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CHAPTER 1

INTRODUCTION

The lead telluride (PbTe) compound and the alloys of PbTe
with tin telluride (SnTe) are among the semiconductors that have
generated most interest recently. The increased activity on Pbl_xSnxTe
semiconducting compounds and alloys arises from an exceptional “combina-
tion of academic and practical interests. This has stimulated fundamental
studies in several areas simultaneously and led to several device
applications.

The properties that have received most attention in
Pb _xSnxTe are those which relate to the stoichiometry, the band structure,

1

and conductivity mechanisms. Perhaps, the close interaction between

fundamental and bractical studies is best exemplified in the work
associated with the stoichiometry of Pbl_xSnxTe. Because the electrical
properties are mainly determined by deviations from stoichiometry,
fundamental studies on the physical chemistry of the compounds and
alloys can be performed to a high degree of accuracy (68 S1). In turn,
the knowledge of the functiomal relationships between composition,

vapor pressure, and temperature, obtained in these fundamental studies,
permits the preparation of materials with controlled electrical pro-
perties for other scientific studies as well as for device fabrication.
A unique feature of the energy bands in Pbl_xSnxTe is its valence-

conduction band gap. By varying the alloy composition, the pressure,



and the temperature, the‘energy gap can be controlled down to zero
energy (66 D1). This property of the energy bands led to the
fabrication of infrared detectors and lasers which operate at longer
wavelengths than otherwise obtained with semiconductors (68 Bl, 68 M2).
Also, the transport properties of Pbl_xSnxTe compounds and alloys make
them the most efficient materials for thermoelectric generators working
between room temberature and 600-650°C (706 R3). Several power sources
in which Pbl_xSnxTe thermaelements convert heat energy directly into

electrical energy have been built for space and military applications.

In spite of the activities around Pbl_xSnxTe compounds
and alloys, the band structure is still not adequately known with
sufficient detail to permit quantitative explanation of the transport
and optical properties. It is well established that in PbTe both
valence and conduction bands are situated at the L point and that the
constant energy surfaces consist of four equivalent prolate ellipsoids
at low carrier concentrations (64 Cl, 60 Al). The same conclusions
were reached recently for Pbl_xSnxTe with 0 < x < .32 (71 M1). How-
ever, little is known about the change in these energy surfaces and
in the density of states (or effective masses) with increasing carrier
concentrations. Several models of energy surfaces have been proposed
for the conduction and valence bands at the L point, but they have had
only limited success in explaining the optical and transport properties.
Moreover, with increased carrier concentrations in p-type Pb

1_xSnxTe

there is evidence that the carriers are not only in the <111> maxinma



at the L point but occupy another energy band*as well (66 Al). This
extrz heavy mass band is not yet positioned in k-space and its energy
position is still imprecisely known. Thus in p-type Pbl_xSnxTe with
increased carrier concentrations not only the main <111> valence band
is not well described but there is another contributing heavy mass
valence band for which little is known. The motivation of the present
work has been to contribute some further information about the valence

bands in p-type Pbl_xSnxTe alloys.

This work is the first study of Pb xSnxTe alloys in this

1~
laboratory. For this reason, an extensive program was undertaken to
grow single crystal ingots over the whole alloy range and to prepare

homogeneous samples of given carrier concentrations as well as given

alloy compositions. This program originated in 1967 and was done by
the author alone, using his own techniques and independently of related
work at other laboratories after 1967. All Pbl_xSnxTe single crystal

alloys studied in this work were prepared by the author in this L

laboratory as described in Chapter 2 entitled: Metallurgical properties
of Pbl_xSnxTe alloys. Chapter 3 deals with the optical properties of
p-type Pbl_xSnxTe alloys and in particular with measurements of
susceptibility effective masses which were done to test different
energy band models. Also included in Chapter 3 is a much needed

systematic and critical study of the different methods of analysis to

obtain susceptibility effective masses from infrared reflectivity data.

*
The "heavy mass band'" is not a second valence band strickly speaking
but a subsidiary maxima of the same valence band as the main one at the
L point.



Chapter 4 is mainly concerned with measurements of Hall coefficient,
resistivity and magnetoresistance in p-type Pbl_xSnxTe alloys. A
detailed quantitative analysis of the electrical properties in p-type
: Pbl_xSnxTe still awaits én adequate model for the energy surfaces of
the <111> minima. 1In spite of this, several new results related to
mobility ratios, energy gaﬁs, and energy surfaces have been obtained

from the electrical measurements and will be reported in Chapter 4.




CHAPTER II

METALLURGICAL PROPERTIES OF Pb SnxTe

1-x

2.1 Introduction

The group IV elements germanium, tin, and lead form nine
1:1 compounds with the group VI elements sulfur, selenium, and
tellurium. Of these compounds, the lead chalcogenides (i.e. the
coﬁpounds of lead with sulfur, selenium, and tellurium) and SnTe
have much in common. They all have the same cubic rocksalt structure,

have similar phase diagrams, can be grown by similar methods, and \

their carrier concentrations can be controlled in a similar manner.
In addition, in systems so far investigated® these compounds are
completely soluble in one another to form alloys with the above
common characteristics. In this chapter, we will study the alloy
Pbj_xSn, Te which will often be represented by the symbole MN to
generalize the discussion to all the above systems. In this nota-
tion, M represents the element(s) of the group IV and N represents
the element(s) of the group VI.

The use of stoichiometric formulae such as MN (i.e. the
number of atoms M is exactly equal to the number of atoms N) to
represent the compounds is only approximate. At finite temperatures,
the free energy of the crystal is lowered by the introduction of

atomic point defects (such as vacancies) and in general the compound

*
PbS-PbTe are not completely soluble

5



is stable over a range of compositions (Homogeneity range) which
sometimes does not include the stoichiometric composition implied by
the formula. These deviations from stoichiometry are too small to be
detected by conventional analytical techniques. However, for the
above MN systems, the carrier concentration is a direct measure of

the deviation from stoichiometry because the point defects, responsible
for this deviation, supply all extrinsic carriers in undoped specimens.
This is the reason for the considerable interest in deviations from
sfoichiometry in the IV-VI compounds (see 68 S1 for extensive
references). Our interest here is not directed towards fundamental
investiéations, but is practical. Rather than using carrier concentra-
tion measurements to find the different phase diagrams near the
stoichiometric compcsition, we will ipvert the procedure to obtain
samples of different carrier concentrations.

This chapter will be concerned with the growth and the
control of carrier concentration by heat treatment in Pbl_xSnxTe. The
purpose of this study is twofold. Firstly, it is to provide crystals
of good quality for general use in our laboratory. Secondly, it is to
obtain crystals with given alloy compositions and carrier concentrations

for the experiments to be described in the next two chapters.




2.2 Apparatus Design
2.2.1 The Growth Furnace

The furnace used to grow all our crystals is shown
schematically in Figure 2.l. A typical temperature profile is aiso
shown. The furnace consists of a high and a low temperature section
which are independently controlled. The two sections are separated
by a water cooled jacket which permits the establishment of a steep
temperature gradient. The quartz ampoule, containing the melt, was
held in a mullite tube which was driven slowly in the direction of
the low temperature zoné. The driving mechanism wés built to provide
three speeds: 1.1, 3.4, and 10.4 cm/day. In addition, the furnace
could be tilted as shown in Figure 2.1, The temperature gradient, at

the temperature of freezing, was always greater than 50°C/cm.

2.2.2 The Annealing Furnace

For the heat treatments to be described in Section 2.4, a
constant temperature furnace was needed. In order to satisfy this
requirement for several temperatures, it was necessary to build a
furnace with two concentric furnace tubes, each with a particular type
of winding. The outer heater consisted of a wire element very closely
wound near both ends of the furnace, and gradually more spaced in
goiﬁg toward the center of the furnace. The temperature profile of the

outer heater alone is shown schematically in Figure 2.2, The inner
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Figure 2.1 Schematic of step-freeze furnace and its temperature

profile.
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Figure 2.2 Schematic of annealing furnace and temperature profiles.




heater was wound with a constant spacing between the turns and gave

a temperature profile as showu in Figure 2.2. TFor all temperatures,

at which the furnace wvas used; it wés possible to find current settings
on both heaters that gave a constant temperature (& 1°C), over at least
15 cm, as illustrated in Figure 2.2. The furnace temperature waé
maintained constant by a proportional comptroller acting on the

outer heater. The value of the correct current in the inner heater

was found by trial and error for each annealing temperature and kept

fixed.
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2.3 Growth and Characéerization
2.3.1 Growth Procedures

- The melts were prepared by mixing the elements in stoichio-
metric proportion. Lead, tin, and tellurium, all 69s grade, were
obtained from Cominco Ltd., Montreal., Lead and tin were available in
the form of rods, approximately 12 mm in.diameter, from which sections
"were cut and the oxide skin removed, with a steel blade, just before
usage. The elements were sealed under vacuum in a 13 mm inside dia-
meter guartz ampoule, one end of which was made conical. The ampoule
was then introduced in the hot zone of the step-freeze furnace and left
there, at a temperature higher than 1000°C, for at least 1 day for
complete mixing. The melt was driven through the steep temperature
gradient (> 50°/cm), the conical tip being the first to freeze, at a
speed of 3.4 cm/day.

Table 2.1 lists the Pbl_xSnxTe ingdts grown using the above
procedure. Ingots 2 to 4 were grown with the furnace in the horizontal
position, while ingots 5 to 8 were grown with a tilt angle of 45°(see
Figure 2.1). The main advantages of the tilted position are the
following: 1) Since the melt completely fills the ampoule, as shown
in Figure 2.1, large cross sections of crystal are obtained. 2) There
is no transport of material, through the vapor phase, over already
grown material as there is in the horizontal set-up. 3) There is no

need to seal the quartz ampoules close to the material thus avoiding

oxidation during this operation.
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Ingot # Starting x Weight 1st to Freeze x p=(1/R°e)

77°K
grs. ‘ cm™3
2 o2 50 .12 2-4 x 1019
3 A 50 .27 .7-1.5 x 1020
4 .6 50 .45 2-4 x 1020
5 .8 75 5 x 1020
6 .1 100 .05 1.2 x 1019
7 0 67 0 7. x 1018
8 .3 100 .18 ‘ 4. x 1019

TABLE 2.1 Pbl SnxTe INGOTS GROWN BY THE STEP-FREEZE TECHNIQUE
~-X

IN OUR LABORATORY

TRt




.13

The starting compositions and the first-to-freeze composi-
tions, listed in Table 2.1, are consistent with the phase diagram for
Pby_Sn Te determined by Wagner and Woolley (67 W1) and shown in
Figure 2.3. The compositions were determined as described in Section
2.3.2. As seen from the phase diagram 2.3, the grown material is
always richer in PbTe than the melt. As growth slowly proceeds, the
melt becomes more and more depleted of PbTe and a composition gradient
exists along the length of the ingot. However, the composition gradient
is very small in the first quarter to freeze due to the relatively small
separation between the liquidus and the solidus curves at a given
temperature. In ingot #2, for example, the composition varies by less
than 2% in the first quarter of the ingot to freeze.

Table 2.1 also lists the range of carrier concentrations
measured in these ingots. The highef the SnTe content of the alloys,
the higher the carrier concentrations are. This is due to an increasing
deviation from stoichiometry as we go from PbTe to SnTe, When grown
from stoichiometric melts, Pbl_xSnxTe alloys are always tellurium rich
and this excess tellurium is accommodated in the lattice by lead and/or
tin vacancies which ionize to produce p-type carriers. That the alloys
grown from stoichiometric melt are tellurium rich is clearly seen in
SnTe rich ingots for which the iast to freeze is always a small amount
of pure tin. Also, Brebrick (63 B2) showed that the point defects in
SnTe were tin vacancies and that the carrier-to-vacancy ratio was

approximately 3. But, Brebrick calculated the carrier concentration
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using p = 1/R°e in which R, is the low field Hall constant and e is
the electronic.charge. When using the correct expression for the
carrier concentration p = r/Roe, with the values for r given by Tsu
et al, (68 Tl), the carrier-to-vacancy ratio becomes 2. This agrees
with the intuitive notion that an ionized divalent (Sn++) vacancy pro-
duces exactly 2 carriers. The increase of carriers from PbTe to SnTe
is almost 100 fold for ingots grown from stoichiometric melts (see
Table 2.1) suggesting that tin vacancies are more easily generated

than lead vacancies.
2.3.2 Determination of Alloy Compositions

The largest deviation from stoichiometry is around 17 in
Pbl_xSnxTe. This nevertheless makes the system slightly ternary with
the correct formula given by M; Ny » Where § is the deviation

2—-—-5 '2'+<S
from stoichiometry. Thus, to specify the alloy, both x and & need to
be known. If § is constant across the alloy range, then the system

may be considered as a binary system and be specified by the

composition x.
a) Lattice Constant versus Composition-Vegard's Law

Bis and Dixon (69 Bl) have shown that in Pb xSnx'l‘e, Vegard's

1—
law is valid provided all alloys deviate from stoichiometry by a fixed
amount 6§, Vegard's law says that the variation of the lattice constant

with alloy composition is linear; hence, a single lattice constant
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measurement is necessary to determine any alloy compositions x if the
lattice constant of PbTe_andlSnTe are known.

The results of Bis and Dixon are shown in Figure 2.4, The
points are from Wagner and Woolley (67 W1l) and are for samples which
deviated more and more from stoichiometry with increasing SnTe cbntent.
These deviations are estimated to be domparable to those of the as-
grown alloys of Table 2.1. The crosses are from Bis and Dixon (69 Bl)
and were obtained from samples of relatively low carrier concentrations
(< 7 x 1019 cmf3). As seen, Vegard's law is verified for the latter
samples with small deviations from stoichiometry. The insert shows
the variation of the 1a£tice constant with carrier concentration in
SnTe. By assuming the same variation throughout the alloy range, Bis
and Dixon gave a set of lines for constant p (or §). For p less than
1020 holes cm~3 the deviation from stoichiometry may be disregarded in
determining the composition. The apparent deviation from Vegard's law
in Wagner and Woolley data are thus explained (69 Bl) by deviations
from stoichiometry which are negligible in PbTe rich alloys but becomes

larger in SnTe rich alloys. All alloy compositions in this work were

determined by finding the carrier concentration and the lattice constant,

and subsequently using Figure 2.4, Composition determined in this way
were accurate to better than 1%. The lattice constant was determined
from standard analysis of the x-ray powder photographs. To remove the
internal stress, produced during the grinding operation, the alloy

powders were annealed for about 10 hrs. at a temperature no higher

i
!
H
;
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than 250°C. The accuracy of the lattice constant determined was

+ .0005 .
b) Diffracted Intensities versus Alloy Composition

Wé would 1like to proﬁose here a new method that permitg a
rough determination of the alloy composition by visual examination of
the x-ray powder photograph or an accurate determination when
measuring the integrated intensities of only two lines. This method
is particularly useful in systems of the type Al_xBxC for which atoms
B and C have appreciably lower atomic.numbers than atoms A. Pb

l_xSnxTe

is such a system. For simplicity, let us assume that the deviaticns
from stoichiometry are negligible (i.e., p < 1020 cm—3).
Pb;_,Sn,Te alloys have the cubic sodium chloride structure
with the lead and tin atoms located on a face-centered lattice with
origin at (0,0,0), and the tellurium atoms located on another face-
centered lattice with origin at (1/2, 1/2, 1/2). The integrated
intensities of the different x-ray lines for fine powders are propor-

tional to the structure factors squared (Fz). It is given (59 Cl1l) for

Pbl_xSnxTe by:

F2 = 0 for mixed indices (even and odd)

o
N
|

. 2 . ]
16((1-x) be + x £ n + fTe) if (h+k+1l) is even (2-1)

s
_ 2 . .
16((1-x) fp, + x £ fTe) if (h+k+l) is odd

|
0

in which £ represents the atomic scattering factor for the element in
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subscript, and (h,k,1) are the Miller indices. éince fhe atomic
scattering factor increases with increasing atomic number, F2 will be
relatively large (if (h+k+l) is odd) for x = 0 and close to zero for
x = 1.

Let us consider the (311) and the (222) lines (the sum of
their indices is odd and even;'respectively) and let us calculate the
ratio of their integrated intemnsities. It is given for the Debye-

Sherrer method (59 Cl1l) by:

2
I |F311]
311 _ 5 P c(8) (2-2)
1322 |F222|

in which F is the structure factor, p is the ratio of the multi-
plicity factors and is equal to 3 for the above reflections, and C(6)
is the ratio of the Lorentz factors (59 Cl). The above formula is
expected to be quite accurately obeyed in the present case because all
other factors influencing the integrated intensity are the same for
both reflections and cancel one another in the ratio. The intensity
of the incident beam, the irradiated volume of the specimen, the
camera radius are such constant factors. Other factors, such as the
temperature and the absorption factors (59 Cl1l), cancel out because the
Bragg angles for the two reflections differ by only 1° in the present
case,

The Bragg angle for the (311) and (222) lines vary by approxi-

mately 1/2° across the alloy range and a negligible error is introduced,
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by taking the Bragg angle corresponding to the middle of the alloy
range, In finding C(®) and the atomic structure factors. Using the
value of structure factors and C(8) given in Tables (52 T1)

equation (2-2) becomés for CuKa radiation and(Pbl_xSnxTe alloys:

2

A plot of equation (2-3) is shown in Figure 2.5. Accurate
intensity measurements using a diffractometer were not performed.
However, approximate.intensity ratios.were determined using a photo-
meter and are shown in Figure 2.5, The corresponding composition x

were known from the lattice constants. The agreement is rather good

in view of the inaccuracy of the method used to determine the integrated
intensities (59 Cl, p.173). The variation of integrated intensity of
the (311) and (222) lines with alloy composition is illustrated in
Figure 2.6b, which shows sections of the Debye-Sherrer powder photo-
graphs for different alloy compositions. . The adjacent (311) and (222)

lines are indicated by an arrow.
2.3.3 Characterization of the "As-grown" Alloys

Visual and metallographic examination revealed that the
"as-grown' ingots were single crystals, In ingot #8, for example, the
first to freeze material was single crystal with small angle grain

boundaries (. 2° - 3°) which disappeared rapidly with increasing distance
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away from the first to freeze. X-ray back reflection photographs,
taken every 3 mm across a diameter of the cylindrical ingot on a face
parallel to the long axis of the ingot, showed identical pattern for
normal incidence of the x-ray beam. One of the x-ray photographs is
shown in Figure 2.6a. The single crystal character of the material
is confirmed and the small.size of the x-ray spots indicates a highly
perfect crystal. Similar results were obtained from ingot #6.

Mechanically, the material is fraglle and often difficult to
cﬁt and lap. It cleaves along {100} planes. This operation is
difficult to perform at room temperature .but becomes easier at lower
temperafures. For example, good cleavage could be obtained in cold
water with much greater facility than at room temperature. The cutting
and lapping were found to be relatively easy along {100} plames. But
difficulties were often experienced when the {100} planes were at an
angle with the face to be lapped. Micro-cleavage was often observed
on the lapped surface when the lapping direction formed an obtuse
angle with {100} planes. By”avoiding such undesirable situations good
éurfaces were always obtained.

The "as-grown'" material was homogeneous. Firstly, metallo-
graphic examination showed no voids, no cracks, and no sign of metal
precipitation. We believe that the small growth rate (3.4 cm/day) and
the steep temperature gradient at the freezing interface (> 50°C/cm)
were responsible for the absence of metal precipitation and cellular

substructure frequently observed in Pb xSnxTe ingots (68 Bl).

1~

-
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Secondly, x-ray diffraction (Debye-Sherrer powder photographs)
indicated that the alloys were single phase and of good alloy hemo—
geneity. Figure 2.7 illustrates this by showing the high angle
diffraction lines which are well resolved for all alloy compositions
shown. Thirdly, resistivity measurements taken at two different
positions along the samples, indicated that the "as-grown" material
was homogeneous in carrier concentration. Several samples were
measured this way between 4.2°K and room temperature and, in all cases,
the two measurements agreed to better than 1% at all temperatures.

The carrier concentration and the Hall mobility also reflected
the higﬁ quality of the material grown in our laboratory. The Hall

constant and the Hall mobility are plotted in Figures 2.8 and 2.9.

For comparison, the results for Czochralski grown (68 W1) single
crystals are also shown. It is seen that the alloys grown by the

step—freeze method in our laboratory have-fewer carriers and higher

’

mobilities.
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2.4 Isothermal Annealing

As pointed out in Section 2.3.1, the carrier concentration
can be used to measure the deviation for stoichiometry in MN systems.
This ?s because the non-stoichiometry is due to vacancies which ionize
to produce carriers. It should be pointed out that, in addition to
carriers due to the non-stoichiometry, intrinsic carriers and carriers
due to ionized impurities may contribute to the total carrier concentra-~
tion. In the present work, the lowest carrier concentration investigated
in Pbl_xSnxTe is about 1017 cm™3, At the temperature of the measure-

ments (77°K), the intrinsic carrier concentration is negligible and the \

doping is believed to be much less than 1017 cm—3, Thus, the total

carrier concentration is a direct measure of the non-stoichiometry.

In fact, in SnTe each tin vacancy produces 2 holes (63 B2, 64 Bl).

We will assume 2 holes/vacancy for the whole alloy range in Pbl_xSnxTe.
The purpose here is to prepare Pbl_xSnxTe samples of different

carrier concentrations by controlling the deviation from stoichiometry.

Before we describe the méthods of achieving this, a knowledge of the

various phase diagrams, describing the non-stoichiometry, is required.

A general review of this information is given by Strauss and Brebrick

(68 S1). Here we will summarize briefly the main features of these

phase diagrams.

*This belief is based on the fact that the starting elements were 6-9's
grade and that the material was cleanly encapsulated in a closed quartz
tube for growth. However, no impurity analysis was done to see if the
quartz container contributed impurities to the grown material.
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2.4.1 Non-Stoichiometry;-Phase Diagrams,

Let us consider generally the binary‘system of elements
M and N. The phase relation can be completely specified by a three-
dimensional pressure temperature composition (P-T-n) diagram, where n
is used to rebresent the atomic fraction of element N; It is con~
ventional to éresent this information in the form of two-dimensional
projéctions called: T-n, P-n, and P-T projections.

kFigure 2.10a is a schematic representation of the T-n pro-
jection., The deviation from stoichiometry is so small that, on the
scale shown, it is a line phase with n = 0.5. Expénsion of the

abscissa around n = 0.5 reveals the homogeneity range as shown

schematiéally in Figure 2.10b, The compositiéns of the maximum melting
point are larger than n = 0.5 in all three projections. They are approxi-
mately the "as-grown" compositions in the step-freeze technique. The
"as-grown" material is thus more and more N-rich (or p-type) for the

T-n projections from left to right. This corresponds to the situation

in Pbl_xSnxTe with incre;sing SnTe content as shown earlier (Section .
2.3.1) and as indicated above the individual projections. Below the

maximum melting point, the M-saturated and N-saturated solidus lines

define the boundary of the homogeneity range. For the rightmost T-n
projection (that corresponding to SnTe) the homogeneity range is
entirely on the N-rich side, and does not contain the stoichiometric

composition. Thus, it is not possible to obtain undoped SnTe which is
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" M-rich or n~type. However, the homogeneity range for undoped
Pbj_xSn.Te contains the stoichiometric composition (at leasi up to
X ~ .3) for some range of temperature ﬁakiﬁg it possible to obtain
both n- and p-type épecimens without doping.

It is important to note here that the T-n projection shows
a retrograde sqlubility below a certain temperature in the PbTe rich
alloys. If, for example, a solid PbTe sample is made Pb-rich at a
" temperature corresponding to point A in Figure 2.10a, an extremely
fast quenching rate wéuld be required to quench this phase to room
temperature as indicated by the dotted line. At room temperature,
the phase would then be preserved since diffusion at room temperaturé
is negligible (see Section 3.5.3). In practice, however, quenching
rates, fast enough to prevent precipitation.in the first instant of
cooling, may not be éttainable, and the cooling curve may coincide
with the solidus down to an effective quenching temperature corres-
ponding to point B, The preciﬁitation process is the only one fast
enough to be significant here (the loss of excess Pb to the vabor
phase is negligible during quenching); it requires diffusion over
small distances only. The same situation exists on the N-saturated
portion of the solidus line where micro-precipitates of N may form
during cooling. The extent of this precipitation will depend on the
temperature at which the retrograde solidus line is crossed. The
lower fhis temperature the less precipitation will occur, and, at a
temperature below which diffusion over short distances is slow, pre-

cipitation does not occur.
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Figure 2.1l1la illﬁstrates schematically the P-n projection.
The abscissa scale is distorted to show liquid, solid-liquid, and solid
regions. The partial pressure of the N2 molecules (PNZ) at a constant
temperature is shown. It is to be noted that, in the region where the
liquid, the solid, and the vapor co-exist, the partial pressure is
independent of n and is entirely determined by the temperature. Also,
there is a large change in N2 partial pressure across the narrow homo-

'geneity range. This is also illustrated in the P-T projection.

Figure 2.11b shows the P-T projection in the vicinity of the
homogeneity range. Log P versus 1/T are the standard.coordinates for
this projection because in many cases log P and 1/T are linearly
related. As in Figure 2.1la, only the PN2 partial pressure is shown
since it is in general much larger than the partial vapor pressure of
M. The loop is called the three-phase line since solid, liquid, and
vapor co—exist on it, Imnside the loop, only solid and vapor co-exist
while, outside the loop, there is only liquid and vapor. The upper
branch gives the partial vapor pressure PN2 for solid MN in equilibr%um
with N-rich liquid; the lower branch gives PN2 for solid MN in equili-
brium with N-rich liquid. At relatively low temperatures, the upper
and lower branches meet the partial vapor pressure for pure N and pure
M, respectively. By fixing the temperature and the partial vapor
pressure PNZ’ one can obtain equilibrated MN solids of a given com-

position within the homogeneity range. Since composition data can be

obtained from carrier concentration measurements, as explained earlier,
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lines of constant composition inside the homogeneity region are
often shown as lines of comstant carrier concentration. This is
illustrated schematically in Figure 2.11b which shows a few lines of

constant carrier concentrations inside the homogeneity range.
2,4,2 Methods of Controlling Carrier Concentration

The above phase diagrams suggest several methods by which
the non-stoichiometry (or carrier concentration) can be controlled.
For example, the carrier concentration can be controlled by fixing
the temperature and the partial vapor pressure PN2 over the solid MN.

