-
ture; Zhuse et al. obtain a mobility ratiolof about 4 and effective
mass ratios of 0.7 for eleétrons and 1.2 fér holes. The mefhod

used was, however, very approximate.

13. 4 Thermal Cog@ggtivi&x

As with electron mobility, the thermal conductivity of InzTea
is very much lower thén thaet for normal zichblende compounds in the
same isoelectric series. Zaslavskii et al. (67) have measured thé
lattice thermal condﬁctivify of cast and ceompressed IﬁzTésrsubjected
to varidus heat treatments. They conclude that for disordered
material the very. small value of 6.8.mw/cmOC is due to the

scattering of phonons by random vacancies.  -The value for ordered
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: . 0, .
material, 11.2 mw/cm C at room temperature, rises considerably

at lower temperstures.

Concifusion: The Effects of Orderi:

.Despite the difficulty in obtaining reliable measurements,
it seems clear that the Qgﬂering of vacancies in InzTes has a
considerable‘effecf on the properties. Both the thermal con-
ductivity and the electron‘mobility‘are greater iﬂ the ordered i.
material. 'The energy gap is #pparently wider and the number of
carriers increased in é way that suggests changes in the band
struc;tﬁre (63). Thermal conductivity results indicate that
différéﬂf”Scattering mechanisms exist for phonons in the two
phases.

It is té be hoped that large enough: single crystals of
reliable stoichiometry will be obtained to enable this work to

be completed.

14,0 In Te_ Alloy Systems

Solid solution between defect and normal zinc blende struc-
ture compounds is found‘to exist for a number of éanbinatiogs of
elémenté. Thus In,Teg cén be successfully alloyed with cmnpounds
of the types In-V and II-Te. The principal interest in such
alloys is the systematic introduction of vacancies into the

normal structure. These vacancies naturally affect the electric

and thermal properties of the materials.




- 6’.;,..

vlh.l The Systems. InébTeain InSband InAs

The range of solid solution of In Te, in InSb vas found to
be 15 motlecul:a.r per ceant by Woolley et al. (70) by X-ray
an&%ysis_of"annealed;samples. Above this valuevﬁhefmaperigl
was two phase, the éecondvpf vhich was éhowntto~5e;possibly
In,SbTes having the MaCl structure (71). The striking fedturé_
of "the electrical results is the shﬁip increase in the nuﬁber;of ’:
carriers from 10*® per cm® for InSh to-a‘maiimﬁm of almosijldls
pe:r'cms at about Q;j mol.p;c; ThiS'is‘dae toythe introductién ;f
Te as an effective @onor'SubstitQting fpf-Sb; At highér peréen- .
tages the added Inzwbs behaves'infthe expected alloying ﬁannéf;

The mobility of electrons falls rapidly wi£h~increasihgiyacénéies.
Where it is determined by the scattering of latticé vacaﬁciesa the
mobility is. found to'be inversely proportiqﬁal to tﬁé avefagé f
distance between the vacancies. The variéﬁibn of intrinéic ehergyv
gap is obscured by the Burstein-Moss effect due to the large
carrier deﬁsity. 4

In comparison with InSb, Woolley et al. (72) found that InAs
formed a complete range ofvsolid,solutiom»at high ehoughftéhpera;‘,
tures but tha£bé-closeqvmiscibilify ga@ exigted in the range 10 to
35 mol.p.c. In,Te,. On'the basis‘of differential thermai"analysis,
a phase diagram was propose& by Gasson et al. (73) who also found
that the system.was not truly pseudo-binary.‘ The numbér of
vacancies in the lattice was thereforé smaller than expected. In

order to oversome this drawback, samples for measurement were made
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by préSBed ﬁoﬁdergméthedsu. The electrical results exhlblt
,81mllar features for low percentages of In Te as were observed

in the InSb,ays$em, nd as the range is cempléte,~the decrease of

'the number of ers ‘and the mebility to the low values'ﬁﬁ?

InzTes could be f@llowe@ _ Gasson et al. flnd‘that a theory of -

defect inter 8. 1s capable of offerlng an adeguate explansa-
tlen @f the varlation o electron concentratlon with comp031tion

1n,thas“andfsam&='r»alloys.' Woolley et ald on the other hand

exp the varlatlon ‘of the carrler den31ty by the intervention

of an, pper co ducti&n band of low moblllty.

ne have 1nvest1gated the reflectlvity of

B th systems. Their resultsfare discussed

thought to correspend: to a eutectic at 65 mol.p.c. The values of
the optical enérpy gap plotted against cOmpOsition for the single
phase materialy. lie on .two straight lines which meet at the 50

mnol. P« c.. compesition considerably above the line joihing the

valueg for CdTe and In,Te,.
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A phase diagram for_the system has been proposed by

Thomassen and Mason {(77) thch is not in complete agreement with
the above work. In particular a peritectic compound at 50 mol.
p.c¢. appears to form a th phase region with the CdTe phase.
The central miscibility gap extends to 83 mol.p:c. with a peri-
tectic compound at 75 mol.p.c. In Te . 1In a later pgper‘Mason
and Cook (78) reproduce the phase aiagram and describe methods
of ?reparing the peritectic compositions. Thé diagram is

shown in figure 19.
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Fig. 19.: Phase Diagram for CdTe-In Te (78)
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lh.},Thé;Hgs?gﬁlf_geéieb,and~Hg3Te3 - In Te, Systems

The lattice parameter and limits of solid solution of these
twe relsted systems have been described by Woolley and Ray (76,79).

Their results”are‘reproduCed in figures 20a and 20b.

| 6.3 \\

‘\\: - !
- 2«9 '
In Te _ -
o 2 3 Hgle | Ga Te
a (76) o oo (19) %3

'%ig.fzb. VE?iB&ioh*ﬁffLattice.Paiametef with Composition.in mol. p.c.
| There appear two regions, one centred at about 40O moi.p.c.
and.the‘other at about 75 mol. p.c., where an ordered structure is
superimposedfon that of the ginq blende phase. These two compo~
 sitions will be aiséusééd‘in'more detéil below.

e Comound 45,01,

The Ordefed‘aéf;ct compéund ABQCITe4, Whefe’A can béan, Ca
or Hg and B can be Al, In or Ga, was first investigated by Hahn
(75),an§ has‘béén'reported on by other workers in this field.

The structure is tetr&gonal; being similar to that of chalcopyrité

CaFéSQ. The ¢/8 ratio is 2 so that & pseudb—cubic‘lattice parameter,
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has "been,;liéed in the sbove £ igui‘es. Apart

‘eefTﬁOO °k and 800°%k u51ng both polycrystalllne

'”e,crystals.f The moblllty ratio, calculated from

at 40 mol.p.c. Ga,Tey
> was prepared by the
freeze 'mé‘fuiatti’eeperameter of both

‘ 227 A B2 and the den31ty measurements

tly'to Hgqu eB. Both ends were p-type
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| CHAPTER III

‘af this chapter deals w1th the synthe318,1“ 

ex 1natlon of the materlalyf' This i followedf

of the apparatus and experlmental procedure tof

attlce parameter, 0pt1cal energy gap, electrlcal

guCt1v1ty, and the Hall and Seebeck coeff1c1entsf

;ixthe pewer <o

'4f of 6 amps,lim ent.

“h“d:llttle heat lose

;about half a
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The furnace used for reacting and melting the materials was mounted
on a centrél axis so that it could be rotated to either a vertical
or horizontal position. Samples were annealed in a horizontal
'furnace fitted with a larger tube of bore - 5 cm. Considerable
bexperimentation was needed before the cérrecthQriation in the
windidgs was found. to produce a uniform temﬁerature région large
' enough for the pﬁrpose,and.it seems that this size of tﬁbevis'the largest
in‘which this can be achieved without recourée to t@e_methOd,ka
tapped windings. o

The temperature,variaﬁion of about 5°Cfin the central part of
the furnace was further reduced by the use 6f sheaths ﬁéde from 2 mm
wall S$ainless‘§teel tube or for temperaturés aboﬁe 9QO°C‘ Iriconel
tube,‘supplied by Henny Wiggins company. Inside such a sheath 15 cm
"long, the temperature varied by less ‘than 1°C for the whole length.

Samples which had to be annealed at 6OOOC were wrapped in several

layers of aluminium foil (m.p. 66OOC) enabling a large number to be
fitted into one furnace; Those samples needing higher annealing
tempefatures wefe placed in-metal sheaths.

The furnace temperatures were controlled by anticipatory
transitrol instruments made by Ether Ltd who carried out routine
inspeétipns,andyadJustpents every six months. The temperatufe’
coﬁld be héid stea&&fto a‘high degree’of'aécﬁraéyiparticul&rly

inside a metal sheath.
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18.0 Preparation of m&ﬁeriéls

| In the préparﬁtion of all semiconductors the reduction of éll
unwanted impurities tb insignificant levelé, and the correctness
éf sfbichiometry, is of prime importanée. It was therefore nece-
ssary to take & number of steps to ensure the purity of the
materi;ls; Afgood‘dgscription of the techniques of obtaining

pure materials is given b& Lawson and Nieisen (82).

18.1 Purity of the elements

In the earliest part of the work commercial Te was purified
by successive diétillationé from;a glass cdmpartment at Q5OOC to
a s;milar cooler‘one;;under continuous vacuum provided by a rotary
0il pump, the process being repeéted ééVeral times until the.
'surface.of the Te apﬁéared bright aﬁdiciean, but later 99.9995 p.c.
Te was obtained from Canadian Coppér Réfingrs Ltd. aConmercaal €diy
wis purifiedeinte simidar manner. The HgVWaé first passed through
a column of weak nitrié acid and then»disfilled three times in the
standard double coluﬁpkapparatus,.aftef which treatment no impuri-
ties could be observed to be floating'bn the surface, which indi-
cates an impurity level of less thanazfeﬁ parts per million. Other
elements were purchasedvfrom Johnson Matthey & Company or from
L. Light and Company in the form of small lﬁmps, or powders, and |
had a purity of 99.999'p‘c.or‘better; The black'surface layer

which appeared on In vas removed by an HEl etch.




-T2 - :

18.2 Synthesis of materials

As none of the elements used reacted with quartz, all the
compounds and allovs were formed in transparent silica ampoules.

In the case of compounds, stoichiometric gquantities of the elements,
having been weighed to 0.% of a milligram, were placed in a carefully
cleaned silica tube sealed at one end. The tube was then drawn to a
narrow neck & little above the elements which were protected from the
heat and hence oxidisation and vaporisation by a few turns of wet
asbestos yarn wound on the tube. After a few hours at a pressure of
less than one micron of Hg, which was provided by an oil diffusion
puap couplied to a rotary backing pump,the neck was ée&led leaving a
wall as thick as possible at the end of the awpoule. The low
pressure inside the tubes corresponds to the order of 102 molecules
of gas per cc and £0 inbtroduces a negligible degree of impurity.
Improved degassing could be achieved by gently heating the tube while
on‘the pump, but this is not possible if Hg‘is present or if there is
powder in the tube as both pass through the neck.

After several attempts to form ingots by guenching or slow
cooling fran the melt, the following method wag adopted as the
standard heat treatment. 'The constituents were reacted at about
M5OOC and then the compound was heated to about 100°C above the
melting point. When Hg, which has a vapour pressure of 22 atmospheres
at 6OOOC, is present there is great liklihoo@ of an explosion if the

furnace temperature is not carefully controlled and increased slowly.
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As a precaution all ampoules were placed inside métal sheaths

so that, in the event of an explosion, the>furnace sheould not

be damaged. All materials were kept liquid for at least six
hours. =~ and were mixed by rotation of the furnace. Ilnzois were
formed by cooling the melt at about lﬁOC per hour to well pelow
the freezing point and were further coecled in the furﬂace-to near
roon temperature by switching off the current. The best ingots
were

]
2

seemed to be férmed wheun the furnace, andvhence the awpoule
at an angle of about 20° to the horizontal. Ingots which needed
further heat treatment were then transferred to the wider bore

annealing furnaces. The standard annealiﬁg procedure was 60 days

at 600°C.

