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The influence of uniaxial compression upon the Hall

effect and resistivity of cadmium-doped samples of InSb

at 77 K, 64 K, and 12 K are reported. Uniaxial compressions

as high as 6 kbar were applied to samples oriented in the

{O1} and {llO} directions. The net hole concentration of

the samples were about 5 x 1013 cm-3 at 77 K as determined

from the Hall coefficient at 24 kilogauss.

Neither the Hall mobility nor the piezoresistance

became independent of the magnitude of the applied stress.

The Hall mobility shows a smooth rise with stress, and

the piezoresistance decreases monotonically with increasing

compression. The magnetic--field dependence of the Hall

coefficient is strongly dependent upon the magnitude of

the applied stress for magnetic fields between 50 gauss

and 24 kilogauss. Theoretical work is required before

the piezoresistance, mobility, and Hall coefficient data

can be quantitatively analyzed.

The net concentration of hole carriers decreases and

then increases exponentially with stress at 77 K and 64 K,

while at 12 K there is only a monotonic increase of carrier

concentration with stress. Analysis of the hole concentration



as a function of stress shows the presence of a deep

acceptor level located about 90 meV above the valence

band edge in addition to the 10 meV cadmium acceptor level.

The shallow acceptor level does not split with stress.

The hole density data is represented very well by models

which describe both the variation in the net density of

states and the motion of the acceptor levels as a function

of stress.
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CHAPTER I

INTRODUCTION

The application of a uniaxial deformation alters both

the energy band structure and impurity energy levels of a

semiconductor, thus producing changes in the electrical

transport properties of the semiconductor. The purpose

of this work is to investigate the electrical resistivity

and Hall coefficient of uniaxially-compressed p-type

indium antimonide semiconductors in the extrinsic conduction

region -for deformations up to the yield strength.

Background Information

Indium antimonide (InSb) is one of a series of

semiconducting compounds formed between elements of

group III and group V of the periodic table. As grown by

melting its two components together and pulling by the

Czochralski technique, InSb single crystals are n-type.

To make p-type material, the melt is usually doped with

cadmium or zinc. These group II impurities produce an

acceptor energy level of about 0.01 eV above the valence

band edge.1 InSb crystals can be prepared with very low

impurity concentrations which are one to three orders of

magnitude lower than can be obtained for the other III-V

compounds. InSb melts at 530 C. The preparation of

1
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high-purity material is not technologically difficult and

standard equipment may be used. Hulme and Mullin2 have

given an extensive discussion of the technology of InSb.

InSb crystallizes into the zinc-blende crystal

structure with a lattice constant of 6.47 R. Its lattice

consists of two interpenetrating face-centered cubic

sublattices displaced from each other by one quarter of

the cubic body diagonal; each sublattice is composed

entirely of either indium or antimony atoms. This crystal

structure, which would be identical to the diamond lattice

of germanium if both sublattices were composed of the same

kinds of atoms, possesses all of the germanium cubic Oh

symmetry operations except the inversion symmetry element.

InSb, therefore, has cubic Td symmetry. The lack of a

center of inversion symmetry consequently alters the energy

bands of InSb from those of germanium.

Kane3 has calculated the energy band structures for

the III-V compounds and, in particular, InSb. Both the

conduction and valence band structures proposed by Kane

are shown in Fig. 1. The conduction band minimum is

situated at the center of the Brillouin zone (k=O).

The constant energy surfaces in k-space are approxi-

mately spherical for this single-valley band. Although

the conduction band is nonparabolic (the effective mass

increasing with electron energy) near k=O, interpretation

of experimental data are tractable.
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The valence band structure of InSb is more complex

than its conduction band. It is essentially germanium-

like, and consists of three bands, two of which are in

contact at k=0. These two bands of different curvature

are the "heavy-hole" band, V1 , and the "light-hole" band,

V2 . The third band, V3 , split off from the other two bands

by the spin-orbit coupling interaction, is far enough

depressed in energy (0.9 eV below the valence band edge)

that it is completely filled and does not contribute to

the conduction processes. The heavy-hole and light-hole

bands are each twofold energy degenerate away from k=O

because of spin if inversions asymmetry effects are

ignored. However, when inversion asymmetry is taken into

account, the twofold spin degeneracy is removed. Without

spin degeneracy, the heavy-hole band maxima are shifted

0.3 percent of the distance from k=0 to the Brillouin

zone boundary in the {111} directions and raised about

10 eV above the energy at k=0. The smaller lifting of the

spin degeneracy of the light-hole band is ignored, and

the light-hole band lies below the heavy-hole band every-

where except at k=0.

Experimentally, inversion asymmetry effects for the

heavy-hole band have been observed
4 only at temperatures

less than 4 K; at temperatures of 11 K or higher only

germanium-like band structure has been observed.4-6

This is due to the fact that the thermal energy of the

holes at the higher temperatures smears out any of the
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fine details of the bands. Therefore, for experiments

performed at temperatures much above 1 K, the energy band

equations derived for germanium are applicable to InSb

with the measured InSb band constants. This "quasi-

germanium" model for InSb is used in this work.

Due to the energy band degeneracy at k=O, the surfaces

of constant energy in k-space associated with the valence

bands are cubically-symmetric, "warped spheres," as shown

in Fig. 2. In general, these surfaces cannot be repre-

sented by a mass tensor, and are instead described by the

valence-band mass parameters A, B, and C, which are

related to the cyclotron resonance inverse effective masses

in certain principal crystallographic directions.7 At

present, cyclotron resonance experiments4-6 observe only

a light-hole mass of spherical symmetry, but the heavy-

hole mass is found to be anisotropic. The light-hole

effective mass is about .02 m, where mo is the mass of

a free electron, while the heavy-hole mass averages about

0.4 m.

The presence of the low-mass, high-mobility (p2~20pi)

light holes greatly influence the electrical transport

phenomenal even though such holes are present in only

relatively small amounts (P2~.02 p1). The warped nature of

the bands; however, tremendously complicates the inter-

pretation of experimental data because closed expressions

for the components of the magnetoconductivity tensor
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are not possible. Instead, the expressions are in the form

of rapidly-converging, infinite series9-12 which are rather

cumbersome. Closed expressions are only possible for

spheres or polyhedra.1 3

A promising technique for investigating the properties

of p-type semiconductors is the utilization of uniaxial

stress to modify the valence band structure. The application

of a large external stress (force per area) along a crystal

symmetry axis deforms (strains) the crystal lattice so that

its symmetry is altered; thus, any energy degeneracies

associated with the original symmetry are removed.

Pikus and Bir14 have the most complete theoretical

treatment of the effects of uniaxial stress on the valence

bands of germanium-like semiconductors at the present

time. Pikus and Bir have shown that the heavy- and light-

hole bands are decoupled under uniaxial stress, and that

for sufficiently large enough stress the hole bands have

ellipsoidal energy surfaces with mass components involving

the unstressed valence-band parameters A, B, and C. For

compressive stresses, the heavy-hole band moves up in

electron energy towards the conduction band, while the

light-hole band moves down in electron energy away from

the conduction band. This case is shown for {001} stress

in Fig. 2. Deformation potential constants b and d were

introduced by Pikus and Bir to characterize the energy

difference between the two split bands for {lOO} and
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{lll} stress directions, respectively. Pikus and Bir1 5

have also examined the InSb-type semiconductors, and

found at high temperatures results identical to those for

germanium.

A simplified theory for the stress-dependence of the

low-transport coefficients for Ge-like semiconductors was

also developed by Pikus and Birl6," 7 ; however, the theory

suffers from several principal shortcomings, such as the

use of spherical energy surfaces at zero stress and the

neglect of the variation of the hole concentration with

stress. Even the most recent theoretical attempt at treating

the stress dependence of the magnetoconductivity tensor

elements for Ge-like semiconductors1 8 is also restricted

to sufficiently small enough stresses that the hole

concentrations are independent of stress. Julian and

Lane'9 have pointed out recently that a change in concen-

tration of holes in Ge-like semiconductors with stress,

results from both a change in the position of the Fermi

level and the distortion of the valence bands. Julian

and Lane have performed numerical calculations for the

density-of-states mass variation with stresses ranging

from zero to infinity. The numerical results showed that

the net density-of-states-mass decreased montonically

with stress. At present, a general expression for the

magnetoconductivity tensor components for warped energy

bands and stress-dependent relaxation times valid for
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all stress levels and arbitrary magnetic fields is not

available. This is a very formidable problem.

Direct experimental confirmation of the PB theory

was achieved by Hensel and Feher
2 0 through cyclotron

resonance measurements on uniaxially-compressed silicon

using stresses up to 2500 Kb/cm2. Hensel and Feher were

able to determine very accurate values for the valence

band parameters A, B, and C. Accurate values for the band

parameters are difficult to obtain on unstressed silicon

because the heavy-hole resonance curve is severely broad-

ened. The sign and magnitude of the deformation potential

constants were also determined from their measurements.

Hall2 1 was the first to use galvanomagnetic transport

measurements to determine deformation potential constants.

Liquid helium temperature measurements of the Hall

coefficient (30 gauss) of p-type germanium as a function

of stress (up to 8000 Kg/cm2 ) were interpreted by Hall

in terms of a theory for the acceptor activation energy

in the limit of large stresses, as proposed by Price,22

The stress dependency of the Hall mobility was also measured

by Hall, but not analyzed. The mobility at stresses

greater than 5000 Kg/cm2 was found to be independent

of the magnitude of stress indicating that only the heavy-

hole band was populated. These investigations and others
2 3-2 5

have underscored the potentialities of the utilization of

large uniaxial stress as a powerful tool for investigating

the properties of p-type semiconductors.



In the case of p-type InSb, there are not many stress

experiments on its electrical transport properties reported

in the literature. Stress measurements (up to 1 Kg/cm2 )

were first reported by Potter2 6 in 1957. By applying

tensile-stress to oriented samples, Potter observed a

linear variation in resistivity with applied stress

(linear "piezoresistance"). The magnitude of the resis-

tivity change was found to differ for stresses applied

along different crystal symmetry axes. The linear piezo-

resistance coefficients (slope of fractional changes in

resistivity versus stress) were determined as a function of

temperature in the range from 77 K to 300 K. Sample con-

centrations were of the order of 1016 cm-3 at 77 K. Potter

concluded from the symmetry and magnitude of the piezoresistance

constants that the valence band structure in InSb is similar

to germanium. Tuzzolino2 7 also made similar measurements,

but for stresses up to 10 Kg/cm2 . These measurements for

samples of 1015 cm-3 concentrations yielded essentially

the same results as Potter's.