However, this is a technique that requires special furnaces to control

the two variables PN2 and T. Another more practical method was first
used by Brebrick and Allgaier in PbTe (60 Bl). The technique involved
the equilibration under isothermal conditions of a Pb-rich PbTe charge
with a small sample of PbTe. The charge and the sample are enclosed

in a sealed quartz ampoule the volume of which is made small enough to
prevent any change of composition of the condensed phase by volatilization.
At equilibrium, the PbTe sample lies on the Pb-rich solidus line and is
made to retain that phase by fast quenching to room temperature. For
the alloys system Pbl_xSnxTe, this technique requires the preparation
of metal rich charges having the same Pb-Sn ratios as those of the
samples to be annealed. We will now describe the simplified annealing

techniques used here.
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a) Equilibration with Small Charges

The annealing technique, used in the present experiment, is
based on the same principle as that of Brebrick and.Allgaier (60 Bl1).
As seen ea?liér, if the MN system is closed and contains all three
phases (liquid, solid, and vapor) it has only one degree of freedom
and fixing the temperature fixes the equilibrium composition of each
phase. Thus, if the composition of the charge and the sample together
lie in the liquid-solid region (between the liquidus and the solidus
line in Figure 2.10a), the solid composition and the liquid composition
are fixed-by that of the solidus and the liquidus line at the annealing

temperature, and the partial pressure PN2 in equilibrium with the

system is fixed by the annealing temperature as seen in Figure 2.lla.
When the above condition is satisfied, thé composition of thé sample
changes by solid state diffusion until, at equilibrium, it reaches the
M-satureated or N-saturated solidus line deﬁending on whether the
charge is M—rich'or N-rich. By varying the annealing temperature,
solid specimens can be equilibrated to various non-stoichiometry
represented by the solidus line in Figure 2.10b and corresponding to
various éarrier‘concentrations.

The simplification of the present annealing technique over
tﬁose used elsewhere (see, for example, 60 Bl and 68 C2) is in the use
of minute charges of pure N or pure M only. Since the only requirement

is that the composition of the sample and the charge together lie
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between the solidus and the liquidus curve at the annealing tempera-
ture, the amount of M or N needed is given by:

atoms of Mor N > (p(sample)—p (at the solidus line))/Z (2-4)

in which P representscarrier concentration and 2 carriers per vacancy
has been assumed. For example, let us consider a PbTe sample, with

2 x 1019 holes cw™3 and of dimensions .1 x .3 x 1. cm3, which is to be
equilibrated at a temperature for which the Pb-saturated solidus line
is at the stoichiometric composifion. The number of atoms of pure Pb
requiréd is given by equation (2-4) and is > 3 x 1017 cm™3. Thus only
a littlé over .1 mg of pure lead, introduced in the quartz ampoule with
the PbTe sample, is necessary to equilibrate the sample to the stoichio-
metric composition. The exact amount is not critical and in general 2
to 3 times the amount calculafed using equation (2-4) can be used to
ensure that the composition of the charge and the sample together is
well in the liquid-solid region., At the start of the annealing, the
Pb charge is liquid. The excess tellurium in the sample is transferred
(via vapor phase) tc the charge until the chargé has collected enough
Te to cross the liquidus line. Then, the charge will be partly liquid
and partly solid until equilibrium is reached. At equilibrium, the
sample is lead saturated and lies on the solidus line. If the amount
of pure lead used is so large as to prevent the charge from reaching

the liquidus line before the samples reach the solidus line, then
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surface meiting of the specimen will occur to provide the extra Te
needed'by the charge to reach the liquidus line. Thus, the upper
limit to the amount of pure Pb needed to prevent melting of the
specimen depends on the po;igion of the liquidus line in the T-n

projection., It is given by

atoms of M < AR (1_—:_1) : (2-5)
2 ' n

atoms of N < 4B (2 ' (2-6)
2 1-n

in which Ap/2 is the right banded side of equation (2-4) and n is the
composition of the approp:iate liquidus at the annealing temperature.
For example, in PbTe n = .1 at 700°C for the Pb-rich liquidus. From

equation (2-5) we find 9(Ap/2) as the upper limit to the number of

atoms in the Pb charge.

For Pbl_xSnxTe alloy samples, the charges used were pure
tellurium and mixture of lead with tin for N- énd M-saturation,
respectively; The mixtures of lead with tin were prepared for every
5 atomic percent by melting at high temperatures followed by hard
quenching. For M-saturation the mixture having the closest Pb-Sn
;atio to that Qf the Pbl_xSnxTe sample to be equilibrated was used.
It was not necessary to have exactly the same Pb~Sn ratio in both the
charge and the specimen because the charge was minute and could not
produce an appreciable change in composition x of the much lafger

Pbl_xSnxTe sample. The charges were weighed using a precision balance.
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For the saméles to be annealed, the weight of the charges ranged
from .1 ﬁo 1.3 mg. Aftef the annealing treatment was .over, the small
qdartz ampoule containing the sample was quenched in water.
The main advantages of the present annealing technique are:
-The preparation of the charge is simple and exacfly
" the same Pb~Sn ratio as the one in the sample is not
required as it wﬁs in previous techniques (60 Bl, 68 C2).
Thus, it is not necessary to prepare a charge for every
cbmpésition x of the Pbl_xSnxTe samples to be annealed.
~The specimen and the small charge can be easily
separated inside the quartz ampoule and no complications

such as "tube within a tube" (68 C2) is necessary to

separ;te them.

—Owing to smaller size quartz ampoules, it is easier
to have the whole ampoule in a region of constant tempera-
ture in the furnace. This is desirable to prevent. transport
of the sample, through the'vapor phase, toward colder

regions of the ampoule,

~The small size of the quartz ampoule permits higher
quenching rates., Fast quenching is desirable, as seen

earlier, to prevent internal precipitation.

The results of the annealing ekperiments using the above
technique are given in Table 2.2 for several composition x of

Pbj_,Sn,Te alloys;. The first column give; the sample number. The
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second column indicates the néture of the charge (M for Pb-Sn mixture,
and Te for tellurium) the amount of which was determined using
equation (2-4), (2-5), and (2-6) and varied from .1 to 1.3.mg for
typical sample volume of .15 x 1. x .3 em3. The third, fourth, and
fifth columns gives the thickness in mm, the annealing temperature
in degree centigrade, and the annealing time in days, respectively.
The annealing times were chosen to satisfy Henry's diffusion result
that for Dt/12 > 1 (where D is the diffusion.coefficient, t is the
time, and 1 is the thickness of the sample) equilibration is predicted
(68 C2), 1It should be noted ﬁere that D is the inter-diffusion
coefficient, also designated the chemical diffusion coefficient,
ﬁhich describes the rate at which changes in composition are propa-
'gated through the crystal (59 S1). 1In PbTe, it has been found to be
5 x 10~8 cm27sec at 500°C (59 S1). Assuming this value for Pb,_,Sn,Te,
Henry's diffusion result is satisfied for annealing time a little over
2 days for a sample 1 mm thick at 500°C. 'In view of the fact that
the diffusion increases exponentially with increasing temperature,
it is seen that Dt/12 >> 1 is satisfied in all cases listed and that
equilibrium is more than reached in all cases. The sixth and seventh
columns gives the carrier concentration and the Hall mobility
respectively.

The results of annealing are also plotted in Figure 2,12,
It could easily be converted to a T-n projection, as in Figure 2.10b,

by assuming 2 carriers per vacancies, but it is more readily usable
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as shown. Similar curves were obtained independently by Calawa et al.
(68 C2) in Pbl_xSnxTe for different compositions. The general agree-
ment is good. However, our 13% SnTe curve shows a crossover tempera-
ture (from p-type to n—type) significantly higher than that reported
by Calawa et al. (68 C2) for the same composition. This difference
could be due to the presence of ionized impurities, in addition to
ionized vacancies, which would be n~type in our material or p-type in
Calawa et al, material.

The present technique, can also be used to obtain equilibrated
solids inside the homogeneity region if a smaller charge than that
require& by equation (2-4) is used. At equilibrium, the charge and
the sample are both solid and have identical composition determined by
the temperature and the partial vapor pressure in equilibrium over
both the sample and the charge. A few samples were annealed this way
and were found to be in the homogeneity region as expected. We believe.
that it may be possible, by careful weighing of the charges, to check
experimentally* the assumption that there are 2 holes/vacancy in highly
doped alloys. All that would be required are the weight of the charge,

and the carrier concentration before and after the equilibration.
b) Equilibration without Charges

A technique that may turn out to be practical to obtain
nearly stoichiometric samples is the equilibration of a solid sample

in an empty quartz ampoule of volume Va‘ In PbTe, for example, the

*
Houston et al. (Bull. Am. Phys. Soc., 9, 60, 1964) carried out such an
experiment in SnTe and reported that the results were consistent with
the assumption that there are 2 holes/vacancy.
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partial vapor pressure of Te2 in equilibrium with stoichiometric
solid is much larger  than.that of Pb (68 S1) and hence, a net loss of
Te from the specimen occurs to make'up the partial vapor pressure PTe

1n'the volume Va' Negiecting,the loss of Pb vapor, the size of ampoule,

Va, required to make a p-type sample stoichiometric is given by:

v=

a (2-7)

2|8
@[3

" in which Va is the volume of the ampoule, T is the temperature, N is
the Avogadro number, R is the gas constant, Ps is the partial pressure
of Te2 in equilibrium with stoichiometric PbTe at temperature T, and

n 1s the number of Te2 molecules. For a p-type PbTe sample with

4 x 1017 holes cm_3, it is.necessafy to remove n ==1017 Te2 molecules

cm-3vfrom the sample to make it stoichiometric. Since at 800°C Ps = 10~

atmosphére (69 D1), the volume required to accommodate the molecules of
Tez, evaporating froma 1 x .1 x .1 cm3 sample, is from equation (2-7)
about 14 cm3. The above technique was not used here since very low
~carrier ceoncentrations were not wanted. But if very low carrier con-
centration are aimed af it may prove to be an accurate technique.

Another technique that requires very short equilibration time
may be used on material grown fast or in small temperature gradients.
As seen earlier, in ingots grown this way, there is metal precipitation
and cellular structure (68 Bl). Thus the metal charge required for

M-saturation (see Section 2.4.2b) is already present in the sample
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itself in the form of metal precipitates distributed in the volume of
the sample. Vacuum anneéling in small quartz ampoule will therefore
dissolve the microprecipitates of metal and bring the sample composi-
tion towards the metal saturated solidus line (see Figure 2.10b).

The time required for equilibration is very short since diffusion over
short distances only is required. Therefore, very low annealing
temperature can be used and lower carrier concentration may be achieved
(in Pb;_,Sn Te with large SnTe content) than with any other techniques.
Some of our "as-grown" material was vacuum annealed in small quartz
ampoules as expected, the carrier concentration before and after the
annealiﬁg did not differ significantly. fﬁis supports our earlier

conclusion that no metal precipitates were present.
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2.5 Discussion

The temperature of the annealing furnace was maintained
constant (+ 2°C) over long periods of time and there was a negligible
gradient (* 1°C) across the quartz ampoules. After the specimen had
been equilibrated, i:he quartz ampoules, containing the samples, were
quenched in water. In addition, the annealed samples were lapped, on
all 6 faces, to remove about 100 u of materiél sefore any measurements
were performed. Because this procedure was scrupulously followed, we
believe that our annealed samples were homogeneous in their alloy
composition as well as in their carrier concentration. The homogeneity
in carrier concentration was checked by measuring the resistivity at
two positions along the specimens. At least 20 specimens were measured
this way from 4.2°K to room temperature. For the range of temperature
from 77°K to room temperature the agreement was better than 17 between
the two measurements. However, in the lowest carrier concentration
samples (< 5 x 1017) drastic changes occurred at temperatures lower
than 77°Kk. We believe that these changes are not due to a spatial
variation of the carrier concentration in the bulk of the sample, but
are due to surface effects and rectifying current contacts. In support
of this we noted that the higher resistivity portion of the sample
reverted to the lower resistivity portion when the current was
reversed. We nevertheless rejected any measurements made on these

samples in the temperature range where this effect was noticeable.




‘For the annealed Pbl_xSnxTe samples, no sign of precipita-

tion was detected. We believe that during the quenching the solidus

curve was not crossed, or Qas crossed at too low temperature for

- precipitation to occur. This would be expected for a T-n projection
of the type shown in the center of Figﬁre 2.10b. Figure 2.12 also
shows that precipitation did not occur since, for high equilibration
temperatures, the carrier concentration increased with increasing

' temperatures. If the N-rich solidus line had been crossed during
quenchking the carrier concentratioﬁ woﬁld have reached a constant

plateau at high temperatures.
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CHAPTER III
OPTICAL PROPERTIES OF Pb1 < Sn Te
-~ X

3.1 Introduction

The L-symmetry of the valence and conduction band extrema
appears to be well established in PbTe. Because of the small energy
gap, both conduction and valence bands are non-parabolic apd their
non-parabolicity is mainly due to the interaction of these two
bands (64.C1). In fact; the two-band models of the non-parabolicity,

" such as the Cohen model and the Kane model, have been used with some
success to explain experimental data in PbTe (65 D1, 68 Cl, etc.).
However, theoretical band structure investigations (66 L1, 70 01, etc.)
show that there are six relatively closely space <111> bands near the
Fermi level, the interaction of which needs to be considered to deter-
mine the non~parabolicity of the valence and conduction bands. As
pointed out by Dubrovskéya (70 D1), the success of the two-band models
is surprising, but it can be explained because of the considerable
compensation of the effects of the two higher and the two lower bands;

In p-type PbTe, the holes are mainly in the above mentioned
<111> extrema at low carrier concentration. There exists evidence
for extra.bands contributing to conduction. Allgaier and Houston

(66 Al) report, from measurements of the temperature dependence of the

- 48 -
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Hall coefficient, that there is a heavy mass band situated .14 e.v.
below the <111> extrema at 0°K. From the minimum in the cuive of
thermoelectric power versus carrier concentration, and the Kane
model, Chernik (68 Cl) feportsa value as high as .28 e.v. below the
<111>.extrema at 1209%K. To resolve such discrepancies between
different typés of experiments, two heavy mass bands may be necessary
besides the <111> extrema. If such a situation was to exist in PbTe,
non-parabolicity effects and heavy mass band effects could be difficult
to distinguish. In the present experiments, we choose to investigate
the p-type Pby_4 Sane alloys with x = .06 and x = .2 because their
band structure is similar to that of PbTe. Also it was hoped, since
the main gap changes appreciably with alloying, that the relative
position of all the bands participatiﬁg in conduction would change
enougﬁ to give new manifestation of their presence.

One of the best tools to investigate the non-parabolicity
and the presence of extra bands participating in conduction is the
determination of susceptibility effective masses from measurements
of infrared reflectivity. Such measurements can be made over a large
range of carrier concentration and temperature. To quote Dixon and
Riedl (65 D1) "They serve as a stringent consistency test of proposed

band models and their parameters".
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In this chapter, after a brief description of the experi-
mental arrangement, we will review briefly the theory that permits
us to relate the susceptibility effective mass to the energy bands.
Then, the different methods of analysis will be studied in detail.
We will emphasize that section because the use of different methods
often give different results and also because there are cases in the
literature for which improper analysis has led to large errors. We
will proceed wiﬁh the results concerning the high frequency dielectric
constant, the carrier concentration, and the effects of surface pre-
paration. Finally, the optical mobility and effective mass results
will be given versus carrier concentration and temperature. The
prediction of the different band models will be compared with the

experimental results and their consistency will be discussed.
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3.2 Experimental

3.2.1 Samples

The samples were obtained from two 100 grams ingots grown
from stabhiometric.Pb 1-x SnxTé melt containing 10% and 30% SnTe
respeétively; The samples were cut from circular disks, 14 centi-
meters in diameter and 3 mm thick, taken from the first quarter to
fre;ze. Eight samples were cut from each single crystal disk using
a spark cutter. The compositions of the sets of samples were 6% and
20.8% SnTe and the as-grown composition gradients across the thickness
of the disks were about 0.1% and 0.3% respectively? The different
.cgrrier concentrations were obtained through heat treatﬁents following
which about 100 microns of material was removed, from all 6 faces of
the samples to eliminate the concentfation gradient present near the
surface after the heat treatment. The heat treatment procedures and
growth techniques are described in Chapter 2. The final dimensions
of the samples were approximately 9 mm long, 2 mm wide, and 1 mm thick.
After the measurements of the Hall effect, resistivity, and thermo-
electric power had been performed, the samples were prepared for the
reflectivity measurements.

Two polishing procedures have been used. The first one
consisted of chemical etching to remove all the surface damage followed
by a light mechanical polish using .05 p powder to improve to maximum

the reflectivity which deteriorated during the etching. It was thought

*As determined from the measured variation in alloy composition versus
distance around the chosen disks.
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that the light mechanical polish would cause,ﬁegligible daﬁage in a
thickness small compared to the penetration depth of the infrared
light. This assumption proved to be wrong as we shall see later
(Section 3.5) and the measurements had to be rejected because‘of
improper surface prepafation. A good etching technique was sub-
sequently found which produced a smooth mirror;like surface. The
second and correct polishing procedure consisted of a mechanical
polish, using no more than 0.1l u powder, followed by a 2-5 min
chemical etching that eliminated the thin damaged-layer and produced
a smooth mirror-like surface. The etching solution used consisted
of 10 volume of ethylene glycol, 2-3 volume of H202'and 10 volume of
KOH. The etéhing procedure was that described for similar etches by
' Coates et al. (él Cl). The samples were held using bare stainless
steel tweézers. The sensitive variables were the proportion of H202
and the ;egree of agitation. Occasionally the surface quality
deteriorated during the etching, and the whole procedure, starting

with mechanical polishing, was repeated until the smooth mirror-like

surface was obtained. The etching rate was estimated to be 5 u/min.

3.2.2. Reflectivity Arrangements

The source of monochromatic radiation was a Baird Associate
double beam infrared spectrometer modified for single beam use. A
wavelength range from 2 to 23 u was available using NaCl and KBr
prisms for the shorter (2-16 u) and the longer wavelengths (12-23 u)

respectively.
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The reflectometer is shown iﬁ Figure 3.1. A first spherical
mirror is collecting all the light from the exit slit of the mono-
chromator and focuses its .image on the sample. The reflected light is
then focused onto the.detector using a short focal length ellipsoidél'
mirror. The signal from the bolometer detector is amplified using
a preamplified and a lock-in-amplifier tuned to the chopping frequency
of the light. The reflected intensity is read on a digital voltmeter
or recorder.

A cryostat similar to that described by Fortin (70 Fl) was
mounted on a table that provided movement in three perpendicular
directions. 1In additioh, rotation about the axis of the cold finger
was possible for both the cold finger and the windows independently.
Three samples could be mounted on the cold finger together with an
aluminium mirror. The sample and the window were adjusted .so that
only the light reflected from the sample could be collected; the
light reflected from the window being eliminated in a systematic
_way, as shown in Figure 3.1.

The reflectivity was measured by a comparison of the
inténsity reflected from the sample with that reflected from the
mirror both measurements being performed in identical conditions.

In particular, the light was focussed on the bolometer sensitive area
so that the image of the exit slit was always centered on the
sensitive area and contained within it. Also, the stability of the

light source (globar) was checked by measuring the intensity reflected
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Figure 3.1 Schematic of reflectometer.
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from the mirror both before and after that reflected from the
sample. The measurements were rejected when the difference between
the two mirror measurements was greater than 2%.

The samples were mounted on the cold finger usingASilastic.
The temperature was measured using a copper-constantan therﬁocouple
soldered to the copper cold finger. The angle of incidence of the
light on the sample was about 10° from normal for the central rays

and 15° from normal for the extreme rays.
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3.3 Theory

In this section, we intend to describe the phenomenon of
reflection from a classical view point. The quantum mechanical
‘treatment provides a more detailed picture but leads to eqdations
similar in form to those of the classical treatment in allicases of
interest here (60 M1, p.29).

We will start with the Maxwell's equations to describe the
phenomenon on the macroscopic scale through quantities such as
dielectric constants. Then, these optical constants will be expressed
in terms of the details of the interaétion of light with matter to
extract quantities such as the effective mass., Finally, the

effective mass will be related to the band structure of the material.

3.3.1 Macroscopic Description-Optical Constant
For a non-magnetic material, the Maxwell's equations
which describe the macroscopic behavior of electromagnetic waves in

an uncharged polarizable medium may be written in M.K.S. units:

T+7) = E=--2 u | -

div, (eoE +P)=0 curl, E Y uoH (3-1)
. _ _ s
div. H=0 ~curl, H = oE + gz(eoE+P)

in which € and u, are the dielectric constants and permeability of

free space, and the other symbols have their usual meaning. In the

particular case of cubic crystals the polarization P is proportional
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to the field and can be expressed by:

P =g xE (3-2)

where x, a scalar quantity, is called the electric susceptibility.

The electric displacement thus becomes:
EGE + P = g, (1 + Y)E = €,€E (3-3)

which defines the specific dielectric constant € of the medium.
Substitution of equations (3-3) in equations (3-1) leads to the

wave equation for E:

]
(=]

v2E - UOUEEA- u ee 82%E

3-4
T Pottat (3-4)

a solution of this equation for waves propagating in the x direction
is:

E = E_ exp. iu(t - x/v) ' (3-5)
which is a plane wave of amplitude Eo’ frequency w, and phase
velocity v. The solution (3-5) satisfies equation (3-4) provided:

3 = & = iojwe, | (3-6)

Thus, if o and € are known for a material, equations (3-6) and (3-5)
specify the nature of the wave in that material. However, it is

more convenient to define other pairs in terms of a complex refractive
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index N, and a complex dielectric constant &:

P _ -.2 -
g = €1 + iez = ﬂi (3-7)
v .
N=n+ick=z & : (3-8)
v .

where n is the index of refraction, k is the extinction coefficient,

€, and ¢, are the real and imaginary parts of the dielectric constants.

1 2
Equations (3-6), (3-7) and (3-8) lead to the following relations:

(3-9)

2nk = e, = clweo

In what follows, we will be concerned with the measure-
ment of the reflectivity R at normal incidence on thick specimens in

air. It is given in Moss (60 M1, p.6):

R = Lo = D2+ 2 (3-10)
(n + 1)2 + 2
Such measurements and any measurements yielding knowledge of the
pairs (e,0), (sl,ez) or (n,k) fully describe the situation macro-
scopically. On the atomic scale, the alternating electric field of
the incident light causes the electrons or ions to oscillate which
in turn reradiate to produce the reflected beam. Consequently, the

reflected beam contains information about the mass, the concentration,
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and the interaction of these electrons or ions in the solid. The
determination of any of the above pairs cannot yield this micro-
scopic information unless they are related to models that describe
the phyéical processes on the atomic scale. The different dispersion
mechanisms will now be reviewed for the range of frequencies of'

interest.

3.3.2 Microscopic Description-Dispersion Mechanisms

The macroscopic parameter &, the cbmplex dielectfic constant,
varies widely wi?h temperature and frequency within the same cubic
material, To explain these variations, a model based on the atomic

structure of the material is needed. A basic concept from the

atomic viewpoint is that of the electric dipole moment.;. It is
related to the macroscopic electric polarization P which appears in

the equations (3-1) by:
P=Np=Nezx (3-11)

Where N is the concentration of particles each of charge e and
displacement x from the equilibrium position.

In Figure 3.2, a reproduction from Kittel (56 K1, p.165),
illustrates the different contributions to polarization in solids.
The division of polarization into three types: electronic, ionic and
orientational, is quite gemeral., As the frequency increases the

different components disappear as they no longer respond to fast
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Figure 3.2 Frequency dependence of the polarizability
cxi = pi/E.
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changes in the applied field. These changes usually occur at radio
or microwave frequencies for the orientational polarization, in the
infrared region for the ionic polarization and in the visible or
ultraviolet region for the electronic polarization. Our attention
will be focused here on the range 4-25 u of infrared radiation for
which the total contribution to polarization, in the material studied,
is electronic with perhaps a small contribution from ionic polariza-
tion at the longest wavelengths considered.

The electronic contribution to polarization in semi-
conductors is further characterized in terms of the electronic energy

bands. The effects of the electrons or holes may be intraband or

interband in nature.

In Figure 3.2, a single resonance is shown at high fre-
quencies. There are in fact several resonances for frequencies equal
or higher than the main gap between the valence and the conduction
bands. They correspond to interband transitions in which light has
sufficient energy to excite the carriers from one band to another.

In all cases studied here, the frequencies used are lower than those
corresponding to valence-conduction band transitions. However, for
p-type materials, intervalence band transitions may contribute a

small polarization when the holes are present in two or more valence
bands closely spaced in energy. The main contribution to polarization,

for the range of wavelength used here is electronic intraband.
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It is also convenient to distinguish between the polariza-
tion arising from free carriers and bound carriers. The bound
electrons in a semiconductor are all those not contributing to
electronic conduction. Their contribution to the dielectric comstant
is constant over the range of wavelength 4-25 u except at the smaller
wavelengths where the energy of the photons is close to that
corresponding to valence-conduction band transitions.

To summarize, of tte different dispersion mechanisﬁs to be
considered in the present- experiment, the main one is the free-
carrier dispersion. All other contributions to polarization,
mentioned above, are conétant or small, and the corresponding dis-

persion mechanisms will be briefly reviewed and called corrections.

a) Free~Carrier Dispersion
The theory of the free~carrier dispersion is developed in
detail by Moss (60 M1). The classical and quantum mechanical treat-
ments lead to similar results. According to the classical model, the
.free carriers with effective mass m*, and charge e are displaced by
an amount x under the influence of the total field E and are subject

to a retarding force m*y %Eu The equation of motion is:
t

m* 42X 4 pay 9% = epelut (3-13)
dt2 de

in which the applied field of the incident radiation has been

written for the effective field acting on the electron. The effective
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field includes the field due to the other electrons as well and is
in general different from the externally applied field. Darwin (43 D1)
.found that the effective field, if the carriers are free, is the
applied electric field E. For bound.charges, the assumption that the
effective field equals the applied field has been discussed b; .
Stern (63 Sl{.Pf343) and-Moss (60 M1, p.17). It is mentioned theré
that the assumption is valid in highly polarizable medium such as the
one under study. With this assumption the passage from a microscopic
description to a macroscopic description is greatly simplified and
equations (3-11) and (3-2) can readily be used. If y is assumed to
be independent of frequéncy, equation (3-13) can be solved for the
amplitudé x which is:

x= —eF (3-14)
m*w(w + ivy)

For a system of N electrons or holes, each of charge q and mass m*,

one passes_to a macroscopic description and dielectric constant

using equations (3-11) and (3-2)

H
|
2]
|

X = Ne? (3-15)
FC ¢ E € Jo*w (wtiy)

As mentioned earlier, the bound carrier contribution is
constant over the wavelength range of interest. The susceptibility
X 1is obtained by adding a restoring force Bx to equation (3-13)

BC
and by making the same assumption that the total field is identical
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to the applied field. It thus follows that the susceptibility due

to free carriers and the susceptibility due to bound carriers are

additive:
g=1+%__+% _=¢€+X% 3-16
Xpe ¥ X5 o Xpe ( . )
in which e =-1 + iBC is real and is usually called the high fre-
©
quency'dielectric constant. Using equations (3-9) to obtain the
real and imaginary part of €, we have:
. s ( :
n2 - k2 - ¢ = =Ne 1 (3-17a)
had m*g mz + -Y.2
o
R N 2 . A\
2nk = e Y (3-17b)
) m*gom (w?_ + -YZ)

The quanf:ity v is given its full meaning when the steady
field solution of equation (3-13) is considered. For a steady field,
we have m*y dx/dt = eE, but in a steady field g—’é = yE where p is the

moBility. Thus:

= e = 1 3-18
Y - . ( )

The scattering time 1T is expected to be the same at optical frequencies
as in the steady state since 1 is dependent on the velocity of the
carriers (thermal velocity) which is hardly modified by the application

of the alternating electric field of the incident 1light,
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Equations (3-17) are directly applicable to semiconductors
provided y is independent of frequency and there is total uegeneracy.
In this case, no average. is necessary to arrive at equations (3—17)f
As pointed out by Lyden (64 L1), the assumption that y is independent
of frequency is not restrictive since it is determined by the tempera-
ture, the energy-band structure, and imperfections of the crystal.