18.3 Notes on the cutting of Ingots

The ingot size which provided the least waste of material was
found to be 0.6 cm in diameter and a few cm long. Wider ingots
tended to have porous central regions, ahd shorter ingots sometimes
broke into pieces too small to be of use. Ampoules were gpened by
cutting off each end; the ingot could usually then be pushed out.
Only certain of -the alloys containing Cd showed expansion on cooling
and for them the procedure adopted was o cuﬁ the silica with the
ingot inside. Cutting was carried out with & 4 inch diameter car-
borundum wheel 0.015 cm thick, at 4,000 revolutions per minute,
which was cooled by a continuous jet of soluble oil. A clear
plastic cement.whiéh was easily solublé~in acetoné and which,

af'ter being heated a little, set hard in 15 minutes, appeared to
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be the best way of fixing the ingots to 1 in. steel cylinders
which were clamped magnetically to the movable table of the
cutting machine. All traces of oil and glue were removed from
the final samples cut from the ingots by washing in continuously
distilled acetone. It is Unfortunate that even with the above
procedure some of the materials proved too brittle to yield good
samples; this particularly applies to unannealed materials.

Fach ingot was first sliced in half lengthwasy and the best
sections chosen for furthervcuts into samples for electricsl and

- optical work.

18. 4 ‘Grinding, polishing and microscopy

At least one cut.surface in most ingots was inspected under
a polarising microscope having a magnification of about 100:x.
A variety of polishing technigues were‘tried and the foilowing
was found to be the best.> The freshly cut surface was further
ground figure eightwise in a paste of water and grade 700
carborundum powder on'a glass plate until ‘it appeared uniform.
At this point the crystal grains became apparent, each different
orientation showing up In obliguely reflected light. Polishing
proceeded in two stages: firstly on a beeswax lap contalining
the same fine carborundum and then on a similar lap containing
alumina of 2 micron grain size. Finglly the sample was rubbed
on Belvyt cloth. A fine mirror surface could be obtained with
homoéeneous material aithough a féw scrateh marks still showed

up under the microscope, as in figure 2la.







- 76 -

ct
=
i
ct
oy
®

Microscopic examination revealed two types of defec
materials. Firstly, holes in the ingots showed up as dark patches
as in figure 2la. It is thought that these may be due to pockets 1

of gas rewmaining in the solid or small amounts of weak material |

which had been removed during‘the cutting process. 1t was also
possible to discover a second phase in the matéria] by its differ-
ent reflectivity, provided that the regions of the second phase
were large enough‘fo be observed. Thus the two phase regions in
many of the spot composition ingots of figure 21b could be obhserved,
as could the grain boundaries in impure HgTe, which must have
cousisted of Te. Two phase rcgions. could not be detected By this
means in compositions at aodout 55 mel. p.c. In,Te, in Hgnga which
by X-ray examiﬁation contained two phases of differing lattice
parameters. Figure 21b shows a typical two phase region. It is
taken from the extreme top of an otherwise homogeneous " ingot at the
composition 7.5 mol.p.c. IngTea in HgsTeé. Thg minor phase may 5e
HgTe or, more likely, Te. Since HgTe is singlé phase at all temp-
eratures below the melting point under normal pressures (section
9.0), and since it is likely that alloys near HgTe are similar, the

second phase is not a remnant of a high temperature phase.

1¢.0 X-ray Techniglies

At least one X-ray photograph of each ingot was taken. The
object of this was two fold: the lattice parameter could be calcu-
lated from the spacing of the lines, and the sharpness of the lines

gave a good indication of the condition of the material.
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Photographs were taken using a Debije=Scherrer powder camera
fitted to a Philips X-ray Diffraction Generator which provided Cu&j
radiation through a Ni filter. A narrow collimator and an exposure

-of 24 hours gave £he best results with,the very fast, fine grain
film, I1ford Industrial G. Small but representative samples from
the' ingots were finely powdered in an agate pestle and mortar and
mounted on thin glass fibres with collodion. Neither the glass nor
the collodion give rise to any lines, althoﬁgh they do increase the
Eéckground darkening especially at low angles. The overall size of
the fibre plus powder was sbout 0.25 cm. Care was needed in the
centralising of the fibre in the caméra.

Thé sharpness of’the high angle lines is influenced largely.
by the degree of homogeniety of the samplé. Thus if in a sample,
the lattice parﬁmeter varies even only s}ightly from one set of a

 few hundred atomsto the next, the overall effect leads to diffuse
lines. In general, samples which had beeﬁ annealedéfor a ‘fewkveeks

at a high temperature showed much improvement in the sharpness of
the lines. This is shown in figure 22. Inéots showing diffuse

| lines even after~§nnealing were usually rejected, or, if measure-

ments were taken they were regarded as doubtful. Material whiéh
splite into two phases can also be analysed by X-fay diffraction

provided the‘wegkeét phase is not less than about 15'p.c.: a

lattice parameter can be calculated for each phase.
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19:1 Determination of Lattice Parameter

The asymetric method of mounting the film, due t}oieﬁns and
Straumanis, has ‘the advantage that no calibration of thé cs.mefa
is needed since by the measurement of both low and high angle '
lines, the positions corresponding to 8 = Op and 8 = 900 can be
found. After processing, the 25 x 355 mm film was attached firmly
“to the g‘lass‘pléte of a Hilger and Watts vernier film measurer 80 .
that the poS\i’é‘i’on of the lines could be mea»siured to aﬂ accuracy of
0.05 mm. |

Cubic lattice parameters were calculated according to the
standard method (83 ch.13). At least two of the high angle
doublet lines (due to the 0.25 p.c. difference in the two CuKa
wavelghgths):which could be resolved were meésdred and the value of
the lat,tice. parameter calculated for each. The results were plotted
against the function (85 p. 190) which corrects foi'f absorption and
divergence of the X-ray beam: the value of the extrapolation to 90o
was taken as the correct lattice parameter a. The gccuracy of the
determination depended mainly on the sharpness of the lines, and for
well resolved high angle lines the error in'va.0 was reckoned to be
0.902 As

| For the cubic structure ‘thev lattice parameter a is calculated

from the reflection angle 6 using the Bragg eguation
2
- AN 48,

4 a2
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where A is the wWovelength of ihe radiation and N is defined from
the Miller(indiées.h, k and £ of the reflecting plang by the
rélation

N=n? + K + 42 | R k9.
In the zinc bléndg gtructure, being essentially face centred cubie,
values of N are ﬁéstricted to those where h, k, and £ are homogeneous.
The Se$10f~str0ng7lines which eppear on a péwder photograph of any
l méﬁerial with a“diamcnitypg structure are iﬁdéxed N=23, 8, 11, 16,
19, 24, 32, ... Usually the remaining f.c.c. lines N= 4, 12, éo,
36, ... can be seen weakly for zinc blende materials. These latter
lines were visible in HgTe, but not in some of the close alloys as
ig shown in figure 22. The final'ﬁalde of N occurs for the highest
value of 6’1e€sgthah,9oo. Thus, although line 67 of the strong
éeries could:be;ééEhﬂih HgTe photographs, it was not present for
50 mol.p.c. In Te, in Hg,Te,. The calculation of the lattice
parameter for the 1&tt¢r relied on the considerably lower angle

lines N = 56, 59 and for this reason was not so accurate.

20,0 Inirgredhiﬁag§gissien

. The object of this work was the déterminatiop of the optical
energy gap. The nature of the §amples and the apparatus did not
allow acclrate determination of the &bsorption edge so that neo
knowledge could be gained about the nature of the electron energy
transitions.

The energy gap is best determined if the complete absorption
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edge can be plotted as a function of wavelength. This means that

some transmission in the high absorption part of the spectrum must
be obtained, which necessitates sensitive detection and amplifica-
tion of the transﬁitted signal, and alsc samnples considerébly less
than 100 microns thick. The production of these thin sections was
‘considerably hampered by the brittieness of the materials, even in

single crystal form.

"20.1 Preparaticn of samples

The following procedure was found to provide asdequate samples,
and ayoided a high number of breakages. In the region Between the
vigible and a wavelength of 2 microus, Where most of the absorption
edges of the materials investigated occur, glaés and most kinds of
glue are still transparent, so that the thin sections could be mounted
on glass slides. The glue used was Lakeside TG whi;h melts at about
SQOC and sets into the same volume as its liguid. (This is not true
of the solution types of glue which were unsuitable for this purpose).
One face of a section, usually a quartérﬂéf an ingot cut lengthwise
and then across, was given a high degree of polish by the method of
section 18. 4. This %as then stuck to the thin glass slide and
surrounded by three pieces of copper foil 90 microns thick. The
whole was stuck to another small piece of glass so.that it could be
gripped for polishing. .Also any defects in the section, such as
porosity, could be seen wher the slide was viewed ag&inst the light.

The purpose of the copper foil was two-fold. 1In the first place;
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"because it is~é littie.harder than the sample, it grinds_downﬁless
faét’and,ensuies an~even thickhess for the 53ction. Secondly,

vhen the foil reﬁches about TO microns in thickness, 1t is easily
'removed fran the'giass slide and this gives a good indication of

‘the thickness of the section. After the removal of the copper, ‘the
.sample~vas péliShéd on the beeswax lap containihg_carbérundum‘TOO..
'Thué the'fiﬁgifébtiéﬁ was about 50 microns thick but wéé still
suppbrtéd on theathih»glsssﬁslide. For thoéé samples whose ehergy
gup lay Turther in the infrared the séction had to be lifted carefully
from ﬁhe gl#ss, which had been gently heated to melt the glue, placed
in warmed methanol to allow theglue to be dissolved, and transferred
to écvef a suit&bly:sizeﬁv&perture in & metsl plate. This naturally
resultéd An ~thefb<x'fe_a‘-;kgge of several samples.. Pinally ,'\ before the
sections wére‘seﬁ up fbr ihfr&red meaSuréments, any trahsParent'are&s
surrounding or withih thé;Sections weré covered over with matt Elack

paint.

20.2 Meapur

5

Two soufﬁes éf fadiationiwefe used. For the near infrared, a
50 watt m&iﬁs p?bjéétor'lamb-(run'at two ﬁﬁird§ power for longer
 life) éﬁfficéd; but beyond 2 microns wEQeleAéth, it was~necessary,to
. use & Nernst Tilament. Méasurements of transmission were taken with
a Hilger‘and Wétfsflarge apérture‘spectrometer using as the detectdr
a linear vacuum tﬁgrmggile conneétea ﬁo,a;gélyanometer amplifying

system. Some trouble was experienced with the thermopile due mainly
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to the loosening of the césing screws and also to its extreme sensi-
tivity to changes in the ambient temperature and to mechanical
vibrationg. The wholé apparatus was placed on a foam rubber mat
and the thermopile wrapped in cotton wool, although at times even
these precautions were nct adedu&te to prevent drifi.on the secondary
galvaﬁometer.

A glass prism was employed in the range up to 2 microns and the
spectrum of the lamp as transmitted by a thin zlass slide coated with
a layver of glue was first determined. This showed a smooth. curve with
é maximum near 1.3 microms and a sharp dip at 1.35 microns which was
thought to be due tp absorption by water vapour. For certein of the
sanples, the monochromator slits had to be fairly wide {(up to 0.5 mm)
in order to cbserve the complete absorption edge, sothat in general
the absolute value of the percentage transmission was not found.