Schonwald2 8 has carried out tensile and compressional

measurements on samples of 7 x 1015 cm-3 and 2.6 x 1016

cm-3 concentrations. The maximum tensile stress applied

was 155 Kg/cm2 , while a maximum compressional stress of 325

Kg/cm2 was achieved. The resistivity and magnetoresistance

were both found to decrease with compression and increase
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with tension. The Hall effect behavior was exactly opposite

to that of the resistivity. Schonwald attempted to explain

the slight changes with stress of his data using a 
two-band

model and spherical energy surfaces. The results of his

model were inconclusive since the predicted variations 
were

within the experimental uncertainty of the measurements.

Schonwald's picture for the motion of the light-hole 
and

heavy-hole bands under compressive stress is exactly

opposite to Pikus-Bir theory predicted motion. 
Evidently,

Schonwald was not aware of the work of Pikus and Bir, as

their papers are not referenced.

Aladashvili et al.29 have investigated the influence

of stress uniaxial compression (up to 4300 Kg/cm2 ) on the

acceptor activation energy of Ge-doped p-type InSb 
samples

for temperatures between 8 K to 20 K. The resistivity

(p) was measured as a function of temperature 
(T) at fixed

values of stress. The activation energy was deduced from

the slope of the linear dependence of log p on 1/T, and

Price's theory was employed in the analysis to determine

the deformation potential constants b and d. The activation

energy was found to decrease monotonically with 
increasing

stress. Sample concentrations were 1.4 x 1014 cM- 3 at

77 K.

Galanov and Obukhov
3 0 performed compressive stress

experiments on Ge-doped p-InSb samples 
with 77 K concen-

trations of 1.2 x 1016 cM~ 3 and observed impurity-band
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conduction for temperatures less than 17 K. For temperatures

between 25 K to 77 K, the electrical resistivity and Hall

coefficient (1000 gauss) showed a small linear variation

with stress. The activation energy of the acceptors

decreased from 12 meV at zero stress to 8 meV at the

maximum stress (2000 Kg/cm2 ).

Sharan and Heasell3 1 have studied in the acceptor

activation energy for cadmium-doped p-InSb samples at 90 K

using infrared absorption techniques for compressive

stresses up to 1500 Kg/cm2 . The activation energy was

found to be 9.8 meV at zero stress. The acceptor energy

level was observed to split into two levels under stress.

The motion of the split levels were measured relative to

that of the conduction band. One level was found to

maintain a constant separation from the conduction band,

while the other level moved further away. Heasell and

Sharan determined the deformation potential constants b'

and d' which describe the separation of the two levels for

{001} and {111} stress directions, respectively. It was

also verified that for compressive, the heavy-hole band

moves up in electron energy towards the conduction band.

The effect of stress on quantum cyclotron resonance

in cadmium-doped p-InSb has been investigated by Ranvaud.
3 2

The valence band parameters were determined at 20 K and

found to be much higher than those previously reported.

However, the deformation potential constants b and d
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were found to be in good agreement with those found by

others.33-35

Valyashko et al.3 6 have reported piezoresistance

measurements at 93 K, 15 K, 4.2 K, and 2 K for uniaxial

compressions up to 2000 Kg/cm2 on Ge-doped p-InSb samples

with hole concentrations of 1.4 x 1014 cm-
3 at 77 K.

For stresses below 500 Kg/cm2 , the piezoresistance

dependencies were linear, and the piezoresistance coef-

ficients were determined. For larger stresses, the piezo-

resistance behavior was non-linear. Stresses were applied

along {lll} and {ll0} directions, and the stress behaviors

were similar. The behavior of the piezoresistance at 4.2

and 2 K was attributed to impurity-band conduction instead

of valence-band conduction. At the higher temperatures,

the stress-dependence of the resistivity was suggested to be

the result of effective mass changes due to distortion of

the valence-bands and variations in the hole concentrations.

Present Investigation

This investigation is the first to study the stress-

dependence of the net hole concentration of high-purity

(5 x 1013 cm'1) p-type InSb. Uniaxial compressive stresses

of up to six kilobars (1 kbar = 1020 Kg/cm2 ) were employed.

The electrical conductivity and Hall coefficient were measured

for {001} and {l10}stress directions. The measurements

were made at 77 K, 64 K, and 12 K for a {llO}sample,



14

and at 77 K only for a {001} sample. Net hole concentrations

were determined from the measurement of the Hall coefficient

at 24,000 gauss. Since the samples are extrinsic for these

temperatures, it is necessary to consider not only the band

motions and distortions, but also the stress behavior of

the acceptor energy states. The Pikus-Bir1 4 model for

warped Ge-like valence bands under stress is used and

acceptor level schemes are developed considering not only

the shallow cadmium level but also the presence of a deep

acceptor level.

The text of this dissertation follows a rather standard

outline. In Chapter II, experimental details are discussed,

such as the stress apparatus and sample preparation tech-

niques. Chapter III presents the relevant features of the

stress-dependence of the valence bands and the density-

of-states mass. There is a short discussion on extrinsic

semiconductor statistics. Experimental data on the

piezoresistance, Hall coefficient, and the stress dependence

of hole concentrations as determined from the high-field

Hall coefficient are discussed in Chapter IV. Chapter V

presents the theoretical model used to interpret hole

concentration variation with stress, and the results of

the least squares fit of the model to the hole concen-

tration data. A summary of this investigation is given

in Chapter IV. Appendix A contains the {00l} and {110}

stress data for the electrical resistivity and Hall
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coefficient at 77 K. Appendix B contains the numerical

values for the density-of-states masses for the light and

heavy holes at 77 K for both stress directions. Appendix

C gives the changes in sample dimensions with stress.



CHAPTER II

EXPERIMENTAL DETAILS

Stressing System

In order to produce the largest possible strains without

sample breakage, compressive stress was employed. The

stressing apparatus was designed so that an accurately

calibrated compressive force could be smoothly and contin-

uously applied to a sample ( 1 mm x 1 mm x 10 mm) while

suspending the sample between the pole-pieces of an

electromagnet and inside a cryogenic dewar. The details

of the essential features of the stressing system are

shown in Fig. 3 through Fig. 6, and are described below.

The sample holder of the stress apparatus is shown in

detail in Fig. 3. It was machined out of non-magnetic

Be-Cu alloy. The sample is epoxied into brass cups that

fit snugly into teflon cups (for electrical isolation),

which in turn fit tightly into the stress pistons, as shown

in Fig. 4. The belts on the two stress pistons and the

inside of the guide cylinder were polished and fitted

together. The upper stress piston is held fixed inside the

guide cylinder by means of a stainless steel pin (as shown

in Fig. 3), while the lower stress piston is free to slide

with virtually no sideways play inside the guide cylinder.

16
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The pulling frame is attached to the stainless pulling rod

so that force exerted upward on the pulling rod is trans-

mitted to the sliding stress piston. Uniaxial compression

is thus achieved by pushing upward on the bottom end of

the sample with the top end held fixed. The legs on

the pulling frame are adjustable to level the bottom

pulling-frame crossbar to assure that the transmitted

force is evenly distributed on both sides of this piece.

As shown in Fig. 5, the pulling rod C is located inside

the support tubing B, which secures the sample holder A

to the rest of the stress apparatus. Force is exerted

on the pulling rod by means of the lever system mounted

inside the aluminum chamber housing of the stress apparatus.

The stainless steel lever arm H has the ends of its attached

pivot pin resting in precision ball bearings G on each

side of the pivot support yoke F. The mechanical advantage

of the lever arm is ten. The weight of the lever arm is

counterbalanced by that of the pulling assembly and the

counterweights E. The ends of the chamber housing are

vacuum-sealed with plexiglass flanges N for visual in-

spection of the lever arm position.

The upper end of the pulling rod is connected to one

end of the lever arm by means of a steel wire D. The other

end of the lever arm is connected to a force transducer J

by means of a small chain I. The force transducer is

attached to a fine-threaded screw which is coupled to a
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rotating shaft inside a fixed casting (see Fig. 6 for details).

The bottom end of the shaft extends through chamber housing

via a vacuum-tight seal, and is connected to a gear

motor M. When the force transducer is lowered by the

rotating shaft, the pulling rod is lifted via the lever

arm. The gear motor has a 10:1 gear train (L) and a

0-1 rpm range. The motor is reversible to permit releasing

the stress from the sample. The speed control on the

motor allowed stress to be applied at a smooth and slow

rate.

The force transducer is a Daytronic Model 152 A-10

Linear Variable Differential Transformer and its output

voltage is proportional to the force applied to its core.

The output voltage from the force transducer is detected

by a Daytronic Model 300-D Transducer Amplifier-Indicator

equipped with a Daytronic Model 71 Differential Transformer

Input Module. The transducer was calibrated prior to the

experiments by attaching known kilogram weights (accurate

to 0.5%) to the pulling frame of the stress apparatus and

recording the resulting scale readings on the panel meter

of the indicator instrument. A maximum weight of 50

kilograms was applied during the calibration process.

Frictional drag on the lower piston of the sample holder

was judged to be insignificant since identical readings

were obtained for both increasing and decreasing amounts

of applied kilogram weights. The meter readings were.
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found to be a linear function of the applied weight, and

the deviation from linearity was less than 0.1%. The force

applied to the sample, thus, can be read from the panel

meter indicator once the system was calibrated. The

magnitude of the stress applied to the sample was then

determined by dividing the applied force by the cross-

sectional sample area.

Sample Preparation and Mounting

The samples used in this investigation were taken from

a cadmium-doped InSb wafer purchased from Cominco American,

Inc. This single crystal was quoted by the manufacturer as

having a nominal carrier concentration of 5.5 x 101 3 cm-3

and a mobility of about 6500 cm2 /volt-sec at 77 K. The

wafer was oriented with a {110} crystallographic direction

normal to large faces and a {001} direction in the plane of

the wafer.

Sample bars measuring 1.3 mm x 1.5 mm x 10 mm were cut

from the crystal wafer with a Servomet spark-erosion

cutting machine. The Servomet machine was operated on

spark-energy range number six. A taut length of 0.005"

diameter tantalum wire served as the cutting electrode;

the width of the spark cut was about twice the diameter of

the cutting wire. The sample bars were cut with either a

{110} or a {001} direction along their length dimension.