The degeneracy condition is often satisfied, in particular, for
measurements performed at low temperatures. For example, for the
lowest carrier concentration that will be investigated in the range
4-25 y, the Fermi energy in the samples studied was about 0.1 e.v.
(Sectién 3.5) corresponding to high degeneracy at liquid nitrogen
temperature (EF/kT ~ 10).

If the condition of high degeneracy is not met, as for
measurements at high temperatures, then equations (3-17) ﬁust be
averaged with respect to the distribution function. 1In the case of
parabolic bands the effective mass is a constant independent of
energy and the average over the distribution function is performed
on the bracketed terms only. When this is done, the w and T
dependences are no longer explicit and the equations are not readily

usable. Lyden (64 L1) has proposed the following approximations:

<__2___> <r>2 .
1l 4+ w2t2 14 w2<1>2 ' (3-19)

T :> ' <T>
+ w272 1+ w<r>?

}{

* -
For anisotropic energy surface an average over direction is required.
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where y = 1/1 has been used and the average is performed over the
Fermi-Dirac distribution function fo’ according to the standard

formula (63 Bl, p.94)

oo'-af'
I —=2 AE) E 3/2 g

.Q . ‘aE ’
<A> = r, 3 (3-20)
_3f
o =3/2
E dE
o) oE

Lyden has discussgd in detail the effect of this approxi-
mation. It is found to introduce no error when 1 is independent of
energy E and in the case of high degeneracy as stated earlier.
Assuming that 1T = TOES the ratio of the correct average over the
approxim;ted average in equations (3-19) has been calculated by
ﬁyden for acoustical (s = -1/2), dislocation (s = -1/2), optical
(s = 1/2), and ionized impurity (s = 3/2) scattering for different
degrees of degeneracy and values of wt. Figure 4 of Lyden (64 L1)
summarizes these results. In most practical cases, the error involved
in this approximation is small. The error due to the degree of
degeneracy in Lyden's approximation can be greatly diminished by

using, after Rheinlander (70 R1); the following approximations:

< 12 > - <12> _ r2<y>2
1+ w?1? 1+ w?<t2> 1+ w?r2<1>2
(3-21)
<:____T :> _ ' <T> _ <T>
1+ 4,242 , 14+ w2<2> B 1+ w?r2<r>2




67

which differs from the Lyden's approximation by the added factor r2 =
<t2>/<1>2, For acoustical scattering 1 < r2 < 1,18. For ionized

impurity scattering 1 < r2 < 1,93 and is given by r2 = 0.75 F (%)

1/2
F7/2 () (FZ (;))'2 where ¢ = EF/kT and Fh (z) are standard Fe;gi

integrals. It should be pointed out here that the low field Hall

constant for spherical bands is given by RO ='£3., in which r2 is the
Ne
same as above, Thus, the low field Hall constant can be used in the

determination of the effective mass using equation (3-17a) and (3-19)

—e ' rl*<'r>2

Rm* e, 1 + w?r2<r>2

which become: n2 - k2 - €y =

Because the above equations are often used to determine

the effective mass variation due to the non-parabolicity of the &
W

energy bands, a question arises: what is the meaning of the experi-
~mental value of the effective mass determined? For parabolic bands,
the effective mass determined is the conductivity effective mass (57 S1).
For non-parabolic bands however an effective mass must be defined for
each phenomenon studied and it depends on the energy according to the
particular energy dispersion relation for that band. Let us call
this mass the susceptibility effective mass m_.

When wt >> 1, equation (3-15) is independent of the

scattering time and becomes:
- 2 '

in which m_s the susceptibility effective mass is some reciprocal

average over energy to be specified later. For the case of high
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degeneracy, the susceptibility effective mass and the conductivity
effective mass are identical even for non—paraboiic bands (see
Section 3.3.3).

For the general case, when both the effective mass and the
scattering time vary with.energy, we have to assume that the_brécketed
terms in equation (3-17) can be averaged separately. This éssumption
is not restrictive for equation (3-17a) since in all casés studied wrt
is sufficiently large and the braéketed term does not depend much on
the energy. However, this is clearly not a good approximation for
equation (3-17b). We nevertheless make the assumption for both
eéuations (3-17) in ordéf to bring out explicitly the dependence of
all variables. We will discuss later the effect of this assumption
~in equation (3-17b) on the measurement of scattering time. As far as
- the measurement of susceptibility effective mass is concerned, the
assumption is quite valid since the susceptibility mass is determined
almost e#clusively by equation (3.17a). It is to be noted that, for
finlite temperatures, the susceptibility effective mass is well defined
while the conductivity effective mass cannot be defined due to the
inseparability of vt and m for non-parabolic bands.

The above assumption allows us to use the approximation (3-21)
with the understanding that m_ is the quantity measured and that for

. non-parabolic band r2 = <125/<7>2 is.calculated using (64 K1):

= —'-'afo
.IO- 3E AE® 32 aE
<A> = 0o (3-23)

-3fo 3,2
j e T C(E) dE
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which is more general than equation (3-20) and is valid for energy

surfaces described in tensor notation by:

1/2 A, k k = y(E) - (3-24)

B B

in which the components AaB are constants independent of energy, and
Y(E) is an arbitrary function of energy. For parabolic bands Y(E) = E
and equation (3-23) reduces to equation (3-20). For a simplified Kane

'band, Yy(E) = E + E2/Eé. The expression for Tt is given by (64 K1):
T =1, ys (dy/dE)~L (3-25)

which reduces to 1 = TOES for parabolic bands.

Values of r2 = <125/<1>2 have been calculated using equations
'(3-23) and (3-25) for y(E) = E + EZIEG. The integrations were performed
4 numerically on a computer for sevegal values of the energy gap (Eé)’
temperature and Fermi energy (EF). Figure 3.3 shows selected results
for acoustical scattering (s = -1/2) and ionized impurity scattering
(s = 3/2). Tﬁé.corfesponding curves for optical scattering (s = 1/2)
are not shown since r? does not deviate appreciably from r2_= 1.

To summarize, for all cases of interest here, the electronic

- contribution to susceptibility or dielectric constant may be written

2

n2 -2 _¢_==Ne r2<t>2 (3-26a)
Pseo 1+ w2r2¢qs2
. _ NeZ <T>
2ne =0 T+ w2r2 <152 (3-26b)
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Figure 3.3 <T2>/<T>2 vs. Fermi level.
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in which r2 = <12>/<1>2 and the brackets indicate the proper average

with respect to energy.

b) Corrections for Other Dispersion.Mechanisms
As mentioned earlier, there may be other contributions. to -
susceptibility namely: deviation of bound carrier dispersion from a
constant €_, lattice (or ;onic) dispersion, and inter-band dispersion.

Their susceptibilities add, as discussed previously, and we have:

tE=(0Q+ xBC) + Xpe + xLV + xI_B (3-27)_

The use of equation (3-26) implies that the bracketed term in
equation (3-27) is a constant equal to € and that the last two terms

are negligible. Let us now consider the necessary corrections when

these conditions are not met,

1) Bound Carfier Dispersion
The bound carriers are localized and attached to the atoms
by a force equal to 8x.. The natural angular frequency of the system
is w, = V8 /m. Thus, the restoring force may be written as m ng.
Adding this extra term in equation (3-13) and solving for x 1eads to:
_eE

X = -2
m(wg - w2 + iwy) (3-28)

When assuming that the effective field equals the applied field

equation (3-28) gives for N bound electrons of mass m:
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BC XBc g, @ (wg - w2 + dwy) (3-29)

As o decreases, for wavelengths longer than those
corresponding to valence-conduction band tramnsitions k << n and

equation (3-29) may be approximated by:

2 < Ne2 -
n? - 1=Be (2 - y2)-l (3-30)
o

The deviation of e from a constant in that range of wave-

lengths is thus given by:

Ae o w? A3 (3-31)
= g = g —— -
T T (w2 - w?) " A% _a2

A quantum mechanical treatment gives similar results. The

only difference is that equation (3-29) is summed over a set of linear
oscillators each with a resonance frequency corresponding to an
allowed transition of oscillator strength f. As w +> 0, & = €q and

kK = 0 giving:
” ) )
€ = n2 -1 = Necf (3-32)

in which it is assumed that the material can be well described by a
single oscillator of frequency W and of oscillator strength f.
According to Moss (60 M1, p.190), PbTe can be roughly
‘represented by two oscillators: one of oscillator strength £ = 4 at
.68 u and one of oscillator strength £ = .1 at 2 p. For n oscillators

we have:
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n faAZ2 2
Ae_ = g ) ) -Ben . ___on ' (3-33)
2 2 2
n m=1 fon AS = Aon

which gives for PbTe Ae, = .82 (.46/(A2 - .46)) + .18 (4/ (A2 - 4)).

For A = 5y and A = 10 y, the increase of e, with reépect to its con-
stant long wavelength value is equal to 5% and 1% respectiveiy. This
rough calculation indicates that small changes of e_ are expected for

pure PbTe only at the 1oﬁest wavelengtls in the range of interest (4 - 25u).

In practice, equation (3-33) is not immediately usable in

estimating the corrections since values for oscillator frequencies and
strength are not directly accessible. On the other hand, values for

n and x are often available. Since the real (n? - «2) and imaginary

part (2nk) of equation (3-29) depends on the same quantities, it is
possible to express them in terms of one another. Useful inter-

relations are given by Moss (60 M1, p.24) for zero frequency. They are:

N

eoo-]':';J (Zr]l()d_:-
[o] R

(3-34)

_ 1
Ve = 1= = Kdx

272
o

in which K = 4%k /A. Thus, if nk or simply K is known as a function of
wavelength, €  can be calculated from the area under the curve. The
fwo equations (3-34) are very useful in estimating the changes in €,
as a function of carrier concentration or temperature since changes

in the integrant occur only near the absorption edge which may change
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its position as a function of temperature or be Burstein shifted as
a function of carrier concentration. Thus if these changes are known

in terms of n and k, we have:

[--}

be =2 J A(2nk) 4A
T A
0
(3-35).
_ 1 e
A, =32 J AK dA
(¢]

The second of equations (3-35) has been used by Riedl et al. (67 R1l)

to explain the variation of €, With carrier concentration in SnTe.

-2) Lattice Dispersion

.The contribution to the dielectric constant arising from

the oscillating charged atoms is given by Stern (63 S1) as:

Vw) (3-36)

= 2 o 2 2 o 2 o3
€ (wL wT)/(wT w lYL

g

LV o
in which w_ and w are the transverse and longitudinal modes of
lattice oscillation and YLV is the damping constant. For the wave-

length range of interest, w2 >> wT >> v w and we have:

LV
€. - € : '
nZ, = -e, @} - wi)/u? = - i—i';—)- A2 (3-37)
A
T

in which the relation wi/m% = es/sm (63 s1, p.353) has been used,

where € is the static dielectric constant. For PbTe at room tempera-

turé (69 D1) e_ = 32.8, es = 380, AT = 310 u giving niv equal to -.09
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and -1.44 for A = 5y and 20 respectively. The contribution from

the lattice at 20 y is therefore less than 4% of the contribution

from the bound carriers.

3) Dispersion Due to Inter-band Transitions

An additional contribution to the dielectric constant may
arise for wévelengths longer than the fundamental absorption edge if
carriers are distributed in two bands. If the extinction coefficient
K, associated with the extra absorption then present is known, this
contribution is simply calculated using equations (3-34). Such a
calculation has been performed by Dixon and Riedl (65 D1) for a p-type
PbTe sample. €. was found to be less than .15 for all wavelengths.

1

This is negligible compared to ¢_ = 32.8 and inter-valence band con-

tribution will be disregarded in this work.
To summarize, the above corrections can all be taken into

account if one replaces e_ in equation (3-26) by:

N
[ ea2 (eq - e2)
€a = €, + 20 - =S "=/ A2 (3-38)
c 22 = 22 A2
o T
or

2 [--]
e J a2ne) &2
\ o] V.

It should be pointed out here that there is partial cancellation at
a given wavelength, the last two terms being of opposite signs.
Equations (3-26) and (3-38) allow us to determine experi-

mentally the susceptibility effective mass m_. The average value of
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the mass near the Fermi level does not provide direct information
about the band structure. However, it is possible to obtain this
information indirectly by comparing the measured susceptibility mass
with that calculated for particular energy.bands. It is the purpose
of the next section-to give an expression for m in terms of the |

s
details of the energy-band structure.

3.3.3 Statistical Déscription and Relationship to Band Structure
The Boltzman equation,in steady state, in the presence of
an electric field only (&) is:

ot L. (3-39)
collision

Mo

where f (k) is the distribution function giving the probability of
occupation. If the equilibrium distribution is fo(k) and the deviation
from that equilibrium is small,we may replace on the left £(k) by

fo(k). Also since fo(k) depends only on the energy (E) we have:

—(k e af (k) (3-40
v, £ = E —_— -
K o () k "k 3 E(K) )
If we further ‘assume that the collision term can be expressed in
‘the form :

9t | collision (k) (k)

then from (3-39), (3-40) and (3-41) we have:
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of -
= £ . G
Af(k) = - 5 3}'9‘ & + Grad E (3-42)
When the applied field varies with time according to:
£. = € eimt (3-43)
x o : .
then (36 W1) we have:
pf = —L— pf =Lz den) . (3-44)
1+ iwt 1 3 4+ (o)2 1

where Afl is the solution for steady state given by equation (3-42)
and Tt is the carrier relaxation time.
The current density in the x direction due to electrons

(or holes) is:

. -2 -2 .

J. = ev £(k) d@ = Af do _

* @ns I * (2m)3 Je Ul i (3-43)
in which ko = dkxdkydkz is the volume element in wave number space

and Vo is the electron velocity in the x direction. The occupation
prob.ability.f(k) = fo + Af can be replaced by Af since the normal
distribution fo produces no current. Substituting equation (3-44) in

(3~45), writing -zi—x = iwhk and v =%1- —2E  ye have:

X X 3kx
=22 g TV 2 %x [ _?w? 314
X (2m)3 x 32 3y 9%~ > dg (3+46)
: 1+(wt) E k 9t 1+(wt)2 9E k

Equation (3-1) gives Jx = céx + € X ng/Bt which compared to equation

{3-46) leads to:
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2 , 2
g = ~2¢ I Vx 2%o do, - (3-47)
(2m)3 - 14+ (wt) 2 JE .
2 ! 2v.2 £ .
€ X = 2e VX %0 ko ‘ - (3-48)
- ° (2m)3 1+(wt)2 3E .

For cubic symmetry, the conductivity o and.the susceptibility x aré
independent of direction and vx? may be replaced by v2/3.. Also, for
cubic multivalley semiéonductérs,the susceptibility for the crystal
"is obtained by multiplying the contribution of one valley by the

number of valleys. Equation (3-48) becomes:

2 2
(= «? - 1) e, =ex =221 T 2 Mo g, (3-49)
(2m)3 3 I+ (wt)2 OE
In which T represents the number of valleys. When wt >> 1, equation
(3-49) becomes independent of scattering time. Comparison with

equation (3-22) then gives:

N/I" _ 2 2. 3fo

It is possible to extend the validity of equation (3-50)
to smaller wt values as we have done in arriving at equation (3-26a).
For wt large enough (say wt > 3), the term 2/ + w?t2) can be taken
out of the integral in equation (3-49) and averaged over energy
separately. This is a good approximation since then 12/(1 + w2712)

does not vary appreciably with energy. Comparison of equation (3-49),
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approximated this way, with the corresponding equation (3-26a) (in

which €, = 1 for free carriers) gives the same equation (3-50) as

before. Thus, provided equation (3-26a) is used in the determination
of m_, the range of validity of equation (3-50) is extended td lower
values of wt. For'high degeneracy, equation (3-50) is valid wﬁéh no
assumption required concerning wt values. Also, for high degeneracy;
it is easily seen, from comparison of o = (N/I‘)ez'r/mc with equation
(3-47) for w = 0, that the conductivity effective mass mc is given by
equation (3-50) with m, in the place of m_. This confirms an earlier
statement that, even for non-parabolic bands, the two masses are
identical for high degeneracy.

When the constant energy surfaces are ellipsoids of revolu-
tion about the k axis (let it be called k ), we have K2 + k}Z' = 4k% =
constant over a constant energy surface. We may write:

= " _dE —£1Y
dgk dSk' T;;TET (3-51)

"; T L lc / l k ) I I

where the factor in brackets projects dkL on the surface of constant
energy.
Substituting equatiomns (3-51) and (3-52) in equation (3-50)

we have:
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- .N ©
m 3 2 3 dE (3-54)
s (2m) o °E o | 9y E)TI

in which N = le and Nl is the number of carriers in one ellipsoid

and is given by the standard equation:

. Jm of J kL max.
N, = - o 2 k 2 dk dE (3-55)
1 o oE (2_.".)2 T L E
in which the term in brackets is the number of states within an
ellipsoid of energy E.
. Equations (3-54) and (3-55) are identical to equations 27

and 30 of Dixon and Riedl (65 D1). Experimental values of ms deter-

mined by using equation (3—26) can now be compared to those calculated
for specific energy~band models using equation (3-54). The comparison
constitutes a stringent test for that energy-band model. Let us now
focus our attention on the methods of analysis which allow us to

extract the experimental values of m , 7, or ¢ from equations (3-26).
s .
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3.4 Methods of Analysis

‘It will be assumed here that free-carrier dispersion only
is preseht, and that the correction term (equation (3-38)), due to
other diépersions mechanisms, is negligible. This assumption is not
restfictive since the corrections for bound carriers and lattice
dispersion can be applied later. Also we assume that the free
cafriers are in one band only. Again, this assumption is not
restrictive: when more than one band are present, equation (3-26)
still holds except that m_ and t then have different meanings. The
details related to the above statements will be given at the erd of

this section.

From equation (3-10) and (3-~26) we have the following

functional relation:
R = f(N,. €_s ms, T) (3-56

which does not contain w and r2 since w is known and r2 can be
calculated. In the present experiment, N is determined from an
independent measurement. Thus, the analysis involves the deter-
mination of the last three unknowns, in equation (3-56), from
measurements of reflectivity over a relatively wide range of wave~

lengths. The methods described below show how this is possible.
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3.4.1 €_ »T and m_ Are Unknown

When all three parameters are unknown, there are two

methods available depending on the value of wr.
“a) Slope Method, w2t2 >> 1

For several high mobility materials, wt is large over the
wavelength range of interest. (In several cases, w2t2 is larger than

100).. Equation (3~26) then becomes:

2 _ 2 _ _ Ne?l - _1 . :
nc.~ « €, m . o2 (3-57)
s 0
"Ne2 1 1
2nk =
mSEO (1)1. x (w<T>)

For short wavelengths (large w), Nezlmseom2 is equal to zero giving

¥x= 0 and n = /E:: As the wavelength increases, the last term on the
right of the first equation (3-57) increases as A2 until Nez/mseom2 =
€, = 1. At this point, the right-band term of the other equation (3-57)
is equal to (ew -1 /w<as If m<{> is very large, then nn=1 and ¢« = 0
and the reflectivity equals to zero. If the wavelength is further
increased by a small amount, Nezlmseow2 =€ and for very large w<t>,

n and k are both zero, giving R = 1. 1In practice, 2nk never goes to

zero, (since em/w<t> is never negligible) n and k are never equal to

zero, and R never reaches unity. However, n always goes through 1 and
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there is always a minimum in the reflectivity. As seen from
equation (3-57), as we move away from the reflectivity minimum (on
the. short wavelgngth side) « becomes rapidly small as n increases,
Thus, when w?t? is reasonably large, x can be neglected at some dis-

tance away from the minima and we have:

n? = [M] from R=_n_"_1.L2.

1l - /R (-n + 1)2
(3-58)

wd
n2 = Em(l - —2 )
. w

where Wy is the plasma frequency defined by:

w2 = Ne? (3-59)
P me g

S 0 =

n2 caﬁ be calculated using the experimentally determined reflectivity
in equation (3-58). Then, from a plot of n2 vs 1/w? it is possible to
determine ¢ from the extrapolated straight line to zero wavelength

and mP, and thereby m_» from the slope.
b) Fitting Method

If the condition w212 >> 1 is not well satisfied, the
reflectivity curve, covering an appreciable range of wavelengths on
either side of the reflectivity minimum, can be fitted to determined
€. M and t. This is possible because there are large variations of

reflectivity and because changes of each of the parameters separately
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have rather unique effects on the reflectivity curve. This is.
illustrated in Figure 3 by Riedl et al. (67 Rl). If only free carrier
dispersion is present and the absolute reflectivity has been measured,
the three parameters can be determined very accurately. In practice,
however, the measured reflectivity does not represent the absolute
reflectivity due to free carriers only for the following reasons:

‘1) Bound carrier dispersion may vary by small amounts on
the short wavelength side of the minimum.

2),_A small contribution from lattice dispersion may be
present.

3) Surface damage or surface oxides may affect the
reflectivity values specially at the long wavelengths where the
penetration depth is small.

4) Deviations of the measured reflectivity from the
absolute reflectivity are also present, even with good reflecting

surfaces, due to experimental procedures.

Despite the presence of the above unwanted contributions, it is still
possible to obtain good fits as we shall see, but because of these extra
contributions, the values of the parameters corresponding tothe best fit
may be inaccurate.

A prégram which finds the best fit to an experimental
reflectivity curve was written. Its input data are the measured
reflectivities (RE) and wavelengths, and its output values are:

1) the calculated reflectivities (RC) of the best fit which are
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printed as well as plotted; 2) the values of € s ms, and ﬁoét. =
e<'r>/m8 corresponding to the best f£it; 3) the mean square deviation
(1/N)§((RC = RE)/R.C)2 (where N is the number of reflectivity points)
corresponding fé the best fit. The best fit was obtained by letting
the mean.square de?iation be a minimum.

To test the program and to‘check the effect of a deviation
from absoluté reflectivity, present in most experimental data, a
theoretical reflectivity curve was generated using equations (3-10)
and (3-26) for given values of €pr T and ubpt' To simulate é
deviation from absolute reflectivity, such as'the one present in the
‘experimental data when the comparison mirror is not 100% reflecting,
the theoretical reflectivities were multiplied by constant factors
from .95 to 1.05. The best fit was found for all these curves. The
corresponding fitting parameters and the mean square deviations are
given in Figure 3.4. It is seen that the quality of the fit is highest
(i.e., smallest mean square deviation) for the unchanged theoretical
curve as expected, and lowest for the largest deviation from absolute
reflectivity. It is important to note, however, that the lowest
quality fit shown is nevertheless a good fit as seen from the small
values of the mean square deviatiomns.

The unchanged theoretical curve (x 1.00) was best fitted by
the values of ms, € and uopt used to generate it and they are shown

by arrows on the graphs. A 57 deviation from absolute reflectivity

is also seen to produce values of m_s €_»and uopt 15% larger, 13%
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smaller, and 127 smaller, respectively than the correct values. The
above example therefore shows that the results obtained by curve
fitting may be in error insbite of good fits. Small deviations from
true free carrier reflectivity caused by any of the four items
mentioned above may produce large changes in any of the fitting
parameters.

A program intended to correct the systematic deviations
from absolute reflectivity was written. It follows the same pro-
cedure as the one just described except that the input is the experi-
mental curve. The quality of the fit is then seen to vary with the
multiplicative factor (from .95 to 1.05). The highest quality fit,
which does not necessarily occur for the multiplicative factor 1.00,
then represents the best fit to the experimental data now corrected
for deviations from absolute reflectivity. This prbgram has been
successful for some of our curves and has shown that the deviation
from absolute reflectivity was *3%Z for these curves.. However, for
the other reflectivity curves, the correcting program was unsuccessful.
The reason for this partial success is that the average square
deviations corresponding to the best fits of our experimental curves
are larger than 103 due to reading and other errors. Since, as can
be seen from Figure 3.4, the mean square deviation produced by a
systematic error in the absolute reflectivity only is less than

that, it is often undetectable.
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Let us emphasize that good fifs are always required if the
measurements are to be analyzed with good accuracy.in terms of a free
carrier dispersion model by any of the techniques described in this
section. When the measurements can be well fitted then the results
of curve fitting are accurate only if the absolute reflectivity due to
free carriers alone has been measured or if any deviation from this

ideal situation can be fully accounted for in the fitting technique.

3.4.2 €, Is Known; m.s and T Are Unknown

The values of e, are often availabie or can be determined
independently. A method of analysis has been developed by Moss et al.
(68 M1) for this case. Their derivation is strickly applicable when
the Lyden's approximation of equation (3-19) is valid. Here we intend
to generalize the treatment to include the effect of the degree of
degeneracy accounted for by the approximation of equdtion (3-21)., In
all cases the equations below reduce to those of Moss et al. (68 Ml)

2

when r“ = 1, and we will only review the main steps. The necessary

equations are:

R = (0= 1)§+.<2 1+R _ 52 4+,241
(n+ 1) +«2 1-R 2n

(3-60)
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’ C e 2 ......... P .
n?2 - k2 ~ e = Ne 1 (3-61)
% (w2 + ™2 <> '2)
Ce 2 ....... PO
MK er2p<r> = D& : 1 (3-62)

where equation (3-60) assumes normal reflectivity in air, and
equations (3-61) and (3-62) are the same as equations (3-26) re-
arranged.

In what follows, we will use the fact that there is always
a minimum in the réeflectivity, to find an interrelation between n and «

at the minimum. For convenience, we use the reflectivity function &
. Y

(1 + R)/(1 - R) which has a minimum for the same condition as R.

