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Abstract—Shock wave compression measurements from 20 to 140 kb and resistivity measurements
under shock wave compression to 40 kb are reported for Ge in the [111] orientation. The Hugoniot
elastic limit is found to be 44 +4 kb and a phase transition in the pressure range from 114 to 122 kb
at about 160°C is identified. The transition occurs at a volume between 0-870 V' and 0-880 V.
A shock wave velocity measurement in the mixed phase region allows the slope of the phase diagram
to be determined as —3-1 X 10~2 kb °C—1. The pressure and volume data are in good agreement with

the static work; these data, when combined wit

€5 fagram, clearly identify the

transition as the solid—solid transition to the white tin structure. The observed exponential decrease
of resistivity with elastic strain allows an energy gap change computation which agrees with theoreti-
cal calculations for silicon to 609%. Unusual features of the band structure of one-dimensionally
strained [111] Ge are discussed. The new technique developed is generally applicable for shock
compression and resistivity measurements on semiconductors.

INTRODUCTION
Previous shock wave compression experiments()
on single crystal germanium have revealed a
complex wave structure resulting from a high
Hugoniot elastic limit of about 40 kb and a sus-
pected phase transition at about 130 kb. Because
of the high elastic limit, large, elastic one-
dimensional compressions are uniquely achieved
in shock wave experiments below the Hugoniot
elastic limit. Since large elastic compressions can
be achieved, measurements of the resistivity of
germanium under shock loading conditions in the
elastic range may provide a measure of the energy
gap change induced by one-dimensional strain and
a verification of theoretical calculations®3) if the
germanium samples behave intrinsically. In addi-
tion, resistance-time measurements of shock waves
produced by symmetrical projectile impacts pro-
vide the basis for a method to determine the
stress—volume relation for semiconductors. New
techniques are required for these measurements
because of the complex wave structure of ger-
manium and the necessity of a close coupling

* This work was supported by the United States
Atomic Energy Commission.

between measurements of the stress and electronic
properties.

The purpose of this paper is twofold. Both
shock wave compression results and measurements
of the resistivity of germanium in one-dimensional
strain will be presented. The shock compression
results give a measure of the Hugoniot elastic limit
and give thermodynamic data which permit the
transition to be identified as polymorphic. The
resistivity measurements are found to provide an
approximate verification of the theoretical pre-
dictions. A new experimental technique is des-
cribed which permits a measurement of both shock
compression and resistivity from a common ex-
perimental record and avoids the wave interaction
problem inherent in free-surface velocity measure-
ments. Section 1 includes a description of the
experimental arrangement and an analysis of the
form of the predicted resistance-time behavior.
The results and a discussion of the stress—volume
measurements are presented in Section 2. Finally,
Section 3 shows the results of and a discussion of
the resistivity measurements. The authors are
aware that the manuscript contains results which
are normally of interest to readers in different
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physical fields. Section 3 is recommended for those
readers principally interested in the effects of
strain on the band structure of semiconductors;
while Sections 1 and 2 are recommended to those
readers principally interested in shock wave com-
pression measurements and high pressure phase
diagrams.

GERMANIUM FACING

GERMANIUM SPECIMEN
| GERMANIUM BACK-UP
. L

| TO OSCILLOSCOPES
PROJECTILE & 7
N
\ALUMINUM
ELECTROLESS
NICKEL
ELECTRODE

VAPOR DEPOSITED SILVER

Fic. 1. Schematic drawing of the specimen and
impacting projectile.

SECTION I
EXPERIMENTAL CONSIDERATIONS

Experimental arrangement

Shock loading is accomplished by impacting
large diameter-to-thickness ratio disks of ger-
manium upon each other in order to ensure a state
of uniaxial strain in all but the periphery of the
disks for the duration of the experiment. As shown
in Fig. 1, one disk, mounted on the face of a
projectile, is accelerated to high velocity by means
of a compressed gas gun® and is impacted in
vacuum upon the specimen disk mounted on the
end of the gun. Angular misalignment between the
impacting surfaces is about 5x10~4 rad.* Ger-
manium backup disks are carefully mated to the
rear of the specimen. The thicknesses of the im-
pact and backup disks are chosen so that the stress
waves propagate through and out of the specimen
disk without reflection until, finally, the specimen
is stressed uniformly to the impact value for a brief
interval preceding the arrival of unloading waves.