For the {llO}-oriented sample, the thickness dimension was



24

along a {001} direction, while the {OO1}-oriented sample

has a {llO} direction along its thickness dimension. The

crystallographic directions were located by means of X-ray

diffraction patterns obtained with a Norelco X-ray machine

equipped with a Laue back-reflection camera. Alignment

of the cuts along the desired crystal axes was facilitated

by bonding the wafer to a special two-dimensional X-ray

goniometer, which was first attached to the X-ray machine

for crystallographic orientation of the wafer and then

mounted in the spark machine (without loss of orientation)

to permit slicing of the wafer. Before the X-ray goniometer

was mounted in the spark cutter, the cutting wire was trued

to (00, 00) goniometer setting by adjusting the cutting

wire parallel to a reference line. The reference line was an

accurately scribed line on a precision-made steel goniometer

base which could be attached to the spark machine in exactly

the same manner and position as the X-ray goniometer.

The orientation of the spark-cut surfaces with respect

to the crystal axes was accurate to better than one degree

of arc. Most of the orientation error was due to the

slightly uneven cut made as the sample bar parted from the

crystal wafer as a result of cutting tool wear. Care was

taken to insure that the wafer mounted flush against the

goniometer, and silver printed-circuit paint was used to

electrically and mechanically bond the wafer to the

goniometer. The surfaces of the spark-cut sample bars
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were thoroughly cleaned of cutting oil (kerosene) left

by the spark-cutting process with trichlorethylene, and

then were cleaned of all traces of silver paint with acetone

applied with a cotton swab. The sample bars were then cleaned

again in methyl alcohol.

To produce smooth edges and highly uniform cross

sections, the spark-cut samples were lapped. The lapping

tool consisted of two precision-machined brass cylinders,

one inside the other. The end surfaces of the cylinders

were ground true to the axis of the tool. The sample bar

was mounted with paraffin wax on one end of the inner

cylinder. With the surface of the sample to be lapped

protruding about 2 mils from the end of the outer cylinder,

the cylinders were locked together by means of set screws.

All paraffin was cleaned from the surface to be lapped

with kerosene applied gently with a cotton swab. The

sample surface was lapped with a slurry of 600-grit

silicon carbide flour and distilled water on a thick

glass plate until it was flat with the ends of the lapping

tool. Each face of the sample bar was lapped in turn

using this method. Care was taken to maintain the crystal

orientation and to produce uniform cross-sectional areas

along the length of the sample.

Considerable attention and care was devoted to producing

end surfaces on the samples which were flat and true to

the length axis. These surfaces are extremely important
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because they are the ones to which the stressing forces

are applied, and they must be true to avoid torques on the

sample which cause non-uniform stresses and sample failure

at low stresses. The jig used to lap the ends of the samples

was a L-shaped block of brass with all surfaces precision-

ground true and flat. The sample was mounted in the inner

right-angle surfaces of the jig with paraffin wax. The

end of the sample to be lapped protruded about 5 mils from

the jig, as judged by a feeler gauge. It is crucial that

all paraffin wax be removed from the face of the jig

in contact with the lapping slurry and from the protruding

sample surface. Each sample end was lapped in turn and

care was taken to lap slowly without excessive pressure

on the jig. A sample can be easily broken during this

lapping operation.

After lapping, the sample was thoroughly cleaned of

all traces of paraffin wax by gently scrubbing with a

kerosene-soaked cotton swab followed by rinsing and soaking

in kerosene. The sample was then rinsed in acetone

followed by a rinse in trichlorethylene to remove the acetone

film, and finally soaked in warm methyl alcohol.

The lapped sample was chemically etched to remove

surface damaged material resulting from lapping and to aid

in soldering electrical contacts on to the surface. The

etching solution consisted of one part bromine to twenty parts

anhydrous methyl alcohol. Care was taken not to allow
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any water to contaminate the etching solution via the sample

or the etching container. After etching for about one

minute, the etching reaction was arrested by flooding the

etchant to extreme dilution with methyl alcohol. The

sample was then rinsed with methyl alcohol followed by

several hours of soaking in methyl alcohol to remove all

traces of microscopic bromine residue. The etched samples

were shiny but not mirror-like, and the edges of the samples

were slightly rounded. Excellent Laue X-ray diffraction

patterns were obtained from these etched surfaces, and the

samples were still oriented to within one degree of arc

of the desired crystallographic axes. The dimensions of

the samples were typically 1.1 mm x 1.0 mm x 9 mm as measured

to within 0.01 mm with a Unitron measuring microscope.

Electrical contacts were made to the samples using

pure indium solder dots. Figure 7 shows the placement of

the current and potential solder contacts. The two current

contacts were placed along one of the sample faces about

1 mm from the sample ends. Two sets of potential contacts

were placed on the sides of the sample at a distance

one-third the total length between the current contacts

in order to minimize distortion of the equipotential lines.

The potential contacts were about 0.3 mm in diameter and

approximately 3 mm apart. The solder contacts were

mechanically strong and were always ohmic. Copper wires

(#40 Formex-coated) about 8" long were soldered to the
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C

Fig. 7--Placement of current C and potential P contacts
on a sample. The potential probes on the back
side of sample (identical to those on front side
of sample) are not shown.



29

solder dots. The separation distances between the solder

contacts were measured with the Unitron measuring micro-

scope. The wired sample was then ready to be mounted in

the stress pistons of the sample holder (see Fig. 4).

New brass cups and teflon cups were machined for each

sample. The flat-bottom holes in the brass cups were

0.0635" in diameter and 0.025" deep. The samples were

lapped to fit these holes as closely as possible before

etching to assure that the sample would align axially.

Before mounting a sample, the sliding stressing piston

and the inside of the guide cylinder were carefully cleaned

with trichlorethylene to prevent any sticking between these

closely fitted parts. The brass and teflon cups were

seated into the stress pistons by applying a stress to a

steel cylinder temporarily placed between the brass cups.

The wired sample was then inserted through the access

opening in the stress cylinder (see Fig. 3) and into the

holes in the brass cups which were filled with Armstrong

A-12 epoxy. While the epoxy was first beginning to set up,

the sample was gently rotated periodically to assure proper

axial alignment of the sample. The epoxy was allowed to

harden for 12 hours under the application of about 0.1

kilobars of stress. Using indium solder and stainless

steel soldering flux, the sample leads were soldered to lead

wires which connected to the electrical measuring apparatus.
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Cryogenics and Magnetic Fields

A standard pyrex double dewar system (3 liter capacity)

was used to cool the samples. Figure 8 shows schematically

the dewar system and associated vacuum system. The stress

apparatus is mounted to the top of the dewar with the

sample suspended inside the inner dewar. Prior to an

experimental run, the vacuum jacket of the inner dewar

was fore-pumped, the jacket valve was then closed, and

the sample holder was allowed to pre-cool with liquid nitrogen

in the outer dewar and helium gas in the inner dewar. After

si x or more hours, a cryogenic fluid was transferred into

the inner dewar.

For a temperature of 77 K, the inner dewar was filled

with liquid nitrogen. A temperature of 64 K was obtained

by lowering the vapor pressure above the liquid nitrogen

bath using a high-capacity vacuum pump (120 liters per

minute). The desired vapor pressure was maintained by

means of careful adjustment of a large ball valve and a

small needle valve connected in parallel with the vacuum

line to the dewar. Liquid nitrogen solidifies at about

63 K.

A temperature of 12 K was obtained by using liquid

helium in the inner dewar and placing a vacuum tight,

stainless-steel can around the sample holder. Two coils

of #30 Evanohm wire were wound around the sample-holder
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uide cylinder to act as heaters. The stainless-steel

can was filled with helium gas to form a heat leak from

the sample holder to the liquid helium bath. By balancing

the heat input from the heaters against the cooling

produced by the helium exchange gas, a temperature of 12 K

could be maintained to within 0.1 K after thermal stabili-

zation was reached. Temperatures were monitored by means

of a calibrated platinum-resistance thermometer mounted

near the sample.

A Pacific Electric Motor Company Model 12A-LI electro-

magnet with 12" pole-pieces powered by a Varian Associates

Model V-FR 2701 Fieldial Supply (field regulated) was

employed in this experiment. Magnetic field strengths

ranging from zero to 24,000 gauss with a homogeneity of

10' were producted by the electromagnet in the region of the

sample. The magnetic field strength values were determined

by NMR methods.

DC Measurement System

The zero-field restivity and Hall coefficient at

various stresses were determined from dc measurement of

the voltages between the sample potential contacts using a

Fairchild 7100A Digitial Voltmeter (DVM). The Fairchild

DVM has an equivalent input resistance of about 109 ohms.

The DVM draws negligible current from the sample and true

sample voltages are measured. Changes in voltage of 0.01

millivolts were detectable, and sample voltages ranging
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from one to about 500 mV were observed. A Hewlett-Packard

Model 6177B Constant Current Source was used to supply

one milliampere of current to the sample. Below liquid

nitrogen temperatures, a current of 2 pA was employed

using a home-built, high-stability (0.1 percent) constant

current supply. The current through the sample was

measured by determining the voltage drop across a 100-ohm

standard resistor connected in series with current leads

of the sample.

In order to provide an accurate set of data that could

be easily processed, a magnetic tape-recording system was

employed in conjunction with the Fairchild DVM. The data

recording system, as shown in Fig. 9 is composed of the

Fairchild DVM, a Kennedy Incremental (Type 1400) Magnetic

Tape Recorder, and a specially-constructed Scanner-Control

Unit developed by Systems Development, Inc., Dallas, Texas.

The signal scanner has three isolated analog-coded

input channels. The first, second, and third channels are

connected to the magnetic-field sensor (Bell Hall-Pak Model

BH-701) mounted on one of the pole faces of the electro-

magnet, to the sample Hall leads, and to the sample

resistivity leads, respectively. When not commanded to

scan and record the three signal channels, the scanner

displays the magnetic field sensor's output voltage.

This voltage was adjusted to be 0.10000 volts at a magnetic-

field strength of 10,000 gauss by changing the current
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through the magnetic-field sensor. Thus, visual observation

of the DVM display allowed the magnetic field to be set

before the scan and checked after the scan. Magnetic

field values were one hundred percent repeatable, and

accurate to within less than one percent over the entire

magnetic field range employed.