If we differentiate (1 + R)/(1 - R) with respect to k2 on both

sides we have at the minimum:

~_dn __n .
z = S 3-6'3
dk 142 - 2 ( )

Manipulation of equations (3-61) and (3-62) to eliminate w

leads to:
2 4
€, = N2 + k2 >2
(e - n? + «2) r2 + Ce ) 1 = I N2 = constant (3-64)
® 4n2¢2 m_e,

which after differentiation with respect to k? gives

dn n (ng + 3 g+ (ln:2 -3) nZ}K“ - (e - n2)3 ]

de? T 2«2

(3-65
[2n2 -3 e_+ (4:2 -3) k2)n* + (e + K2)3 )
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From equations (3-63) and (3~65),we obtain the following intef-

relation between n and k at the reflectivity minimumy

in2ete2 (3n2og2o
k2(5n2 + 3e_ - 2) = (e_ - n2)(n? - 1) - NKETENTw-L) (3-66)

(e ~n2+c2)?
in which the last term on the right is negligible for w272 >> 1,

Writing QP,defined by equation (3-59),in equations (3-61)

and (3-62) we obtain:

2
w
P (e 4+ k2 - 12) © 4n? k2 2 ,
w2 e * T (3-67)
. oo ew(em + K'2 — n2)
(Co + k2 = n?)
w > = 5 (3-68)

2nkr

For given values of € and r2, pairs of n , , k , satisfying
® min nin

equation (3-66) at the minimum reflectivity, can be found and the
corresponding R .| , w_/w , and w _ <1> values calculated using
min P min min
equations (3-60), (3-67),and (3-68) respectively. From plots of
w /w , and w <t> versus R , for different values of ¢ and r%
P min min min @
it is then possible to determine <1> and mP knowing the experimental
values of R | and w only.
min min
For each value of e“;ranging from 16 to 50 in steps of 1,
a set of n s K s R ., w <t> and w_/w _ values, for n between
min min min nin P min min
1 and 4 in steps of .05,was tabulated using an IBM-360 computer,

These tables are available for values of r2 from 1.0 to 2.0.
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Figures 3.5, 3.6 and 3.7 show some very useful sets of curves
extracted from the tables. w /w . versus R , is plotted in Figures
min min
‘3.5 and 3.6 for r2 = 1 and r2 = 2 respectively, while (<m>w | ) r2
min
versus Rmin-is plotted in Figure 3.7. 1In all graphs, curves are
shown for several values of €_- A linear interpolation between

different r2 or € values is sufficiently accurate.
3.4.3 €_»> T Are Known; m_ Is Unknown

~If‘e°° and 1T are known from an independent measurement, m
can be determined as proposed by Lyden (64 11). He assumes the
approximation of equations (3~19) and discusses the validity of these
'aséumptions which are shown to bé accurate in most cases of interest.
Rheinlander (69 R1) has generalized Lyden's equations by using
approximations (3-21) to take into account lower degree of degeneracy.
In the Lyden's approximation, the necessary equations are (3-60),

(3-61), and (3-62) with rZ2 = 1. The condition that dR/dQ = O in

which @ = w<t> leads to (64 L1):
_ 2 2 -2
w o Bee =D /22 +5+89% Mz Y 3w =2 '
S 4e_ (e~1) (1 + 302) 2e_(e, - 1)
2 3 (3-69)
« A +202 2y c - - 0
1 + 392) s 4e_(e_ - 1)2 (1 + 302)

in which C = Né?/m aowz s W is the angular frequency at the
00090

reflectivity minimum, Ms = ms/mo where m  is the free electron mass.
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Figure 3.7 Relation between minimum reflectivity and scattering time.
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/

If e, is known and N and <f> are determined from Hall and conductivity
measurements, MS can be found from equation (3-69) using the experi-
mentally determined angular frequency of the reflectivity minimum,
Some éomments concerning the above procedure will now be given.
First, let us consider the equation for free carrier dis-
persion. For simplicity, we take the case w2712 >> 1
2ok, = - —NeZ - (3-70)

2
mseow

"‘Nez"_]__ i
mseo m3 T

.in which the average over the energy has been performed. The relaxa-

2nk

tion time is proportiomnal to 1/2 TNK (equation (3-68)) so that the
quantity involved in the'optical mobility is 1/<t~1> as compared to <Tt>
in the conductivity mobility. Thus, the Lyden approximation (i.e.,
<=1 = 1/<T;) should be strictly satisfied if the conductivity mobility
is to be used to determine ms'in equations (3-70). Conversely, the
valués of optical mobilities determined if the mass is known are not
expected to agree with the values of conductivity mobilities unless the
assumptions used in performing the average over emergy are strictly
satisfied.

Secondly, in the Lyden approximation the susceptibility
effective mass is the same as the conductivity effective mass as
shown earlier.

Thirdly, since the conductivity mobility contains both <t>
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and M, @ depends on M. Thus, equation (3-69) has several roots. 1In
fact, it has 3 real roots, of which one is negative and two are posi-
tive. The two positive roots are very close to one another and much
care. .should be exercised if the right value of Ms is to be obtained.
This is illustrated in Figure 3.8 in which the left side of equation
(3-69) is plotted versus effective mass. Only one of the positive
roots is the correct one and it is the larger one. If the logic of
the computer program, needed to solve equation (3-69), is not written

correctly either of the two positive roots may be obtained.

~

3.4.4 Analysis For Multiband Conduction

When there are j types of carriers, each characterized by
Nj’ msj and T_, their contributions to the susceptibility add. If the
J
contribution to the susceptibility arises from electrons (bound and

free) only,we have:

.nz—K2=€_

zZ €,
. ‘ (3-71)
€
2nk . = L
j (UTJ
. 2
with c = &N Tj
3 €o m_. (1 + w?12)
sj 3

At zero wavelength, all € are zero giving k = 0 and n2 = €_. As the
J

wavelength starts increasing,all wTj values are large giving a
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negligible value for « and a variation of .n2 iq.lz as for a single

band.  As Z ¢
3 J

since in general the individual wt,Z6 are much larger than 1 in the range

approaches e - 1, £ ej/mtj remains comparatively small

of wavelengths used. Thus, somewhere in that region,,n2 will be close
to one while « is not yet large giving-a minimum in reflectivity as
for a single band. As I €. continues to increase by a small amount,
n becomes close to zerofas k continuous to increase, causing a large
increase in reflectivity towards the value of 1.

In the last paragraph, we have somewhat repeated the earlier
discussion following equation (3-57) to show that the same form of

reflectivity curve.is obtained when several types of carriers are

present as when there is one type only. The only difference is in

the meaning of the parameters m_ and T obtained from these curves
with a single band analysis® We will now give this meaning for a

simple case (69 B2).

If all wZT§ are much greater than one, we have:

n2 - «2 - ¢ =—-% ) ;_1
w7ey J Tsj
N (3-72)
2 1 s
- £ ¢ 1.
2nk wle W

The meaning of m_ and T obtained by a one-band analysis is now obvious:
s

z';ﬁi ‘
S . sj (3“7 3)

*This meaning can be written explicitly when w21§ >> 1 and when w21§ << 1

but not in the general case.
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meT ’ 2 m .T.
s § 83 J

in which N is the total carrier concentration. It may be useful to
point out here that, if the conditionm w212 >> 1 at the observed mini-
mum is satisfied, it is safe to say that the individual wzr§ >> 1 are
verified as well. This can be seen from the following example.
Suppose that one type of carriers only is éresent and that we replace
gradually some of them by another type of carriers. If we start with
low mass, high mobility carriers and add large mass, low mobility
carriers, the reflectivity minimum will shift to longer wavelengths,
but shorter than that of the reflectivity minimum corresponding to
total replacement. Thus, at the position of the observed minimum, the
individual conditions wTj >> 1 are worse and better satisfied for
high and low mobility carriers, respectively, Thus, at the position}
of the minimum, the largest wrj is reduced and the smallest mrj is_
increased, providing an overall improved situation.

In conclusion, experimental reflectivity curves® can be
analysed only as if therewere only one type of carrier present, since
there is no difference between a multiband curve and a single band
curve. Equations (3-73) are the necessary equations relating the

measured T and m_ values to those of the individual bands for sz? >> 1.
J

* For w21§ >> 1 or w21§ << 1.
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3.4.5 Methods of Aﬁalysis and Corrections

When corrections for bound carrier dispersion, Aew, and
for lattice dispersion, (el)Lv, are not negligible, we have seen that
€, in equation (3-26) must be replaced by € which is given by

c
equation (3-38) and rewritten here as ec =e_+ e - (el)

v’ Figure
3.9 shows schematically the effect of these corrections on the
reflectivity curve. In the absence of corrections, € = €_ and the

c
reflectivity curve is given by equation (3-26). This situation is

represented by the dashed curves in Figure 3.9. The solid reflectivity
curve isithat for values of Ae_ and (el)BC also shown by solid lines.
The values of the corrections shown in Figure 3.9 represent well the
situation in the pfesent experiment.

‘From the small peak in reflectivity at short wavelengths
one may be able to detect the presence of a vérying bound carrier con-
tribution (r-;eo + Aem). For wavelengths longer tham 5 p, the experimental
reflectivity curves look similar to those for which the corrections are
negligible and Ae_ and (el)LV are not detectab}e in the presence of
experimental errors in reading the reflectivity. The analysis of-such
uncorrected curves using the fitting or the slope method would give a
smaller effective mass and a larger value of €, than those taking into
account the corrections. It is important to note here that the
omission of either corrections reduces the effective mass.

On the other hand, in several cases and in particular for that
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of Figure 3.9, the wavelength and the height of the reflectivity
minimum are less affected and the Moss's or Lyden's technique gives a
more correct effective mass whether or not the corrections are taken
into account. This is due firstly to smaller corrections at the
position of the minimum and secondly to partial cancellation of the
effects due to both corrections at the position of the reflectivity
minimum. Since the different methods of analysis respond differently
to corrections for Ar-;°° and (el)LV or deviations from the absolute
reflectivity, dit is desirable that the fitted reflectivity curves be
analysed using the other methods as well.

When corrections are large and have to be taken into account,

the inclusion of equation (3-38) in (3-26) is sufficient when using
the fitting method. However, Ag must be known to avoid an undesirable
fourth fitting parameter. For the other methods, the bound carrier
correction has to be made for the wavelength region used before the
curve is analysed (i.e., at the reflectivity minimum only for Moss's
and Lyden's technique). For the lattice correction, the term

—(es - emikzllé can be combined with the free éarrier term since Both
have the same wavelength dependences., If we do this, the curve
uncorrected for lattice dispersion will yield a value of effective

mass gi%en by:

I S § L s ) S
E - 2
Bs D5 | corrected A2 Ne (3-74)
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in which N is the free carrier concentration.. However, as pointed

out earlier, if €e T € at the position of the minimum, it is not

necessary to make any correction when using Moss's or Lyden's method.

Some methods of analysis therefore have marked advantages , .

and we will now summarize themn.
3.4.6 Advantages and Disadvantages of the Different Methods

The slope method is limited by the assumption that w2t? >> 1.
The _ advantage of the slope and fitting techniques over the
technique using the minimum in reflectivity is that none of the three
paramegers ms, T and €_ need to be known from an independent experi-

ment. However, the slope and fitting techniques are accurate only

wﬁen the absolute reflectivity is measured over the whole wavelength.
range used, when surface damage or surface oxides have no effect at
any ﬁavelength in that range, and when the presence of small deviations
due to bound carriers and lattice dispersion can be accounted for.
In practice, it is almost impossible to be sure that all the above
conditions are reasonably satisfied. As demonstrated earlier for‘the
fitting technique, a small deviation from absolute reflectivity (always
present in such experiments) causes large errors in the fitting para-
meters ms, T and € e Errors are also introduced when small amounts of
bound carrier and lattice dispersion are present as discussed in the
last paragraph.

On the other hand, if it has been verified that the reflectivity
spectra obtained on a particular material with given surface treatment are

reasonably well fitted and if, in addition €_ is known, Moss's or Lyden's
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techniques have marked advantages for routine and accurate deter-
mination of the parameters:

1) Measurements need to be made near the minimun‘
only.

2) Thg requirement of absolute reflectivity is not so
stringent. In fact relative intensity only is required with the
Lyden's method since only the wavelength 6f the reflectivity minimum
is used. With the Moss's technique, a 5% deviation from the absolute
reflectivity, for the same.case as the one discussed in Figure 3.4
causes an error in m_ of 2% oniy as compared to an error in m of 157
when using the fitting technique.

3) Ae_ and the iattice contribution are in many cases
small but comparable at the position of the reflectivity minimum.

As discuésed earlier the errors due to both contributions often cancel
one another wﬁen using the Lyden;s or Moss's technique, but add up, in
practice, when using the other two techniques.,

4) Lyden (64 L1) also points out that the method is
expected to be 1éss sensitive to surface damage when present. Wé will
say at this point that surface damage has large effects over the Vhole
refleétivity curve including the reflectivity minimum and postponé the
discussion since this effect will be studied in some detail in
Section 3.5.3.

In conclusion, good fits are always required if the
reflectivity measurements are to be analyzed with good accuracy by
any of thé methods. The fitting technique has the important advantage

that none of the three parameters need to be known from an independent
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measurement. Unfortunately, the fitting technique is more sensitive
to the presence of deviations from the absolute reflectivity and/or
corrections due to Ae_ and (el)Lv. If € is known, it is desirable
that the fitted spectra be analyzed using Moss's technique as well.
Moss's technique is also advantageous,in some cases,for routine and

accurate measurements of susceptibility effective masses.
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3.5 Results and Analysis
3.5.1 Carrier Concentration

To determine the hole concentration in the samples studied,
the high field Hall constant R_ was called for. Unfortunately, we did
not have access to high enough fields. A high field plateau was only
approached in the lowest concentration samples. This plateau is close
to the high field limit from whicﬁ true carrier concentrations can be
deternmined provided there is one band only. If, for example, some
carriers were in a heavier mass band, then the carrier concentration
obtainea from this apparent high field plateau would be more representa-
tive of the carrier concentration in the light mass band alone than of
the total carrier concentration in both bands. Let us keep in mind
the above complication arising when several bands are occupied, and
let us assume, at this point, that all the carriers are in the <111>
ellipsoids. i

The carrier concentration was determined from the low field
Hall constant R° at liquid nitrogen temperature. For <111> ellipéoids

only, the total carrier concentration N is:
N = r/Roe (3-75)

in which r = Ro/Rw. Our problem is now to find values of r as a

function of carrier concentration.
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For a parabolic band,»isotroPic séattering and ellipsoidal
energy surfaces, r reduces to r = (<T2>/<T>2) 3k + 2)/(2¢ + 1)2 in
which k = m.L/mT is the ratio of the longitudinal to Fhe transverse
mass. For the Cohen.non-parabo}ic band model (yith mL/mL' = 1),
Allgaier has shown (66 A2) tﬁag for isotroPié scattering and degenerate
statistics,r = 3kx"(k' + 2)/(2x"' + 1)2 in which k' is an effective
" anisotropy. As the number of carriers goes to zero k' = k. Such an
effective anisotropy, including the effect of anisotropic scattering
time, has been measured from magneto resistance experiments in PbTe
with 1018 holes cm™3 at 779K by Allgaier (60 Ai); it is 4.2.

Burke ét 41. (70 B1l) found from Sﬁbnikov de Haas studies that k is
independent of carrier concentration and alloy composition x in p-type
Pbl-x Snx?e up to X = 30%; its value is 13. Allgaier calculations,
for the non-ellipsoidal, non-parabolic Cohen energy surfacés (66 A2),
revealed that the effective anisotropy k' decreases with increasing
carrier concentrations. Thus, the value of r increases (as k' reduces)
up to r = 1 for «' = 1 and then decreases for k' less than 1. Allgaier
also shows that, as the Cohen’ surfaces become more dumbell shaped '
(mL/mL' > 1), the value of r may decrease.all the way from low to high
carrier concentrations. His calculation indicates that r depends
primarily on the details of the band structure. Since this detailed
information is not available yet, r cannot be calculated. However,

we can assume that r varies in the ;ame way in PbTe and Pb1 SnxTe

-X
(with x = .06 and .2) on the basis that x is the same and that the
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band structure is similar.

Figure 3.10a shows the variation of the Hall cdnstant at
77°K as a function of ﬁHB where-ﬁn,is the Hall mobility (m2/volt-sec)
at 77°K and B is the magnetic field (Webers/m2). The two curves are
for the lower carrier concentration samples 6-3 and 8-8 corresponding
to alloy compositions of 6% SnTe and 20.8%Z SnTe respectively. A -
drop in the Hall constant is first observed as B increases followed
by a large increase of R towards saturation. The initial drop of R,

at low magnetic field, was not observed in PbTe (61 Al). We shall N
; N

postpone the discussion of these results to Chapter 4. Here we only
note that Ro is obtained at very low magnetic field andvthat extra-
polation to low and high fields leads to RolRw approximately equal to
.9 for both samples. This agrees with the vaglue .88 determined by
Allgaier (60 Al) in PbTe with 1018 carriers cm~3.

These values of Rb/Rm are plotted versus true carrier con-
centration N in Figure 3.10b together with the.values determined by
Allgaier for PbTe (60 Al, 66 Al). The full line represents the best
'éurve through these points using the valde of Ro/R°° = ,9 at low
carrier concentration. The drop in RO/R°° with increasing carrier con-

centration for these degenerate samples is similar to that in SnTe

and may be explained from the non-parabolic, non-ellipsoidal nature

of the energy bands (66 A2, 68 Tl).
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At high carrie? concentrations, R‘__,/Ro° rises abruptly as the
carriers enter a heévy mass band (see Section 3.5.4). It is not
possible to measure RO/R°° on the rising portion of the curve because
the presence of heav& mass carriers would necessitate unattainable
magnetic fields. However; very good estimates are possible. The
point at which the carriers enter the heavy mass band is readily

"available from the kink observed in the curve of Figure 3.17b
(Section 3.5.4). It occurs at 1/Roe = 1.1 x 1020 cm™3, which con-
verted to the scale of Figure 3.10b,N = 6.6 x 1019 holes em™3. For
carrier concentration slightly greater than this;RO/Rw rises as
.6N/N1'(as indicated by the dotted line in Figure 3.10b) where .6 is
the value of RO/R°° at the kink and Nl is the carrier concentration in
the lighter mass band at the kink. This simple relation ié obtained

because, past - the kink, most extra carriers go in the heavy mass

band due to its high density of states and do not contribute appreciably

to conduction. As the numbers of heavy mass carriers is increased
further Ro/R deviates more and more from the simple relation (dotted
(=]

line) as indicated by the solid line in Figure 3.10b.
3.5.2 Dielectric Constant (em)

Values of ¢_ were obtained at room temperature and at liquid
nitrogen temperature on samples 8-8 and 6-3. For these lower carrier
concentration samples, the free-carrier contribution to the index of
refraction is negligible in the range of wavelengths used for the

measurements (12-20 p) and the reflectivity R is a direct measure of E o
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The reflectivity was constant within the experimental error for the
whole range of waveiengths ard € was found from e&_='((/R+1)/(1—/R))2.
The values of e so determined are shown in Figure 3.1la together with
the values available for PbTe (65 Z1, 63 W1l). The error shown on each
point represents the average deviation that resulted from several
measurements. The values of the energy gap EG (67 N1, 67 T1l) are
shown in Figure 3.11b for the same range of alloy compositions. These
values are needed for the discussion that follows.

Moss (60 M1, p.48) has discussed the relation between e_ and

energy gap and gives the following approximate relation.

eﬁ EG = constant (3-76)

with thé "constant" being 77. Several semiconductors, such as PbS and
PbSe, obey this law quite well (60 M1, p.48). PbTe is a misfit and a
"constant" equal to 325 is required to explain the room temperature
data for PbTe. The above law is, however, correct qualitatively. As
seen from Figure 3.1lla, € increases as the energy gap decreases.
Whether the energy gap change is due to temperature or alloying similar
variations in e_ are produced. It is interesting to note that
Figure 3.lla together with equation (3-76), reveals a decreasing tempera-
ture variation of the energy gap with increasing SnTe content in agree-
ment with the experimental findings of Tauber and Cadoff (67 T1).

The results in Figure 3.11 are not well fitted using
equation (3-76), and another relation between € and E_was derived.

€, is given by (60 M1, p.24):
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Figure 3.11 a) High frequency dielectric constant and
b) energy gap vs. alloy composition.
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e 122 | (2nk) A = -2 ’ (2ney & (3-77)
-® a o A T E,

Thus, if 2nk is known over all wavelengths, the value of €_ can be
found. Moss (60 Ml,‘p.192) has calculated € for p-type PbTe by
graphical integration using the curve of 2nk versus the wavelength
determined by Avery and published by Moss (60 M1, p.189). He found
€0 = 30.3 in very good agreement with the experimental value of 31.8
as shown in Figure 3.11.

An important characteristic of the 2nk curves for PbS, PbSe,
and PbTe (see insert in Figure 3.12) is that the value of 2nk is close
to a coﬁstant on the short wavelength side of the absorption edge for
an appreciable range of wavelengths. Let us call this valge (an)PL
and let us assume that a change in the main gap EG produces changes
in the 2nk curve near the abéorption edge only (as shown by the dotted
line in the insert) and does not affect the wvalue (2nK)PL.. In this
starting model, it is also assumed that the effect of temperature or
alloying on the 2nk spectra is entirgly described by the change of EG
with temperature or alloying. |

With the above assumption, equation (3~77) can be integratgd

in two parts as follows:

E ' o
dE dE
€, - 1 = 1% J PL one < + 2nk = (3-78)
= E
PL

in which EPL is a convenient value of energy around which 2nx is constant.
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The fifst integral on the right has the same value for all tempera-
tures and alloy compositions considered and gives a constant. For
the second integral, 2nk is constant except in the vicinity of the
absorption edge where 2nk tails down to zero. There is a negligible
contribution passed the absorption edge. The tailing is taken into
account by taking 2nk as constant down to the value of E = EG and zero

for lower energies. Equation (3-78) can now be integrated and gives

€p = C -~ (Zln)(ZnK)PL in EG' - (3-79)

in which (2m<)PL is the value of (2nk) on the plateau and C is

some constant. Thus from:

-em

(2/ﬂ)(2nK)PL

In E; = + A , (3-80)
a semi-logarithmic plot of EG versus €_ should yield_the value of
(2n|<)PL from the slope. Such a plot is shown in Figure 3.12 using

the values of ¢ and EG given in Figure 3.11. The insert is a re-
production of Avery data, for p-type PbTe, taken from Moss (60 M1, p.189).
The dotted line (in the main graph), is equation (3-76) for which thz
"constant" was determined from the room temperature data on PbTe. The
solid line represents the best line through the experimental points.
From the slope we obtain (2m<)PL = 18.2 compared to 16.5 for the actual

measured value. The fact that a straight line is obtained and that its

slope yields a (2n»<)PL value close to the measured one supports the
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starting model and the following equation relating EG and € is
[ ]

proposed for PbTe and the range of alloys considered.

In EG = -.086 ¢, + 1.65 (3-81)

This relation is for low carrier concen?rations. VFor larger carrier
concentrations, the absorption edge is Burstein shifted to higher
energy Eé. However, replacement to EG by Eé in equation (3-81) is
not expected to produce correct values of € since the shape as well
as the position of the absorption edge is affected and the plateau is
expected to disappear for high doping.

Tﬁe values of € versus carrier concentration (p* = .9/Roe).
were'obtained from the experimental reflectivity curves using the

fitting technique and the slope technique. They are shown in

Figure 3.13 for the two alloy compositions investigated. At the
highest carrier concentration, €_ increases rapidly as the carriers
enter the heavy mass band.

’ Comparison of Figures 3.13 and 3.10b reveals that the ratio
of (RO/Rm)/em is close to a constant for all carrier concentrations.
(Note.that in Figure 3.10b the true carrier concentration N is used
in abscissa while .9/Roe is used in Figure 3.13). This situation is

very fortunate when using the Moss's method since the effective mass

is determined through the equation:

2 = 2 -
mP = N e /mseoe°° (3-82)
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The quantity on the rigﬁt is unchanged whether wé use the low carrier
concentration valués qf (RO/Rw) and € or the correct ones for a given
carrier concentration if the rétio (RolRm)/e°° is. constant. The quantity
on the left, is determined from the graphs in Figures 3.5 or 3.6 and

is smaller by less than 5% Qhen using the correct value of €, compared

to the use of the low carrier concentration value. In fact, this

- smaller value of.w% is balanced by the small decrease of the ratio

(RolRm)/eo° with increasing carrier concentration. Therefore, for the

‘'variations of €_ and (ROIRW) shown in Figures 3.13 and 3.10b, the

correct values of effective masses are obtained by using the low
carrier concentration value of €, and of (Ro/Rw) for all carrier con-
1
. *
centrations.
In view of the above simplification when using the Moss's

method, we will use for the purpose of determing the susceptibility

effective masses at all carrier concentrations:
B = (.9/R e)em3 - (3-83)

together with the low carrier concentration value of ¢_. The values
of the assumed carrier concentration p* as given by equation (3-83)
are given in Table 3.1. Also the true carrier concentration N using
the (Ro/Rm) values of Figure 3.10b and the conductivity mobility cal-~

culated using (RHo/r)77oK are given.

*While this is supported by experiments below the kink, it,.is not so
well justified above the kink.
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Sample # P*=(.9/R e}, or . (77°K) R /R _(779K)  N(779K)

cm—3 cm? /V-sec em—3

20.8% SnTe

8-3 1.192x1020 205 .80 1.05x1020 .
8~5 1.055x1020 " 258 73 8.5 x1019
8-6 9.864x1019 351 .60 6.6 x1019
8-1 4.586x1019 874 70 3.57x1019
8-2 1.926x1019 2184 .76 ~ 1.63x1019
8-7 9.765x1018 4087 .80 8.68x1018
8-4 6.406x1018 5740 .82 " 5.84x1018
8~8 2.56 x1018 10400 .86 - 2.45x1018
6% SnTe
6-1 2.882x1019 1150 .73 2.34x1019
6-0 1.116x1019 3240 .79 9.8 x1018
6-6 5.805x1018 5670 .82 5.3 x1018
6-3 4.66 x1017 15900 .90 4.66x1017

TABLE 3.1 EXPERIMENTAL DAIA FOR Pbl_xSnxTe ALLOYS
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3.5.3 Surface Effects

Despite the fact that no satisfactory explanation of the

surface effects observed on our specimens will be given, we meverthe-

less inciude them here in the results section to stress their
importance. Of the reported infrared-plasma reflectivity measure-
ments that the author is aware of, only those performed on chemically
polished surfaces have been found to be well-fitted by equations
(3.26) (for example (67 R1, 70 B2)}. On the other hand, several
papers deal wi;h such measurements performed on mechanically polished
surfaces'(for.example (70 s1, 70 Rl)). The values of ms, u0pt’ and €
obtained from the lafter measurements are often in error as will now
be seen.

Figure 3.14 illustrates the large differences in the
reflectivity spectra between chemically polished surfaces and

mechanically polished surfaces for some of the samples studied.

'Similar changes were found on all samples listed in Table 3.1 except
sample 8-8 and 6-3 for which there is no free carrier dispersion in
the wavelength range cévered due to their low carrier concentrations.
The full line in Figure 3.14 represents the best fit to the free
carrier dispersion relations. In all.cases, the reflectivity spectra
from chemically etched surfaces Qere very well fitted, but none from

mechanically polished surfaces could be fitted using the free carrier

dispersion relations. -
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‘The results of Figure 3.14 are also réproducible. On
sample 8-7 for example, the sample was mech;niéally pdlishe& using
.05 micron aluminum oxide powder and thé.reflectivity spectra was
taken; the sample was then chemically polished and the reflectivity
spectra retaken. This procedure was repéated several times, and
within experimental error the spectra obtairned on mechanicélly and
chemically polished surfaces, shown in Figure 3.14, were in turn

reproduced.

At sufficiently low wavelengths not shown on the graph the
reflectivity curves for both types of surface preparation merge
together. In all details, the results on Figure 3.14 onI&i_xSnxTe
are similar to fhose reported on ZnO (66 W1) for mechanically and
chemically polished surfaces. However, no explanation of this effect
is gi&en. Rheinlidnder (70 Rl) reports infrared reflectivity measure-
ments on mechanically polished CdSb which do not fit the classical
free-carrier dispersion relatiéns.' We believe that the same dis-
tortion due to mechanical polishing as the one just described is
present in his results. In addition, he found that with time the
refléctivity spectra were further shifted towards longer wavelengths.
He also provides no satisfactory explanation for the former-deviation

but gives (70 R2) a detailed explanation for the latter observed shift
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with time in terms of the formation with time of a hole depletion
layer at the CdSb surface. Ve therefore believe that the large
differences between the reflectivity spectra for mechanically and
chemically polished specimens is not particular to some materials
only, but may be present in all materials. An explanation of this
effect would be desirable since it could be used to pfovide extra
information.