The disks, 38 mm in dia., are cut from single
crystals of high purity, #-type germanium of
nominal 50 Q-cm resistivity and are oriented with

* Some of the techniques involved in a gun experiment
are discussed in Refs. 4 and 5.

their faces parallel to a (111) crystal plane.(®
Intrinsic behavior at atmospheric pressure was
confirmed by the measured n-type carrier con-
centration of 1014 cm=3, and resistivity—tempera-
ture measurements from 20 to 75°C. The dis-
location density was measured to be nominally
6% 103/cm?. Depending on the particular experi-
ments, the thicknesses of the specimen disks are
3-2, 4-0 and 8-:0 mm.

The resistance-time history resulting from stress
waves propagating through the specimen is ob-
tained under constant current conditions. Voltage—
time measurements across the thickness of the
specimen disk are recorded with a Tektronix 545
oscilloscope. The constant current of 1:00 A is
applied to the specimen disk about 500 nsec before
impact to prevent resistive heating of the disk. The
typical signal level prior to impact is 0-4 V.

Both faces of the disk are entirely electroless
nickel plated to provide ohmic electrodes.(”? The
impact surface electrode of the specimen is also
coated with vapor deposited silver and maintained
at ground potential. The backup disk assembly,
entirely vapor coated with silver, serves as the
circuit lead to the other electrode. As will be
shown in the analysis, the resistance change in-
duced by the stress can be read directly from each
record. Thus, contact resistance is effectively
canceled out unless this contact resistance changes
with stress. Since the electrodes are located at
known positions, any change of contact resistance
with stress would be shown as a change at the
specific time that the stress reaches an electrode.
No such changes were observed in the stress
region below the elastic limit. It is estimated that
the resistivity measurement is accurate to +109%,.

Expected resistance—time behavior

For impact stresses in the range of several
hundred kb, multiple waves have previously been
observed in germanium which indicate the
presence of slope discontinuities, or cusps, in the
stress—volume relation.!)) To obtain an analytical
description of the expected resistance-time be-
havior, consider a semiconductor disk in which two
stress waves of different amplitude and different
wave velocity are propagating. As shown in Fig.
2, the disk is divided into zones of different
resistivity at any instant of time. The total re-
sistances between the electrodes is then the sum of
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the resistances of the three zones. If we assume (1)
that all wave velocities are steady, (2) that all stress
amplitudes are steady, (3) that the resistivity is not
time dependent, (4) that the stressed regions of the
disk are in a state of one-dimensional strain, and
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Fic. 2. Three zone resistivity model for a shock-wave

loaded semiconductor. T'wo separate shock waves are

shown as would be encountered in the stress region
above the Hugoniot elastic limit.

(5) that the strains are infinitesimal;* it follows
that:

AR(t) = pol+ Urt(pr—po) + Uzt(pa—p1),

l
0<t<—
U1

(1)

and

AR I+ Ust( ) : ; (2)
1) = pil+ Ust(p2—py1), —_—<t< —

(t) = prl+ Uzt(pz—p1 T, 7
where: A is the area of the disk; R is the resistance
between the electrodes; p is the resistivity; U is the
wave velocity; / is the thickness of the disk; ¢ is

the time and the subscripts 0, 1 and 2 refer to the
various zones.

* It is not necessary to neglect the particle velocity
(strain) to develop the analysis. It has been neglected for
illustrative purposes only. All reduced data include the
effects of finite particle velocity.
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Equations (1) and (2) show that the electrical
resistance between the electrodes of the specimen
at any time is equal to the sum of the resistances of
the zones. After all the waves have propagated out
of the specimen without reflection, the resistance—
time record will exhibit a final value corresponding
to the impact stress. The initial and final values of
the resistance are connected by a continuous line
made up of segments of different slope, each seg-
ment corresponding to the propagation of a wave-
front through the specimen. The initial and final
values of the resistance explicitly define the change
in resistivity due to the impact stress; the dis-
continuities in slope show the existence of multiple
waves and define transit times for each wave from
which the wave velocities can be calculated. This
behavior is clearly shown in the typical record
given in Fig. 3. Thus, resistance-time measure-
ments can yield explicit data on the number of
wavefronts and their wave velocities as well as the
resistivity associated with each wave. Further, the
complications resulting from wave reflections and
subsequent interactions, which are inherent in free
surface velocity techniques, are avoided.

Although it was originally hoped that values for
resistivity would be obtained for the full stress
range and thus provide quantitative data on the
resistivities associated with the phase transition
and the plastic range, experimental results show
an e.m.f. for stress increments above the elastic
limit which precludes quantitative resistivity
measurements. Also, the temperature rise for
large compressions is large and not accurately
known such that resistivity is governed by the
uncertain temperatures rather than the compres-
sion. The resistance-time measurements are suffi-
cient, however, to provide good measurements of
the various wave velocities, and quantitative
resistivity data is obtained in the elastic range.