This was unimportant in the plot of the log of the percentage
transmission as a function of wavelength. Interpretation of the edge
as regards energy gep is given in section 5.1.

In the region béyond 2 microns wavelength the glass prism was
replaced by one of rock salt, and the sectibns no longer mounted on
glass. Becausé of the rapid change of transmission Qith wavelength
due to absorption peaks in the atmospheré it was necessary to measure
consecutively the transmission intensity first through the section
and then through a similar sized plain aperture. This could be done
provided none of the readings was sufficiently large to send the

primary galvanometer beam off the prism which divides it in the
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secondary circuit. In practice this limibted the ratic of

. . PO s - [}
transmitted intensities to - 1:107.

*

The calibration of the wavelength was checked using the
lines of the sodiuwm spectrum. The first experimentwas performed
on a sample of Ge. The value of 0.775 + 0.025 eV obtained for the
energy gap was . slightly lower than that generally quoted but
within the éxperiméntal error.

Two rélated factors prevented a more detailed examination
“of the absorptidn edge. As the sectionscould not be made thinner
than about 20 microns and rarely as thin as that, it was necessary
‘to use wide monochromator slits, which implied dispersiocns of up
to several hundred Angstroms and a corresponding lack of definicion

of the edge.

Measurements

21.0 Electric%
A singlé‘apparatus was designed to measure eléctrical
conductivity, Eall'and Seebeck coefficients:Coﬁsecutively at
témperatures in.the range 5OOOK to SOOOK. The basic design 1s
standard and a fuller desﬁription of this type of apparatus is
found in reference 12 pp.33 - 55. Details of the’present apparatus

can be described conveniently under three main headings.
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21.1 The Sample Holder

Figure 23 shows the design of the holder which measured

Conductivity Sample Hall
‘ Probe

probe . . - Adjusting
\\\\\\\\ : j// , screv.
T TN I A

Seebeck heater \\\ //(/

C0pper blocks

4o

\ ‘ Denotes thermodouple
Fig{"éi?The Sampié“ﬂoldér.
7 - by 2 cm. The base was machined from pyrophyllite which is
eaSily,wofkedﬂgﬁﬁ‘E&Sfé‘high electrical resistivity. All probés
and blocks were’Secufed to the base by 8 or 10 B. A. nuts and bolts
to which, on the‘reiéfSe side’of the base, copper leads sheathed in
refrasil (a highvtempéiature woven insulator) were attached. Contact
between the,samplgj&ndgthe cqppér'blocks vasgﬁaintained,by pressure
from the adjusting sciew;  This arrangémentvworked wéll‘p?pvided the
" temperature wasﬁalwayékincreésgd during the ékpériment, and
eliminated the negd for éigborate springApreSSure, althoggh éontact
‘vas soon‘ losgt if 1‘;he temperature was _decreaSed; The yf‘ac,e;s of the

copper bldcks were cleaned after eath experiment. Contact to badly
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finished and short samples was improved by a coating of silver
dispersed in solvent MIBK, manufactured by Acheson Colloids Ltd.
This practice was generally avoided because of the:possible con-
tamination of the sample. |

The two condqctivity énd the two Hall probes were made of
0.3 mn tungsten wires etched electrolytically to points; which
maintain their springiness at moderately high temperatures. Good
- Ppressure contacts could be made by bending the wires beforehand
in'fhe“apprOPriate directions. The alignment of the'Hall probes was
carried out while a current flowed through the sample. The position
of least standing voltage thus found did not always coincide Vith
the geometrical oppositibn of the probes, and for certain of the
high resistivity samples the standing voltage éould not be reduced
to the same order as the Hall voltage and thus had to be'counteracted«
by a bias voltage.

The dimensions of the sample were measured with a micrometer
screv gauge and the distance between the conductivity probes placed
on the upper face of the samplé with a travéliing micros;ope. As
the length of each sample was limited to about 10 mm by the shape of
the "ingot from whigh it was cut, the optimum~rectangular Cross-
section was 2.5 mmi X 1.5 mn. Certain'sémplés, because of their
brittleness, had to be made smaller than this, although it was
never necessary to apply the correction taking into account the

shorting effect of the end contacts on the Hall voltage. (12 p.h5).»
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e hot junctions of two chromel—alumel thermocouples were
placedrinfinely drilled holes in each of the copper blocks and
fixed by small quantities of Aquadag, whilst the cold junctions were
kept”at“rbbm temperature., Thus both the absolute temperature and
unifofmity of temperature along the‘sample~c6uld‘be ascertained
during the conductivity andAHalliéffect meaSuiements; Alternatively;
the current leads could be used in the meaé@rement of " the thermo-
electric voltage set up in the sample by the 5 ohm,héateé wound on

the upper block.

21.2 The Magnet

A medium-sized electromagnet was constructed on the "jpremises.
It was designéd so that the gap between the pole pieces could be
adjusted to give the maximum field that the width of the apparatus
placed between the poles would allow. Connected to the DC suﬁply of
120 volts it took & current of -11 amps and provided a maximum induc-
tion of 10,000 gauss at a 2.5 cm pole gap. To accommodate the
furnace and its waﬁer cooling jécket’mountédiverticaliy between
the pole pieces, the gap had to be widened to 5 cm. This lowered the
induction to 6:,,250 gauss which, néveftheleégz, enabled the Hall
voltage to be measuféd‘on all but some high~reéist&nce~specimens
through which only a low current could be passed at rGOm‘teQPeraf
ture. In the central plane between the T qm diameter pole faces, the
induction was uniform to within 5 p.c. ovef the pole area but there
was a considerable increase in induction near the bevelled edges

of the pole pieces. The magnet was not water cooled but could be
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left on for sufficient time for each reading to be taken, without.
L “
any noticeable drop in current.

rangement and. Progedure

The s&mﬁle"hoiderfwés~m0unted»on a brass rod attached centrally
to a 10 cm brass platé containing three ceramic to metal vacuum
. seals through each «of’wh-ich four of the electrical leads passed.

'Fig, 2& shows the sample holder fltted into a sillca tube that had

iOne end to meet the brass plateeununo ring seal.
eggbledfthe pressure 1n51de the tibe to,be $11ghtly
above atmospheric. Gas could be let in, or the tube evacuated via

the aperture at thegbase ofethe ‘tube. Originally, the eXperiments were done

in vacuum to avoi S oxidation of the sample and copper parts, but. itwas
later dlscovered t ’t”samples decomposed at a hlgher temperature in an

atmosp re of>anggm; Before each experiment therefore, the tube wasg

\ flushéQ%with;gigeq:seVeral'times and finally filled to a pressure of
% 1b/sq. in. above atmospheric. -
A Kanthal furﬁece'wes-wound nOn—inductiveiy round- the silica
tube whichvhad first been covered with a layer of asbestos paper.

A covering of alumina cement Separatéd the windings from & narrow

water;'A ing jacket. Readings were taken only on heefing:up every
quarter of an hour after a current increase efeO.E amps which

' provided a temperature increase of about 15OC, until a maximum

temperature of about 400°C was reached at 7 amps.
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Electrical readings were taken on a variety of instruments.
Originally all were taken on a potentiometer reading from 1 volt
down to 1 microvolt, but as the off—balance current from the high
resistance samples was not sufficient to deflect the galvanometer
coil, the potenticmeter was replaced by a Philips D.C. Microvoltmeter.
The latter had an input impedance of 1 megohm on the low range, which
‘was considérably above the higheSt impedancé of any sample measured.
It had the advantage of providing accurate readings‘in guick succes-
sion. To this ‘instrument were connected in tﬁrn the conductivity
probes, the Hall probeé, and, after a temperature gradient had been
set up, the leads from the copper blocks to measure the thermo-

electric voltage.

21.31 Seebeck Coefficient

Temperéturés were measured on a small potentiometer reéding
to 10 uV so that the possible error in the temperaturé difference
of about 10°C was about 5 p.c., but because of the nature of the
contacts to the sanmple the valug of the Beebeck coefficient thus
obtained was probably slightly lower than the actual value. The
values were sufficiently large for the Seebeck coefficient of copper,
1.5 pV/OC, to be neglected. The temperature at which the Seebeck
coefficient was measured was taken as the mean ofbthe two extreme
temperatures.

The Seebeck coefficient was calculated from the formula

a:Q/aT v eel. SO

vhere Q is the thermoelectric voltage in puV. developed under a
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temperature difference 6TOC,

21.32.. Conductivity

The current to the sample was provided by either a battery of
10 accumulators or a stabilised power supply. The output of the -

latter could be varied up to 30 volts or a maximum current of 0.5 amps

and incorporated its own ammeter/voltmeter which was checked by means -

of a standard resistance and the microvoltmeter. In certaln circum-
sﬁgnges the power §upply caused irreversible voltages tc be set up
on the condUctivity probes and it was necéssary to use the battery
aad a potential divider. The magnitude of the battery current was
obtained from the voltage across the standard resistance. Low
curfents through the saumple were 8iso measured in this way.

The condqctiVity was calculated from the standard formula

o =< ba vee.. 51.

c
where VC is the mean of the‘twoAvoltageé on the conduction probes
for forward and,revérse currents, 1 the distance between the probes,
I the'purrent, b the breadth of the sample and d the depth. All
lengths are measured in centimeters and electfical guantities in
practical units as is the standard prﬁctice ih semiconductor work.
Iﬁe reversal of the current was necessary to eliminate the effects
of stray thermoelectric voltages which for some samples'werg
appreciable ét room temperature. Provided the sample is homogeneous

and the probes are in a region where the current density is uniform,

the conductivity should be obtained to a high degree of accuracy.




21.3%" Héll Iffect .

In the‘méasarément of ﬁhe Hall voltasge not only was the current
reversed but alsé‘the magnetic field; thus V. is the mean of four
readings. This procedure eliminates-all errors except those‘due to
the EttihghaLxsen effect {12 p. 27) and the inhomogeniety of the
sample. In general the four readings showed random variation,
;gltﬁoughitherefyere,oqcasions when the reversal of the‘field produced

5

‘a noticeable difference. Fluctuations in the current due possibly to

defects in the contacts made the detection of the Hall voltage impos-
. sible for some samples. However, these tended to die oUl with
increasing temperature. VWhere the alignment of the Hall probes was
1

not achieved, a biasing voltage provided by a potentiocmeter immediately

-

before the microvoltmeter was necessary, and unforsunstely this had
to be of ‘the order of 100 times the Hall voltage for a few samples.
The Hall constant was calculated from the formula
v, d
H
IE

R= x 10° cmS/Coulomb ceves 520

where B the induction is measured in gauss. .

The accuracy-of the Hall coefficient depended on the conditioh
of the sample and its concuctivity. For homogeneous material and a
high conductiyity, the error was probébly small, of the order of a

few per cent. At temperatures where the resistivity was high and

the fluctuations of the standing voltage on the probes was of the
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order of the Hall voltage, the error was possibly a factor .2 or 3.
- Measurements that were difficult to obtain are indicated in the

presentation of the results.

*

22.0 Thermal Copductivigx,Measurement
The thermal conductivity of a poor conductor is one of the most

difficult properties tb measure since the témperature in all the .

important part of the apparatus must be specified and carefully

;contrélled. In vieW'of‘the difficulties in the techhnology. of

,apparatus for‘measuregent at high and low temperatures, it was

decided that an apparatus for use only at room temperature would

be built. The size of the apparatus was governed by the dimensions

of the samples, which were either cylinders 0.6 cm in diameter and

about 0.5 ¢m high or of slightly larger square cross-section and

" not so high.

The différence'in’quaiity between a modification of the Leesf
disc method of measurement énd the comparison methqd is slight at
rocmvtemperature. The absglute method was chosen because it could
be used for a variety of thermal resistances without an elaborate set
of standards.