First, the possibility of a depletion layer, of the type
postulated by Rheinldnder (70 R2), present in mgchanically polished
samples was eliminated for the following reasons. The éalculation
of Rheinlﬁnder (70 R2) for the case where a depletion layer is pre-—
sent can account for an isotropic shift of the reflectivity spectra
to longer wavelengths but cannot account for the large drop in
reflectivipyiat the position of the reflectivity minimum. Also
measurements, performed‘on mechanically as well as chemically
polished surfaces after prolongated (2-5 months) storage in air or
vacuum at room temperature, gave the same reflectivity spectra as
the one obtained immediately after the surface treatment. This shows
that fhere is no reduction in hole concentration near the surface and
that diffusion of metal vacancies over short distances (< 1 microns)
is negligible at room ﬁemperature.

Secondly, the possibility that the mechanical treatment
caused the surface to be in a stressed state and was responsible for

the observed distortion in the reflectivity spectra was eliminated
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thrqugh two experiments. In the first experiment, it was assumed

that the stress present in tha surface layer was producing a change
in energy band level and principally of the main gap. If these
changes had caused the observed distortions in the reflectivity
spectra, the nature of these distortions should have been drastically
different on a Pbl_xSnxTe sample containing 507 SnTe. For the
samples shown in Figure 3.14 pressure closes the gap; for 507 SnTe
sample the conduction and valence have crossed over at liquid
nitrogen temperature,accordiﬁg to Dimmock et al. (66_D1),and‘
pressure is expected to open the gap. Experiments on both alloy
compositions have shown:similar distortioné of the reflectivity
spectra. In a second experiment, polarized light was used and pro-
duced no change in the reflectivity spectra, for the two perpendi-
cular directions of polarization used, on either the mechanically

or cheqically polished surfaces. From these two experiments, it

was concluded that, if stress is at all -present in the surface, it

does not affect the reflectivity spectra and is not responsible for
the large difference in the reflectivity spectra between mechanically
and cﬁemically polished surfaces.

The reflectivity spectra in Figure 3.14 were analyzed
using the slope method and the wavelength squared dependence of n2
was verified for the chemically polished surfaces as expected and
élso unexpectedly for mechanically polished surfaces. These results

are shown in Figure 3.15 in which only a few points for the
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chemically etched surfaces are plotted for clarity. Also the extra-
polation on the A2 axis giveé the same value for the chemically
and the mechanically polished surface within 5% in A2 for all samples

studied. This means that:

] . :
wp = _Ne® (3-84)
mseoeco

is approximately the same whetheg the sample had-been mechanically or
chemically polished. Since ea;determined from the extrapolation to A= 0
is as much as 807 greater (sample 641) for mechanically than for
chemically polished surfaces, an effective mass 807 (sample 6-1) t06
small is obtained from mechanically polished samples. We again
emphasize that the realization of the n? vs A% linear dependence does
not mean that the variation of’ﬁzwith wavelength is due to free
electrons cnly. 7Tt should be pointed out that the results of
Rheinl¥nder on CdSb (76 R1), obtained from mechanically polished
sarples, were analyzed by curve fitting qsing the same portiop of the
reflectivity spectra as that used in Figure 3.15. As it is clear
from their data that the same spectraldeviaticns as those of Figure
3.14 are present, their effective masses are too low and their optical
mobilities too higﬁ.

In conclusion, no satisfactory explanation is given for the
distorted reflectivity spectra observed from mechanically polished
surfaces. However, it is shown that they cannot be fitted and thus

analysed to yield the correct values of susceptibility effective
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masgses and dielectric.constants. . Such a guide line should be
useful when facing the increasing volume of literature on the

subject.
3.5.4 Effective Masses vs Carrier Cbﬁcentration

To find the susceptibility masses, only the reflectivity )
spectra obtaiﬁed from chemically polished samples were used. In all
cases, good fits were obtained and' the fitted curves through the
experimental points are shown in Figure 3.16 together with the fitting

parameters. The susceptibility masses have also been obtained from

the Moss's method which, for these measurements, is expected to yield
more accurate values. Table 3.2 lists the experimental values of ' '
reflectivity and wavelength at the position of the reflectivity |
minimum, the values of w /w . and w_. <T> obtained from Figures
P min min

3.5, 3.6 and 3.7, the refractive index n and extinction coefficient
k at the position of the reflectivity minimum, and finally the values
of M, =m /m_and u . TFigure 3.17 shows a plot of the effective

s s’ 7o opt
mass values obtained from the fitting technique and Moss's
technique for the two alloy compositions studied. The apparent dis-
crepancies between the effective masses determined by either methods
are expected from earlier discussion. Effective masses obtained by
both techniques were obtained assuming p* = 0.9/Roe for all carrier
concentrations. As discussed earlier, Moss's technique gives

the correct masses since we also used the low concentration value of




T=82°K
for dll samples
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Figure 3.17 Effective mass Vvs. p*.
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e, for all éarrier concentrations. On the other hand, the variation
of e, with carrier concentrations is implicitly taken into account in
the fitting technique so that to obtain the correct masses it is
necessary to take into account the change of RO/Rm as well. When the
effective mass values from fitting are cofrected for the variation of
RO/Rm using the values of Table 3.1, good agreement results are shown -
in Figure 3.18. |

An important point here is that it would not have been
possible to &etect_the kink at p*'= 1020cm™3 from susceptibility
masses determined uéing the fitting technique alone. This is because
RO/R°° values are required to obtain the correct susceptibility masses

when the fitting method is used; but good estimates of RO/R°° pre-

suppose an accurate determination of the carrier concentration at the
kink. Since, in the absence of this information, Ro/Rm was assumed
constant when it should increase with carrier concentration (p*) past
1020 carriers cm'% the values of ms/md obtained using the fitting
technique were more and more underestimated as the carrier concentra-
tion (p*)-increased past 1020cm™3. The net effect was a smoothing out

of the curve of the susceptibility mass versus p* as shown in

Figure 3.17b.
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Figure 3.18 Effective mass vs. p¥*.
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From Figure‘3.18, we note that thé susceptibility masses
determined by the fitting techmique and corrected for variation of
(RolRm) are in very good agreemenégwith those determined using the
Moss method. However, for the two lowest carrier concentrations in
Figure 3.18b, the agreement is worse. We have seen earlier that both
bound carrier and ionic contributions to the dielectric constant
results in smaller effective masses when using the fitting technique.
The above contributions turned out to be larger for these two samples
on account of a lohger wavelength absorption edge and the higher
static dielectric comnstant (it varies from 400 to 1400 in going from
PbTe to SnTe).

The values of R°/R°° listed in Table 3.1 brought.the
effective mass values determined by the Moss and the fitting technique
into agreement, as shown in Figure 3.18. This suggests that the RO/Rm
values are good estimates, and we will now use them to determine the
true carrier concentration N that should appear in the abscissa.
Figure 3.19 is the final plot showing the effective mass versus the
true carrier concentration N. Only the values of effective mass

determined by the Moss method are shown.

*

The agreement indicates that the measurements represent closely the
absolute reflectivity due to free carrier only. A good agreement
between the two methods is then expected as discussed earlier. It
also suggest that the RO/Rt,° and €, values used are reasonnable.
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Figure 3.19 Effective mass VS. carrier concentration.
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No correction for non~degeneracy was necessary for any of
the samples studied at 82°K. When this effect of scattering is taken
into account, as described in Section 3.3.2, it is found to change the

effective mass by less than 0.27%.
3.5.5 Effective Mass vs Temperature

The reflectivity was measured as a function of wavelength
in sample 8—7.£or several temperatures between 82°K and room tempera-
ture. Figure 3.20 shows these reflectivity spectra in the region of
the refléétivity minimum. For clarity, only a few experimental points
are shown. Table 3.3 gives the values of Rmin’ Amin’ obtained from
Figure 3.20, the values of €_ obtained by linear ingerpolation between
the experimentally determined values at room temperature and 829K,
‘the values of mP/umin and wmin <t> obtained from Figures 3.5 and 3.7,
the values of Ms and uopt uncorrected for carrier scattering (i.e.
r2 = 1), and finally the values of M/ and Yopt corrected for carrier
scattering.

The values of r2 (also given in Table 3.3) necessary to find
these corrections, were calculated as described in Section 3.3.2. The
non-parabolicity of the <111> minima was assumed to be described by

AaB kk =E+ EZIEG where EG is the main gap given in Figure 3.11b
[o 2

B
(for temperatures between 820K and 300°K, a linear interpolation was

used). The Fermi level for sample 8-7 was calculated using the above

model, as described in Sectioh 3.5.7.
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Figure 3.21b and 3.21lc show the calculated values of
r2 = <125 /<1>2 for impurity scattering and acoustical scattering,
respectively. Aé seen, the impurity and:acoustical scattering give

similar values'forArz over the temperature range for which both con-
tributions are expected. This is foftuitous, however, and it is not
expected to be true for carrier concentrations Qifferent from that
of sample 8-7. Thus the r2 values for acoustical scattering can be
used for the whole range of temperature in sample 8-7.

Accurate values of r2 are not required to correct the
effecfive mass values since in the worst case (room temperature) a
407 inérease in r2 leads to a 4% decrease in m_ only. The correction
soon becomes neéligiblg as the temperature is lowered because the
®

nin

less than 2259K, the correction is less than 1%. The correction for

¢ values increase rapidly while r2 decreases. For temperature
Hopt is however large:. it is 36% and 4% at roomltemperature and 82°K,
respectively.

?he corrected values of susceptibility masses are plotted in
Figure 3.22b as.a function of temperature. Also, in Figure 22a, the
susceptibility masses calculated using an effective carrier concéntra—
R_(82°9K)

tion N* = N -2 (in which R _(T®K) is the zero field Hall constant
R, (T9K) °

at the temperature of the measurement) have been plotted. The effective

masses so obtained are constant over nearly the whole range of tempera-

ture. We postpone the discussion of this result to Section 3.5.7.
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Figure 3.22 Effective mass vs. temperature in sample 8-7.
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3.5.6 Optical Mobility

Optical mobilities'determined using the Moss method, and
given in-Tables 3.2 and 3.3, are plotted in Figures 3.23 and 3.24
together with the conductivity mobilities. The conductivity mobility,
assuming a one-band conduction, is given by M, = R°(77°K) a(T)/x(77°)
in which the value of r from Table 3.1 has been used. |

The optical and conductivity mobilities show a similar
variation with cérriér concentration and with temperature..'However,
the optical mobilities are always lower by approximately'a factor of 2.
This has been observed in PbTe (65 D1) and in SnTe (67 Rl, 70 B2) but
no satisfactofy explanation has been given. As the thermal velocities
of the electrons are hardly affected by the small electric field in
either optical or conductivity experiments, this discrepancy is, in
.general, not expected and the scattering time should in both cases
depend only on crystal propertieé and temperature.

However, the optical mobilities are not necessarily representive
of the bulk since the light probes a very thin layer of material near
the surface. 1If, for instance, the mean free path of the electromns
becomes comparable to the penetration depth,- collisions with the sur-
face reduce fhé scattering time or mobility. To see if boundary
scattering is important in the present experiment, we calculated the
penetration depth & = A/47k at the minimum reflectivity using « from

Table 3.2. It ranges from .4 to 1.8 microns for the samples measured
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Figure 3.23 Conductivity and optical mobility vs. carrier concentration.
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at 83°K. -On the other hand, the velocity of fhe electrons can be
estimated from the Fermi levei and the susceptibility mass from

Vg = (ZEF/ms)llz. Using EF determined from the Cohen model (Section
3.5.7) and the experimental value of m., Vo was calculatéd.and the

mean free path A = voT was found to range from .0l to .06 microns.

The mean free path of the electrons is at most 4% of the penetration
depth and boundary scattering, an& while non-hegligible, does not account

quantitatively for the observed difference between the optical and

the conductivity mobility.
3.5.7 Comparison of Experiment with Theoretical Predictions

iIn this section, we will comsider different models to des-—
cribe the non-parabolicity of the 4 equivalent <111> minima. For
simplicity, we will use the expression "one band model" to imply that

the carriers are all in the above <111> minima.

a) One Kane Band

We refer here to the simplified Kane model for which the

dispersion relation is:

272 ﬁ?kLz _ :
2o, T 2o T EQ1 + E/Ey) (3-85)

S

in which kT and kL are the transverse and longitudinal wave numbers;
my and m are the transverse and longitudinal band-edge masses; and

Eg is the interaction gap. This model has been used to explain the
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non—parabolicity'of the valence band in PbTe by Dubrovskaya et al.
(70 D1). They explained the debendence of the density-of-states
(determiﬁed from thermoelectric powefiktastrong magnetic field) on the
energy, for carrier concentration ranging from 5.7 x 1017 to 4 x 1019
holes cmf3, using EG % .12 e.v. and a density-of-statesband-edge mass
my = 0.13 m,. Our results qf-susceptibility effective masses could
not be explained on the basis of equation (3-85) for carriéf concentra-
tion ranging'from 5 x 1018 to 1020 nholes cm~3. We will now substantiate
this statemeht.

The suséeptibility effective mass.is given by equation (3-54).

If we use v = (i/h)IVkEI, it becomes:

| ® of . max |V, E|2
o A e || DT g | oap (3-86)
g 302 (2m) 3 | | | (7, Ed |
' (o} (o}

E

in which Nl is the carrier concentration in one valley and is given
by:

af,
Ny = N4 = |- 55 Hg(E) dE (3-87)

o

in which HK(E) is the number of states within a Kane surface

(equation (3—85)) of energy E and is:
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. k. max .
2 _| L k2 dk , (3-88)
| N |

HK(E) =

From equétion (3—85),.since we have ktmax for kT = (0, we have:

_ | 2 -
knmax E(1 + E/EG) 2_m1/ﬁ (3-89)

Equation (3-88) can be integrated using the expression for'k; from

equation (3-85) to give:
B (E) = B (E) (1 + E/EG) (3-90)

in which HP(E) = 23/2md3/2E3/2/3n2ﬁ3 is the number of states within

a paraboli; band of energy E and with mass parameters m, and m,, (md

is the corresponding bottom of the band density-of-statesmass).
.The integrand in equation (3-86) is easily obtained from

equation (3-85). It is:

- 2,2

vE|2 2E{1+E/E) 1k (mp-my )
10l A a, = & 4 dk_ (3~91)
lvEY | T (1+2E/E;) m2 (1+2E/E;) .

Substitution in equation (3-86) and integration over kL leads to:

Bl:?

- 3o ' |
= - o (E) IK(E) dE (3-92)

0]

o]

in which I (E) = (1 + E/E)3/2/m (1 + 2E/E) and m_ is the bottom of
K G c G c
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the band conductivity effective mass. At the temperature of the
measurement, 82°K,‘a11 samples are strongly degenerate and the inte-
gration over energy is readily obtained. . From equations (3-92),

(3-87) and (3-90) we have

m, = mg (1 + 2E/EQ) ©(3-93)

This is exactly the same expression as for the conductivity effective
mass.
Furthermore, from N = 4HK(E) the Fermi level can be

expressed in terms of N as follows:

- - Egy2 , 26 x
B B/2+ | €D° ¢ F QT (3-94)
62}X21/21T

in which M, = md/mb and C = m.o3/2 = 18.17 x 1021 cm—3.

d 3n3
Writing equation (3-94) in equation (3-93) we have:
2 2. 4ME N 2/3
M =M+ —— : , (3-95)

Thus, a plot of the susceptibility effective mass squared vs.

N2/3 should be a straight line with slope (4 Mi/EGMd 02/3) and inter-
cept Mi. Such a plét is shown in Figure 3.25 for the two alloy com-
. positions measured. As seen, equation (3-95) is not obeyed; the

curves deviate more and more from straight lines as the carrier con-

centration is increased.
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For comparison, we have plotted a theoretical curve using
My =..022? ML = ,310 and EG = ,14. These bottom of the band parameters
weré determined for_PbTe at 4.29K by Cuff et al. (644C1), Since the
energy gap for 6% SnTe alloy is about thé same at 829K as it is for
PbTe at 4.2°K, the above paraméters should apply to the 67% SnTe élloy.
We have assumed also that changes in the other emergy bands at <111>
produce negligib}e effects on the above parameters. This is valid if
Mp is determined by the interaction of the nearest bands only. Cuff
et al. (64 Cl) pointed out that the mass components in the valence
band and the conduction band are determined principally by the
momentum matrix elemeﬁté across.the small intrinsic gap.
As seen from Figure 3.25, the low carrier extrapolation of
. the experimental curve for 6% SnTe alloy coincides with the theoretical
curve, but the experimental curve deviates more and more from the
calculated curve as the carrier concentration increases above 1018
carriers cm—3. Also the experimental curve for 20.8% SnTe alloy
extrapolates at a lower M_ value than that for 6% SnTe alloy as
expected, and the same Qeviation is present as the carrier concentra-
tion increases. The feasons for the disagreement are that the non-
parabolicity of the valence band is larger than that predicted by the
Kane model of equation (3—-85) or that a heavier mass band is becoming
populated past 1018 carriers cm~3 or a combination of both.
In conclusion, it can be said, that the simplified Kane
model is a good representation of the valence band for carrier con-

centrations not in excess of 1 cm .
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b) One Cohen Band

- The use of the  Cohen model in the. case of PbTe and the alloys
considered here, is suggested by the results of Shubnikov-de Hzas
measurements (64 Cl). The Cohen model has also been used with some
success for PbTe by Dixon and Riedl (65 D1). They report that the
susceﬁtibility effective mass variations with temperature and carrier
concentration are partially explained in terms of a single Cohen band.

The dispersion relation describing the Cohén energy surface is:

2 K2 K
r (1+ (/EQE + 5 12/2n1)) L

. in which kT and kL are the transverse and léngitudinal wave numbers;
Eq is the interaction gap; m, and n are the transverse and longitu-
dinal band-edge masses; and mi is the longitudinal band-edge mass
of the intéracting band (i.e. the conduction band). Equation (3-96)
contains several parameters besides the interaction gap EG. We will

assume that they are given by:

mL/mi = 1.3
= - i = 04 - . - 7
MT EG/(EP EG) with EP 6 e.v (3-97)

The first assumption states that the ratio of the transverse

band-edge mass of the valence band to that of the conduction band is
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constant for the alloys considere& and equal to that determined from
Shubnikov-de Haag measurements in PbTe (64 Cl). This is suggested by
the results of quf et al. (64 Cl) which disclose the similarity of
the conduction and v#lence band and the predominance of their inter-
action. Moreover, this assumption ié not restrictive: calculations
using values_of either m or m% differing by a factor of 2 showed fhat
.the calculated values of ms were not cﬁanged by more than 5%.
Secondly, . we éssumed that the experimentally determined

relation for PbTe, di.e., = EG/(EP - EG) with.EP = 6.4 e.v. 1is aﬁﬁlicable

T
to the alloys measured. As mentioned earlier, Cuff et al. (64.01)

point éut that the interaction with the most remote energy levels at
<111> is of secondary importance and that the mass components are
determined principally by the.small gap bet&een the valence and con-
duction bands. This situation is expected to be more valid in 6% SnTe
énd 20% SnTe alloys due to the small energy gap.

Thirdly, Burke et al. (70 Bl) found from Shubnikov-~de Haas
studies that K is independent of carrier concentration and alloy com-
position in Pb 1-x SnxTe up to x = 36%. We will use their averaged
value of 13 for all samples. Again, this assumption is not restrictive
since the calculated values of Ms are not very sensitive to changes in K.

The expression for MS is obtained as before from equation
(3-86). We will not go through the different steps of the galculation

since this has been done in detail by Dixon and Riedl (65 D1). The

effective mass was calculated for the Cohen model with the relations
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(3-97). The integrations over energy were performed by numerical
integration. |

;Figures 3.26 and 3.27 give the final résult of the calcula-
tion together"with.the experimental results.  In Figure 3.26a (20%
‘SnTe)'the calculafed susceptibility masses are given for the intér—

action gap E, = .20, .12 and .08 e.v. The curve for EG = .12 e.v.

G
shown in full is the one that gives the best agfeement with the
experimental values. Up to 1012 holes cm"3, the experimental points
coincide with the calculated curve. As the carrier concentrétion
increases past 1012 hole cm'% the deviation of the experimental points
from the calculated cur?e increases. As pointed out before, experi-
mental results suggest that a heavy mass band becomes populated at
arouﬁ& 6.6 x 10192 holes cmf3. This may explain the discrepancies
between measuréments and calculations paét 6.6 x 1019 holes cm—3 but
not those from 1019 té 6.6x1019 em~3. On the whole, fhe Cohen ﬁodel
appears to be the appropriate one in the alloys measured at least for
carrier concentrations up to 1019 holes cm~3. The effective gap
Eg = .12 e.v. used is in very good agreement with the optical gap
(.11 e.v.). This suggests that the influence of the far removed bands
at <111> on the non-parabolicity is negligible at least for the lowest
carrier concentrations.

In Figure 3.27a (6% SnTe), the effective gap EG = ,16 e.v.
gives the best agreement up to 1019 holes ecm~3. This again is not

much different from the optical gap (.19 e.v.). The corresponding
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values of the Fermi level were calcclated and are shown in Figures
3.26b and 3.27b.

The Cohen model gives a éood fit for sample 8~7 in Figure
3.26a. It is therefore in line to check whether or not the increase
" of effective mass in sample 8-7 from 82°K to 300°K is due to the non-
parabolicity only. Figure 3.28b compares the experimentally determined
mg to the calculated one using the Cohen model with E (T) = E (82°K) +
"o (T - 82°9K) in which-EG(82°K) .12 e.v, and o is the 11near variation
coefficient of EG with temperature in e.v./?K. As seen, tﬁe increase
of susceptibility effective mass with temperature is not accounted for
by the Cohen model for reasonable values of a. The experimentally
determined value for a is close to 3 x'10’4 as obtained from Figure
3.11b and_measured by Tauber and Cadoff (67 Ti). For this value of a,
less than half the increase of m_ from 82°K to 300°K is accounted for.
For a = 7.0 x 10~%4 the discrepancies are smaller, but there are no
justifications for the use of such a large value of a. The use of
different values of E (82°K) from .08 to .18 does not change appreciably
the calculated curve and the above conclusions are unchanged. The values
of the Fermi level corresponding to the calculated curve are glven in
Figure 3.28a.

In conclusion, we must say that either the Cohen model is
inadequate for the alloys considered even for the low concentration

sample 8-7 despite the apparent agreement of Figure 3.26a or that there

are extra heavy mass bands becoming populated as the temperature
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Figure 3.28 a) Fermi level and b) m /m, vs. temperature.
The Cohen model is used for calculated curves.
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increases toward 300°K in sample 8-7. As mentioned earlier, there
is experimental evidence that a heavy mass band becomes populated for
approximately 6. 6x1019 holes cﬁ?3 at 820K. From the value of the
Fermi level at this carrier concentration (Flgure 3.26b), we can
estimate that the heavy mass band should be separated from the <111>
minima by at least .23 e.ﬁ. at 82°k. On the other hand, from Figure
3.28a, we have that EF is approximately .05 e.v. at 300°K. Thus for
this hegvy mass band to account for the large increase 6f m_ at room
temperature, the temperature variation of the energy separation between
the light and heavy mass band would have to be much }arger than
—31:10_4 e.v./°K. If it was the case, a much steeper increase of
effective mass than that shown in Figure 3.28b would be observed when

the heavy mass band becomes populated.

¢) One Dimmock Band

Dimmock (70 D2) has derived a dispersion relation for
Pbj_xSn,Te. In doing so, he has treated the interaction between the
valence and conduction band at <111> exactly,_and included the inter-~

action of the far removed bands at <111> as a second order perturbation.
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Thus, the Diméock.modél is better founded in that it takes into
account the interaction of 6 bands at <111>. The values he used for
fhe intrinsic gap are in agreement with experiment at least in the
alloy range considered. However, the positioning of the far removed
band is based on theoretical calculations for PbTe (66 L1) and SﬁTe
(69 T1) and the assumpti§n of a linear variation across the alloy
range. In view of the privileged.interaction of the conduction and
valence bands the Dimmock model appears reasonable provided the errors
in positioning the far removed levels are not too large.

His épecific model for the valence and conduction bands of
Pbl_xSnxTe uses the observatioq-that the relative positions of the
above six energy bands at the L-point do not change greatly across
. the alloy system. This allows a semi-empirical determination of the

four effective masses and two momentum parameters based on the results

of Cuff et al. (64 Cl) and the matrix elements of Lin and Kleinman'
(66 L1) for PbTe. The only variable left is the energy gap EG. The

model equation is:

. ' 2 2
(.25. E +1.81 k12‘+3.38 k%—E)( - % E 087 kl-’:—7.23 k%—E)=0.033 K +.536 ki (3-98)

in which E and EG are in Rydbergs and k in atomic units. The zero

of energy is taken at the center of ‘the energy gap; EG is positive for
PbTe and negative fof SnTe (the change in sign occurring at the cross-
over at around 407 snTe); E is positive for the conduction band and

negative for the valence band.
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The equation necessary to calculate the effective mass is:

N1 -2 YR kpmax|v,E|?
v - —k d -
-y . _
where
N, = N/4 = I _ 8o |
1 3F HD(E) dE (3-100)

in which HD(E) is the number of states within a Dimmock surface of
energy E and is
L, kLmax'

(2m)2

2 -
K2 diep . (3-101)

Hy(E) =

Equation (3-99) is the same as equation (3-86) except that

E is expressed in Rydbergs (2Rd = 1 a.u.) and k in atomic units. For
these units,'ﬁ2 is equal to 1 and MS is in units of free electron mass.
In order to calculate the susceptibility effective mass,
expressions for kLmax, k%,and IVkElz/l(VkE)Tl X kT must be obtained
from the dispersion relation of equation (3-98). To avoid carrying
numbers through the long algebraic manipulations necessary to arrive

at these expressions, equation (3-98) is rewritten as follows:
2 2 _ 2 2 + 2 2 _
(G + a kL + b kT E)(G + ¢ kL + e kT + E) +p kL + q kT o (3-102)

with G =(1/2)EG etc.
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The limit of integration kLmax.is obtained by writing.

k% = 0 in equation (3-102). &fter a few algebraic manipulations we

have:
{-a L ’ 1/2
= l + .__1 Y 2 - - 1/2 g
}Lmax [__Zac t o= (Al tac(G + E)(G - E))*/: | . (3-103)
with
Ay = (c+3a)G+ (a~-c)E+p

For the alloys considered here the valence band extrema
(E = -G) occur at the L point (kL = 0) and.anly the positive sign is
to be retained in equation (3-103). This is not true for'Pbl_xSnxTe
with x > .9 since then the extrema occur at kL * 0 (70 D2).