In order to determine the stress and specific
volume, the particle velocity associated with each
wave must be known in addition to the wave
velocity. Because of symmetry, the total particle
velocity imparted to the specimen disk is one-half
the experimentally measured impact velocity.t In
general the division of the total particle velocity

T The instantaneous velocity of the projectile im-
mediately prior to impact is measured to a precision of
0:5%.®
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Table 1. Summary of shock wave compression data on [111] germanium p = 5-35 g/cm3

up® No. of Uy U™ Us® o1 020©  a3@ (V[Vo)1 (V[Vo)2© (V|Vo)sh)

Shot (mm/psec) waves (mm/usec) (mm/usec) (mm/usec) (kb) (kb) (kb)

58 0-0775 1 563 — — 23-3. — — 0-9864 — —

59 0-1286 1 5-78 — — 398 — — 09778 — —
148  0-1580 2 5:63-5-78  3-43 = e 465 — e 0-9705 —
147  0-1620 2 5-79 341 — c 49-0 — e 0-9697 —
135 0-1700 2 5-75 3:58 — c 503 — e 0-9675 —
133  0-2132 2 5-75 3-54 — c 583 — e 0-9551 —

60 0-3432 2 = 363 — c 835 — e 0-9193 —
149 0-5540 2 5-79 4-13 — c 136 — e 0-8748 —
150 0-6015 3 = 4-26 1517 ¢ d 142 e f 0-8413

(a) Particle velocity is taken as 4 the measured impact velocity.

() Wave velocity relative to laboratory coordinates.

(e) Stress of the second wave is computed assuming the particle velocity of the first wave is 0-1443 mm/usec.
(@) Stress of the third wave is computed assuming the particle velocity of the second wave is 0-5778 mm/usec.
(e) Volume computation assumes particle velocity of first wave is 0-1443 mm/usec.

(1) Volume computation assumes particle velocity of second wave is 0:5778 mm/usec.

between multiple waves is unknown for a single
experiment; however, if in a series of experiments
the total particle velocity is systematically varied
in the immediate neighborhood of a suspected
cusp in the stress—volume relation until a change
in the number of waves is observed, the particle
velocity associated with each of the multiple waves
is established. The stresses and volumes associated
with any multiple wave structure can then be
calculated from conservation of mass and momen-
tum relationships,® if it is assumed that the
particle velocity associated with a cusp is in-
dependent of driving pressure.

SECTION 2
SHOCK COMPRESSION RESULTS

Two cusps in the stress—volume relation are
revealed in the data summary shown in Table 1.
For a particle velocity, #;, less than 0-1286 mm/usec
a single wave is observed and at u, = 0-1580
mm/usec two waves are observed. Thus, a cusp
exists between these two values of particle velocity.
From u, = 0-1580 mm/psec to 0-5540 mm/usec
two waves are observed, while at u, = 0:6015
mm/psec three waves are observed.

The first of the two cusps observed and in-
vestigated is at a stress of 44 +4 kb which corres-
ponds to the transition between elastic and plastic
behavior, and the second is at a stress of about
140 kb which we will show is the solid—solid phase

transition observed by MiNoMura and DRICKA-
MER(10) at a pressure of about 120 kb. Before con-
sidering the properties of the transition the shock
wave compression at lower stresses must be
examined.

Hugoniot elastic limit

The leading wave is identified as an elastic wave
by comparison of the wave velocity with the low
signal wave velocity(12) of 5-54 mm/sec. The wave
velocity is somewhat higher than the low signal
velocity, but this is to be expected on the basis of
the finite compressions in the shock experiment.
There is no detectable volume change (<0-59,)
associated with the cusp at 44 kb; thus this cusp
is clearly not identifiable as a first order phase
transition.

The particle velocity of the elastic wave as
obtained by other investigators is shown in Table
2. There is a wide variance in values obtained by

Table 2. Various values for the particle velocity of
the elastic wave of [111] Ge

WACKERLE(11) McQueen(13)

0-114 mm psec™?!
0-134 mm psec™!

0-153 mm psec™?!
0161 mm psec™!
0-168 mm psec™!
0-178 mm psec™!
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Fi1c. 3. Typical resistance—time record. Time in-
creases from right to left. The switch closure
applying current to the sample occurs at the time
marked 0. Impact occurs at the time marked 1. First
wave transit time through the sample is marked 2.
Second wave transit time is not recorded on this
record but is recorded on another oscilloscope
with a longer recording time. The upper timing
wave is 10 MHz.
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the various investigators and within data obtained
by the same investigator. The pronounced stress
relaxation observed behind the elastic wave by all
the previous investigators suggests that the yield
process is quite complex and, as is evident from
the data, sensitive to experimental conditions.
With our technique of obtaining the Hugoniot
elastic limit all measurements are made in direct
compression without unloading from free surfaces,
and the region around the Hugoniot elastic limit
may be investigated for small increments of stress
over the critical value rather than for the large
input stresses characteristic of an explosive
experiment.