Figure 25 shows the design of the apparatus.. The heat
source, a 1 cm diameter copper cylinder containing a 1 watt
electrical heater, was secured centrally by a thin rod of perspex
to the copper base. Closely surrounding the sSource though not

touching it was a copper shield which push-fitted into the base.




Ball bearing
in pool of
mercury

‘ \Swj,

- Sink

Sample

[T———Heat source
[ Shield

| TT———Perspex

support

Shield
hea'ters

Y

, Steél base
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Both the shield and the base were heated independently and the
basge was insulated from the stand by a section of sindanyoc. A

lock of copper acted as a heal sink. FPressure on the saupie was
exerted by the weight of a steel slide of vertical movemernt through:
a spring loaded ball bearing to the sink. Do prevenﬁ the

temperatur

ot the sink rising, heat contact to the slide was pade
oy . a pool of mercury round the ball bearing énd~spring. The «
advantage.of h&ving the apparatus this way.up lies in the ease of
replacing samples;:only the slide and the sink need to be méved for
access to Lhe sample so that none of the delicate electrical leads
are distufbed.

it is’essential in this work that the thermal resistance
of the contacts between_the sample and the copper surfaces is
negligiblé. ‘ihe SPecifiC resistances of various types of contact
'areidiScussédiEy Bauerle et al. (&k p. 293). It is apparent that
liguid metald coatacis are far superior to otheré. At room tempera-
ture the most;Suitabie 1iquid is & eutectilc mixture of In and éa.
In comacn with the'iindings éf‘Tielseh (85) it was ocbserved that In
reacts witlh HgTe to form a corrugated, dul;'grey surface. This
defect was overcome by coating the samples‘With a thin iayer of
silver'dispérsion'before applying the liquid.

Teuperature measurements were made at the points marked T ia
figure 25, using calibrated copper-constantan thermocouples. By
carefu} adjustment of the heating currents, the temperaturés of

the source, shield: and base could be matched to within 1 per cent
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of each other. All electrical leads from the source were of fine
wire and passed through,the,shield.. Thus heat losses due to
radiation,and'cond&Ctionvwere minimiéed. The experiments were
performed in vacuo t6 prevent convection.

Potential measufementS‘yere made on a Philips ﬁicroﬁoltmeter.
At the point where the copper current carrying leads joined the
source ﬁéater,'leadsQﬁere'cdnnected‘for thé”geasurement of the
: petén£131 gcr$s§'£hé heater.‘ The cufrentfthrough the heatér was
 obtained*ff6ﬁ’thé;vbitage;across a standard resistance. The thermal

~conductivity K was calculated from the formula
P=KAsT/L ; Ceeees 50

where P was the»electri&al power input, A the cross-section area
and L the length of the sample, and 8T the temperature difference
between the source and the sink. K is usuaily quoted in milliwatts/
cm.OC.

The prinecipal sources of error in the.méasurements were
thought tokbe-due to s;ightly imperfect contacts to the sample and

defects, such aS'holeg in the sample itsélf.
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CHAPTER IV

”THé??réfk of HaTe - In,Te. and RelqﬁgdyAlloys

2%.0 Introduction

The work reported in this chapter forms the original part of
the thesis. The greater part of the chapter deals with the proper-.

ties of the pseudo-binary system HgTle - InyTea In the later sections

effects of structural ordering in compounds. of the ty?e II51II,Tes
is df;s’cusséd.

In section 24.0 the ternary diagram Hg - Ga - Te is considered.
Originally galligm was included in the alloy system instead of
indiu@, because the thermal conductivity was expected to be lower
for compositione such as HgsGagTeB where the three elements come  from
different periods. : Preliminary measurements of the thermal conduc-
tivity, however, shdwedfthat the difference between compbunds con-
taining indium and gailium was small. Materials cbntaining indium
were used exclusively in the later experiments‘because1that element
possesses several:adVantages:Ait is notysb eipensive,as gallium and
is much easier to~handle; Also the eleétrical'mobiliﬁy_in compeunds
containing indium‘is;generally greater than in fhose centaining
gallium: cf. In,Te, and GazTe3(65), and III-V compouhds (9).

The second part of the chapter contains a discussion‘of the
range and effects ofwordering.in comﬁ%unds of the type“IISIIIETea.
At one time it was thought that erdered ana‘disofdered material

could be obtained easily, as with In2Te but a closer examination

a’

T SO et ————
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revealed -that this was not so. The substitution of Hg, Cd or
(AgIn), in the plaée'of;the group II element, and of In, Ga and
AL for the‘group IIIfelement is considered as a means of ptOducing

ordered and disordered material.

24,0 The Ternary Bhe

sé Disgran Hg'- Ca - Te
Iﬁ;ordér to détefminé-fhe range ofgsolia'SOIution, a short
'1nvest1gation of the phase dlagram of ‘Hg - Ga - Te was made in thev
"regiop near HgTe., From prev1ous work (sect. 1h 3) solld solutlon
~ was knewn te-é&ist between the compounds HgTe and-Gﬁ;Tea except
for a miscilibity gap,ih the centre. Two éompoundsihad-been iden=
~tified on theggseudm—binary~line,‘HgGa Te‘;and HgéGaéTea. * The

compound*ﬁa had also been identified. -

Spet comy@sltions ‘were: made up at the p01nts merked in
figure 26, whlch.COITESPOnd to low whole number“stoichiometric

_ proportions. The melts were cooled slowly in a furnace at uniform

temperature since rapid quenching caused the materials to froth,

-tons F and G which
26, and E which .

s‘A, B, €, and D
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second phase present in ingots A and C had the HgTe structure with

decreasedlattice parameter s, corresponding to compositiOﬁs near E.
In ingbts B and D the zinc blende phase showed the ordering lines
common o compositiéhs near HgSGaéTea. Ingots H and J alSo,contained
the (528) Ord5red*ﬁﬁ&3evbut there was much free\mercury present in
the ampoules. Ingot K cOntajned ma{érial similar to HgGazTé4 and
aléo some liquid mercury.
In conclusion, it can be said that the solid solution which

" exists along the Hgle - Ge,Te, line probably does not extend far
above or be16W‘that}line. The centrél regibn of the diagram, in
cammon with the bdundany’lines Te - Hgfg and Te - GaaTes; does not
containrany,selid'SOIﬁtions between Te and the zinc blende phases,
but there is a eutectic near the Te vertex with a melting point of
about 420°C.  In particular the composition Hg, Ge Te;, & structure
for which hés beéﬁ*propQSed'by Pamplin (sect. 15.0), does not

appear to be single phase.

25.0 The Psggdngiggt System Hgle - In,Te,

Aithoqgh tﬁgﬁgﬁgence of any differential thermal analysis on
this system make definite proposals for a phase diagram impbssible,
'thé:résults ﬁh&tiérefdiScuSSed in this and the following sections
appear to be in accordance with the phase diagram presented in
figure 27. The diagram is based mainly on the results of the 
examination of samples annealed at 600°C. The CdTe - In, Te, diagiam

proposed by Masdﬁ and Cook which is reproduced in figure 19, was

.
potnk D_
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. : . R e)
found useful. Although CdTe has = melting poiat of 10987C, the
i

phase diax

ans should be similar in the IngTeq ha!f, particularly

a

as thefe is a maximum in the melting point near the centre for th
gystem involving HgTe.

The melting points of spot compositions in the region of ko

Eo 50 mpc appeare; to be a fe# tens of degrees highéf than that
for Hgle. This implies the existence of a campound in this region,
'yhich is not peritectic as In the CdTe'sysLem. Lyamination of the
1X-ray data é@ggea:g that this conpound is HggInz[]TeG with the U mpce
- composition.

Except where otherwise stated the ingots in this . syslem were
ﬁmﬂe by tﬂe fdllowing method. Firstlj, larie Lngobs ot Hg'l'e and
in?Tea were nudek&¢¢ording to the standard proCeQuré (sect. 18.2).
iheée were aqﬁe&l@u‘fCr six days at temperatures just below Lhe
meltlng polnts.  In the Qmpoule containimg Hgle no f'ree mercury could
be seen al ter Lt had been cooled . slowly. flach ingol was then pround
Lo a Mine powder éand a‘sample taken for exam iration by A-ray difrrar;
Lion.  The uorrect proporl ions. ol the Lwo powdered e Lerials were
formed into ingots by the standard method, and annealed at Gou®c
o (] days. X—kay amalysis showed that thé lattice parameter of
auuh ingot did not vary along the length of the ingol.

In the next section cach region of the phase diagram is dis-

WERBIT,
A2 ‘5"«? \95
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cussed in detail,
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> - 20 mpc @ Phase

The'HgTe,type phase extends to about 20 mpc. It is charac-
terised by extremeiy shafp pdwdef photographv1ines, and ingots
consisted in the main of a féw large single crystals. Microscopic
examination shpWed the material to have very few holes and to be

,Sing1e pha§éq§xcépt for the éxtreme tip of the ingot at 7.5 mpe which

_ is shown in figure 21.

25.2 mheQOrdéradxﬁvPhase at 37.5 mpc
The ordering 1ines were present with about egual iﬁtensity in
all the photographs for compositions between‘BO and'h5.mpc, and wvere
weakly 50 in those for 22.5 and 25 mpc. The high angle lines were
too diffuée togallow’accurate determination of the léttice pérameter
from bbobbgr&éhs for 25, 30, §i, and 45 mpc. Since.the’lines were
- sharpest at,ﬁﬁ,S‘énd 40 mpe, it seems‘likely that the phase is fairly
nax'rc;w é.nd centred on the compound HgSI’nz’[];’Teé, the 37.5 composi‘tion.
Melts of this latter cbmposition were directionaily frozen at ar
rate of about O.5hgm pef hour.  The resulfing ingots were well formed
and containea single crystals of large surface area but only a few mm.
,thick- The Xaray~phot0graphs of the first and last ends to freeze
ushoﬁed difqué lines} so that thekchange in latticemarameter couid
not be measured, although it must have beenysmall. The electrical

properties~varied considerably down the ingot, one end being strongly

n-type and the other nearly intrinsic. It seems likely that the
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phase is formed peritectically and ingots become homogeneous. on
amealing.

The region between 20 and 35 mpc is two phase in the sense
that the drderiﬁg is not ;Omﬁléte. Thisbledyto"afbldrring of
the ‘high angle lines but not to resolution into two distinct sets

of lines. The region arocund 45 mpc is two phase in the same manner.

25.3 The Disordered 2 Fhase at 50 mpe

“An lngot made by dlxect reaction from uhe elewents at the
COmpOSlLLOH jO mpe IneTes, which corresponds to the compound
Hgsinathea, yielded a sharp set of, diffraction lines prior to
annealing. This suggests that the compound is formed direct from
the meltlat\akmgximum in the solidus. Since the ingot was too
pdrouS’to be‘ofruSe/foreiectriéal measurements, although there were
some’singlelcriﬁﬁalsfonfthe Sufface, it was powdered, reformedand
'~amneéled for 50 d§yS‘af‘600°C; $G6meﬁnB§§treated in this'way
,ihvari&bly fOrﬁédkédiid ingots the second time;

| Contrary to the flndxngs of Woolley and Ray (sect. 14.3),

thls comp031t10n was not found to be ordered, and was thought to
be similar in structure:to the '« phase. It isdifficult to explain
‘the differenée,‘sincé the annealing temperatufe was lower than that
of Wéélley and Ray, and consequently the disordered phaSe‘cannot
repreéent a high‘temperature phase as in IngTea._ The lattice péra¥'

meters are in agreement.
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25.) The Central Miscibility Gap

The tWO'phaSe region, with distiqct lattice parameters,
exists between &beut 51 and 62 mpc. As the percentage increases
‘the ordering lines of the d phase bgcome more apparent. None of

¥

the ingots in this rangé were prepared for measurement except that

o

at 52.5 mpc which wésbused in the study of‘thermal conductivity.
25.5 TheﬁSTPhaSe
| ;Thé‘phase\with,thé chalcopyrité ordered structure appears to
',exisfjbétween;@béﬁt;GE'and‘80-mpc and is prObably,éentred on the
compound Hqu;D‘De;, which is discﬁssed in Sectién ih. 3. A direc-
tional freeze at this composition yielded similar results to the one

at 57.5‘mpg; though«without~the single crystals. It is probable that
‘the bompositian, aékhith CdInéTe4, is peritectic. Because of the

diffieculties of obta;ping,good material and taking measurements,
no attempt was made to determine the electirical properties at

_ compositions between the miscibility gap and In Te_.