The binary-coded decimal (BCD) output of the DVM is

routed to the Kennedy recorder and there placed on magnetic

tape. The BCD format on the tape consists of a sign, five

digits, and a decimal place, in that order. The sample

voltages were recorded for both plus-and-minus current

and plus-and-minus magnetic field. The data tape containing

these measure sample voltages along with a data card containing

sample current, cross-sectional area, and separation distance

between the measuring probes were processed with an IBM

360/50 computer into true zero-field resistivity and Hall

coefficient data. Appendix C gives the dimensional corrections

that must be taken into account when determining the change

in the Hall coefficient and resistivity with stress. These

corrections, which are due to changes in the sample

dimensions with stress, are so small that they need be

considered only when one is interested in fractional

resistivity changes of the order of a few percent.



CHAPTER III

THEORETICAL CONSIDERATIONS

Valence Bands in the Absence of Stress

A detailed calculation of the energy dispersion

relation for the valence bands of Ge-like semiconductors

has been made by several workers.7-3 7 . Such calculations

lead to the following expression for the E-k relationship:

E = -Z0 (Ak2  {Ek) (1)

where

Zo = h2/2m0
Ek = B2k4 + C2 {(kxky)2 + (kxKz)2 + (kykz)2}

and the upper sign is for the light holes and the lower

sign is for the heavy holes. The zero of energy has been

taken at the top of the valence band and positive energy

ia measured in the direction upward towards the conduction

band. The subscripts x, y, and z refer to the {100},

{010}, and {001} crystal directions, respectively. This

coordinate system is designated as the cubis.axis system.

The constants A, B, and C are empirically determined by

cyclotron resonance experiments. The presence of the term

C2 in Eq. (1) distorts the constant energy surfaces in

a cubically symmetric manner.

36
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As discussed in the Introduction of this paper, the

Ge valence-band structure is applicable to InSb. The

InSb band constants A, B, and C employed in Eq (1) for the

present study are those reported by Bagguley et al.-, 5

namely,

A = 25 B = -21 ICI = 16

which were determined by cyclotron resonance experiments

over the temperature range from 10 K to 60 K. Bagguley

et al., were not able to detect any inversion asymmetry

effects; however, a later experiment performed by Robinson4

observed inversion asymmetry effects in the cyclotron

resonance spectra at 1.8 K but not at 11 K. Robinson's

11 K measurements yielded the same masses as those

reported by Bagguley et al. Pidgeon and Brown6 have also

measured masses which are in good agreement with those of

Bagguley et al.

Effects of Strain on the Valence Bands

The problem of calculating the modifications of the

valence band structure accompanying uniaxial deformation of

diamond-type and zincblende-type semiconductors is one of

considerable complexity. Pikus and Bir 14,15 have solved

this problem, and have derived the functional dependence

of the hole energies on both k-vector and strain. These

calculations all involve solving the secular equation from

degenerate perturbation theory. Two different techniques;
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however, have been utilized by Pikus and Bir to obtain the

secular equation. The procedure for Ge involved writing

the perturbed Hamiltonian considering both the k-vector

and strain as perturbations, while the method used for

InSb obtained the secular equation directly from group-

theoretical symmetry considerations. The actual details

of the derivations are not of concern, however, in the

present investigation.

Pikus and Bir point out that the Ge strain-dependent

E-k relation is identical to that of the strain-dependent

relation for InSb, if terms linear in k may be neglected,

which is the case at high temperatures. The Pikus and Bir

E-k relation for the valence bands of Ge-like semiconductors

in the presence of a general strain cij is

Ej(kE). = -Ak2 - aE - (-l) {Ek + EkE + E,} (2)

where j=1 refers to the heavy holes and j=2 refers to the

light holes, and where

Ek = B2k 2 + C2 (k 2k +y2kz 2 + kz2 k 2 )

Ekc = Bb{3(kx2Ex + ky2cyy + kz 2 zz)- k2} + 2Dd

(kxkyExy + kykz~yz + kzkxzx)

E= b2(gEyy2 + (EyyEzz)2 + zz ~xx)} +
2

d2X2 + Eyz2 + zx

xx yy zz

D = - {C2 + 3B2 }
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The band constants A, B, and C are in units of t2/2m0 , and

a, b, and d are deformation potential constants. The sign

convention for Bd and Dd are discussed by Hasegawa.3 8

The strain tensor elements cij are given in Table I for

the principal stress directions. The stress X is positive

for tension and negative for compression. The magnitude of

X is denoted by X in the present work. The values of the

39
compliance constants which relate strain and stress are

given in Table II, as well as the deformation potential

constants b and d.32  The hydrostatic deformation potential

constant a, which describes the rigid shift of the bands

with stress, has not been measured yet. Fortunately,

this constant is not required in the analysis of transport

effects since the relative energy between the bands is

the important quantity. The separation energy, Es,

between the two band edges at k=O is given by

Es =s El - E2 1 = 2 {E }2 (3)

Table III lists Es for the principal stress directions.

It is convenient to examine the energy dependence of

the valence bands in the limit of very large stress

(Es kBT), and in the limit of very small stress

(Es << kBT) because of the complexity of Eq. (2 ). In

the case of very large stresses, Ek may be neglected and the

radical in Eq. (2 ) expanded to give



TABLE I

STRAIN TENSOR ELEMENTS

Stress Components

xx yy = 12X

{001} czz Sl2X

yz zx xy 0

6xx =yy ezz

f1il}=1/3 (Sii + 2S 1 )X

xy yz zx

= 1/6 S4 4 X

Sxx =8yy = (S12 + S

{110 } zz =12

=xy 4 4 4X

Ezz 6zx 0

40



TABLE II

InSb COMPLIANCE AND DEFORMATION POTENTIAL CONSTANTS

Si1 S12 S4 4  b d
(per kbar ) (per kbar ) (per kbar ) (eV) (eV)

2.27 x 10-' -7.6 x 10-4 3.19 x 10-' -2.1 -5.5

41
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-E = 2 A 2 + ac + hE + JEkE (4)
1,2 k ~ s -

2 {Ei 2

This equation is particularly interesting because it reveals

that the constant energy surfaces are ellipsoidal in shape.

The energy surfaces are ellipsoids of revolution with the

stress axis as their symmetry axis for a {OO1} or {lll}

stress, but for {10} stress the energy surfaces are

ellipsoids of the most general form with three unequal

principal axes and without a symmetry axis of revolution.

For {001} compressive stress, the energy surface for the light

holes is a prolate ellipsoid, while for the heavy holes is

an oblate ellipsoid, as shown in Fig. 2. Both surfaces

have axial symmetry about the stress axis (kz). Note thatz

for tensile stress the ordering of the bands would be

reversed from that shown. In the high-stress region, the

k-dependent expressions are independent of the magnitude of

the stress, and only the separation between the bands is

dependent on the magnitude of the stress. The effective

mass components associated with the ellipsoidal bands are

independent of the applied stress and are dependent only on

the direction of the stress.

In the limit of small stresses, E 2 can be neglected

and the radical in Eq. (2 ) expanded to give

-El,2 = Ak2 + Ek2  + aE+ E5
k (5)
{Ek }



TABLE III

BAND EDGE SEPARATION ENERGY

Stress Separation of Bands InSb

{001} 21b(S 1 -Sl2)XJ 12.7 meV/kbar

{110} 21 d S 44 X 10.1 meV/kbar

2 F

{110} 2{4 (S-S)2 +3(d__ 4 )2 }xI 10.9 meV/kbar

43
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it is seen that the dependence of E on k of the undeformed

crystal is present due to the Ek term (warped bands), and

in addition, there is a shift of the bands proportional

to the stress and dependent on the direction in k-space.

In the intermediate ranges of stress, where neither of these

approximations are valid, Eq. (2) must be used. The

quadratic dependence of E on k is lost in this region.

For the present investigation, the E-k relations for

{001} and {llO} compressional stress are of interest.

Using Eq. (2), the stress dependence of the heavy-hole and

the light hole bands are given by

Eh = El(k,X) - E1 (O,X) (6)

Ek = E2 (k,X) - E2 (0,X) (7)

where for {001}stress

EkX = Bb(Sll-Sl2 )X (2kz2 -kx 2-Ky2 )

EX = b2 (Sl1~S12) 2X2

and for {110} stress

Ekx = Bb(S 1 -S1 2 )X (kx2 + ky 2 - 2kz 2

E 22 d2+ y4) 2k)x)EX (_4 '(S 11_S1 2)2 + dS 44 )x
16

and

X = -X

for compressive stress. Eh is the energy referred to the

edge of the heavy-hole band, and Ek is the energy referred

to the edge of the light-hole band.

In order to gain some feel for the shapes of the bands

and constant energy surfaces, Eq. (6) was solved for k and

k-values were calculated numerically for fixed energy values
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using a computer for given values of {00l} -stress. The

results of these numerical calculations are shown in Fig.

10 through Fig. 13.

Stress-Splitting of the Shallow Acceptor Levels

For the InSb material investigated in this work,

cadmium is the dominant dopant impurity, and the acceptor

centers are monovalent. Bir et al.4 0 have investigated the

effects of strain on the monovalent impurities in ge and

Si using a group-theoretical technique. Their work yielded

the following expression for the splitting of the ground-

state acceptor energy:

EAi = -a ' - (-l)i{E '}

where

E E = b'(E -E )2 + (E C )2 +(C )2 + d'( 2+
xx yy yy zz Zz x xy

i labels the level under consideration, and a', b', and d'

are the impurity deformation potentials. The form of this

equation is identical to Eq. (2) for the splitting of the

valence bands at k=0. Sharan and Heasell3 1 have employed

this equation with success in their infrared absorption of

study of Cd-doped p-type InSb under compression. The

deformation potentials b' and d' measured by Sharan and

Heassell are used in the present investigation, namely,

b' = -1.04 eV and d' = -4.4 eV.
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Density-of-States Mass Variation with Stress

The concentration of hole carriers in a band is given

by

(2r)3  Fd 3 k(9)

where Fo is the equilibrium distribution function of the

holes. Integration extends over all k-space. For the

semiconductor in question, the distribution function F

can be the classical Boltzman distribution for holes.

Therefore, Eq. (9) becomes

P 2 exp E_EF exp E-Ev

(2-F)3 kBT kBT d3 k (10)

where Ef is the Fermi energy and Ev is the valence band edge.