The expression for k% is also obtained from equation (3-102)

"and isﬁ

' 1/2-
2 _ .1 1 (A%  spe((crak2-E) (GHckZHE) + P . (3-104
kg Zbe 2" 2be B o((Graty ).( Cka >+ vip) ¢ )

A2 = ((e + b)G - (e - B)E + (ae + bc) ki + Q)

The expression for IVkElz/kvkE)Tlx kT is most easily arrived
at by implicit partial differentiation of equation (3-102). The final
result is:

‘Vkplz ZR%(A3 + (bc + ae) k%)z + 2k%(A2 + 2be k%)z

| (7, B | “r | (a, + (e-b) k.%) (4, + 2be k%)l

(3-105)
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in which

>
n

3 '((a+c)G+2ack§+(a-¢)E+p)

A, = (- (-0 K2)

and AZ is given above.

Now with equations (3-102), (3-104) and (3-105) substituted
in equations (3-99), (3-100) and (3-101), the effective mass and the
Fermi level were calculated. All integrationé were performed
numerically. These lengthly calcﬁlatioﬁs wére performed using two
programs. The first program calculated the susceptibilit§ masses for
several input values of the Fermi level and gave curves of suscepti-
bility mass versus carrier concentration. The second program calculated
"the suéceptibility mass vefsus temperature in a sample of known carrier
concentration by solving equation (3-100) for the Fermi level and. then
calculating Ms from equation (3-99).- The accuracy of the numericél
intégrations was better than 1 part in 10,000.

The calculated values of the susceptibility effective mass
are shown in Figure 3-29a together with the experimental values. The
three calculated curves shown are for EG equals to .23, .19 and .11 e.v.
Since EG is not an effective gap in the Dimmock model but the actual
gap, or the optical gap, these values correspond to PbTe, 6% SnTe and

20.8% SnTe respectively. The corresponding values of the Fermi level

are shown in Figure 3.29b.
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Comparison with Figuie 3.26, shows that the non—-parabolicity
of the <111> valence band extrema is .. less pronounced for.thé |
Dimmock model than for the Cohen model.A Thé Cohen model was in agree-
ment with experiﬁentél values at least for the lowest carrier concentra-
tion sampies; on the other hand, the Dimmock model predicts a much
lower effective mass than the experimentally determined one for all

carrier concentrations measured. Figure 3.30 also shows that the

Dimmock model failed to explain the temperature variation of the
susceptibility effective mass.

Therefore, the discrepancy . suggests that fhere are carriers
in two bands even at the lowest carrier concentrations. However, we

pointed out earlier that the positioning of the far removed energy

level at the L point was based on theoretical calculations by Lin and

Kleinman for PbTe (66 L1). In a recent paper, overhof and Rossler

(70 01) recommended caution with the Lin and Kleinman band models.

They have found very different values of energy spacing for the far
removed level at <111>., In fact, if their values are correct, the
assumptions leading to the Dimmock model equation (3~98) are incorrect.
Also Dubrovskaya et al. (70 D1) pointed out that as the far removed
bands at <111> are brought closer to the lowest conduction band or the
uppermost valence band, the non-parabolicity is reduced. The results

. of Overhof and Réssler (70 0l) disagree with those of Lin and Kleinman

(66 L1) in that the far removed bands (all 4 of them) are situated

farther away from the interaction gap. Thus it appears that the
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Figure 3.30 a) Fermi level and b) mg/m, vs. temperature.
' The Dimmock model is used for calculated curves.
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Dimmock model underestimates the nonrparabolicity. For these reasons
it may be that the Cohen model is closer to reallty in neglucting the
far removed band interactions. The fact that the interaction gap in
the Cohen model is close to the optical gap, also tends to support the
above assertion. On the other hand, -the validity of the Dimmock model

cannot be ruled out on experimental grounds.
d) Multiband Models
".1) One Cohen plus One Spherical Band

We have seen that at 1/Roe = 1.1 x 1020 -3 there is a kink
in the mS/mb'curve for the 20.8% SnTe samples at low temperature (see
Figure 3.175) indicating a héavy mass band. For carrier concenfrations
‘less than 6.6 x 1019 cm73, the Cohen model gave the best fit to the
experimental data. Let us ask the question: Is the Cohen band plus
one heavy mass band adequate to explain the experimental data?

A determination of l/Roe at which the Fermi level enters the
heavy mass band at liquid nitrogen temperature was also obtained from
the Haii ratio (see Chapter 4)., It is l/Roe =8.4x 1019 cm=3. Let us
use the average value of the two determinations, i.e. 1/R°e = 9,5 x 1019
cm™3. From Figure 3 10b we estimate that R /R is equal to .6. For
this value of Ro/Rm’ the carrier concentration N is 5.7 x 1019 cm™3
and the corresponding Fermi level (from Figure 3.26b) is .22 e.v. at

82°K. Referring to Figure 3,26a, we see that the susceptibility

effective mass versus carrier concentration is adequately explained
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provided the ﬁon;paraﬁolicity is slightly more ghan predicted by the |
‘Cohen model for carrier concertrations iﬁ excess of 2 x 1019 énd th#t
there is a ﬁeavy mass band situatéd .22 e.v. bélow the Cohen model.

A heavy mass approximétely équal to that determined by Smirnov and
Ukhanov (70 S1) when most of the carriers are in the heavy mass band
for PbTe would then be adequate to describe the increase of effective
mass past 5.7 x 1019 cm3 carriers.‘ Its value is m., = 0.32 m .

The above model applied to sample 8-7 predicts, for a
temperature variation of the inter-valence band gap of -3.0 x 10~4
e.vl/oK, that 10%Z of the carriers are in the heavy mas; band at 300°K.
We have assumed here that the heavy mass band-conduction band
separation does not ghange with temperature and hence that the
tempergfure variation of the inter-valence gap is the negative of that
determined by Tauba:and.Cadoff for the main gap (67 Tl). Also we
distributed the heavy holes in 8 equivalent minima* (70 S1), i.e.

My = 1.28 m,. Thus for the model to be consistent, the increase of
the susceptibility effective mass with temperature in Figure 3.28b
should be entirely due to the non-parabolicity of the light mass band
except for a very small percentage (~ 5%) near room temperature.
However, this situation is realized using the Cohen model only if we
assﬁme a temperature variation of the effective gap: o ~ 8.0 x 10~4

- e.v./°K (see Figure 3.28b). The temperature variation of the optical

gap is about one half of this value.

*Smirnov et al (70 S1) have positioned the heavy mass maxima along the
<111> axis near the Brillouin zone boundary. Other more likely locations
are situated along the <110> and <100> axis.
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'We coﬁclude here that a Cohen band plus a heavy mass band
is adedﬁate qualitatively. Quantitativé'agfeement with experiment
would be obtained if the non-parabolicity vs carrier concentration
was to_be‘slightly mére pronounced for carriéf concentrati@ns in |
excess of 2 x 1019 cmf3, and if a temperature variation of the intef—

action gap twice that of the optical gap is assumed.
2) Possibility of a Three Band Model

Let us now consider the susceptibility effective mass versus '
temperature in sample 8-7 (Figure 3.22). For this carrie? concentra-—
tion, 8;68 X 1018 cmf3, we expect the carriers to be in the <111>
minimg only, at least up to 200°K, according to the discussion of the
lasf paragraph. If this is true we would expect the increase in the

Hall constant and the increase of the susceptibility mass to be entirely
Ry (820K)
. , Ry (T°K)

to determine m in Figure 3.22a, we obtain a constant value of sus-

.as we have done

due to non-parabolicity. By using N% =N x

ceptibility mass to better than 1% up to 240°K, and equal to mg (82°K).
Since N* only neglects the variation of r = Ro/Rco with temperéture as
compared to N, we have the result that the increasé of susceptibility
mass with temperature is equal {(to better than 1%) to the increase of
the-Hall factor with temperature, i.e., mS(T)/ms(82°K) = p{T)/r{82°K).
" The probability that this result is correct for sample 8-7 over such a
large range of temperatures is almost négligible since in general the

two increases should be different. The Hall factor depends on the
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scattering while the susceptibility effec;ive mass is independent
of scattéring. Unless the result is entirely fortuitous, it argues
againsf a single band interpretation at low carrier concentrations
and low temperatures up to 240°K;

A more general explanation of Figure 3.22a can be obtained
in terms of two valence bands which are ﬁoth occupied even at low
temperatures in sample 8-7. As temperature is increased,.carriers
are transferred in a heavier mass band. The Hall constant at a given.
temperature is then a measure of the number of carriérs left in the
light.hole band. AAlso, using R(T), the susceptibility effective mass
measufed is that of the.light hole band since p/ms = pl/msl + pz/m82
and the contribution of pzlmsz is negligible for not too large a
_number_of heavy holes.

. Fo¥ the above model, to explain Figure 3.22a, we must have:

1. The light hole band is close to parabolic, or the

increase of effective mass in that band due to non-
parabolicity, is exactly balanced by the loss qf
carriers in that band as temperature increases. |

2. The heavief mass band is no more than .08 e.v. below

the light hole band. This value corresponds to the
Fermi level at 829K of one Cohen baﬁd acting alone.
3. The number of carriers that have left the light hole

band must be at least 45% to explain the increase of m_

up to 240°K.
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'Adding the heavy mass band, which becomes populated at
1/R°e ; 9.5 x 1019 holeé‘cm?3,we cannot eliminate the possibility of
a three band model .consisting of: One 1ight hole band of the Cohen
type or the Dimmock ﬁype; one heavy masg band no more than .08 e;v.
below the light hole band; one heavy mass band not far below the
first heavy mass band. The position of this last band would depend
on the density-of-states of the former heavy mass band and is less
than .22 e.v. below the 1ight hole band, as determined from the Férmi
level of one Cohen band acting alone.

We will not try to fit.6u£ results with this model since
the necéssafy parameters, to calculate RO/R°° and the sqsceptibility
effective mass, are not available. First attempts, however, using one
Dimmock band, a mass for the.first heavy mass band of .15 m, as
reported by Stiles et al* (61 S1), and a mass of .32 mj (70 s1) for
the second heavy mass band suggest that good fits are possible by
adjusting the number of valleys, the energy gaps and their temperature

variations.

The "Stiles band" has been discredited.
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3.6 Discussion .
3.6.1 Accuracy of the Experimental Results

The experimental errors in the determination of the effective
masses using the Moss method are of two types.

The first type of errors is that inherent to the method and
the measurement itself. We estimate that the errors in the measure-
ment of absolute intensity is less than 5% in the worst cases. The
wavelength position of the reflectivity minimum was also determined to
better than 0.5%. Repeated measurements involving remounting,
repolisﬁing (chemical), etc., as described earlier gave values of Roin

and A within the above precision. In the worst cases, these

nin

errors in R_._ and A_._  led to less than 2% error in effective masses.
min min

For most of the measurements, and specially all those at 829K, the error

in effective mass was less than 1Z.

The second type of error is a systgmatic one, such as
the error on €_ and on Ro/R°° that enters in the equation used to
determine the effective mass. This error can be completely
eliminated at a later date if accurate values of these parameters
are found. Using Moss's method, the systematic error in m_ is

related to the deviation of (Ro/Rw)lew from the constant value
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determined experimentally at low carrier concentration.. In order to
find the real carrier concentration and be able to plot the results

we were aiso led to use Ro/R°° values over the whole concentration

range. These values were obtained from extrapolation between
experimentally determined RO/RO° values according to the presupposed
model of Section 3.5.7 d-1. One argument in favor of the use of these
RO/R°° vaiues was that they brought the effective masses determined by
the Moss and -fitting techniques into agreement. We believe that this pro-
cedure was to be preferred to the alternative of using a 1/Roe scale

because.Ro/R°° is very much different from one in Pbl_xSnxTe alloys.
3.6.2 The Valence Band Structure

The presence of a heavy masé band at 1/R°e = 9,5 %X 1012 cm3
has been confirmed from the measurement of susceptibility effective
mass versus carrier concentration. Attempts to explain the lower
carriér concentration data using one non—parabolic.band have not been
successful for neither a Kane mnor a Dimmock band. The best fit to
our experimental data was obtained using a Cohen band. The sus—
ceptibility effective mass versus carrier concentration could be fitted
using one Cohen band plus one heavy mass band .22 e.v. below the light
hole Cohen band except for small discrepancies at intermediate carrier
concentrations. However, we were not able to explain the suscpetibility

effective mass versus temperature unless the temperature variation of

the main energy gap is assumed to be twice that of the optical gap.
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It should be pointe& out here tﬁat the situation is in all respect
similar to that described by Dixon and Riedl for PbTe (65 D1).

The Dimmock model which is better founded in that it takes
into account the interaction of 6 bands at <111>, was in marked dis-
agreement with the exferimental results. We havé pointed out earliér
that the main assumptions leading to the Dimmock dispersion law for
Pbl_XSnxTe are questionable and that there is evidence that it under-
estimates the non-parabolicity of the light hole band. However, the
lack of exﬁerimental data concerning the position of the energy levels
at <;11>, does not allow any firm conclusions to be made about the
validity of the Dimmock model. With these considerations in mind, we
conclude that a heavy mass band is necessary to explain the experi-
mental results together with a Dimmock band even at the lowest carrier
concentratibns measured.

That one non—parabolié band (Dimmock band) plus two heavy
mass bands be necessary to accouﬁt for all the experimental results of
this chapter could not be ruled out. Perhaps one of the important
results is that of Figure 3.22a. It could not be explained using one
Cohen band only unless fortuitous. It could only be explained if by
some mechanism (such as the transfer to a heavy mass band) carriers
in the light mass band were lost to conduction as the temperature

increased from 82°K to 240°K.




CHAPTER 1V

ELECTRICAL PROPERTIES OF Pbl_xSnxTe

4.1 Introduction

| In the last Chapter, we investigated specific model; of tﬁe
non—parabolicity of the <111> minima in Pb1 Sn'Te. The Cohen model
plus one heavy mass band gave the best fit to the exper1mental values
of the effective mass versus carrier concentration. To account for the
effective mass variation with temperature, it was necessary to modify
one parameter of the Cohen model by using a larger temperature
variation of the main gap than that measured experimentally. Literal
use of the Cohen (or Dimmock) model would necessitate the presence of
two extra valence bandé*(besideé the <111> maxima) to explain the
experimental results.

Since there is evidence for the presence of only one heavy
mass band% we believe that the literal use of the models investigated
in Chépter 3 should be abandoned. On the other hand, we may modify
the Cohen model, for example, to explain one set of data, but the
same modifications are often inadequate to explain other data. To
illustrate this, let us first recall that we were able to explain the
temperature variation of the effectivé mass, in 217 SnTe alloys, by
using a larger temperature variation of the main gap than that deter-
mined experimentally. Also, Allgaier's calculations (66 A2) suggest
that parameter values (again in disagreement with experimental measure-
ments), which make the energy surfaces more dumbbell-shaped, need to

_ be used to account for the variation of the low temperature Hall

*Subsidiary maxima of the same valence band as the main one at L.
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factor Af the <111> minima in Pbl_xSnxTe. Perhaps the most severe

test of'models of non-parabolicity and energy surfaces is the attempt

(70 EL) fo explain the weak-field magnetoresistance in SnTe. Despite

the numerous changes made in all the parameters of the Cohen model,

it was not possible to explain the experiment#l results. The authors
suggested the presence of highly distorted energy surfaces which

could nét be described by usual models such as the Cohen model.

Recently, Allgaier (68 Al, 70 Al, 70 A2) proposed an alternative approach
to the metﬁoﬂ of introducing many parameters in standard models to

account for the distorted energy surfaces.

In this chapter, we will study the electrical properties
of Pbi_xSnxTe. To explain quantitatively the experimental results,
a model deécribing the non-parabolicity and the energy surfaces of
the <111> minima is needed. While the Cohen model may account for
quantities such as the density of states at low temperatures, as
shown in Capter 3, it cannot be used when the shape of the energy
surfaces is expected to have an effect. Such effects resemble multi-
band effects (70 Al), and are important when measuring electrical

properties. Thus, we pelieve that the use of the Cohen model (or

other standard models) cannot be expected to yield quantitative




175

explanations for most of the electrical results. Detailed quantita-
tive analysis of electrical data in Pbl_xSnxTe still awaits an

adequate model of the <111> minima.
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4.2 Experimental

4.2.1 Apparatus Design

.a) Low Temperature Cryostat

The cryostat used for the following experiments is des-
cribed in detail elsewhere (69 Al). Its temperature range of
opération was from 4.2°K to a few degrees above room temperature.

The specimen chamber was a cylindrical silver capsule of controllable
temperature which was meésured from a thermocouple or a Cu-resistance

thermometer.
b) High Temperature Apparatus

A furnace was designed to perform measurements between room
temperature and 800°K. A schematic drawing of the section near the
sample holder is shown in Figure 4.1. The main features of this

apparatus are:

1) There are no measurable temperature gradients near the
specimen due té the use of a well insulated copper capsule.

2) No cooling is required other than ambiant air. At the
maximum operating temperature (800°K) the temperature of the outside
walls is less than 70°Cc. Heat losses are minimized by putting the
heated copper capsule in a thin quartz tube which is insulated from

. . o
room temperature by two vacuum sSpaces. The power input at 700 K is

less than 15 watts.

3) It has a small size. This is an advantage that allows

a 1 cm. long sample to be mounted perpendicular to the long axis of
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Figure 4.1 Schematic of apparatus for high temperature
electrical measurements.
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the capsule, as shown in Figure 4.1, and still permits the use of the
apparatus in a 1% inch magnet gap.

4) Measurements at liquid nitrogen température are possible
by introducing liquid nitrogen in the vacuum space around the quartz

tube.

.c) Temﬁerature Control
The temperature of the silver caﬁsulé, in the low temberature
cryostat, and of the copper capsule, in’ the high temperaturelapparatus,
was controlled using the temperature control described in Figure 4.2.
The temperature signal from a copper-constantan thermocouple was fed
to a standard potentiometer, and the difference between the thermo-
couple voltage and the potentiometer voltage (that correspoding to the

temperature of the measurement) produced a deviation of the light spot

on the galvanometer scale. A photoelectric'cell situated in the gal-
vanometer scale, as shown in Figure 4.2, changed its resistance
according to the position of the light spot as shown in Figure 4.2,

The plate current (i.e. that in the heater) was made to increase, with
increasing resistance of the cell, using the circuit of Figure 4.2,
When the temperature of the capsule changed slightly, the current
adjusted itself continuously to cbmpensate the change. The temperature

o
was stabilized this way to better than .01°C at all temperatures between

liquid nitrogen temperature and 800°K.
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d) Saﬁple Holder

The sample holder is shown in Figure 4.3. The electrodes
used for pressure contacts were made of 2% thoriated tungsten rods,
.020" in diameter. The contact end of the rods, were made by electro-
lytic etching in a KOH solution. After the etching, the end of the |
rod was conical with a tip highly polished and rounded (radius of
curvature of less than .001"). The springs were made of .003" diameter
tungsten wire. To avoid any temperature grédients along the specimen
due to the Peltief effect the specimen was mounted so that the two
ends of the sample (with as massive current contacts as possible),
the two current leads, and fhé two screws to which they were attached,
were as close as possible (v .5 mm) to the capsule walls in the

cryostat.

4.2.2 Measurements

a) Temperature

The temperature was measured using ﬁoth a copper—-constantan
thermocouple (also used for the control of temperature) and a copper
resistance thermometer. The copper resistance thermometer was cali-
brated by measuring its resistance ‘at 4.2°K and ice point. The
published (54 D1) resistance ratios R/R273.16 were then corrected,
as described in (54 Dl),'and a table of resistance versus temperature
was made. Usual precautions, such as the use of separate leads for
current and voltage measurements, were taken. The temperature measured

' . s o
using the thermocouple and the Cu-resistance agreed within 0.1 K.
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b) Magnetic Field
The magnet used was a Magnion—Harveﬁ-Wells 15 incﬁ model.

The pole gap was 1i" and the maximum field, 3.2 Webers/mz. The field
" was accurate to five parts in 105, and stable to one part in 106.

The uniformity over the specimen, placed in the center of the pole

gap,.was one part in 105, A calibration table, relating the field

measured at the position of the gaussmeter probe to the field at the

position of the specimen, was made to the above quoted accuracy.

The procedure is described in .(69 Al).

¢) Electrical Measurements
The direct current technique was chosen for the measure-
ments of resistivity, magnetoresistance, and Hall voltages. All

voltages were measured using a nanovolt amplifier and a digital

voltmeter. Resistivity voltages were measured at two positions élong
the specimens for each direction of current. Hall voltages were
measured for both directions of current and magnetic field. - For
magnetoresistance, the zero field resistivity was backed off using
the variable zero of the nanovolt amplifier which is stable to better
than .05 H.V. In addition, the temperature and resistivity voltages
were measured both before and after the measurements performed at
fixed temperatures. In all cases, they agreed to better than one
. fart in 104.
The samples were in the form of recténgular parallelepiped

of typical dimenéions 9 x 2 x 1 mm. All faces were lapped using Sy.



183

powder; .The dimensions were measuréd to an accufacy of .005 mm.
The distance between the tungsten probes was measured to .0l mm.
The area of contact of the tungsten probe with the specimen was
estimated to be about 100 u.z. No noise, due to the pressure contacts
with the specimen, was obéerved. |

For gurrent contacts, at room temperature and below, indium
~ was first electro-plated over the ends of the samples and then covered
with low meiting'point solder (v 46°c), The copper wire current leads
could then be easily.embedded in the solder after the specimen was
mounﬁed(in the holder. For measurements at higher temperatures,
pressﬁre contacts were used for current.

In Pbl_xSnxTe the thermoelectric figure of merit z ==a2T/Kp
(where o is the thermoelectric power; T, the temperature; p, the
resistivity; and K, the thermal conductivity) is large and con-
sequently éhe sample current will cause absorption of heat at omne
current contact and generation of heat at the other current contact.
When this Peltier effect is present wrong Hall and resistivity
voltages are measured even when the measuremehts are averaged over
both directions of currenf and field (63 Bl). In fact, the resistivity
pé, measured in adiabatic conditijons, is related to the resistivity
-6i’ measured in isothermal conditions, by pa ==pi(14-z). Since z
may be as large as one in Pbl_xSnxTe, the resistivity of a well
insulated sample can be as much as two times as large as that of a

_sample of constant temperature. The sample holder, as described
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earlier, was designed to eliminate the temperature gradients due to

the Peltier effect. For tﬁis arrangement the Peltier.heat was supplied
or removed by the massive current contact, situated at about .5 mm |
from the metal capsule, througﬁ the helium exchange gas. To check
that the Peltier effect Qas unimpartant, we measured the resistivity
imme&iately after the current was reversed and looked for variations
with time. We observed variationé of less than 1Z. Thus it can be

assumed. that our measurements were made in isothermal conditions.
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4.3 Results and Analysis

This seétion wiil mainly be concerned with some of the Hall,
magnetoresistance and mobility results obtained from two series of
saméles with éompositions 67 SnTe and 217 SnTe respectively. The
grow;h, the annealing procedures, and the preparation of these samples
for electrical measurements have been described in Chapter 2. Let us
recall here that these samples have been found to be homogeneous in
their.alléy compositions and in their ca:rigr concentrations. The
homogeneity in carrier concentration resulted from the absence of
temperature gradients across the specimens during the annealing. It
was confirmed by measurements of resisti&ity at two positions along
all specimens and for all temperatures measured. However, there were
a few exceptiéns in the lowest carrier concentration samples. At
temperatures between 4.2 and 77°k drastic changes in Hall coefficient
(change from p-type to n-type) and resistivity were observed. These
measurements were rejected. We will start tﬁis section with a brief

discussion of the anomalies observed.

4.3.1 Anomalous Effect

a) Low Temperature Anomalies
A change from p-type to n-type was observed in two of our

6Z SnTe alloys as the temperature was decreased below liquid nitrogen

17
temperature. In these samples with (1/Roe)77 equal to 1.56 x 10

and 5.0 x 1017 holes cm-3, the Hall zero occurred at 55°K and 35°K,
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respectively. Besides the chénge.in type, there was a large increase
in reéistivity near the change over. This egceptipnal behavior has
been observed by other in PbTe (66 Al). The following observations
_were made:

1) The samples were homogeneous, as determined from
resistivity me;surements at two positions along the length of the
samples, for all temperatures except in the vicinity of the change
over to n-type.

2) The increase of resistivity, near the cross”over to
n-type, was not localized. It occurred in one half of the sample for
one pqlarity of the current and‘in the other half, for the other
ﬁolarity. All changes observed appeared to have their origin at the
cufrent contacts.

Because 1) much care was taken to anneal these samples for
long periods of time at constant temperature (% 1°C over the length
of the specimens), 2) the samples were qgenched fast at the end of
the-annealing, 3) 100 micromns of material was removed on all six
faces of the samples prior to the measurements, and also because of
the above obserQations, we do not believe that the anomalies are due
to bulk crystal inhomogeneities. We were not able to detect any
internal precipitates from metallographic observations. The possibility
of submicroscopic metal precipitates, forming during quenching due to
retrograde solubility (see Section 2.3.3), is not ruled out. However,
we would like to point out that all samples were lapped with 5 U

powder and that important surface effects were found (3.5.3) due to
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less §évere mechanical treatménté. Also minority carrier diffusion
lengths of the order of 1 mm are possible in low dislocation densityv
Pbl_xSnxTe (68 M2) at low temperatures. That éssociated with surface
.effects and rectifying contacts may lead to unpredictéble effects.

It could even be that.the above anomalous change to n-type is associated
with.the high degree of perfection of the bulk material in that low
dislocation densi;ies.and high mobilities are associated with long
minority carrier diffusion lengths. We end the discussion by recalling

that these anomalous measurements were rejected.

b) High Temperature Effects

Measurements of the Hall constant were reproducible, in the

1_xSnxTe samples investigated, with temperature cycling from liquid

helium temperéture to about 500°K. When the cycling included higher

Pb

temperatures than about 500°K the measurements were not reproducible.
This effect is due to the irreversible .diffusion which occurs in
Pﬁl_;SnxTe at elevated temperatures.

Figure 4.4 is a plot of the Hall constaﬁt versus temperature
"showing the effect of diffusion at high temperatures. The Hall comnstant
was measured while the furnace temperature was stable, but the
successive points were taken from low to high temperatures and also in
the reversed direction as indicated by the arrows. The reason for the

large differences between the two curves, especially at high tempera-

tures near the n-type Hall maximum, is that the excess tellurium
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diffused out of the specimeﬁs. At theée.high tempefatures the Hall
constant continuously diminished with time. Sincethe timé between;
successive points varied between 10 and 20 miﬁutes, the resulting
Hall curve is higﬁly distorted.

As seen from the results of Chapter 2, the annealing at
around 700°K in 132 SnTe alloys converts it to n-type with approxi-
mately 1017 to 1018 carriers cm—3. Since the sample of Figure 4.4
contains afproximately 1019 extrinsic holes cm-3, it can be shown
that the diffused layer, that férms with time, is of lower resistivity
than the bulk at high temperature, and of higher resistivity than the
bulk whep the sample is brought back to room temperature. To a first
approximafion, when the sample is brought back to room temperature
after the tempefature cycling, the Hall constant is larger by a factor

ZtD/t (in which t_ is the depth of the diffused layer and t is the

D
thickness.of the samﬁle). This is due to the much higher resistivity
of the diffused layer which carry no current and does not affect
appreciably the Hall voltage ffom the now reduced bulk material.