25.6 The In Te  Phase
The X-ray results were found to be in accordance with the
:phasegdi&gram;pr@pésgd_by Mason and Cook Tor the system involving

' cadmium,which is reproduced in figure 19:. The data from their

s& diagr&m for the high percentage end is therefore incorporated

in figure 27.
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25.7 A Nete on the RgTe - Go Te, Pha_sg_Dlagraﬂl

- Woolley and Ray found that the central miscibility gap was

much wider;“rﬁéginé_ﬂfdihE'to‘73 mpc_éa?ﬁkb(Sect. th3). Ina
‘direCtiandilyJfrbzeniiﬂgot of the 37.9 mpc composition, Pamplin

(81 )" found ﬁh&t ﬁhé.lattice parameter could be calculated dccurately
‘and?a§d§ﬁ®t Qh§jge:gpgreciablyfalohg‘the ingét, These facts indicate
'éhg% the ﬁaXimﬁﬁ ih tpe'solidus may;Qcéur at the comﬁOSition

HgSGaa Te,,-

26,0 lattice Parameter

The lattice paraméters for all the materials made between HgTe

‘caldulated and are presented in figure 28.

The results are in-agreement with those of previous workers, and

‘»are mefégexﬁé nce most of_tﬁe'electrical and thermal
properties we d enly in this range, it was decided not to

' exténd the lat’ ﬁ“tér méasureméﬁtsfbeYQnd 50 mpc.

.‘The7methé&fbf7éb%aihidg the latﬁiﬁefpérdmeter, and the accuracy,

is discussed ﬁﬁyséétan:l9al. Te low wvalues at 30 and 31 mpe in

‘figure 28 indi

‘%é;th#fythis region ﬁéyﬂéither,haVe been tﬁb phase
 7on§‘§hgsé Gf’ghiéhaﬁfafpot show up in*%he"x;ray photogfﬁphs, or that
‘the»ingét’hadflogt'éiéonSidehable amﬁﬁﬁg?of meréuny?: The low value
‘at 37.5‘mpc,£3'fbr?ﬁﬁiingot to which'aﬁ.eXCéSs of indium had been
added: thereforé itgdlméstfcertainijAcoﬁtéined m_ore‘InzTe3 thereby
reducing the'l&ﬁtice;ﬁarémeter. The general'pattern of the lattice

parameter suggests that the number of vacancies is directly proportional
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to the indium concentration, though there is no way of checking this.
Accordingly, the vacency concentration is 3.3 at.p.c. at 20 mpc- and
6.25 at.p.c. et 37.5 mpc In,Te,. The point where indium ceases to
act as an impurity in HgTe and the first vacancies are formed, has

not been determined.

27.0 Optical Energy Gep

The results of the measurements of the absorption edge are
presented in figure 29.

The estimated error in the measurement is indicated by the
length of the verticai lines at each value. With the higher per-
centage compositions the erfor ié large because the samples were in
too poor a candition for complete measurement of the abé&rption edge.
Below about O.5§EN'the ﬁninterrupted beam through the apparatus
dropped greatly in intensity, and below about 0.1 eV it was impos-
sible to measure the transmission through the sample.

The value of the energy gap for ordered In,Tey only was measured
in this present works The value for the disordered material was
obtained by assuming the same difference as feported by Evans (87).
The absofption curves, plotted against photon energy are reproduced
in figures 30 and 31.

An interesting'feature of the graph is the platform between
20 and 30 mpc at 0.35 eV, which was hinted at in the previous work
(sect. 15;0). This corresponds to the two phase region between the

HgTe solid solution and the ordered phase. The former continues to
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28.0 Thermal Copductivity

' The results of the measurement of thermal conductivity for

the first half of the system are presented in figure 32.

25—
)[ :

g
o

0 10 | 20 30 ko - 50 60
HgTe - ‘ - ' R Mol.pic. -InpOTes

Fig,32. Thermal conductivity, K.

Since the electrical conductivity falls considersbly with
increasing coneentration,of In,Teg, the~electronic cemponent of .
the thermal conductivity is negligible for all but the first two

-

samples. The non-degenerate valde for the Lorenz number has been
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used; in the calculations, though, since the materialsare to a certain
extent degenerate, the value of the latticecdmponent of the thermal
conductivity may be a little too high.

The thgrmal conductivit.j‘r‘ofllnzTes has been discussed in
section 13.4. Values reported are 6.8 and 11.2 mw/cm.OC for the
v disordered and orderedrmaferial respectively. It is probable
 therefore that after the drop between HgTe and 10 mpc the thermal
conductiﬁity reﬁaiﬁé almost constant for the reét of @he alloy system.
This resﬁlt is surprising because an increase in the number of
vacancies should affect the scattering of phonons.and reduce the
thermal conduétivity. It is possible that the mean free path of
the phonons is of the same order-as +the interapomic distance and,
consequently, the minimal value of the thennal conductivity is
reached at a lowiv&Cancy concentration. However, Rosi et al. (88)
have reportea‘values~ofAthe thermal cbnductiviiy in the»systém
AgSbTe, - PbTe whieh‘corr98pond to an effective mean free path less

than the interatomic distance.

29.0 Electrical Prope

rties
‘Measurements of the electrical conductivity, Hall and Seebeck
" Coefficients were‘made on a number of samples with compositions
be;weeq HgTe and 50 mpc. In,Teg. The results are presented and
discussed under sepﬁrate headings correspondiﬁg to the various

regions of the phase diagram.




- 11k -

Samples in the region up te 15 mpc show behaviour similar to

that of HgTe, fve. they are n—type at roan temperature W1thma high
'carrier cencentration and a fairly high moblllty. The moblllty
decre&ses”wdth anrewsingvlndiumconcentratlon.~ Most of the samples
'.frﬁm.I?wato”jh$mﬁe; &iséussed in detail in éecé; 29.2, were p—type;
changing to 1ntrinsic at about 500 %K. The mﬁximuﬁ in’ the negative
Hall ceeffiC1ent was used to find the mobillty ratio. Values for

» the mobilitles, effectlve masses and intrinsiec carrier concentratlon

Cwere =a:tse detemined

In the remaﬁning part. of the range, £ rom 3% to 50 mpc the samples .

appeared to be either n-type extrinsic, or p—type with low carrier -

"cencentratien. Theaeffeet on the»electriealfproperties of the

'oxdgriﬁg,Wﬁiep:éeé@ngfét about 40 mpe, is discussed in section 31.0.

. All tﬁé?samplee iﬁ.this range show properties similar to those
of HgTe. The limit of the regiop, therefore, depends much on the
céhditibn‘df %ﬁéesamrles@and in the preliminary work (sect. 15.0)
the»mamexiéi prepéned w@s p-type at 11 and 15 mpc.',ln.the later

batchJQf ingets, 1arger and more homogeneous, the: flrst p-type 1ngots

ed at 17s 5 mpc The physlcal condltlon of these later ingots
generally good, and neasurements could be msade to 2 high degree

of;accu;aﬁy.: The llneslon the X-ray phetograph for the 5 mpc

composition were not as sharp as those fer all the other samples

in the regiaﬂ, which indicates that this particular ingot was not
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completely homogeneous. The surface of the ingﬁt at 2.5 mpc was
‘dull,grey, not bnight,aé:with the rést, indicating'the presence of
dmpurities. |

The room témperature prOpertles of the samples in the reglon

up to 15 mpc are presented in table 3.

i
s | B | oR n _OPttEg
k7“Mh0/ém cﬁé/V%éGQper’cm? eV
7 670 | +20.6| 15,900 |3 x 107 -
2.5 | 5.850 | <b3| 2,920 |-2.05| 6,000 |3 x 10®| -

5 _5‘.’ nu -’40 2,170 | -2.36] 5,100 |2.6x10*®| -

15 1 -106f 2,620» -31.5| 8,250 |2.0x10*7 | -

id ;;73 900 -u 6 ?k,iso 1. 3xlo18 0.1k
‘7i2;5 i ~%f?;65; o | -200 .Vé;§86;,3 12x1®lb 0.2
115 ;&j)wm‘ s  .25§3 L2aq&8, -

Table 3 Eiéétfiéallfroﬁerties of ‘HgTe - 15 mpé InaTes.
‘Nb obviouskﬁréh&3~appéar in the resﬁlts; ’Bykéomparisdn with the
prev1ous table of. results (sect. 15.0 p.248), the mObllltleS of the
25 and 5 mpe samples are lOV} ‘which is probably due to- the presence
 of lmpurltles &nd theylnhOmogenelty mentioned earller. -Assuming
highér‘#aiues fér %he mdbilitykat these points, it seems likely
that the electron mobility falls in the manner shown in figuré 333
The electron mobilities of samples with concentrations of In,Tey greatér‘f?a:

than 17.9 mpc onwards were less than 600 cm®/V.sec. This corresponds
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to the observed variation of mobility with composition in the HgTe -

*

CdTe systeﬁ‘(28).

It seemsfprbbéble that the noheparabolic conductibn band -in

HgTe (sect.-loll);}aSSociated with the high mobility and the
5emim¢taiﬁbkprep§rties, Es‘replaced'at about 15~mPCgbyfa band in
(whlch the effective mass is higher. The conductidn»bénd'is also

l',

ed. relatlve to the valénce band so. that the energy gap

:;v¢¢>wamh;d1rect transltlonsgof»about OaB;eV.v The

rélétivélpeéitmbnggaffihé*&aience’bands?mgy pé@giniungiterea. The
"high‘conéehtr@;;éﬁ,bfjeléctrons'in the réngE}O—i5 mpce alSQ supports
:this.argum¢n£§ Whgp ﬁhé bana ovérlapjdi§aypéaf§; chg:ﬁaterial‘can
1be;¢adéfp%£$V" ;‘ f“gat“rbom;temperature: In f&ct‘the sanmples

snt-at temperatures down to 77 %K. Low Seebeck

coefficients are @ssociated with high carrier densities. The Fermi

'léVei'liéé*bé~we ok and 1. 5 kT above the conductlon band, 1ndi-
fcating a degree ef,_egeneracy.~ Approx1mate calculatlons, using non-
degeneratevstatist1¢s, f'or the effective mass of electrons show’that

the ratio is of the order of 1072, as in HgTe.
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20.11 Scattering Mechanism

- In samples with 2.5, 5, 10 and 15 mpc InaTe3 the Hall coef-~

ficient was constanﬁ over a range of temperature sufficiently

"large to eneble logarithmic plots of the variation of Hall mobility
with tempe?ature to be made. - The graphs are reproduced in figure 3k,
The slope of the best straight line through the points for each

|
sample corresponds to an exponent in the equation \
\
v |
g o= uOTF ' , ' ceees 51.
- ’ \

The observed values of a, given in table 4, with the exception

mpe. In Teg 2.5 5 10 15 |

a : -1{h5 -1.65 -1.k -1.1

Table 4 The exponent a, from the temperature variation of
| - mobility.

of thet for 15 mpc, indicate that the scattering at reom temperature
and apove waszpfedominantly by acoustic mode lattice vibrations.