Eq. (10) may be written in the following form:

P = Nvexp Ev-Ef

kBT (11)

where Nv is called the effective density-of-states and is

given by

N 2 _ 2TMkT

v (27) ( 2 j12)

The quantity md is called the "density-of-states effective

mass'' md is equal to m* for a semiconductor having spherical

energy surfaces and (mlm2m3)'A for the ellipsoidal energy

surface case. 4 7

The density-of-states effective mass for stressed

Ge-like semiconductor bands will now be derived. Since

there are two bands, the total hole density is given by
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the sum of the contributions from each band. Therefore,

P = 2 I + 12 exp (-Ex/kBT) exp Ev~EF } (13)

(27T) kBT

where

I= jexp { E (kX)-Ej(0,X) /kBT} d'k

The valence band edge Ev has been chosen to be the top of

the heavy-hole band, i.e.,

Ev = E1 (0,X). (14)

Comparison of Eq. (12) with Eq. (10) and Eq. (11) yields

the following expression for the net density of states

effective mass

[mrad3/2 = Emddl3/2 + exp (-Es/kBT) Lmd213/2 (15)

where

md /2 =F2= kBT exp E (k,X) -Ej (,X) d3 k

h2

kBT (16)

is the density of states effective mass for the individual

bands. Numerical values of mdl and md2 as a function of

stress at various temperatures were calculated using an

IBM 360/50 computer.41 Appendix B contain@ the results

of these calculations for 77 K and {00]J and {ll0} stress

directions. Figure 14 exhibits the stress dependence of the

individual density-of-states masses for {001} compression,

T = 77 K. Similar curves are obtained for other stress

directions and temperatures. The light-hole Nv increases

while the heavy-hole Nv decreases with stress. The heavy
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holes completely dominate the net density of state mass due

to the fact that as the bands are moved farther apart, the

exponential factor containing Es in Eq. (15) rapidly

decreases the importance of the light hole contribution to

the total density-of-states mass. The ratio of light-to-

heavy holes is given by

P2  = md
exp (-Es/kBT)

1md

At zero stress the light holes contribute less than 2% to

the total concentration, and this fraction goes rapidly

toward zero as stress is applied.

Extrinsic Carrier Concentration

A pure semiconductor at absolute zero has a filled

valence and empty conduction band, and thus electrical

conduction is not possible unless sufficient thermal

energy is available to excite electrons across the forbidden

energy gap E g into the conduction band creating an equal

number of holes (empty electron states) in the valence band.

The material thus exhibits "intrinsic conduction."

The introduction of group II or group VI impurity

atoms into III-V semiconductors strongly influences their

electrical properties at temperatures below the intrinsic

range (usually below 150 K). The outermost electrons of

the impurity atoms have energy levels which fall in the

forbidden energy gap. Impurities with an extra electron
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are called donors; the donor levels fall at an energy

ED close to the conduction-band edge and can pass this

extra electron to the conduction band. Impurities which

are deficient in an electron are called acceptors; the

acceptor level falls at an energy EA just above the valence-

band edge, and each acceptor atom can take an electron from

the valence band. Electrons on donor or acceptor sites

are localized states and do not take part in the conduction

process, so that doping with impurities provides a simple

means of controlling the conduction properties.

At temperatures sufficiently high to provide thermal

energies of the magnitude of EA or ED, but sufficiently

low to prohibit intrinsic conduction, "extrinsic conduction"

occurs. In this case, current can be carried either by

electrons in thermal equilibrium with electrons on donor

impurities (n-type conduction), or similarly by holes in

the valence band in thermal equilibrium with acceptor

impurities (p-type conduction). As the temperature is

lowered in the extrinsic conduction range, carriers freeze

out of the bands onto the impurity centers resulting in

an exponential decrease of the conductivity as a function

of inverse temperature. Experimentally, a break or change

of slope is observed in the conductivity (at T<l0 K for

InSb). For temperatures below the break, conduction takes

place between the impurities rather than in the energy bands

of the host material. This type of conduction process

is called "impurity-band conduction."
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This is a very simplified picture of the behavior of

impurities in semiconductors. It is not the object of this

section to digress into a detailed discussion of the

statistical problem of the distribution of carriers in a

semiconductor, but rather to present the necessary formulas

for the calculation of the concentration (or density) of

carriers.

If there are ND donors per unit volume, NDO electrons

per unit volume on the donor sites, NA acceptors per unit

volume, and NAO holes on the acceptors per unit volume,

it can be shown42 that

ND0 = ND

gD1 exp 6 (ED - EF) + 1

NA 0 =

AI exp f(EF - EA) + 1

where = l/kBT and each donor or acceptor has a spin

degeneracy factor of g A D=2. It is assumed that each

donor or acceptor has a state only at ED or EA. The number

of ionized impurities, therefore, are

N + = N - N 0 ND
D D D

1 + gD exp [3(EF ED))

and

NA~ = NA - NA0  NA (18)

1 + gA exp [I (EA - EF)
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In order to maintain overall electrical neutrality, the

total number of positive charges must equal the total

number of negative charges, and hence

n + NA- = p + ND

where n and p are the density of electrons and holes in the

conduction and valence band. The charge balance equation

may be generalized -to the form

N + (NA=)k P+ Z(ND)L

where Nis the number of electrons in the ith band, P3

is the number of holes in the jth band, (ND+) L is the number

of ionized donors of the Lth type, and (NA) k is the number

of ionized acceptors of the Kth type.

Kohn48 has predicted that the degeneracy factor should

be four instead of two in a semiconductor with two valence

bands degenerate at k=O, such as germanium, and that under

uniaxial stress the degeneracy factor should be two for

each split level of a monovalent acceptor.



CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

Piezoresistance and Hall Mobility

The stress dependence of the measured sample resis-

tivities as fixed temperatures are shown in Fig. 15 for

{001} and {110} stresses. In each case, the resistivity

monotonically decreases with increasing applied stress.

The resistivitytchanges with stress are large, being in the

range of about 400 to 800 percent. The {001}-sample

resistivity clearly shows non-linear behavior at 77 K

for stresses less than about 2 kbar,, whereas the 77 K

data for the {ll0}-sample exhibits linear behavior for the

sample stress region as does the 64 K data. The 12 K

data also appears to be non-linear. Figure 16 exhibits

the fractional change in resistivity as a function of

stress; the curve for the 64 K data has been omitted since

it is almost identical to the {110} data at 77 K. A test

sample with {ll0}- orientation (1.4 x 1014 cm-3 concentration-

and 5.8 ohms-cm resistivity at 77 K) is also shown in

Fig. 16. The test sample was employed for initial testing

of p-InSb to withstand large stresses without fracturing.

The non-linear region of the piezoresistivity at stresses

greater than about 1.5 kbar is evidence of the depopulation
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of the light-hole band and approach to the large stress

region. There is no apparent leveling off of the piezo-

resistivity; however, and it continues to change with stress.

An identical behavior has been observed for a {lll}-stressed

p-Ge sample of 7 x 1014 cm-3 concentration under compression

to 9 kbars at 77 K by Schetzina.2 4 Notice also the

similarities of the piezoresistivity behavior shown in

Fig. 15 and the stress variation of the net-density-of-states

mass shown in Fig. 14. Although not shown in this plot,

the net-density-of-states mass becomes independent of

stress at about 1000 kbars.

Valyashko et al.3 6 have {110} stress data for 93 K

and 15 K which are very similar in shape to the 77 K and

12 K {110} data. They quote a piezoresistance at 93 K of

0.025 per kbar. The 77 K data yields a slope in the

low-stress region of about 0.027 per kbar for the 1.4 x

1014 cm-3 sample which is of the same concentration as

their sample. While the lower concentration sample gave

a slope of 0.024 per kbar (0.027 per kbar at 64 K). The

data of Tuzzolino2 7 for a 3 x 1015 cm-3 sample yielded a

value of 0.0237 per kbar. If only the first two data

points for the {001} data are used, the slope is roughly

0.1 per kbar. Tuzzolino's results yield a value of 0.096

per kbar for a {001} direction. The 12 K data, using the

first two data points, indicates a slope of 0.22 per kilobar

which is smaller than Valyashko's value of 0.95 per kbar
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at 15 K. The piezoresistance coefficients all have the

general feature of increasing magnitude with decreasing

temperature which agrees with Valyashko's findings.

Figure 17 illustrates the stress behavior of the

electrical conductivity of the {001} and {l10}low-centration

samples, where a. is the zero-stress conductivity at 77 K.

(Since the conductivity tensor for the {Ol0} and {110}

directions is diagonal, but not isotropic, the conductivity

was taken as the inverse of the resistivity.) Similar

shaped curves were obtained for the 64 K and 12 K data.

The conductivity is seen to increase monotonically with

increasing stress for both orientations.

It is customary in semiconductor literature to quote

"the mobility" of a material as its zero-magnetic field

mobility which is defined by the expression p = ROcO, where

R0 is the measured Hall coefficient in the limit of vanishing

small magnetic-field and ao is the zero-magnetic-field

conductivity. However, the conductivity mobility, defined

by p = RO0 O, where R0 is the measured Hall coefficient

in the limit of large magnetic-fields, is also often quoted.

In general, it is the Hall mobility defined as p = RH&O that

is quoted for either small or large magnetic-field strengths.

The stress dependence of the Hall mobility at 77 K

for {001} and {110 } stress directions are shown in Fig.

18 and Fig. 19, respectively. The high-field mobility

shows a monotonic increase with stress for both samples,

as does the low-field mobility in the {1101 orientation.
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The low-field mobility for the {OO1} stress direction displays

a shallow minimum at about 1 kbar of stress, but tends to

increase more rapidly in the high stress region than does

the high-field mobility. Hall21 has also observed a

minimum in the Hall mobility for {llO}-stressed sample,

but not for a {lll}-stressed sample, in his study of

p-Ge. Also, Metzler4 3 has observed the same phenomena

in his p-GaSb mobility data. Hall observed a saturation

of the mobility with stress for both stress orientations,

while Meltzer only saw a slight saturation effect at 53 K

but not at 77 K. Comparison with thei data reveals that

the behavior observed in p-InSb in essentially the same for

corresponding strain per temperature regions.

The stress dependencies of the piezoresistance and

Hall mobility are governed by changes in the scattering

times, concentrations, and effective masses of the light

and heavy hole carriers. The decrease in the high-mobility

light holes is likely evidenced by the structure observed

in the lower stress regions. At high stress, the heavy

holes dominate the observed stress behaviors and it is

suspected that the mobility changes (effective mass changes)

are the cause of the observed effects. A detailed analysis

of the stress dependencies of the piezoresistance and Hall

mobility await further theoretical development.



Magnetic-Field Dependency of the Hall Coefficient

The field dependency of the Hall coefficient RH is

displayed by plotting the Hall coefficient factor RH!

R24,000, where R2 4 ,0 0 0 is the Hall coefficient at 24,000

gauss. The Hall coefficient factor is defined theoretically

as RH/Ro.