The above discussibn suggeéts a rapid technique by whiéh
diffusion constant may be measured in Pbl_xSnxTe. The starting hole
concentration and the annealing temperature could be chosen to satisfy
the requirement that after annealing the diffused layer have a much
higher resistivity than that of the bulk. The Hall constant R, is

measured at room temperature after which the sample is rapidly heated

to the annealing temperature. When the annealing period is over, the
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samplg is rapidly cooled to room temperéture and the Hall constant
RF remeasured. From these measurements the concentration of excess
tellurium in the sample can be deduced, the annealing time is known,
and the diffusi ‘ = -

: e usion depth can be calculated from ZtD/t (R.F RI)/RI'

Thus, the diffusion constant can be determined.

4.3.2 Hali Constant

Two groups of samples’will be mainly considered in the
following. The groups are identified by their first number 6 and 8
and have alloy compositions of 6% SnTe and ZIZ-SnTe respectively.
All sampies are single crystals. The samples 8 all have the same
‘orientation, and.were measured with the magnetic field and the
current directions parallel to the (011) and (311) direction,

respectively. The samples 6 all have the same orientation except

samples 6-0 and 6-4. For the other samples, the magnetic field and
current directions were parallel to (143) and (21?) respectively.

One of the reasons for this somewhat arbitrary orientation was that
thé samples were obtained from a circular disk cut perpéndicular to

the axis of the ingot to minimize the alloy gradient.
a) Hall Censtant versus Temperature
1. Hall Ratio below Room Temperature

Figures 4-5 and 4-6 show the variation of the Hall ratio
(RT - R77)/R77 as a function of temperature for 67 SnTe and 217 SnTe

samples respectively. The Hall constants were measured in a magnetic
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Figure 4.5 Hall ratio vs. temperature.
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field of 10 kilogauss; the subséript of R is the temperature in
degress Kelvin. The temperature variation-of the Hall ratio in
Figures 4.5'and 4.6 is &ery similar to that reported for PbTe (67 c1).
The - large increase of the Hall ratio with temperature in PbTe has
been interpreted by Allgaier and Houston (66 Al) in terms of two
valence bands.. For this model all carriers are in the <111> minima
(band 1) at low temperature. For increased temperature some of the
‘carriers éfe transferfed to a heavy mass band (band 2) situated
.14 e.v. below the <111> minima at 0°k. As a result, the Hall
constant increases toﬁar&'a maximum corresponding to equal con-
ductivities in both valence bands. However, because of the small
energy gap between the valence an&<conduction bands, and of the
small electron mass, the contributién from the conduction electrons
beéomés important at relatively low temperature and there is con-
duction in three bands. As a result, a maximum in the Hall ratio
is ;sually observed as the temperature increases (because of the
increasing contribution from the conduction electrons), before the
conduct1v1t1es in both valence bands are equal. When the maximum
is due to bipolar conduction {electrons and holes), it occurs at
lower values of the Hall ratio than the largest values of the Hall
ratio measured.

In Figure 4.5, the Hall maximum in the low carrier
concentration.samples is due to bipolar conduction. In Figure 4.6,

the Hall ratio for the three highest carrier concentration samples
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shows a tendency towards the maximum resulting from equal con-
,ductivities in both valence bands. The main differences between

the results of Figures 4.5 and 4.6 and those obtained on PbTe (67 c1)
are the following:

1) The maximum in Hall ratio due to bipolaf conduction
accurs at an appreciably lower temperature in the alloys. For
example, in PbTé with (l/Roe)77 ==4.§3 x 1017 cm_3, it occurs at
340°Kk (67 C1) while; in 6%Z SnTe alloy, it occurs at 230°K and 300°k
for (l/Roe)77 equal to 1.56 x 1017 cm_3 and 5.06 x 10t7 cm-3,
respectively. This is simply explained by the reduction in energy
gap between the conduction and valence bands with increasing SnTe
content.

2) The Hall ratio, at a fixed temperature, does not
jncrease monotonically with carrier concentration, in Figure 4.6, as
it was the case in PbTe up to (1/R.oe)77 ==1020 cm-3. The curves for
samples 8-3 and 8-5 are below the curve for sample 8-6. Moreover,
the curve for sample 8-1 crosses over the curQes for samples 8-3,
8-5 and 8-6 at temperatures higher than 300°K. As we will see
(4.3.2b) this is due to the entrance of the Fermi level in the higher
mass band at low temperature. A similar crossing over the curves is
observed, in Flgure 4.5, for sample 6-4. However, this may not be

1 -3
a two-band effect. At this low carrier concentration (9 x 10 7 cm T),
the effect of scattering upon change of statistics (from degenerate

at low temperature to classical at high temperature) may be important
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in the light hole band. Moreover, as mentioned earlier, sample 6-4
‘was not measured in the same condition of orientation as ihe other
samples. At magnetic field of ;0 kg, as we will see later,.the Hall
coefficient is anisotropic. If we add to this the possible effects
of an;sotrppic scattering in band 1, we have several reasons to
believe fhat the‘Hall ratio, due to band 1 only, is important at low
carrier concentrations and éhat it e#plains the cross over of the
curves for s;mple 6-4.

3) At low carrier concentrations the Hall ratio is not
constant between 77°K and 150°K in the alloys (see sample 6-2) as it
is in PbTe for similar carrier concentrations. Using the two-band

.model, and assuming that the heavy mass band is situated as far
below tﬁe <111> minima in 6% SnTe alloys as in PbTe, all carriers
are in the <111> minima, for temperatures lower than 150°K, and thus,
the increase in Hall ratio, at low temperatures, is a single band
effect.

Before we proceed with the discussion of the two-valence
band model, it is useful to recall the mést generally accepted band
model for PbTe. Figure-4.7a, taken from Andreev (68 A2), shows the
temperature variation of the bands. A similar model will be used to
explain the results in Pbl_xSane. Figure 4.7b, taken from
Dimmock et al (66 D1), shows the proposed variation of the main gap
(Eg_ at 0°K) with alloy compositions. Let us keep in mind Figure 4.7

o
and specially Figure 4.7a as we go to the next sectiom.
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Figure 4.7 Displacement of band edges a) with temperature in
PbTe b) with alloy composition in Pbl_xSnxTe.
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2. Simple Two-band Model. - Singular Points
The température dependence -of the Hall ratio for a
' simple two—f:and model has been studied in detail by Allgaier (65 Al).
The Hall ratio is given by:
R - R _Qa - 'b)2t
B @ +bt)?

(4-1)

In which Ro is the -low temperature Hall constant b= 1.12/1.,1l is the
ratio of the mobil:i;ties, (subscript 2 refers to the heavy mass band
and subscript 1, to the iight mass band) and t = pz/vpl is the carrier
_concentration ratio. In arriving at equation (4-1), it has been
assumed. tha.t the Hall factors Ty and r, are independent of tempera-
ture. TFurthermore, b has been assumed to be sm_all. The carrier
concenfration ratio is given by:

FypMp = 0y
Fy /2(”F)

t=P"P (4-2)

. - 4372 '
In which P = (NV]_/NVZ) (mZ/ml) where the N_'s are the number of
valleys and the m's are the density of states effective masses. The

functiorns F1/2 are standard Fermi integrals defined by:

o x1/2
F1/2(n) = I
(o]

Tt o dx (4-3)

The symbols Ng and Ny represent EF/kT and AE/KT, respectively.
Some comments related to the use of the above model for

Pb Sn Te should be made here:
1-x x
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(1.08 x10'° cm™3) _ | i
n(T) Acoustical (S=-") -
n(0) } Impurity (S=3/)
1.0 .
100 200 300
Temperature (°K)
Figure 4.8 Normalized Hall factor for the <11i> ellipsoids described \
by the Cohen model vs. temperature. N

The following were used in the calculation:

1) 1isotropic scattering given by T = ToEs.

2) Equation 19 (corrected) given by Allgaier (66 A2).
U =1 wvas assumed.

3) All other parameters are given by equation (3.97).
Egs the main gap, was taken from Figure 3.11, and
linearly interpolated for other temperatures.
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. 1) As shown by Allgaier for PbTe (66'Al) and as will
be seen shortly for the alloys there is a heavy mass band in Pbl_xSnxTe
in addition to the <111> minima, and b is small.

2) The assumption that rl(T)/rl(O) is independent of
tgmperature is not valid even for a parabolic'band. For example, it
goes from 1 to 1.18 when the statistics change -from degenerate to
classical for ascoustical scattering. For a non-parabolic band, the
increase of.r1 due to changing statistlcs 'is expected to be larger.
‘The results of a calculation of 4y (T)/r (0) for sample 8-7 using
Allgaier's equation 19 (66 A2) derlved for the Cohen model are shown
| in Figure 4.8. It is seen that, for this sample, the effect of the
noh—parabolicity is not important. The increase of T from 0°K to
room tg#perature is not much different than that for a parabolic band.

Thereforé, equation(4-ﬂ is not strictly applicable to
our results because it neglects the increase in Hall ratio due to the
<111$ minima alone. However, the increase in the Hall ratio due to
the <111> minima énly is, in many cases, small compared to the increase
in the Hall ratio due tovthe tfansfer of carriers‘from the <111>
minima to the heavy mass band. The main consequence of this assumption
is that we cannot hope to explain the results in detail. Since there
exists no satisfactory model to describe the <111> minima at present
(Chapter 3), let us find out what can or cannot be explained by the
two-band model.

The predictions of equation(&-ﬂ, as the temperature
increases, are well described in reference (66 A2). Let us summarize

briefly:
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1) At low temperatures, all carriers are in band 1
(unless the inter—valence gap AE is small or the carrier concentra-
tion ié'large) and the Hall ratio is equal to zero.

2) With increasing temperatures, carriers are trans-
ferred from band 1 to the heavy mass band 2, and the Hall ratio
{increases until it reaches a maximum corresponding to equal

conducfivitigs iﬁ both bands at the maximum:

R - R

——= =@ - v/ (4-4)
° max

Thié maximum may not be attainable for two reasons. Firstly, the
largest value of t is P, as seen from equation (4-2), and the con-
dition for equal coqductivities in both bands is bt = 1 which will
never be satisfied fbr P < 1/b. Secondly, bipolar conduction often
takes over before the condition bt = 1 is reached. In both cases,
the value of b determined using equation (4-4) is an upper limit.
3) When the statistics are classical, equation (4-2)

e—AE/kT

becomes t =P , and equation (4-1) reduces to the well known

Aukerman-Willardson (hereafter called A.W.) equation for b << 1:
R -R AE

R°° ~pe kT (4-5)

Because, in several cases, bipolar conduction occurs
at relatively low temperatures, other singular points are of interest.

Since b' ==ue/uh1 is larger than 1, a change from p-type to n-type is
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obse:ved with increasing temperature. For a single'eonduction band
and a single valence band, it can be shown (68 P1) that at the cross-

over, when the Hall coefficient R = 0, we have:
c =0, =ne(y + u) (4-6)

in which ci is the intrinsic conductivity. For further increase of

temperature, past the cross over, the Hall constant goes through a

negative maximum and we have (68 Pl)

R 2 '
max _ (b' -~ 1) :

ex .

in whieh Rex is the Hall constant in the extrinsic region.

Table 4.1 summarizes the results obtained from the
singuiar points in Pbl_xSnxTe with different alloy compositions
and car;ier concentrations. The temperature Tmax is the temperature
of the p-type Hall maximum, which is due to bipolar conduction (one
or two valence bands plus one conduction band) for all samples except
perhaps .the last two in Table 4.1. The higher the carrier concentra-
tion, the larger Tmax is; the 1arger the alloy fraetion x, the
smaller Tmax is. The former is due to increased degeneracy with
increasing carrier concentration; the latter to a decreasing main
energy gap with increasing alloy fraction. The former is evidenced
for sample with x =.13; the 1atter, for the two samples with: x = ,13

19 -3 19

and .17 and with carrier concentrations 2.0 x 10 cm and 3.5 x 10

cm_3 respectively. For these two samples, Tmax decreases with
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increasing x despite tﬁe increase in‘carrier concentration. - The.
upper limit to the value of.b determined according to equation (4-4);
shows fhat b is indeed small.

From equation (4-7) b' ==ue/uh has been estimated in 137
SnTe alloys. Because the <111> conduction and the <111> valence
bands are very similar'b' is not expected to vary with carrier con-
centrations @f only those two bands participate in the conductiom.
Thus, the values of b' in Table 4.1 show that, af the temperature of
the negative Hall maximum, the holes are distributed between valence
band 1 and valence band 2 for the highest carrier concentration
samples. In the sample with carrier concentration 7.9 x 10 16 holes
cm—3, the ;empefature of the Hall maximum is 340 °k only, and it is
expected (see Figure 4.7a) that the heavy mass band is still

appreciably below the light hole band. Consequently, most of the

holes, if not all, are in the low mass band. Thus, the correct value
of ué/uhi is equal to or smaller than 3.7. As the carrier concentra-
%ion increases, for x = .13, the temperature of the negative Hall
maximum increases, and if AE decreses linearly with increasing
temperature, there will be more and more heavy holes present at the
Hall maximum. This explains the increase of b' with increasing
- carrier concentrations. Conversely, the increase of b' with
increasing carrier.concentrations is evidence that AE decreases with

increasing temperatures.
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' The values of the intrinsic conductivities determined
at the cross over when R = 0 are also shown in Table 4.1 together
with the temperatures T(R = 0) of the Hall zero. From the values
of the intrinsic conductivities in the lowest concentrétion samples
with x = .13, the main gap between the conducti;ition band and
valence band 1 has been determined to be (EG)OoK = .14 e.v., in good
agreement with the optical &etermination (67 Tl). Since only two
samples were used in this determination, the accuracy is about 107
“as determined.from the absolute accuracy (v3%) of the individual oy
values. The method used was as follows.

The intrinsic electfon concentration is given by (68 P1)
'ni ==C.T3/2(memh)3/4 exp-(EGOIZkT) in which all quantities not
'vafying with temperature have been included in C. Writing this
expression in equation (4-6) we have:

Eg

o]
3/4 (3/2 - T : (4-8)

o; = (uh+ 'ue) (memh)

Two limiﬁing cases are of interest in Pbl_xSnxTe:
1) AllAholes are in the <111> minima and the heavy mass
band is empty. For thié case, we haQe that W and u, are proportional
m _5/2T-3/2 for lattice scattering and also that m, and m are

proportional to Tll2 (64 L2). Thus, equation (4-8) becomes:
oy = /2 exp.(-EGolsz) .

2) All holes are in the heavy mass band. For this case,
it can be assumed that the effective mass in the heavy mass band does

not vary with temperature and we have (remembering that H, >> W and

and that m_ < Tllz): g, « T-7/8 exp.(-Eg /2kT).
e i o
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In case 1, EGc represents the gap between the light.hass‘
band and the conduction band extrapolated to zero temperature. In
case 2 it represents the gaﬁ between the heavy mass band and the
conduction band extrapolated to zero temperature. We thus expect,
from Figﬁre 4,7a, a much larger gap in case 2. 1In faét, both gaps'
have been measured optically and are, for 137 SnTe alloy (67 T1),

A2 and .25 e.v. for case 1 and case 2, resbectively. For the
intermediate cases, the holes are distributed in both valance bands
" and intermediate valueg of the energy gaps are expected.

As evidenced by the small T(R = 0) values, in Table 4.1,

the two samples with carrier concentration 7.9 x 1016 cm-3 and

5.6 x 1017 cm._3 approach case 1. Calculation, using the expressioﬁ
of Gi for case 1, gave for these two samples EGo = .14 e.v. in good
agreement with the optical gap (67 T1). On the other hand, the two
samples with carrier concentrations 5.6 X 1017 cm-3 and42.0'x 1019
cm.—3 are intermediate cases. Calculation using fhe expression of o
given for case 1 (in case 2, thg e§pression for o, differ only by
the factor T-3/8) gave for the gap .194 e.v. in agreement with the
.above discussion. Only the value of the first determination is of
interest since it represents case 1. Case 2 would be obtained for
higher carrier concentrations, i.e., higher T(R = 0), but, at higi

temperatures, diffusion as described earlier invalidates the

results.




206

.b) Hall Ratio versus Carrier Concentration

We mentioned earlier that the Hall‘ratio, at a fixed
temperature, does not increase monotonically with increasing carrier
concentration in 21% SnTe samples (see Figure 4.6). Let us point out
that, in Figure 4.6, the Hall maximum corresponding to equal con-
ductivities in both valence bands (bt = 1) has no; been reached for
any of the curves. Thus, we 1imit the discussion to points on the
low témpe;ature plateau (TL) and to point of the ascending portion
;(TH) of the Hall ratio curves versus temperature. In considgring
the variation of the Hall ratio between TL and TH as a function of
carrier concentration, two cases must be distinguished (65 Al). Let
'us call EFL.and AEL the Fermi energy and the inter—-valence energy
gap at TL.

1) For EFL < AEL,Aall carriers are in band 1, at the
low temperature TL, and equation (4-1) may be used to describe the
behavior of (RH - RL)/RL versus carrier concentration. At iow
carrier concentration, where the statistics are classical, the Hall
ra;io is given by equation (4-5) and is constant. As the carrier
poncentration increases, (RH - R.L)/RL increases continuously as
shown by Allgaier who also producad quantitative curves (65 Al,

66 Al).

2) For EFL > AEL, then even for TL== 0°K there are

carriers in band 1. And because the transfer of carriers to the

heavy mass band have already started at TL so much less transfer is

detected by the Hall ratio as compared to the situation of case 1).
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Allgaier calculation (65 Al) shows that the Hall ratio (RH - RL)/RL
becomes a decreasing function of carrier concentration as soon as
the Fermi level enters the heavy mass band at the temperature TL.

In this case, the Hall ratid may be calculated using (65 Al):

2
(1 -1b)
1+ . tle
RH 1+ th)
T = (4-9)
R, Qa - b)ZtL
1+ >
1+ th)

which reduces to equation (4-1) when-tL== 0.

To summarize, at low carrier concentrations, the Hall
.ratio (RH —.RL)/RL is comnstant. As thé carrier concentration
increases, for EFL < AEL, the Hall ratio increases. Then, the Hall
racio decreases with increasing carrier concentration for EFL > AEL.
Allgaier has shown that a sharp kink near EFL ==AEL is observed. It
is imporfant to note that this kink is due to the entrance of the
Fermi level in the heavy mass band at the low temperature TL. There-
fore, the observation in Figure 4.6 that (RH - R.L)/RL increases with
;ncreasing carrier concentrations and then decreases for the two
highest carrier concentrations is another strong evidence for the
presénce of the heavy mass band in 217 SnTe alloy. It indicated that
the Fermi level enters the heavy mass band, at TL ==77°K, in the

. _.q20 -3
vicinity of (1/Roe)77 10 cm .
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Figure 4.9 is a pth of‘(RT - R77)/R77 for several
values of the temperature T > 77% (indicated above the curves) as
a function of the carrier concentration (1/R°e)77. As discussed
ea;lier, the detailed shape of the curves cannot be explained by the
simple two-band model because there is an increase of the Hall rati6
due to the band 1 only. For example, at low carrier concentrationé,
an appreciable increase in Hall ratio may be attributed to the

change in statistics and the effect of non-parabolicity. At higher

‘carrier concentrations, an appreciable contribution to the Hall

ratio is expected from the non-ellipsoidal nature of the energy

surfaces (65 Al). Detailed fits would be possible if an accurate

energy -band model was available for the <111> minima, but, as shown

in Chapter 3, no such model exists at present. However, the general e

prediction of the simple two-band model are obvious in Figure 4.9.
Since T, is kept fixed, i.e., 77°K for all the curves, the kink
appears when the Fermi level enters the heavy mass band at 77°k for
all curves. It occﬁ:s at (1/Roe)77== 8.4 x 1019 cm73.

In Figure 4.10, we show a plot of (R295 - RT)/RT versus
_(llRoe)77 for several values of the temperature T < 295°K (indicated
above the curves). The kink, which now appears at T, as predicted
by thé simple two-band model, is shown to occur at lower (llRoe)77
values as the temperature T increases. This effect cannot be

attributed to the decreasing degree of degeneracy as the temperature T

is increased since at high carrier concentration EF/kT is always
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mﬁch greater than 1, even at room temperature, and a negligible
contribution to the Hall ratio is expected from band 1. Also the
earlier entrance of the carriers in the heavy mass band due to the
inpreasing kT cannot account for the effect observed. It can pro-
duce a rounding off but na appreciable shift of the kink. The 6n1y
other possibility is the decrease of AE with increasing tempera;uré..
We belie&e that Figure 4.10 cénstitutes one of the
strongest pieces of evidence for the presence of the heavy mass band
épd that AE decreases with increasing temperature. At T = 77.3%K and

150°K the kink occurs at (l/Roe)77 equal to 8.4 x 1019 cm—3 and

19

5.5 x 10 cm,-3 respectively. Using the values given in Figure 3.10b
for the Hall factor r; in band 1 (i.e. .64 and .68 respectively) we

find that the carrier concentrations N at the kink, for T = 77.3°K and

150°K, are 5.37 x 1019 ém_3 and 3.74 x 1019 cm_3, respectively. Using

‘the values of the Fermi energy calculated using the Cohen model (see
Figures 3.26b) we find that the difference in Fermi energy between

these two carrier concentrations is .032 e.v. This corresponds to

dAE
dT

.21 e.v. using the Cohen model as described in Chapter 3 (see

= 4.4 x 10-4 e.v./degree. For the value of (AE)770K, we obtain

FigureA3.26b). Our value of (AE)OoK is thus .25 e.v. The errors
involved in the above values of (AE)ooK and its temperature variation
depend on our assumed values of the Hall factor T in band 1. An
error of 10Z in T lead to an error of about 8% in AE. For Q%%, we

could assume that rl is the same for both carrier concentrations and
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assume it to be equal fo 1 or .5 and still be within 207 of the Qalues
'quoted above. An erfor is also involved in the determination of the
Hall ratio kink which is obtalned from extrapolatlon. The use of
different.models fpr the non-parabolicity of band 1 (i.e., the Cohen,
Kane, or the Dimmock model) does not changelthe results appreciably.
We estimafe that (AE)OoK and —%%-are within 10-15% of the correct
vaiues; |

From the position of the kink in the Hall ratio versus
carrier concentration reported for PbTe (68 C1) i.e., (llRoe)77==
1.5 x 1020 cm_3 and assuming T, = .5 (66 Al) we can find as above the
value of (AE)77 in PbTe. We find (AE)77 .23 e.v., i.e., approxi-

mately the same value as in the 217 SnTe alloys. The Cohen model,

which we have used for the determination, has been shown to account

for the effective mass variation with carrier concentration at low
temperature by Dixon and Rield (65 D1) and thus gives reasonably

accurate values of Fermi level.

The value of about .25 e.v. for (AE)0 X in PbTe and 217
SnTe alloy bring out a serious disagreemenf*w1th the value of 0.14 e.v.
often quoted and reported by Allgaier for PbTe (66 Al). As discussed

above, we do not believe that our value is more than 10-15% in error.
¢) Hall Ratio at Low Carrier Concentration

We repeateéd the experiment, originally performed by
Allgaier (66 Al) on a PbTe sample for which the A.W. analysis,

equation (4-5), was appropriate. We used a PbTe sample with

E + AE = .19+ .25 = .44 e.v. at 0°K in PbTe. This is also in dis-
agreement with the value quoted in Figure 4.7 taken from Andreev (68 A2).
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. . '17 - .
(1/R°e)77 =6.15 x 10 cm 3. A temperature ‘independent baseline

(i.e., a temperature indepéndent Hall factor rl) was assumed to
exist and was determined from the experimental Hall data at low
tepperatures. The values of (1 -'b)ZP and (AE)ooK determined from -
the intercept at 1/T = 0 and the slope, respectively, were 23 and
.127 e.v. respectively. The results are shown in Figure 4.11. Both:
values ar; slightl§ lower than Allgaier's values. The difference is
insignificant_and could be attributed to the error involved in the
dgtermination of the RL baseline. Thus our determination of (AE)ooK
using A.W. eqﬁation (4-5) also conflicts with the previous determina-
tion from the kink in the Hall ratio versus éarrief'concentration.

Similar determinations of (AE)ooK for other alloy com-
positions, ranging from 6% to 25% SnTe, using A.W. analysis gave
values of (AE)OOK ranging from .03 to .06 e.v. The results for
'sample 6-2 are plotted in Figure 4.12. Since no tgmperaFure
independent baseline was observed, RL was taken as the value of the
‘Hall comstant at 0°k. - As seen, the A.W. equation is obeyed accurétely,
and we conclude that either a third valence band situated about .03
e.v. below thé <111> minima has been detected of that the A.W. analysis
is not valid.

We favor the second alternative because no temperature
independent baseline was observed and a Hall ratio increase is
expected due to the 1ight mass band only (see for example Figure 4.8).

Thus, the result of Figure 4.12 appears to be fortuitous. Perhaps the
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manifestations of the non—ellipsoidal energy surfaces and of the

-non—parebolicity in band 1 are analogous to those of a simple two-

band model in sample 6-2.

Assuming (AE)ooK n .25 e.v. for sample 6-2 and

dAE -4 o '
—aT 4 x 10 e.v./°K we expect no carrier in the heavy mass band

even at the highest temperature in Figure 4.12. Therefore, the total
1ncreaée of the Hall ratio with increasing temperature in Figure 4.12

represents the variation of , with temperature. For higher carrier

concentrations, the two~band effect should become apparent. Figure 4.13

illnstrates this for sample 6-3. If the low temperature portion of the
curve.is taken to be the contribution of r, and is extrapolated to
higher tempefatnres, we see that the two-band contribution is indeed
smali. To determine (Ad)ooK from the A.W. analysis the contribution
of T, should be subtracted. Extrapolation of the T, contribution to
higher temperature, and the subtraction of T, gives for (AE)ooK ~ o L15
e.v. as illustrated in.Figure 4.13. The important point we want to
nring eut here is that one cannot obtain (AE)OoK from A.W. analysis
due to the non-existence of a temperature independent baseline. 1In
Figure 4.13 we showed ehat an estimate of (AE)OOK is possible only if
a temperature dependent baseline is assumed.

In conclusion, we suggest that the A.W. analysis in Pbl_x
SnxTe is invalid because T, varies with temperature. The effect of I,
has been shown to be very important in the alloys. In PbTe the effect
of r, was not apparenf*at low temperatures but we believe that it was
nevertheless present at higher temperature and has caused the deter-

mination of (AE)ooK to be underestimated by a factor of about 2.