Below room temperature the mobility generally rose to a maximum
and then fell slightly, indicaﬁing that the‘scattering was changing -
in~character, pr@bebly to ionised impurity scattering. For the
sample at 2.5 umpe-an approximate straight line was obtained between

TTOK and 5OOOK, the slope of which corresponded to a = +l.
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29.12:x Samples annealed in Mercury vapour

The ﬁork of Rodét and that of Giriat, reported in section 10.0,
shows that the moblllty of HgTe can be greatly 1ncreased by anneallng
the;samples in'mereqry vapour. Some- of the samples whose properties
héa Been me@égred;wefe(annealed at 25OOC in eVaéuated tubes containing

a small amount of Hg,'but unfortunately many of them proved too

brittle to withsta

-

nd the treatment. Meésurements‘were_téken on

spee: ns'at°2a5 §nd 5 mpce. After the ahnealing the mobility had
increa éd‘by~§béd£ iOkp.c. at:room temperature, and about 30 p.c.
at 7TQK5'~The~QﬁmBer‘6f carriers, which remained constant with

té@pg”‘tufe;,hﬁdfincrgasedfby about 40 p.c. These results indicate

that the anngi;i@g has some effect, though the increase in the carrier
cbﬁcgqtration is surprising. A much fuller programme of such heat

treatment is needed.

'I’his reglon marks the onset of the ordered phase. The ordered

lines ‘on the X ray photographs show up weakly at 22.5 mpc . and 25 mpc
and strongly atﬁ30,031-and 3h‘mp¢. The diffuséness of the lines
SQggésts_that:sgmples between 25 and 35 mpc aie ﬁot homogeneous, and
the region’is'thbught‘to be two phase (sect. 25). The electrical
results appedr to be in accofdance with this interpretation. '
Mdst’of the ingots in the region were polycryStalline of

small grain size, and, although it was possible to cut good samples
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from the centres,.the outer layers of the ingots were porous. The
samplesiappearéd‘hOmogeneous when viewed under the mior09cope except
for that at 34 mpc which wvas sllghtly porous throughout. The ingots
;of 22.5 and 17 5 mpc were in better condltion than the others.

Most of the samples in this region exhibited~gimilar électrical
properties. The oondUCtivity was of the order of 10 mho/ cm and the
Seebeck coeff1c1ent about +300 uv/°. e Hall coefficient indicated
1that holes were the predominant carriers near’room temperature and
for some materlals the coefficient was constant over a range of
temferature, The s&mplés»became intrinsic above about 500 %. The
conductivity, Hall and Seebeck cbefficients aie plottéd against the
1n§erse of temperature for sa@pies at 17.5, 22.5, 25, 30, and 34 mpe
in figures 35 to 39 in the temperature range 5oo°K to 600°K.

The.readingsﬁha&E,ern énalysed on the model of a simple energy
band~semiconduot0r diocussed in Chapter I. | |

29:21 The Mol tly Retio

The equatien

(b - 1)?
Rax =" 5

* o o 0 36.
“of section 5.1 was used to determine the mobility ratio for each of
the samples. The reSults'afewpresented in table 5.

The: calculatlon relies on the constancy of the number of holes

in the impurity range near room temperature. The Hall effect is

constant for all samples except for 17.5 gnd~possib1y 30 . mpc. - For




Tel2]-

500 Mo 3% 300 %k

— 200

R

160

Y
Ll

ma amerees ! g} + -
gio 3.0 107/ 4.0

-
-+
o

Pig. 35. Conductivity g,  Hall Coefficient R and
“Seebeck Coefficient @ v. 1/T &t 47.5 mpc,




500 oo 350 300 %K.

v5®" 500

1 200

10 | {100

Iso

1 20

{10

2,0 AR 350 lOB/T- - 4.0 |

Fig.36. Electrical Results at 22.5 mpc. S




50

K.

500 W 350 300

20

10

mho
cm.

300

g:0 - _ , 3.0 10

/T;'

' Fig.37. Electrical Results at 25 mpc.

200,

100




150

30

A ol %0

1
SIE

B
<

Fig.38. Electrical Results at 30 mpc.




20

00

_ ‘mho

Ciie




- 121 -
17.5 22.5 25 | | 30
R -102 b3 -25h -17’
Rq Hls¥ 43.0 +2.2 +#;j*‘
b 10% 59 L8 A%
Temp. 430 520 530 548 | | 550*

* Indicates~én approximate~ﬁalue
Table<5:fMobility ratio. 17.5 ﬁo 3k mpe.

the latter sempie‘fé&dings atjroemtempergture%éeuldﬁotlbe’obtained |
accuraﬁely.’ ItHCan be seen thaﬁ“the~mébiiity‘ratieufqr;these two is
lower than that for the other samples. |
The conduct1v1ty is also useful 1n 1nd1cat1ng the state of the
carrier denSity. If the number of - impurlty carrlers is: constant then

the conduct1v1ty falls sllghtly with 1ncrea81ng temperature 81nce the‘

mobility must also dr0p 1f lattlce scatterlng predominates, unt11 the
1ntr1n51c carrlers become 1mportant and cause’ the conduct1v1ty to‘
increaSe'r&pidly“vith temperature@ This type%of variationvis observed

for all’ Samples excapt 17 5 mpc where the conduct1v1ty is: mcreasmg

in the reglon near room temperature where the Hall coeff1c1ent is also‘

increasing“pesitively wi$h~temper&ture~ Sueh,behavigur'isidiffieult
to explain on the‘bgsis of active donors and acceptor iﬁpgrities and

may imply defects in the material.
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It xma,,.y,‘be CfOI;;QllJ,déd that the mobility ratioc in this region is

falling with increasing vacancy 'concévn‘trat._ion.

obility ratio in HgTe are generally higher than this,

e been determined at lower temperatures (sect. 10.4%).

negative Hall rm.ximum the nm\terla.ls appear intrinsic
ons a.s the: predo:’?nimnt current carriers; The mobil ities
calculated from the product Ruand the above values of b,
i table6. 'Ihe tempemtures given are the idwést at

- is intrinseic.

| Tewp. | 595 | 550 | 560 | 600 | osBo¥ | %

200 | 162 | 36.l& ’3[0*‘ - cm®/V. sk’ec

'y”"°v.éq3v’ 165 | 386 | B31* "

15| 3 | 30 | 8 o

Table 6. Mobilities in the range 17.5 to 35 mpe.
The: productRo at rodn‘tetnperatur,e,; which may be taken as the '

hole mobility; is given in the sixth line of the table.
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»‘Tﬁefvgiueéiﬁf%pfvfor~17 % and 22.5 mpc at high temperature are

'cen51derably 1ower than those of 12.5 and 15 mpc at'the same

: temperature whlc‘ pperts~the view that the band structure changesA
at about 153mp¢;,ﬂihé,Values\indicate that the mobility drops with

increasing In Te, concentratfon. This may be due to the increasing

‘concentration of vacancies, or, as seems likely, to an increase in

ldﬁféfffﬁé.ordéred phdSe4ﬁhen¢the In2T§Sﬁcontent exceeds
Only@nesample in this reéibn, 5,1’ mpe ‘tqrned out to be
3éﬁ¢§ntrationgw&s 1;7;x 1017 pef3cm?. The elec-
\bbfcm?/v;seciat fbbﬁ t§ﬁ§éié£dréidfopping to
OK;. These valuesvare~¢on51derabiy higher than the
jéémplexwﬁichjﬁgé‘p-ﬁype; It is possible that the
@hérn;typeasa@ple vas the ordered phagg wh1ch had

:fAffuller discuséiﬁn of this sample is given in

vation Energy

graph of log R v. 1/T in the short temperature
‘ rgﬁgeiébové1the’ .mgiimgm has been uSedéto determine the activa-
tion energy E . If B varies with teuperatire then the value 'determined

fP;jzl). Although the

n"byftﬁis’ﬁéth ' Egét &bsoiuﬁazerOWi

"materlals beg;nﬂto decempose at these temperatures, the agreement

'ibetween E and the room temperature optical energy gap E indicates
that the bulk of the material has not been greatly affected. The

results are presented in table 7.
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17.5 | 225 | 25 30 3L f,mpc

E 0.3 | 0.20 |o0.33 [o0.31 |. - ev

B | OQé9l f”0435f 0.35 | 0.37 | 0.65 ,;vev'

Table 7. Activation energy and optiéal energy. gap

29.2hanrrigg?COncentratiOn‘and Effective Mass

iTable 8 gives the intrinsic carfief concehtfations at the
'negatlve Hall max1mum, calculated by extrapolatlon of the 1ntrin51c
Hall cpeff1c1ent llpe. The value of b is teoo large to havexany
knOticeaﬁlé:éffeétkin,ﬁhe Vglue of ni'obtained;from;equatiOn'31;using

_the Hall coefficient.

T s s 35 [ 30 | 3% [ mee

Cfemp. | b0 | 520 | 530 |56 | 550 | K

"’-11“3 Cmf/C

0.065

2P| 0.05% | 0.032 | 0,056 | 0,11 |0.053

' Table 8. Intrinsic Carrier Density and Effective Mass Product

Using equation 21 the effective mass product mhmp/m? can be
determined from values for n, and the energy gap. In lines 5 and 6

of table 8 the results of the calculations using first the optical
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energy gap Eg and then the intrinsic activation energy Ea' The
latter is more'likely to be the correct one to use. In particular,
at the compositioﬁ 34 mpe, Eg = 0.65 eV gives an impossibly large.
valﬁe for the product. Unfortunately, the intrinsic range for this
saméle could not bejréached. However, if it is assumed ﬁhat the

‘ matefial is two pﬁase and that the conducting phase is similar to
those Qf the'dﬁher samples, then & similar value for Ea may be
takena It can be seen from table 7 that the activation energy of
the phase is about 0.3 eV. and the substitution of this value gives
a realistié value for the product. The values in the sixth line of
table 8 areltherefore to be téken as the best values for the effec-

tive mass product.

2G.25 Seebeck Coefficient |

.