The field dependencies of the Hall coefficient factor

for the {001}-oriented sample at 77 K and the {ll0}-

oriented sample at 77 K, 64 K, and 12 K are shown in Fig. 20

and Fig. 21 through Fig. 23, respectively. At zero stress,

the curves show a structure characteristic of a Ge-like

semiconductor.

Beer and Willardson1 2 have developed a theoretical

expression for the Hall factor as a function of magnetic

field. Their model consists of a warped heavy-hole surface

and a spherical light-hole energy surface and assumed

scattering by both acoustical phonons and ionized impuri-

ties. They were able to obtain (after lengthy computer

computations) the experimental Hall coefficient factor for

p-Ge. The features of their theoretical results for the Hall

coefficient factor are a weak field plateau region followed

by a sharp monotonic drop for intermediate fields to a

minimum, after which the curve increases to shallow maximum,

then slightly decreases with magnetic field and saturates.
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The InSb data a zero-stress clearly exhibits this kind

of behavior at liquid nitrogen temperatures. At 12 K

the InSb data appears to exhibit the behavior found by Beer

and Willardson for the case where ionized impurity scattering

is the dominant scattering mechanism, i.e., a monotonic

decreasing field-dependence of the Hall coefficient factor.

Beer4 4 has shown (see Fig. 24) that the Hall coefficient

factor may rise monotonically to saturation for a single

warped band. It is probably, therefore, that the rise in the

Hall coefficient factor seen in Fig. 20 for stresses

between about 1 kbar and 3 kbar. is indicative of conduction

by a single warped band.

Several Soviet workers have very recently dealt with

the Hall coefficient factor in unstrained p-InSb crystals.

Galavanov and co-workers 45-46 have employed Beer and

Willardson theory to model the Hall coefficient factor

for p-InSb at 77 K and concentrations of about 10'~ cm-
3 .

Their model took into account optical phonon scattering,

in addition to acoustical and ionized impurity scattering.

Satisfactory agreement of their experimental data with

their model was obtained only when the relaxation times

of the heavy and light holes were assumed equal for

scattering by acoustical and optical phonons. A heavy-to-

light hole relaxation time ration of five was required

for ionized impurity relaxation times. Galavanov investi-

gated also the temperature dependence of the low-field

Hall coefficient factor RO/R2 0 ,0 0 0 in the temperature range
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77 K to 105 K and the Hall coefficient factor RO/R4500

for the temperature range between 77 K and 30 K. The results

of these experiments showed that the low-field Hall coefficient

factor decreased as the temperature was lowered. In Fig.

25, the Hall coefficient factor R5 0/R2 4 ,000 is plotted

as a function of {001} and {11O stress at 77 K for the

samples investigated in the present study. This stress

data shows a decrease in the Hall coefficient factor for

stresses up to about 1.5 kbar followed by an increase

for larger stresses. The parameter X/T is the quantity

of importance for comparing the stress(X) and temperature

(T) variations of the Hall coefficient factor. The low-

field Hall coefficient factor decreases directly with

stress as evidenced by Fig. 25, whereas it decreases as

l/T as shown by the experiments of Galavanov. Therefore,

in the low-stress region (less 1.5 kbar) the behavior

of the low-field Hall coefficient factor is concluded to

also evidence an increase in importance of impurity

scattering with increasing stress. For stresses greater

than about 1.5 kbar . the low-field Hall coefficient

factor behavior reflects the loss of influence of the high-

mobility light holes and the dominance of the low-mobility

heavy holes.

Analysis of the stress-dependence of the Hall coefficient

as a function of magnetic-field is beyond the scope of this

investigation. The magnetic-field dependencies of the
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Hall coefficients measured in this investigation at 77 K

are contained in Appendix A for the {001} and alO} stress

directions, which may be of assistance in future theoretical

work on this topic.

High-Field Hall Coefficient and Hole Densities

Complexities introduced in the analysis of the 
Hall

coefficient due to the presence of stress-dependent scat-

tering mechanisms are avoided at strong magnetic-fields

since the high-field Hall coefficient reduces to the expression

RH+ O = e(P1 + P2) -1 = (eP) 1

for all stress values. The total hole density in the valence

bands is assumed to be equal to the Hall concentration at

24,000 gauss, that is,

P = e R2 4 ,000

is assumed in the present study. This results in about a

10-20% under estimation in p according to the theoretical

predictions of Galavano; RH is a slowly varying function of

field above 20,000 gauss.

Figure 26 displays the {001} and{ll0} stress variations

of the high-field Hall coefficients at 77 K, 64 K, and

12 K. At 77 K and 64 K, the hole density initially

decreases and then increases exponentially with stress,

while at 12 K there is only a monotonic increase of hole

dnesity with stress. For the {001-stressed sample,

the minimum in the hole density occurs at approximately
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1.75 kbar and there is a 20% gain in hole density when

X = 6 kbar. The minimum in the stress dependence of the

hole density occurs at about X = 3 kbar, for the {ll0}-

oriented sample at 77 K. The hole density at 64 K for this

sample also shows a minimum at X = 3 kbar, The hole

density changes are less for the {.110}-oriented sample

than those for the {00l}-oriented, except at 12 K. There

may be a shallow minimum in the hole density curve for

the {ll0}-oriented sample at 12 K, but it was not resolved.

The initial decrease in the hole density with stress is

expected from the decreasing density of states and the

reversal of this trend is due to a lowering of the acceptor

level toward the heavy-hole band resulting in an increase

in the hole density, as discussed in Chapter V of this

paper.



CHAPTER V

HOLE DENSITY ANALYSIS

Fermi Level Stress Variation

For analysis of the stress-dependencies of the net

hole density of p-InSb, the Fermi energy as a function of

stress is required. The measured values of the hole densities

as a function of stress may be inserted in Eq. (11)

along with the values of calculated for the net density-

of-states mass to allow a determination of the Fermi

energy with respect to the heavy-hole valence band edge.

The results of this computation for {001} stress and a

77 K temperature is shown in Fig. 27. The Fermi level

is seen to move from 63 meV (9.5 kBT) above the heavy-hole

band edge at zero stress to only 46 meV (6.9 kBT) at 6

kbar of stress. Similar results for the Fermi level are

also found for the {110} stress ranges;.9.4 to 7.2 kBT at

77 K, 9.2 to 7.2 kBT and 11.4 to 6.9 kBT at 12 K. Clearly

the assumption of Boltzmann statistics in the calculation

of the density-of-states effective masses is valid over the

stress ranges employed in the present investigation.

Low-Temperature Hole Density Model

The following energy level scheme was empirically

found to satisfactorily predict the behavior of the

78
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effects of stress on the net hole density at 12 K

(1) The density of holes in the valence band is

due to a shallow cadmium acceptor level.

(2) The shallow acceptor level splits into two

levels (EAl and EA2) under stress according

to Eq. (8 ).

(3) The shallow residual donors are completely

ionized.

Figure 28 shows the predicted motion of the split

levels relative to the stress-dependent heavy-hole band

edge. At zero stress, the shallow acceptor leve is seen to

lie about 10 kBT above the valence band edge. The split

lower acceptor level is seen to enter the heavy-hole band at

about 1 kbars of stress, while the upper level is very

close to the Fermi level and moves away from the Fermi

level with increasing stress towards the heavy-hole band

edge.

The density of holes in the valence bands, p, is

obtained from the charge balance equation

P= NA1 ,2  - ND
____ ____ ___ ____ ___ ____ ___ ____ ND(23)

1 + 9 A exp{ f A -SF),

where

Aj = E Aj - Ev = E + aX(24)

Ev = El (OX)
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Quantities appearing in the above equation are defined as

NA,2 = density of the shallow acceptor level

ND = density of compensating donors

Ee= activation energy of the shallow acceptor
level relative to the zero stress valence
band edge

gA = spin degeneracy factor, presumably gA= 2

a = slope of EAj with comparison

= (kBT)~1

Ev = heavy-hole band edge

Using Eq. (24) it can be shown that

al- a2 = 7.69 meV/kbar.

Using NA1,2' E0 , ND and a2 as adjustable parameters and

inserting the experimental stress-dependent Fermi energies,

Eq. (24) was employed to least squares fit the variation in

the hole density with stress. Figure 29 shows the quality

of the fit obtained. The smooth curve is the result of

the least squares fit to the model and the open circles

are the experimental data points. Notice that the smooth

curve has a minimum at about 0.25 kbar which was not

resolved in the experimental measurements. The percentage

deviation between the data and the least squares fit was

5.6%. This is an acceptable error considering the few

number of data points available for fitting. The numerical

parameters that resulted from the fit were
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E 0= 10.9 meV

a1= -2.33 meV/kbar

a 2 = -10.02 meV/kbar

NA = 6.78 x 1012 cm-3

ND = 2.44 x 1012 cm-3

Using Eq. (24) and the values of a and a obtained from
1 2

the least square fit, it can be shown that

a - a' = -0.97 eV

which shows a 3 a' as Sharan and Heasel3 1 and Balslev4 9

have suggested. Values for a or a' have not been measured.

It is also gratifying the E0 is close to 10 meV which is

the nominal value of the acceptor activation energy for

cadmium impurities.

The initial decrease in the hole density with stress,

as shown in Fig. 29, is the result of a decrease in the

density-of-states net effective mass and the motion of

the Fermi level towards the upper split acceptor level

(see Fig. 28), while the increase in hole density with

stress is due primarily to the retreat of the Fermi level

from the upper acceptor level as the stress is increased.

This model would appear to satisfactorily describe

the behavior of the 12 K hole density data; however,

the numerical results should not be taken as highly

accurate due to the low number of data points.
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High-Temperature Hole Density Model

The shallow acceptor level at zero stress is only

about 1.5 kBT above the valence band edge at liquid nitrogen

temperatures. Figure 27 shows the predicted motion of the

split acceptor levels relative to the top of the heavy-

hole band for a {001} direction of stress. The lower

acceptor level is seen to enter the heavy hole band at about

1.1 kbars while the upper acceptor level enters the heavy

hole band at about 3 kbars of stress. It is clear that

the split shallow levels are so close to the heavy-hole

band as to be completely ionized at zero stress. This, plus

the fact that the Fermi level is so high in the gap, implies

the existence of a deep acceptor level. Similar behavior

is observed for the {l10}-oriented sample. The following

hole density model was found to describe the behavior of

the 77 K and 64 K hole density data under uniaxial stress:

(1) The shallow cadmium acceptor level is totally

ionized.