*
Undetectable increase in ry may be present at higher temperatures than
the low temperature plateau.
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- d) Hall Constant versus Magnetic Field

In Figure 3.10a, we reported that the Hall constant first
decreases and‘then increases with increasing magnetic field. This
was not the case in bee (61 Al). The increase in Hall constant at
high field ié.expected from the ellipsoidal energy surface. The
initial decrease in Hall constant was originally taken to be a two-"
baﬁd effect. 1In that case, for a simple two-band model with degenerate
statistics, the ratio 6f the weak to strong field Hall coefficient
~1s (61 Al): o
_R_o"___ faui + fbui . ‘ (4-10)

R 2
o (£ U+ )

where the f's and u's are the fractions of the.total carrier con-
centration and tﬁe mobilities in ‘bands a and b. This expression can
be much larger than unity and the Hall coefficient RB is expected to
decrease in going from weak to strong fields. Thus, the apparent
explanation of the behaviour of RB versus magnetic field in Figure 3.10a,
was that RB jnitially decreases due to the two-band effect until the
" effect of anisotropic energy surfaces takes over wiﬁh increasing
magnetic field following which RB increases. Such an interpretation
would appear to be consistent with the low values of (AE)ooK found in
the same alloy using A.W. analysis (Figure 4.12). However, further
investigations showed that this agreement is fortuitous.

Figure 4.14 is a plot of RB/Ro versus uﬁB, where R is

the zero field Hall constant, u; is the zero field Hall mobility
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(calculated using the zero field Hall constant) in m?/n;sec and ﬁ
is the.magnetic field in Webers/mz. Tne carriet concenttation values
are given in Figure 4.6, The results of Figure 4.14 show that the
interpretation-of the low-field Hall constant data in terms of two
bands is incorrect. The initial decrease of RB/Ro is the same within
experimental errors for all samples measured at 78°K. From sample
8-2 to-sample 8-8 the cerrier'ooncentrations change by about a factor
of 10. If two bands were present at 78°K, the inevitable changes
in the £'s and B's in equation (4-10) would predict appreciable
changes in the low field portion of the curves (i.e. for ug B < 1.0).
The possibility that the minimum observed be due to the
particular orientation of the Hall sample, as predicted by calculations
(63 Bl, P. 90), was taken as improbable because the depth of the minimum
changed with temperature in degenerate samples. It diminishes by a
factor of 2 from liquid nitrogen to liquid helium temperature. Also
the same behavior wasﬁobserved for other directions of the current
end maénetic field.
We believe that the initial decrease of RB/Ro is due to
a distorted Fermi surface. The effect on galvanomsgnetic- properties
of the shape of Fermi surface has been described by Allgaier and Perl
" (70 Al). For electrons moving on a flat portion of the Fermi surface
the low field condition (B << 1) is easily realized. For the electrons
moving around a highly curved portion of the Fermi surface large Hall

angles (or large pB values) are possible and the low field condition
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- is not so easily realized. The electrons when moving on a highly

curved portion of the Fermi surface have smaller effective massee
and higher mobilities than when they move on flatter sections of the
Fermi surface (70 Al). When the magnetic field is high enough to
allow the electrone on the highly curved portion of the Fermi surface
to make the turn before they collide, then the Hall factor (which is

always smaller than 1 when arising from Fermi surface distortion)

takes its mlnimum value (70 Al). Therefore, as the magnetic field

_ increases the Hall constant goes through a minimum and then increase

towards R_.

The appareﬁt two-band effect, described at the beginning

:of this section, is expected, as pointed out by Allgaier et al (70 Al).
In equation,@-lm, the band-a characteristics apply to the carriers omn

the highly curved portions of the Fermi surface. There is a small

number of high mobility carriers which, as described before, explains

-the curves of Figure &4.14.

In Figure 4.15, RB/R is plotted versus uH B for several

temperatures in 67 SnTe and 217 SnTe samples. Again the behavior of

’ RB/R at low magnetic field resembles a two-bands effect. However,

it is not the case for the lowest temperature as explained earlier.
For (AE)O K .25 e.v. there are mno carriers in the heavy mass band
for temperature lower than 150 °k. At room temperature, an appreciable
two-band conttibution to the decrease in Hall constant is present. In

fect the 32 dependence of the low field Hall constant was realized at
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room temperature but not at the other temperatures showing that the

two-band effect was dominant at room temperature only.

4.3.3 Transverse Magnetoresistance

The dimensionless weak-field magnetoresistance Mggs is

defined by (60 Al):

Ap SET o 2
b MUBY (uH H/C) | (4-11)

where Ap/p0 is the fractional change in ze:o—field resistivity, aBY
and 8er identify the current and magnetic field directions relative to
the cubic axes of the crystal, ug'is the zero-field Hall mobility, Cc
is a factor wh@ch depends .on the system of unit used (60 Al}). In

l this section we will use ].L[c; B, in the place of u:; H/C, with u; and B . ‘

expressed in m?/v.sec and Webers/m2 respectively. The dimensionless )

Seitz coefficients a, b, and ¢ are related to equation (4-11) by

(60 Al, 70 E1, 70 Al):

Ser : 2 .2 2 . -
yaSY boe (21 ns) + dglsns , (4-12)

where is and n  are the direction cosines of the current and magnetic

field directions in the cubic-axis system.

For the transverse magnetoresistance the magnetic field
and the current directions are perpendicular to one another. For the
. 2 .
cubic system, we then have (é i ns) = 0 and equation (4-12) reduces

to:
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Ge; — 2 2
aBY b+ d Z is s (4-13)
For the particular orientation used here, we have:
011 _ '
M31I =b + .09d (4-14)
43 o
1@12 —b + .24d o (4-15)

The dimensionless Seitz coefficient‘b, c, and d have been determined
in PbTe‘and are given in reference (60 Al). Substitution of these
. coefficients in equations (4-14) and (4-15) glves the M311 and M;ig
‘values for PbTe. These values will be needed later to compare the
results from Pbl_xSnxTe alloys with those of PbTe.

In Figures 4.16 and 4.17, Ap/po versus u; B is plotted on

a log-log scale for several carrier concentrations and temperatures

in 217 SnTe alloys (similar curves were obtained in 67 SnTe alloys) . \
n

It can be seen that the weak-field theory is precisely obeyed

Seg .
(i.e., M By

(4-11), the slope is exactly 2. For uH B > 0.1 the slope gradually

is constant) up to uHB—-O .1. As predicted by equation

decreases and there is a tendency towards saturation. To obtain the
correct values of Msgs it is important that Ap/p and RH be measured

at low enough magnetic field. As shown in Figures 4.14 and 4.15, the
low field Hall constant is obtained for uH B = .1 at 77°K and for
values as low as uH B = .02 at 300 °x. TFor the determination of all
MaeC values, we used the low field Hall constant to calculate uH B,

afy ?

and the values of Ap/p° at uﬁ B = .1. -In a few cases, it was necessary

to extrapolate the data, but as seen in Figure 4.16 this extrapolation

was straight forward and involved negligible errors.
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In Figure 4.18, M%i% and Mgi% values, obtained in 67
SnTe and 21% SnTe respectively, are shown versus (llRoe)77. For
comparison, the'éorresponding values for PbTe are also shown. These

- 1ast values were obtained, as described earlier, from equations
A(4—14) and (4-15) using the dimensionless Seitz éoefficient which
were determined experimentally by Allgaier (60 Al). In Figure 4,19,

Ml 011

43 and M

212 311 values for samples 6-6 (6% SnTe) and 8-8 (21% SnTe),

respectively, afe'shown versus temperature. The corresponding values
_for PbTe at 77°K and room temperatﬁre are also shown.

In Pgl_xSnxTe with x = 0, 0.16 < x < .32, (60 Al, 71 M)
it is well established that the energy surfaces :consist of <111> pro-
‘late ellipsoids oriented along the <111> axis at the L p&int. If we
assume that-the ellipsoid is of revolution about the {1115 axis and

that the <111> band is parabolic (EORP model), then the dimensionless

Seitz.coefficients are (58 Al):

2
_ (2K + 1) _
b_A[BK(K+2)] 1

2
_ 2k +1°) _ ey
¢ —- [A(————3K(K . 2)] 1] (4-16)

o
I

L 2@r s D& - 1)2
3K(K + 2)*

2 .
in which K ==nL/n& and A ==G1G3/G2 ylth GP given by (58 Al):
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of | -
_ 3/2 P o :
G. J E T E dE (4-17)
For constant T (or for full degeneracy) A = 1; for classical statistics
and isotropic scattering given by T = 2 E® we have A = 4/7 and

A — 32768/6615T for acoustical (n = -1/2) and impurity (n = 3/2)
scattering, respectively. To include the effect of anisotropic
scattering time K é=(mL/mT)/(TL/TT) is used in equation (4-16). m

and T

L? and m, and Ty are, respectively, the effective masses and

scattering.times parallel and perpéndicular to the <111> symmetry
axis of the ellipsoid.
Allgaier (60 Al) found that the EORP model was appropriate
for PbTe. In addition Al;gaie; determined K ==(mL/mT)/(TL/TT) and G

at 77°K and room temperature for the EORP model. At 77°k, K and G

were 4.2 and 1.016 respectively; at room temperature, they were 4.7
and 1.17 respectively. The values of M;ig and Mgi% calcﬁlated for

PbTe using Allgaier results (60'A1) a?e shown in Figures 4.18 and 4.19.
The prediction of the EORP médel for Pbl—xs?x:e alloys with x = .06

and .21 are not expected to be much different from that for PbTe
because mi./mT is the same (71 M1) for the alloys studied as for PbTe.
The highest value of Mgi% that can be obtained at 78°k (G Vv 1) for "
prolate ellipsoids in the EORP model is when K ==;; it is from
equations (4-14) and (4-16) Mgi%== .453. While values of K iarger

than 10 are very jmprobable, it can be seen from Figure 4.18 that the

highest possible value of Mgi% for the EORP model is still lower than
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Figure 4.19 Magnetoresistance coefficient vs. temperature in Pbl_xSnxTe.
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the experimental valués measured in the alloy. Thué, the EORP model
cannot account for the high values of magnetoresistance found in
Pbl_xSnx?e alloys investigated.

In Figure 4.19 the temperatﬁre variation of the magneto-
resistance coefficients is the same in the alloys as in PbTe provided
a temperafure invariant contribution to the magnetoresistance co-
efficient is subtracted in the alloys. The temperature dependence is
mainly due to the change in statistics which increases G. In Figure 4,18,
it is seen that the magnetoresistance coefficients increase with
increasing carrier concentration in the alloys measured. We disregarded
the two lowest carrier concentration samples because they do not
..satisfy the.condition of degeneracy as is the case for the other
'samples, and an appreciable magnetoresistance 1is expected from the
relatively large values of G in these two samples. As expected from
earlier results, thé carriers are distributed between the <111> minima
and a heavy mass band at the highest carrier concentration shown in
Figure 4.18 and a large two-band magnetoresistance is observed. The
increase above the dotted line at high carrier concentration (see
Figure 4.18) can thué be ascribed to the two-band magnetoresistance.
As the conductivity in the heavy mass band become appreciable both
the two-band and the <111> minima contributions to the magnetoresistance
decreéses, and, if the'heavy mass band contribute negligible magneto-—
resistance, a sharp decrease is expected as shown in Figure 4.18.

Finally low carrier extrapolation in Figure 4.18 suggest that the
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. bottom of the band magnetoresistance eoefficientS‘in'the alloys are
'similar. to those in PbTe and that they can be accounted for by the

" EORP model.

To - account for the high magnetoresistance observed in
Pbl_xSnxTe alloys it appears that highly distorted Fermi surfaces
are necessary. For (1/Roe)77 < 3x 1019 cm—3 in Figure 4.18 the

carriers are all in the <111> minima as evidenced by earlier results

and there is no two-band contribution to the magnetoresistance. The

effect of non—parabolicity at 78 K is also expected to be negligible.

The'only other important source of magnetore51stance is energy surface

distortion (70 Al). If it is the case in Pbl_xSnxTe alloys, the Fermi

surface is more and more distorted as the carrier concentration
increases. Examples of permissible distortions have been suggested
for SnTe (70 El) -which also shows large magnetore51stance. it is
mentioned (70 E1) that the cross sections of the Fermi surface per-
pendicular to the <111> symmetry axis of the valleys could develop
khree—-or sixfold symmetry. It is shown Ey Allgaier and Perl (70 Al)
that sharp bends on the Fermi surface produce large magnetoresistance
analogous to that'arising from the-isotropic two-band model.

In conclusion, .the magnetoresistance in Pbl_xSnxTe is

" anomalous in that it cannot be described by the EORP model. The

X . 17 -3
results suggest that at low carrier concentration (v 107" cm 7) the

EORP model may be adequate. However, at higher carrier concentration,
it appears that the Fermi surface becomes highly distorted and

caused the magnetoresistance to be anomalously high as is the case

in SnTe (70 El).

*A specific kind of 3-fcld distortion was proposed by Allgaier at the Dallas
A.P.S. meeting (1970)

e ————
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4.3.4 Hall Mobility

The Hall mobilit& in 6% SnTe and 217 SnTe alloys was
measured - as a function of temperature for all samples listed in
Fiégres.4.§ and 4.6. Figure 4.26 shows the results for the 217 SnTe
alloys. Similar curves were obtained in 6% SnTe alloys. The variation
of the Hail mobility with temperature resembles that observed in PbTe
(Gi Cl) suggesting that the same s%gttering méchanisms are operative
in both PbTe and the élloys measured. However, the Hall mobility is’
smallef in magnitude except near room teﬁperéfure for (1/R°e)77 < 1019
' cm.—3 where the Hall mobility is about the same in PbTe as in the alloys.

fhe scattering mechanisms operative in this temperature
fangé are not well specified yet (68 R1). The scattering py long
wavelength acoustical vibrations is believed to be dominant in the
temperature range invéstigated,Afor not too low carrier concentrations
(62 Al, 67 Cl, 70 R3). For classical and degenerate statistigs,
respectively, we have for acoustical scattering only (70 R3):

n, m*—S/Z T-3/2
_2 T_l (4-18)

%
udeg =

The stronger temperature dependence of the effective mass ﬁ*, as the
tempéréture increases, coupléd with the change from degenerate to
classical statistics is believed to cause the increasing dropping rate
of the Hall mobility as the temperature increases. Finally, let us

mention that the transfer of holes to the heavy mass band (in which
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~.the mobility is very small), as the temperature increases, is expected
‘to. reduce the Hall mobility. However, this rednction in the average -
Hall mobility due to the transfer of holes to the heavy mass band is
partly compensated by an increase in Hall coefficient (70 R3). Ravich
(70 R3) also points out the importance of polar scattering at low
carrier concentrations, and discusses the possibility of other _
scatterlng mechanisms in Pb1 Sn Te.

In Figure 4.21 we show the Hall mobility at 77.3 and 4.2 °k

.versus carrier concentration (1/R e)77. The full lines represent the
6Z SnTe and 217 alloys (as indicated omn the graph), and the dotted lines
are the'results for PbTe published by Allgaier and Houston (62 Al).

The Hall mobility'in the alloys at 77 Ox shows approximately the same

(1/R e)7% dependence as in PbTe. However, there is a large difference
in the magnitude of the Hall mobillty at high carrier concentrations.
At lower carrier concentrations, where acoustical and polar scattering
are dominant (70 R3), the difference tends to disappear.

In PbTe the 4.2°K curve which shows P 1.4 (p ==1/R7%e)

dependence has been ascribed to impurity scatterlng which predicts a

p_4/3 dependence for degenerate statistics (62 Al). In the alloys
measured, the Hall mobility at 4.2°K is 10 times smaller than in PbTe
" but shows a p_4/3 dependence characteristic of impurity scattering.
Dixon and Bis (68 D1) found that the Hall mobility, RH(AOK)/p, in

Pb, Snxie is dependent unon_carrier—related imperfections in

1-x
agreement with our results. In addition, they found that for p
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0

- varying from 1 to 5 x 10 3 the Hall mobility, RH(AOK)/p, in

ithe alloys could be represented by U = (1 prraEn g where x is the alloy
fraction, indicating that the degree of alloying is also significant

in determining the low temperature Hall mobility.

We would like-to suggesﬁ that the dependence of the Hall
mobility on the degree of alloying, reported by Dixon and Bis at very
high carrier concentrations, can be explained, entirely or in part,
in terms of the heavy mass band which becomes more or less populated
dependlng on the carrier concentration and alloy composition. They
used samples with carrier concentrations in the vicinity of the Hall
ratio kink. As discussed earlier, the Fermi level is in the heavy
mass band at low temperature for carrier concentrations larger than
that at fhe kink. From our résults and those of Albany and Ocio (68 A3),
tne Hall ratio kinks occur at carrier concentrations (i/R77e) less than

1020 cmf3 for alloy compositions between 207 SnTe and 60% SnTe. The

low Hall mobilities observed by Dixon and Bis (68 D1) for these alloy
.compositions with (1/R e)77 ranging from approximately 2 to 5 x 1020
cm-3, may well be due to the large population of heavy holes which have
very low mobilities and which are expected to reduce the average Hall
mobility ¥

The flatness of the monility curves at low temperatures
(Figure A.éb, 68 D1), and the p—4/3 dependence of the Hall mobility
at 4.2% suggest that impurity scattering is dominant in the alloys

measured. However, the large decrease (10 times) from PbTe to the

alloys could not be explained.

*This alternative explanation assumes that past the kink the mobility
in band 1, which decreases rapidly with increasing p, is still higher

than that in band 2. However, this may not be the case.
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4.4 Discussion

DesPite the fgct that no édeqﬁate mbdel for the <111>
band was availablé-for a detailed quantitative analysis of thé
electrical dafa, several imp;rtant results were obtained. The main
ones are:

1) Thé'ratio of the}mobilities in the heavy mass band to
that of the light mass band is smaller than 1/8.1‘in 137 and 177
SnTe élloys and smaller than 1/9.6 in 377 and 487 SnTe alloys.

2) The ratio of the mobilities in the light hole band to
that of the conduction band was found to be smaller than 3.7 in 137
_SnTe alloys. . .

3) The thermal energy gai) between the light hole band and \

the conduction band was found to be .14 e.v. in 137 SnTe alloys in
good agfeement with the optical gap.

4) .The energy separation between the light hole band and
ﬁhe heavy hole band at 77°K was found to be .21 e.v. in 217 SnTe
alloys and .23 e.v. in PbTe, is disagreement with the generally
acéepted value of .14 e.v.

5) The temperature variation of the energy gap in 4) was
found to be 4.4 x 10~% e.v./°K in 21% SnTe alloys which yields for
this energy gap at 0°K a value of .25 e.v.

In addition,. several nevw observations were reported and
discussed concerning the variation of the Hall constant with magnetic

field, the magnetoresistance versus carrier concentration and
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temperature, and the Hall mobility. Perhabs one of the most
significant results is that several experimental data suggest that
the Fermi surface are highly distorted in Pbl_xSane. These dis-

tortions appeared to be more severe .at large carrier energies.




CHAPTER V
SUMMARY

) A study of the metallurgical, optical,and electrical
properties of p-type Pbl_xSnxTe alloys has been carried out. This
study contains original contributions in apparatus design, e#peri—
mental techniques, methods of analysis, as well as in experimental
results and their interpretafions. .They are in order of appearance:

1. The design of a constant temperature furnace for

annealing studies (2.2.2).

2. A new method for the determination of alloy compositions
(2.3.2b).
3. New techniques to control the carrier concentration by

heat treatment (2.4.2).
4, The results of metal and tellurium saturation annealing
‘experiments for several alloy compositions (2.4.2).

5. A systematic, comparative, and critical study of the
methods of analysis to obtain the susceptibility effective
mass, the high frequency dielectric constant, ana the
optical mobility from plasma resonance reflectivity data
(3.4).

6. The inaccuracy of the slope and fitting methods of
analysis when small contributions to the dielectric con—
stant other than that of free carriers are present and
when small, often unavoidable, deviations from the

absolute reflectivity, are present (3.4.1b).

240




10.

11.

12.

13.

14.
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New graphs from which susceptibility effective masses

and optical mobilities can be determined routinely and
accurately, even for non-degenerate materials, from the
experimental measurement. of the wavelength and the value
of reflectivity of the reflectivity minimum only (3.4.2).
The determination of the high frequency diélectric constant
for several carrier concentrations and alloy compositioms
(3.5.2).

A new relation between the high frequency dielectric
constant and the energy gaﬁ in PbTe rich alloys (3.5.2).
An investigation of the effects of thé surface preparation
showing.that the anaiysis of reflectivity spect?a from
samples with mechanically ﬁolished surfaces leads tol
erroneous results (3.5.3).

The results of effective mass versus carrier concentra-—
tion and temperature in PbTe rich alloys (3.5.4, 3.5.5).
Critical tests of the Kane, Cohen, and Dimmock models

of the <111> minima and the inadequacy of the above models
to explain all our experimental results of effective

mass versus carrier concentration and temperature (3.5.7).
The design of a new high temperature apparatus for

electrical measurements (4.2.1b).

A rapid technique to determine the interdiffusion constant

of the alloys (4.3.1b).
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15. A thermal energy gap (main gap) in good agreement with
optical determination and mobility ratios obtainéd from
singular points in the Hall curves vs. temperature
(4.3.2a-2).

16. The determination of the energy separation between the
1ight and heavy mass band and its temperature variation
in 21% SnTe alloys (4.3.2b).

17. The non-validity of the A.W. analys;s in determining the
energy seﬁaration between the light and heavy mass band

- from the low carrier concenﬁration Hall data in |

1-x
18. " The highly distorted energy surfaces suggested by the

Pb Snxie alloys and compounds : (4.3.2¢) .

experimental results of Hall constant and magnetoresistance

versus magnetic field for several carrier concentrations,
temperatures, and alloy compositions (4.3.2d, 4,3.3).
19. An alternative explanation for the apparent evidence of

alloy scattering reported elsewﬁere in Pbl_xSnxie alloys

(4.3.4).

More details related to the above original contributions may be

found in the corresponding sections.
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ABSTRACT

Seven ingots of Pbl_xSnx?e alloys totalling 492 grams
of material were prepared by the stép—freeze technique. The as-
grown material covering all alloy compositions 0 < x < .8 was found
to be single crystals with a high degree of perfection, to be free of
metal precipitates and cellular structure, and to be homogeneous in
carrier concentration as well as in alloy composition. In addition,
the.alloys grown by the step-freeze technique in our laboratory were
found to be purer and to have higher mobilities than other alloys
grown elsewhere; It was shown that the alloy composition, usually
_detefmined from lattidaconstant‘measurements using Vegard's law, can
also be determined from measurements of the integrated intensity ratio
131111222 of only two lines in the X-ray powder diffraction pattern.
Twenty samples of six different alloy compositions 0 < x < .,5 were
heat treated for periods of 2 to 30 days, at temperatures of 570 to
869°C, to produce samples of different carrier concentrations
(1/R77e) ranging from 7.9 x 1016‘to 1.32 x 1020 holes cmf3. To
obtain homogeneous heat treated samples, a constant temperature
annealing furnace was designed which eliminated temperature gradients
( 1°c) over the sample and its container at all annealing temperatures.
Two new annealing techniques were developed and found to have several
advantages over already known techniques.

Reflectivity measurements were made® in the 2-23 microns
region of the infrared spectrum on four 6% SnTe and eight 217 SnTe

alloy samples with carrier concentrations (1/R77e) ranging from

*at 82°K




17 19

5.06 to 10%7 to 3.20 x 10 18 o

holes cm > and from 2.88 x 10
1.32 x 1020 holes cm73, respectively. In addition, reflectivity
measurements were made at 22 different temperatures between 84°k
and 300°K on a 217 SnTe alloy sample with a carrier concentration

8 -3
holes cm . These measurements were analysed in terms

of 8.7 x 101
of a free carrier dispersion model. All known methods of analysis
were used to extract the values of the model parameters namely the
susceptibility effective mass m, the high frequency dielectric
constant €_, and the oﬁtical mobility ﬁopt' It was found that the
different methods gave inconsistent results. A systematic,com-
parative, and critical study of the methods of analysis was wade

for the first time and all the inconsistencies explained. In parti-
cular, it was found that the slobe and the fitting method .of analysis
were inaccurate when small contributions to the dielectric constant
other than that of the ffee carriers were present and when small,
often unavoidable, deviations from the absolute reflectivity were
present in the expérimental reflectivity spectra. The most reliable
and also the simplest method of analysis was. found to be that pro-
posed by Moss et al. His method of analysis was generalized to
include the case of non-degeneracy. New graphs were produced which
permit a routine and accurate measurement of m_ and uopt from the
experimental measurement of the wavelength and the value of the
reflectivity of the minimum in reflectivity. To obtain accurate
values of m_, the Hall factor must be known for all carrier con-

centrations, in addition, using the Moss et al method, €_ VS carrier




concentration is required. 1In the present experiment it was found
that the ratio of the Hall factor to € was close to a constant for
all carrier concentrations measured. Because of this, m_ was obtained
with good absolute accuracy when using the Moss et al method, and it
was possible to detect the presence of a heavy mass band situated (at 82°K)
.22 e.v. below the light mass band in ﬁ—type Pbl_xSnxTe alloys with

217 SnTe. The low carrier concentration value of €_ was determined

in 6% and 217 SnTe alloys at 300°K and 82°K and a new relation between
€, and the energy gap EG was derived and fitted to our results and
those obtained elsewhere. It is: Ln EG =-,086 € + 1.65. An investi-
gation of the effects of‘the surface preparation showed that the
~ana1§sis of reflectivity spectra of samples with mechanically polished
surfaces leads to erroneous results. The results of effective mass

versus carrier concentration and temperature in 6% SnTe and 217 SnTe

alloys were compared with those expected on the basis of the Kane,
Cohen and Dimmock modelk of the <111> valence band minima in Pbl_xSnxTe.
The results of these comparisons indicate that none of these models
explains adequately all of our experimental results of susceptibility
E effective mass. Finally, the optical mobilify was found to be about
two times smaller than the conductivity mobility in all samples
measured. .
The Hall coefficient, the transverse magnetoresistance

and the Hall mobility were measured from 4.2°K to 800°K for several

hole concentrations and alloy compositions. The ratio of the mobilities

in the heavy mass band to that of the light mass band*was found to be

smaller than 1/8.1 in 137 and 177 SnTe alloy and smaller than 1/9.6 in

*Measured at the temperature of the positive Hall coefficient maximum:
400°K < Tmax < 540°K




377 and 48% SnTe alloys. The ratio of the mobilities in the light
hole band to that of the conduﬁtion band*was found to be smaller
than 3.7 in 13% SnTe alloys. The thermal energy gap*between the
light hole band and the conduction band was found to be .14 e.v. in
13% .SnTe alloy in good agreement with the optical determination. The
energy separation between the light hole band and the heavy hole band
at 77°K was found to be .21 e.v. in 217 SnTe alloys and .23 e.v. in
PbTe in disagreement with the generally-accepted value of .14 e.v.
determined from the A.WT analysis on low carfier concentration Hall
data. In addition, the temperature variation of the inter-valence
band gap was found to be 4.4 x 10 4 e.v./°K in 21% SnTe alloys.

. It was also found that the A. w. analysis is not appropriate to
determine the inter-valence energy gap from low carrier concentration
Hall data in.Pbl_xSnxTe because of a temperature dependent Hall
factor. Finally, the Hall coefficient and the magnetoresistance
were measured as a function of magnetic field for several carrier
concentrations, temperatures and alloy compositions. The results

suggest that the energy surface in p-type Pbl_xSnx?e are highly

] distortea.

o
Measured at the temperature of the Hall zero, i.e., 271°K

*
Extrapolated at 0°k
.i.

Aukerman-Willardson