In all samples the Seebeck coefficient is obgserved ﬁo changé
from positive to negative values in the region‘of‘ﬁhe negative Hall
maximum, which is the normal behaviour for p—typé material. The
reduced Fermi level ﬁ’, as in figure 13, is Obtﬁined from the
Seebeck coefficient by means of equation 38.. Using this value for
n' and thé extrinsic carrier density q from the Hali coefficient, a
value can be determined for the hole effective mass ratio at room
temperature. The results of these calculations are presented in

table 9.
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175 22.5 25 30 sh‘ o mpe

e ] L2 2,05 | 1.%5 1.22 1.46

| memp. | 300 | 336 | 330 | 30 | 33 K

4350 300 +270 w270 | wv/%

2.2%10%8 | 2.9x10%® |1.4x10*® | 2.9x10'® | per cm

f‘mp/m | velow 0053 0. 29 '_ 0;067" 0. 30

7$7‘1V?i 0061 | o190 | . - 0.18

Tsble 9. The Fermi level and Effective Masses

It,;éﬁgbé.sééﬁ £hétvthe samples at 17.5 and 30 mpc whose Hall
céefficientSiﬁerq;ﬁof-cdnétﬁﬁt‘and whose'mObility fatio was considerably
' '716Wer"£hén tﬁéééfof‘the_éther Sampies,~haﬁe values for mp/m which are
“gerinitely 66 1ow " In the seventh line of the table the values for
;mn/m/have‘bééniéélgu;éted‘using‘the values of the product in table 8,
line 6 on théQQSSQmPtiﬁn.thatythe effectiveamass d§es‘not change

gréatly witﬁ“temﬁéf&tufea

':éQe-reé&ité'afe:not‘very cbﬁéluéive, it seems likely
that’in thé&@ﬁhpqSitiOn,range.lT;B to 35 mﬁé?tbefeffectivéfmass ratio
' ;f0r'eleétr®ﬁ$”i§g§bQu% O,l,;and,thé hble éffective~ﬁassyratio about
C0e3e The eiég£ﬁ§nfeffective me.ss -is therefore c0nsiderably larger
than tﬁat‘fof HéTé and'correspdnds to.the lower mobility.
29.26 C@nclggipn‘
Thefe~aré twoypossible interpretations of the results for the

materials in the range 17.5 to 35 mpc InzTeé. If solid solution

S

o
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really ‘exists between the HgTe aﬁd the ordered phases, énd the
observed inhomogeneity is due £o incorrect heat treatment, then
the electrical results, particularly the decreasing mobility, must
be interpreted on the basis of increasing vacancy concentfﬁtion.
This does not explain the consfant values for the activation energy
1and-for the optical ehergy gap observed in part of this range.
However, the more probable‘interpretation,as the X-ray diffrac-
tion ﬁhotOgraphs indicate, is that the region between 22.5 and 35 mpc
is two'phése- The»zofmpc'phase, having a lower activation energy is
naﬁunaily the more conductive, unless»the ordered phase at 40 mpe,
in which, as will beishown lqtef; electrons have a higher mobility,
isbexfriQSicﬁhnd therefore conducts more. Thus the observed optical
energy gap’éﬁ‘Bhfmpc is that of the ordered phase, while there is
still Suffiéient of the 20 mpc phase with an activation energy of
0.3 eV‘to be the effective conductor. The decrease in mobility
with incfeasing percentage,InaTes arisesrnaturaliy‘from the defects
due to the‘incredsingjampunt of the ordered non-conducting phase.
Névertheiessy‘thé X4rgy and optical examinations indicate that the
two phases are not:sharply resolved. - - .
Sincévthe»mébilities are lower and the electron effective mass
higher than those for the HgTe type phase, support is given to the
idea that the high mcbility, non-parabolic conduction Band of HgTe

is replaced by one of lower mobility in the region of 15 mpc InéTeﬁ,
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a large positive Seebeck coefficient co 18 large Degative:

Hall coefficient. Bach of the three types will be discus

detail.
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/pe Material

The first end to freeze of & directionally frozen ingot‘at 37.5
mpe produced n-type material with about 10*° carfierS‘pér cms. The
X-ray powder photograph indicated<that the material was not very
homogéneouSnSO that an accurate value for the lattice parameter
could not be obtained. When viewed under the micrbscope the sample
appeared single phase and non-porous. Being unannealed, it -was
rather brittle. |

The electrical results for this sampie are presented in
‘figufe 40. The varigtion of - the conductiviﬁy and Hall coefficient
indicatelthatfthernumbér of electrons increased slightly with
temperature reaching about 10*7 per cen® at 600°K. This is still in
' the extrinsic range;rif the optical énergy gap of 0.7% eV is
assumgd &svthe‘ene:gy gap at this temperﬁture. The approximately
constant value of 500,uV/°C for the4Seebeck‘coefficient conf irms
these findings. |

The reduced Femmi levellobtained'frOm the Seebeck coefficient
is 3.8 which makes the Fermi level -0.01 eV at room temperature.
Electrons are the predominant carriersfso that the produét Ro gives
the valué,Of‘the electronic mobility."Iheﬂmaximum in the mobility,
180 cm®/V. sec ;lo,ézcurls at about 430°K showing that lattice scattering
" 1s not dominant. Since the X-ray examination shows that the
matérial is not éompletély homogeneous, it is probable that the

Value of the mobility is low compared to that which may otherwise

be obtained.
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Fig. l*l?‘ Electrical Results at 37.5 mpe.indium Rich.
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6 of the effective mass ratio are presented

ues of the scattering parameters.

T+12 | o1

-9/2 | oo

v1/e | 0.16

Ags ratio for electrons 37.5 mpc.

I In v var 1atien with tem pera\'ture, thenegatlve

le s Ob‘wmedbymcreasmg the indiam
o . AtToom temperature

its are presented in figure 41. The scatter

and elsc in'the logarithimic plot of
‘The’ §lope of the
‘";scatterlng 18 probably by lattlce

,ef ectlve mass ratlo, calculated u31ng

refore in agreement wlth those obtalned for

“th 8 8*1/2'




20 2.5 3.0 107/t |

- Fig.42. Electrical Results at 31 mpe.




-varies as
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Temp. ’ mn/m
330°K 0.071
5oo°K ; 0.087

Table 11. Effective Mass ratioc for electrons. Indium Rich 37.5 mpc.

The third sample to be considered in this section is that of

31 mpc mentiOned,in section 29.22 where it was suggested that the

material wés two phase and doped n-type; Since the’ordered phase has

the higher mobility by a factor‘of 2 or 3,it is probably the most

~ conductive. Thé electrical results are presented in figure 42. The

room. temperature value for the electron concentration is 1.7 x 107 per cm®.
Where the Hall effect is constant, fram 300°K to 450°K, the mobility
T1°55, indicating lattice scattering. Above 500°K the
results appear anomalous and may be due to cﬁanges in the condition
of the sample. Ihé results for this sample are similar to those

for the samples at 37.5vexcept that the Seebeck coefficient is con-
siderably lower. It is of course possible that both phases are
conducting‘in the 31 mpe ingot and the lowering of the Seebeck

coefficient may be due to this.

29.32 petype

Iandgfgtrinsic_Material

The majority .of samples in this region had lowaarrier concen-
irations and correspondingly low conductivities. At room temperature
the measurement of Hall coefficient and conductivity was often

difficult and sometimes impossible.
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‘ Theyelectrical results for the p—typé sémple at 45 mpc are

Pshownfih*figuié*h5§f3$he continuous variation of the positive Hall

coefficient pre ‘4 calclation for the mobility ratio.  However,
if it is assumed that the Hall coefficient levels off at or just

below room tempéréture, giving & carrier concentration of 2 x 1015,

then the mobility ratio should be equal to 2 at the negative maximum
at 530°K. |
Tt is apparent from the variation of the Hall and Seebeck

coefficients above the negative Hall maximum that, although there
may be & short intrinsic range, the sample deteriorates rapidly at
these temperatures.‘,kssuming intrinsic conditions at 580°K, the
mobilities are p, = 140 and by, = 70 cm?/V. sec, although at roém
temperatufe the product- Ro, possiblyythe hole mobility, is only
30 cﬁa/V.sec. Low values for the mobility are to be expected since
this ingot was not ﬁomogen’eous. Approximate calculations for the
effective mass ratios givé thé value for electrons and for holes
at about 0.3.

© Two samples at 37.5 mpc and one at 40 mpc mede by different

processes, have several characteristics in common. The Hall

‘coefficient is large and negstive at foom temperature and falls
rapidly with increasing temperature as the conductivity rises,
while the Seebeck coefficient is positive at room temperature and -

changes sign at & higher'temperature.




100

--10°

- 10°

200

100 |-

5 2.0 Ces 0 300 108/

Fig. 4. Electrical Results. Last end to freeze from a directfionﬁ'&liy S
frozen ingot at 37.5 m.p.c.
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This beﬁ&f%éur is difficult to explain on the basis of the
simple theory. It is possible that a combination of mixed con-
duction and a low value for the mobility ratio, perhaps even less
than one, is the explanation. A complex band structure mey alsb
be the cause. The possibility that the material is two phase cannot

be ruled out as there is no definite X-ray or microscopic evidence

against this. <Since the samples were aggregates of a few single
crystals, eleétron‘gondﬁcpion hay have taken place at gfain bound-
é?ies, while the bulk of the grains were p-type. TFurther work on
single crystal material is clearly needed. |

However; for the present purpose, the materials are considered
single phase and the‘eiectrical properties typicaliof the bulk.. A
sanple cut’from'the last end to freeze of the dirgctionally frozen
ingot mentioned in sectipn 29.31 gave the electrical results shown
in figure 4. The Qariation of Hall effect and conductivity suggest
that the material is intrinsic, although the Seebeck effect does not
change sign until 39o°K; The slope of the 10g.'RI‘3«/~2 v. 1/T graph
which is linear to about 5OOOK indicates an‘actiyation energy‘of
0.58 eV. . Thevhumber of carriers at room temperature, assuming the
material is intrinsic and has a mobility ratio of 2, is 1.25 x 10*°
per em®. Using these values, the product of the effective mass ratios
is 0.035. If the same calculation is performed using the value of

the optilcal energy gap Eg = 0.7h eV, then the value of 1.0 is obtained

for the product. It seems likely therefore that the material is
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intrinsic with an a

ftféﬁéfﬁighs;& L ’ thefdiréct energy gép,‘es~determiﬁed by the
isabeut "‘,3@9 €mt/Visec.  Under the above assumptio
* ’ _,rtles of the’ second sample at 37 5 mpe,
_Vethed from the elements and annealed for six
neln'flgure 45, The: Seebeck coefficient
;’i%e ihiﬁial?éctivatien{énergy is~o.§1 eV,
‘uo 55 eV Iflthe materiaiiisuaséumed to be
en thls sample appears sxmllar to the one
remenmgygere‘not reprOdueible and it
’s.seme cénduetionegyjaﬁBeeend,phase
/undaries. E |
Aﬁéaﬁpie?atfﬁbygpc, given the standard heat treatment, gave

‘the electrical: result

éenéity*atj50@9K?&ﬁéfp®s§ibLyVbetter'explained in teyms of an

‘rébtivétithEﬁ ﬁéy‘ef‘og58vev rather than the optical energy gap.

Theﬁrééuits’fo¢"ﬁhiéaéémple are not conclusive.
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Fig. %7. Electrical results at 50 m.p.c.
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29. k The Disordered Compound at 50 mpc

The maximum in the solidus is thought to occur ét the composi-

tion HgaIn2T65 whose structure was found to be disordered (sect. 25.5)2 ;
The eiectfical resuits for a sample cut from the annealed ingot

are presented in figure 47. The Hall coefficient indicates that the

,materiél is extrinsic being p-type near room temperature and changing

to‘n—type at about 5800K; The Seebeck coefficiént does not change

sign at the negative Hail meximum but at a higher temperature at which

the sample was probably decomposing.

It is not'pQSSiblé to obtaiﬂ a value for'the’mobility ratio,
although the large and positive Seebeck coefficient and the variation
of the Hall Coefficiént ihdiéate that b cannot be very large. If it
is assimed that the material is p-type at room temperature, then the
holecmobility is about 18 cm?/V.sec and if b = % the value for the
electron mobility is Sk cm?/V.sec. At tempgr&tures~above the Hall
maximum,‘the product Ro is sbout 17 cmé/V.sééa Consequently, if this
is taken as the elec£ron mébility the hole mobility is about 5 cm?/V.sec.
In comparison with these for the ordered compound discussed in the
previous(section; these values for the mobilities are several times.
iéwer. This effect is most likely due to the»disordering of the
atoms and vacgnciés in the metallic sublattice.

A hole effective mass retio of 0.39 was calculsted from the

values of the Hall and Seebeck coefficients at room temperatures
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29.5 e eproducibility of 'Réﬁsults
The two topics dealt wlth in this section are the reproduc1—

blllty of results Wwith dlfferent samples ‘and the effect of the heat

treatment’given teﬂsamples in the course of‘the*electrlcal measure-

‘ ientsm

, Thgre‘is géeeral agreeﬁent between the?preliminary set of

ts-(sect:15.0) and the later set. Differences may be due to

Ingots made up under different conditions naturally

5. - The degree of homogeneity and the size of

tﬁéﬁcfygt&lﬂé?@ins also effect the traﬁspcrtlproﬁerties. The effect
’of‘the‘cérrectﬁheat treatment in mercury'VQPOur'oneHgTe has been
reported in. sectlon lO O.