(2) The density of the holes in the valence band

is due to a deep acceptor level of density NA3

located at energy EA3 in the forbidden gap.

(3) The deep acceptor energy level does not split

with stress, but is only shifted linearly with

stress.
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(4) The shallow residual donors are completely ionized.

It was determined empirically by least squares fitting of

the hole data that only an unsplit deep acceptor level

would permit fitting.

The charge balance equation is, therefore, of the

following form:

p NA3 + NAl,2 - ND (25)

l+gAexpA(eA3~EF)

where

CA3 EA3 - EV = EO + UX

eF = EF - Ev

Ev = E 1 (O,X)

Quantities appearing in the above equation are defined as:

NA3 = density of the deep acceptor level

NAl,2 = density of the shallow ionized acceptor level

ND = density of compensating donors

E'0 = activation energy of the deep level relative to
the zero-stress valence band edge

gA = spin degeneracy factor, presumably gA=2

= slope of EA3 with compression

Ev = heavy-hole band edge

It was found empirically that the exponential factor

in Eq. (25) is much larger than unity, hence

p = NAD + NAE exp(SEF)exp {- (X)} ((26)
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Fig. 30--Net hole concentration at 77 K as a function of
compressive {llO stress. Open circles are the
hole densities determined from the Hall coefficient
measured at 24,000 gauss. The smooth curve is
the result of a least squares fit to the model.
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64 K as a function of
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The smooth curve is the
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Fig. 32--Net hole concentration at 77 K as a function of

compressive {00l} stress. Open circles are the
hole densities determined from the Hall coefficient
measured at 24,000 gauss. The smooth curve is the

result of a least squares fit to the model.
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where

NAD = NA - ND

NAE =9A- NA3 exp (-fE'o) (28)

Using NAD, NAE, and a as adjustable parameters and inserting

the experimental Fermi energies, this equation was used

to least squares fit the measured hole density variation

under stress. Figure 30 illustrates the results of the

best fit for the {ll0}-stressed sample at 77 K. The smooth

curve is the result of the least squares fit to the model

and the open circles are the experimental data points.

The quality of the fit was good and the percentage deviation

is 0.74%. Figure 31 exhibits the results of the least

squares fitting of the model to the764K data for the {llC}

oriented sample, and the percent deviation for this fit is

1.1%. An excellent fit was obtained for the {001}-stressed

sample as is shown in Fig. 32. The initial drop in hole

concentration with applied stress occurs because the density

of states is decreasing, i.e., md and EF are decreasing.

As more stress is applied, the influence of the density of

states is overpowered by the increasing availability of holes

resulting from the increasing closeness of the deep acceptor

level to heavy-hole valence band. Therefore, the hole

concentration increases at large stresses. The percentage

deviation is 0.24% for this fit. The numerical results of the

data fitting are presented in Table IV.
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The negative values for a show the deep level approaches

the heavy hole band. The motion of the deep level is

illustrated in Fig. 27, where E'0 has been arbitrarily

chosen as 100 meV. This arbitrariness arises because of the

inseparability of E'0 from NA3 and gA in the term NAE'

Although in principle, all parameters are separable by

least squares fitting methods, in this instance the Fermi

level is sufficiently far below the deep level as to cause

independent parameters to behave as dependent ones. Since

the assumption of Boltzmann statistics is valid, one may

estimate the minimum valus of E'0 as about 4 kBT above the

Fermi level, i.e., 90 meV at 77 K and 73 meV at 64 K. The

numerical results for N AE then allow an estimate of the

minimum value of NA3. These rough estimates are shown in

the last column of Table IV, and it is seen that NA3 is

of the order of 1015 cm-
3 , while other workers

5 >-5 2

find a deep level located between 80 meV and 160 meV with

concentrations ranging between about 1014 to 1016 cm-3 .

There is as yet no agreed view on the nature of the deep

levels in p-type InSb, although most of the workers are of

the opinion that they are the result of residual impurities

and lattice defects.



CHAPTER VI

SUMMARY AND CONCLUDING REMARKS

This investigation has provided insight into the

effects of uniaxial stress on the electrical properties of

p-type InSb. The observed stress-induced changes in the

resistivity, Hall mobility, hole concentration, and magnetic

field dependence of the Hall effect has been presented in

Chapter IV. As outlined in the Introduction of this paper,

piezoresistance and Hall effect stress studies for p-InSb

are scarce; investigators are hampered by the lack of

theoretical models for comparison with the experimental

results. The lack of theoretical literature on this

subject is mainly due to the complexity of the problem

(multi-band conduction, complex constant-energy surfaces,

several different types of scattering mechanisms, etc.),

and perhaps partially due to the lack of experimental data

suitable to guide the theoretical work. The data reported

in this investigation should be of great value to theorists

interested in this problem.

As pointed out in Chapter IV, neither the Hall mobility

nor the piezoresistance became independent of stress which

would have been indicative of single-band conduction with

stress-independent effective mass components, as predicted

by the Pikus-Bir model. Instead, the resistivity was found

to decrease smoothly with stress, while the Hall mobility
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increased monotonically with applied stress. The plot of

Hall coefficient factor versus magnetic field has a shape

that is characteristic of Ge-like semiconductors, and the

structure of this curve was found to be strongly dependent

upon the magnitude of the applied stress. The Hall factor

curve at maximum stress is probably indicative of the field

dependence of a single band of carriers with an ellipsoidal-

like energy surface since it has a similar shape; however,

the shape such curves are sensitive to the scattering

mechanisms and further theoretical research on this topic

is required before the data can be analyzed quantitatively.

For the present, one must be satisfied with only a qualitative

verification of the Pikus-Bir model of the valence band

structure in the presence of large stresses.

The analysis of the stress variation of the net hole

concentration, however, has proven to be tractable as

shown in Chapter V. The hole concentration was observed

to initially decrease and then increase with stress at

liquid nitrogen temperatures, while at 12 K only a monotonic

increase in hole concentration was observed. These stress

behaviors were shown to be the result of a competition

between the motion and distortion of the valence bands

and a decrease in the activation energy of the appropriate

acceptor states. A deep acceptor level was employed in the

theoretical model for the liquid nitrogen data since all

of the cadmium acceptors are ionized at such temperatures.
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It was empirically found that the deep level does not split

under stress as does the shallow cadmium acceptor level.

The density-of-states mass for the light-hole band and

for the heavy-hole band were calculated, as described in

Chapter III, using the Pikus-Bir stress dependent E-t

relation. This was employed along with the measured hole

densities to allow a determination of the Fermi level as

a function of stress which was required for the hole

concentration analysis. The Pikus-Bir picture of the heavy

hole band moving to higher electron energy (lower hole

energy) was verified by the success of the hole density

analysis, for if the light-hole band were to move up in

electron energy, the predicted stress variations of the

hole concentrations cannot reproduce the measured data.

The "goodness" of the least squares fit of the hole density

models to the observed hole density data is evidence of the

utility of the stress technique presented in this work as

a tool for the study of the impurity levels of p-type semi-

conductors. Future investigations should capitalize on

the results of the work reported here and conduct experiments

over wider temperature ranges and use smaller stress

increments. Measurements on p-InSb made between 30 K and

50 K would not only enhance the stress variations because

the valence band separation energy per unit stress would

be larger, but would considerably simplify analysis of

the piezoresistance and Hall effect data since at these
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temperatures only one scattering mechanism (ionized impurity)

need be considered. It would also be less difficult to

theoretically analyze data taken on samples oriented with

their sample dimensions parallel to the cubic crystallo-

graphic axes. Investigation of samples with higher hole

concentrations and also samples doped with different

kinds of acceptors would be a very useful study. A similar

study on p-Ge for which much lower hole concentrations

are possible would also be of interest.



APPENDIX A

PIEZORESISTIVITY AND HALL EFFECT AT 77 K

Resistivity and Hall coefficient stress data collected

at 77 K for {001} compression is presented here. Resis-

tivity as a function of {001} and{llO} compression are given

in Table V. The magnetic-field dependence of the Hall

coefficient for {001} compression is presented in Table VI.

Table VII contains the magnetic-field dependence of the Hall

coefficient as a function of {llO}compressive stress.
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TABLE V

PIEZORESISTANCE DATA AT 77 K

x p110 p001

(kbar) (Q-cm) (Q-cm)

0-

.25

.50

.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

2.75

3.00

3.25

3.50

3.75

4.00

15.357

13.578

11.741

9.747

8.053

6.780

5.721

4.938

4.347

25.321

24.726

23.655

22.177

20.327

18.368

16.475

14.620

12.983

11.488

10.216

9.2007

8.3055

7.4616

6.8050

6.1924

4.6751
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TABLE V--CONTINUED

x p p0 001

(kbar) ( Q-cm) ( Q-cm)

4.25 . . . 5.2978

4.50 3.836 4.8455

5.00 3.459 4.0946

5.50 3.075 3.4271

6.00 . 2.9186

100



TABLE VI

HALL DATA FOR [00:0 COMPRESSION AT 77 K

RH(101 5 coul/cm 3 )

H X = 0 X=.25 X=.50
(kG)

.050 1.7450 1.6234 "1.4548

.075

.100

.150

.200

.350

.650

1.000

2.000

3.000

4.000

5.000

6.000

8.000

10.000

14.000

18.000

22.000

24.000

1.7382

1. 7313

1.7158

1.6986

1.6504

1.5380

1.4076

1.2038

1.1368

1.1170

1.1150

1.1199

1.1137

1.1547

1.1844

1.2026

1.2113

1.2134

1.6216

1.6193

1.6090

1.5944

1.5544

1.4688

1.3654

1.1969

1..1395

1.1235

1.1230

1.1290

1.1475

1.1651

1.1940

1.2109

1.2180

1.2195

1.4539

1. 4522

1.4448

1.4350

1.4131

1.3575

1.2915

1.1776

1.1378

1. 1285

1.1315

1.1394

1.1591

1.1776

1.2053

1.2202

1.2252

1.2256

x=.75 X=1.O0 X=1.25

1.3203

1.3161

1. 3127

1.3047

1.2981

1.2861

1.2565

1.2217

1.1586

1.1376

1.1361

1.1427

1.1526

1.1737

1.1921

1.2177

1.2298

1.2322

1.2315

1.2125

1.2122

1. 2111

1.2093

1.2050

1.1995

1.1858

1.1707

1.1474

1.1424

1. 1482

1.1583

1.1699

1.1915

1.2090

1.2310

1.2395

1.2388

1.2367

1.1694

1.1686

1. 1663

1.1623

1.1568

1.1552

1.1497

1.1456

1.1462

1. 1529

1.1643

1.1768

1.1892

1.2106

1.2260

1.2438

1.2482

1.2440

1.2409
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TABLE VI--CONTINUED

RH(10 5 coul/cm 3 )