Since all the measurements reported in Chapter IV of this
thesis were made on polycrystalllne materlal, it is to be expected
fthat measurements on single crystals will be dlfferent. In
'particular the m@bility in monocrystalline materlal, correctly
annealed, éhéuld,be increased, though the energy gap and effective
: mﬂBS‘éthldvnot h&veﬁltered. |

‘Thejseeﬁﬂdttbpic:is more relevant to:this thesis.‘ Under
etmosgheiic»rféééuie5‘HgTe begins to decompose at about 550°K, but
In,Te, can withstand higher temperatures (63). A sample of the
‘b0 mpe compOSition»wasjheldiat 600%K for several hours under the

conditions of the electrical measurements. Upon examination the




- 137 =

aiposed in the following manter. The

‘ore remeasurement. The very low conductivities

large Hall coefficients of some materials in
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30.0 Summary of Results HgTe - Tn,Tes System

, £ 7 %
Phase ¢ Disordered’ Ordered | Disordered | Ordered

Mpc InTe, 10 | ees 37.5 i " 50 5

a5,

6.408 6.385 6.%%8 6.29 6.19 ’ A

Optiéal‘Eé‘ 1 0.1k 0.35 0.73 | 0.7k 0.97% eV

Activation'By| - 0.29 0.58% | - - | ev

o | s | 59 2 | 3w WA

1 300% | w150 | 8oox . 600% Cosux | o cr?

550K 20 203. 300% 17 200 Vsec

{ 3069K ,83% ; 13.5 300% 18 - cn?

Vsec

Plss0% | - 3.5 150 | 5% 140

'mﬁ/m o 9.01% | 006 0.07 - Ta -

m /m - 0.5 0. 5% ok -

cm~C

K | 9.6 9. b 9% ; 8.8 -2

% Measuremehtsiby Woblley<and Ray (76).
+ Results of Busch et al. (80) see sect. 1h4:3.

* Indicates approximate value.

Table 12: The properties of the principal phases.
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. The more important results on the system Hg'Teqa 50 m. . Ce In’,T,e3
2 & 2
are presented in table 12. The electrical.and optical résults‘appear

to be in accordance with the phase diagram shown in figure 27. These

)

findings need confirmation froum differential thermal analysis and
electricéi'méasufeménts on single crystal:material which has been
annealed in mercury vapours.

Apart from the effect of the Qrdering‘yhichioccuré at compositions
of 37.5 and 75 m.p.c., the reduction of the electronic mobility with
;ncréasingVCOnceﬁiration of Ianeﬁ is proBably‘assbciated with the
incregse in fhe;éhérgy gapi and possibly aiSO with thé increasing number
of vacancies‘whibh.abt'as additional scatﬁering centres. The variatdon
of optical energ& gap with comgosition is much as to be éxpected in such
a system although there is a steep increase ih the region of the ordered
compositibn-at'37;5 Me Do Co

The resuléé indicate that the bandvsﬁructurg éhénges in the
following manner. At about 15 M. Pe Ce InzTeé the non-parébolic con-
duction band associated with the low'effeC£ive maSSVOf the alloys near
HgTe is'replaced‘byra broader band of iowér mobility."The overlap
.in energy responsible for the semifmetallié chéractéristics of HgTe
is also removed at about 15 m.p.c. 1In thé regiQn of* 20 m.p.c. the
optical energy gap and the activation ene:gy‘éppear to correspond at
aboﬁt 0.3 ev. It is probable therefore that thé electron energy tran-
sitions»ar;‘direct. The transitions may also be~direct in the compound
at the 50 mip.c. composition with an energy gap of 0.74 eV. There
are indications that a band of higher eleétrénic mobility, giving

indirect transitions of about 0.58 eV., is present in the ordered
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dftherefore that the
re the vacancy con—

"g‘hﬁVé%beén reviewéd~in

lon, the energy gap may

1ng6té¥in:ﬁhis%region were

'déét‘syga]&@ri ¢ ennealing). An increase in energy gap is to be expected"

‘on- orderi se of the reduction in entropy and the resulting

1 of some of ,the ‘bonds ,f(\seicyti‘on 15:,. p-245).
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and 75 mipsc. has a

electron and hole mebilities, whose values

mobility of the
‘mobility Fatio
compound &t

; but the hole

suitable specimens for a complete study of the

1tyfﬁnjthe region of thé;Qrderéd’composition. The







The ingots were

es could not

lced' that the valués of s_at x = 0.3, 0.4

eneral trend of values. This

¥
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agrees with the observed expansion of these ingots on cooling.

6. 360 .

6".559

6.340 (R ‘

T S SR | A | 1 N b iy N

o 2ok 6.6 C0.8 Lo

Values of x.

- Fig. 48.  Lattice Parameter, (Hgl_xcd?)glngTeg.

Indicates ordering present,
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The absorption edge; determined from the infrared transmission,
is shown in fdgure 49 for each value of x. The accuracy of the
measurements towards the cadmium end 1§ not very great -due to the

dif%icglty in obtaining suitable sections. It is not possible to deduce

' anYZeffect of'thé‘brdering which ends abruptly between x = 0.5 and

X = 0.6.‘

1.1p | | ¢

Lo —1
or5f ot

0.7F +

T AN \ N Ll R

0 0. 0.2 053 0-F 0.5. 0.6 0.7 0.8 0.9 1.0

Values of x

Fig. ko, Optical energy gap, (Hgl_xCdi)§&§§$e8.
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satment and none showed

m materials.

ttice pérameter are

i‘fhé,X-ray,photographs

E»containédFWell‘néSined high'angle'lines,‘exéépm for that at x = 0.3.

’ Thls partlcular‘lng@t had broken durlng the &nneallng perlod g0 that

 measurements had to be taken on an- unanneal,d?sample. The orderlng lines

X =0 t0x= 03 /B0 at’ x = 0.4 The

letely. asorde No other measurements

- were made on thls system apart from- those of the preILmlnary 1nvest1gatlon

reported”ln sectlon 15.C.

”:Wndltlon of the 1ngotsfln thls system ‘and the

zgon:therx-ray phot jof anne&led material

> crystals could be obt ',nf—'fd;;e&s%ilfy; to provide samples
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6.320 f—

Tig.50.  Lattice Parameler, (Hgl'_XAgX;Ini,)SIngTeg:
i fé‘

o Indicates ordering present.
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quite marked

gy gap but not

seme of these are prebably per1tect1c,~t

~app11cable (78)

(111) The T

tiﬁhfof;material of‘controlle”  urftygb&"ehhéaiing

:1fd§u1d7also‘b produced. by varylng the .

1 ly‘or by addlng 1mpur1t1es. The varlatlon af

try sligh

Seebeck effect and conduct1v1ty with carrler den81ty would be 1nterest1ng

from the t ‘rmoelectr1c~p01nt of view.

(iv) = Better optical apparatus and thinnér sections obtained from
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%

single crystals would lead to higher resolution in the infrared

‘qfx;ray anaiyéis;of single crystals.

e conduction needs to be determined for

y« Single crystals dre important for aid

| to avoid the effect of

énd the variation of
;ér the‘é£ructural ordering

res or a change in the

optical measuremengﬁ”haye:yet to be made on

'd@,@hd«SilVer.f"Eit' ;Am:may be used

te of ordering, although good ingots of the
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4 Appendix I.

The Analysis of Samples.
PreViQQS”workérs the7foundvth&t a LQés»offuﬁ‘tp,lo‘per cent

mercury occurred in samples with high mercury content (76,79). As

the cost of analysis quSamples@iswlérgggVit @&éjdecidea that, in'the'

fi?Sﬁ'insﬁﬁn3é,'thyvféur'qf'thé'samples ugéd7£or this thesis would be

analysed. The four chosen were widely spaced in composition and were

the ssme ingots of'HgTé#ggdyInfTéS;“ They were all
i o ca 2.8

,57176'7'
51.2

o

| ;5?;?’,

=

5.5

5.5

§ in atomic per cent

 'The analysis was carried out by Johnson, Matthey and Company Lﬁd.;_
Table 13- shows the results of the analysis compared to the percentage

ij@mﬁthe~néminal chemieal compbsition. There is in general




. very good agreement 1’?Petwe¢.n":t‘h¢ sanlysicel

consequently; it was decided that the andlysis: o

péricd of .anne

suff icient to J




-151-

References
_}1; ~Evans R.C.,Crystal Chemistry. ond. Ed. 19h6
é,hmmem.mdemnath.mn.mm.&nuygi&;mﬁ.
3, Smith R A.’Semicanductors. &959 " |

k, Q-Mooser E. and Pearson w. B. Pregress in Semicondﬁ 1960

" L. NEr‘e’c. / ‘Int. Conf Sem1co

eF. 552, 1962.
antum Theory of: Matter. 1951 ‘

“?canductors. 1959 -

ion in Semiconductors.

Phys. Suppl. 32. 2151. 1961.

22. Gasson DvB.' J.  Seci. Inst. 39. T78. 1962.




152~

23, Herman F. et al. Progress in Semicondué%ofs;?gg_l957.

ol Hansean‘lénd@Aﬁdérko K. COnstitution~of;Binary,Alloys. 1958.

fﬁg5.hDelves Rt and Lewls B."J. Phys. Chems Sollds-,Eh 5&9 1963.

26. Dana E.S. )escrlptlve Mineralogy. 6th: Ed. 6h 1900.
27. Ray B.;The31s Nottlngham 1960,
o28.,Lawson w.D. et al. J. Phys. Chem. s@llds.;g 325 1959

~29§4Blum A.I. and Regel A.R. Zhur. Tbkh. Fiz. 21. 316 1951.

*'and Regel A.R. Sov Phys. Tech 2. 35. 1957.
'33.'cariéon13;0. Ehys, Rev. 1!1 he. 1958
5u.~nagreﬁggaié J. ,J.;Chim. Phys. (French) 5 173 1958.
& g 8
©35. Bell Rele J. Elect. Contr. 3. LBT. 1957.
k56;jBlack Ji et al. .J.;Elect. Chem. Soc.‘;_i. 723.f1958.
37;‘HarmanﬁT.C. et al. J.‘Phys. Chem. SOlldS. 3 228 1958

38. Rodotgn ‘and Trlboulet R. C.R. Acad.k,{f (Frenuh) ggu 852 1962.

f‘§9auQuilliét;A; et al, Proc. Int. Cohf. uemlconductor ‘Phys. Exeter.

711. 1962.

. 40. Giriat W To be published in Brit.kJ;7App,'ﬁhys, 1963.

M. Rodot H. and Rodot M. C.R. Acad. Sci. 2i8. 937. 1959:

k2. Rodot H. and Rodot M. C.R. Acad. Sci. 250. 1447." 1960.:
43. Harman T.C. and Strauss A.J. J. App. Phys. Supp. 32, 2265. 1961

Li. Harman T.C. et al. Phys. Rev. Lett. @ 1403. 1961.

45. Strauss A.J. ﬁgoc. Int. Conf. Semiconductor Phys. Exeter T03. l?




em. Soc. 108.




~154-

3 (69) p-3 1960-
1h7 1961.

T1. Kio&se Cahs Izve Mold. fil. AN SS

ys. Chem.-

S’bl.‘

on Do R- J- ]

J. Phys. Chem. Sol. 16. 102. 1960.

eiter und Phosphore 470. 1958.
Nottingham;lQEO;'if;;

sen S. Preparation of Single Crystals 1958.

on H. and Wooster W.A. ‘The. Interpretation of

, ographs 1:960.

R: W: Thermoe lectrlc

1961."

UKy,
“ &\E«@’sfﬁ /

14 SEP: l%4

+ETIOR