(G X=1.50 X=1.75 X=2.00 X=2.50 X=3.00 X=3.50
(kG)

.050

.075

.100

.150

.200

.350

.650

1.000

2.000

3.000

4.000

5.000

6.000

8.000

10.000

14.000

18.000

22.000

24.000

1. 1486

1.1486

1.1486

1.1485

1.1465

1.1385

1.1407

1.1416

1.1549

1.1689

1.1833

1.1972

1.2099

1.2299

1.2431

1.2554

1.2556

1.2483

1.2435

1.1524

1.1524

1.1510

1.1508

1.1490

1.1439

1.1486

1.1528

1.1720

1.1897

1.2055

1.2193

1.2312

1.2483

1.2590

1.2659

1.2614

1.2509

1.2449

1.1768

1.1731

1.1714

1.1680

1.1663

1.1626

1.1672

1.1733

1.1952

1.2130

1.2282

1.2410

1.2513

1.2651

1.2727

1.2738

1.2650

1.2516

1.2444

1.2335

1.2312

1.2266

1.2266

1.2197

1.2167

1.2239

1.2290

1.2472

1.2598

1.2700

1.2783

1.2845

1.2903

1.2903

1.2806

1.2641

1.2453

1.2362

1.2780

1.2769

1.2765

1.2725

1.2696

1.2669

1.2700

1.2724

1.2812

1.2874

1.2927

1.2970

1.2994

1.2985

1.2934

1.2748

1.2530

1.2306

1.2202

1.3249

1.3246

1.3244

1.3242

1.3161

1.3171

1.3156

1.3124

1.3078

1.3052

1.3051

1.3044

1.3031

1.2957

1.2851

1.2598

1.2339

1.2092

1.1981
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TABLE VI--CONTINUED

R H (105 coul/cm 3 )

H X=4.00 X=4.50 X=5.00 X=5.50 X=6.00
(kG)

. 050

.075

.100

.150

.200

.350

.650

1.000

2.000

3.000

4.000

5.000

6.000

8.000

10.000

14.000

18.000

22.000

24.000

1. 3509

1.3508

1.3508

1.3506

1.3506

1.3467

1.3419

1.3317

1.3155

1. 3063

1.3012

1. 2969

1.2924

1.2798

1.2658

1.2358

1. 2074

1.1816

1.1702

1. 3687

1.3687

1.3678

1.3621

1.3618

1.3570

1.3469

1.3329

1.3074

1. 2931

1.2847

1. 2780

1.2713

1.2554

1.2390

1.2066

1.1774

1.1515

1.1401

1. 3640

1.3627

1.3609

1.3540

1.3515

1.3457

1. 3328

1.3146

1.'2824

1. 2645

1.2536

1. 2449

1.2366

1.2189

1.2007

1.1670

1. 1380

1.1126

1.1017

1. 3258

1.3245

1.3233

1.3207

1.3179

1.3112

1.2965

1.2757

1.2395

1. 2196

1.2072

1. 1975

1.1882

1.1699

1.1508

1.1175

1.0897

1.0685

1.0555

1. 2800

1.2780

1.2781

1.2725

1.2696

1.2630

1.2459

1.2242

1.1866

1.1660

1.1533

1.1430

1.1334

1.1149

1.0960

1.0644

1. 0383

1.0159

1.0063
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TABLE VII

HALL DATA AT 77 K FOR {110} COMPRESSION

R (105 coul/cm 2 )

H(kG) X = 0 X =4.5 X=1. 0 X=l.g5 X=2.0, X=2.5

050 1.3335 1.2290

1.3335

1.3307

1.3179

1.3065

1.2723

1.1795

1.0774

0.9256

0.8827

0. 8758

0. 8811

0. 8907

0,9120

0,9304

0.9577

0.9758

0.9865

1.2289

1.2255

1.2177

1.2105

1.1893

1.1330

1.0666

0.9611

0.9287

0.9237

0.9283

0.9366

0.9546

0.9694

0.9920

1.0061

1.0133

.075

.100

.150

.200

.350

.650

1.000

2.000

3.000

4.000

5.000

6.000

8.000

10.000

14.000

18.000

22.000

24.000

1.1153 1.0931

1.1153

1.1120

1.1098

1.1098

1. 1095

1.1015

1.0794,

1. 0499

0.9928

0.9818

0.9802

0.9839

1.9899

1.f0025,

1.0125

1.0344

1.0368

1.0931

1.0953

1.1098

1.0886

1.0862

1.0794

1.0702

1.0561

1.0500

1.0491

1.0507

1.0530

1.0579

1.0606,

1.0638

1.0637

1.0607

1.1309

1.1303

1.1298

1.1287

1.1258

1.1241

1.1203

1.1156

1.1114

1.1091

1.1077

1.1065

1.1043

1.1006

1.0936

1.0866

1.0786

1.0374 1.0590 1.0750
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0.9905 1.0156

1.1790

1.1788

1.1777

1.1779

1.1769

1.1749

1.1701

1.1631

1,1559

1.1505

1.1461

1.1423

1.1350

1.1267

1.1127

1.1007

1.0893

1.0843

1.1320 1-1702
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TABLE VII--CONTINUED

RH (10
5 coul/cM

2 )

H (kG) X=3. O X=3.5 X=4. 0 X=4.15 X=5.0 X=5. 5

.050

.075

.100

.150

,200

.350

.650

1.000

2.000

3.000

4.000

5.000

6.000

8.000

10.000

14.000

18.000

22.000

24.000

1.2305

1.2296

1.2289

1.2266

1.2255

1.2241

1.2196

1. 2122

1.1991

1.1870

1.1783

1.1712

1. 1649

1.1537

1.1420

1.1232

1.1077

1.0936

1.0875

1.2723

1.2778

1.2622

1.2645

1.2622

1.2575

1.2515

1:2417

1.2202

1.2033

1.1911

1.1818

1.1738

1.1598

1.1460

1.1241

1.1065

1.0909

1.0843

1.2916

1.2912

1.2923

1.2890

1.2848

1.2813

1.2728

1. 2599

1.2303

1.2089

1.1940

1.1827

1.1735

1.1576

1.1425

1.1187

1.0998

1.0834

1.0764

1.3290

1.3157

1.3090

1.3045

1.3040

1.2985

1.2869

1. 2689

1.2315

1.2053

1.1881

1.1753

1.1647

1.1473

1.1310

1.1060

1.0864

1.0694

1.0622

1.3224

1.3224

1.3224

1.3146

1.3107

1.3042

1.2895

1. 2689

1.2248

1.1957

1.1767

1.1629

1.1517

1.1332

1.1165

1.0908

1.0709

1.0538

1. 0469

1.3160

1.3157

1.3107

1.3101

1.3057

1.3004

1.2813

1 ' 2569

1.2072

1.1757

1.1554

1.1408

1.1291

1.1100

1.0929

1.0671

1.0472

1.0303

1.0232
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APPENDIX B

EFFECTIVE-DENSITY-OF-STATE MASSES AT 77 K

The heavy-hole and light-hole effective density-

of-states masses at 77 K are presented in Table VIII for

{OOI} and {110} compression. These mass values were

obtained by numerical evaluation of Eq. (16) in Chapter

III.
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TABLE VIII

DENSITY-OF-STATES MASSES AT 77 K

x {001} {0O1} {110} {11O}
(kbar) mh/m m h/mO m/m0

0 .36817 .02112 .36817 .21199

.25 .31581 .02406 -

.50 .27411 .02619 .28654 .25677

.75 .24063 .02800 . . . .

1.00 .21351 .02960 .23066 .28766

1.25 .19105 .03985 . . .

1.50 .17280 .03219 .19213 .31282

1.75 .15736 .03327 . . . .0.*.

2.00 .14456 .03426 .16438 .33965

2.25 .13370 .03604 .14378 .35190

2.75 .11659 .03684 . . . . .

3.00 .10981 .03890 .12896 .36749

3.25 .10394 .03827 . . . .k .I.

3.50 .09885 .03890 .11589 .38135

3.75 .09440 .03949 . . . . . .

4.00 .09049 .04004 .10627 .39389
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TABLE II--CONTINUED

x {001} {001}

{ 001}1
mh/mo

.08706

.08401

.07890

.07482

.07150

{001}1
mi/mo

.04058

.04108

.04202

.04288

.04364
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(kbar)

4.25

4.50

5.00

5.50

6.00

{110}
rnh/mh

.09853

.09224

.08706

.08275

{110}

.39389

.40532

.41579

.42540

.43427



APPENDIX C

DIMENSIONAL CORRECTION TERMS

Changes in sample dimensions must be considered when

the Hall coefficient and resistivity are measured as a

function of stress. Correction terms due to sample

dimension variations with uniaxial compression will now

be examined.

Phenomenologically the resistivity p is given by

P wt R (Cl)z

where w, t, k, and R are, respectively, the width, the

thickness, the length, and resistance of the sample. On

applying stress to the sample, the relative resistivity

change observed is due to the combination of relative

change in resistance and relative change in each of the

sample dimensions, thus

Ap _ AR + Aw + At AtC2)

k R w t k

where A is the changes due to stress. The Hall coefficient

is given by

RH t VH
IH (C3)

where VH, I, and H are, respectively, the Hall voltage,

current, and magnetic field strength. The observed
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stress-induced relative change in the Hall coefficient is

due to the combination of relative change in the Hall voltage

and the relative change in the sample thickness, or

ARH AVH At
= + (C4)

RH VH t

where AI = AH = 0 is assumed.

The bracketed terms in Eqs. (C2) and (C4) shall be denoted

by yP and YH' respectively. These terms are called the

"dimensional correction terms" and depend upon the direction

of the applied stress. The expressions for yP and YH

for the stress directions used in this work are

(i) for compression along a 001 direction;

y = (S11 - 2Sl 2 )X (C5)

YH = ~S12X (C6)

(ii) for compression along a 110 direction;

YP = (S4 4 - 2S12) X (C7)

2

YH = ~5 12X (C8)

where Sij are the compliance constants (see Table II) and

X is the absolute value of the compressive stress. The

dimensional correction terms for the Hall effect were less

than 0.4% at the maximum stress and were neglected. The

resistivity data was corrected for dimensional changes

even though the maximum correction was only about 2.3%.

ill
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