Intermediate pressure region

Our data in the stress region intermediate be-
tween the two cusps show the usual linear relation
between Uy and #y. In comparing our data to that
of other investigators, it should be observed that
interpretation of the data from a free surface
velocity experiment for a material with a multiple
wave structure and time dependent mechanical
properties is sensitive to assumptions concerning
the various wave interactions and relaxations. Our
experiment characterizes the material for the total
particle velocity imparted to the material and
gives the wave velocity of all waves without com-
plications resulting from the interaction of the
waves. Thus the data relating the total particle
velocity to wave velocities is obtained with mini-
mum qualification. However, as was previously
stated, to compute the stress in the multiple wave
region, it must be assumed that the particle
velocity of the leading wave is independent of the
total particle velocity. This assumption is open to
criticism since WACKERLE(!Y) has observed that the
particle velocity and wave velocity of the Hugoniot
elastic wave in crystalline quartz increase with
increasing driving pressure. However, our wave
velocity measurements provide some indication of
the amplitude of the leading wave since a change in
wave velocity is expected to result from a change in
particle velocity. As can be seen in Table 1 the
wave velocity of the leading wave was found to be
constant with driving pressure. Thus large changes
in the amplitude of the elastic wave are not likely.
The stress—volume values which result when a
constant amplitude elastic wave is assumed are
shown in Table 1. Our previous brief report on
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Ge compares our stress-volume data to that
obtained from a free surface velocity technique. 15

Characteristics of the transition

The large shear component of the elastic wave
in the shock experiment results in a transition
characterized by a stress rather than by the
pressure of the transition. Therefore, we must con-
sider the effect of the elastic compression on the
transition. MINoMURA and DRrickaMER(0) have
reported that the static transition is insensitive to
shear; thus, if this observation is quantitatively
correct, we would expect the transition to occur at
the same volume regardless of the stress tensor
producing the volume change. Our data show that
the specific volume at the transition is between
0-870 V and 0-880 ¥ when the very small correc-
tion to room temperature is made. Thus the transi-
tion does occur at the same volume in the static and
shock wave experiment since Jamieson’s static
value®® for the volume at the transition is
0-875 V.

In order to compute an equivalent pressure
from the observed transition stress, several
assumptions must be made. Assuming that all
stress increments in excess of the Hugoniot elastic
limit are hydrostatic (the elastic—plastic assump-
tion) and that the transition pressure is not
changed by the shear component, an equivalent
hydrostatic pressure may be computed from the
observed transition stress. Since it is the volume
which is independent of the stress configuration,
the equivalent pressure for the elastic range is
computed from the volume at the elastic limit and
the compressibility. This yields a value from 114
to 122 kb* for the equivalent pressure compared
to MivMoMurA and DrickaMER’s(10) value of from
120 to 125 kb. Thus, good agreement is achieved
between the static and shock wave compression
values for the pressure of the transition.

There has been some question,1.13) whether the
shock induced transition is an anomalous melting
and perhaps not the solid-solid transition identi-
fied by Jamieson(16) as a transition to a metallic

* Cusps in the stress—volume curve are located
between particle velocity points below and above the
cusp. The values shown indicate the range of values
possible within the observed points. Consideration of
the Us—u, values indicates that the cusp is most likely
toward the upper end of the range quoted.
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white tin structure. Since the shock compres-
sion transition is at an elevated temperature
(~160°C)13) the small difference in values
between the shock transition pressure and quasi-
hydrostatic transition pressure indicates that the
slope of the pressure-temperature phase diagram
is close to zero. This is in agreement with the phase
diagram determination for the solid—solid transi-
tion reported by Bunpy(1? and indicates that the
shock wave transition is polymorphic. This
observation is also confirmed by the independent
measurement described below.

Slope of the phase diagram

Durr and MiNsHALL(8) have shown that shock
wave velocity measurements in the mixed phase
region of a shock wave induced polymorphic
transition are sufficient to compute the slope of the
phase diagram at the particular pressure and tem-
perature of the transition and that this computa-
tion is essentially independent of the measurement
of the transition pressure. Qualitatively, this unique
condition results from the pressure increase which
must accompany the volume change associated
with the transition if the enthalpy change at the
transition is finite.

Our data indicate that the highest stress experi-
ment is in the mixed phase region, since the
volume change from the transition stress to the
input stress above the transition is not more than
89, while the volume change to complete the
transition is 20-79,.(16) Thus the third wave is in
the mixed phase region and the slope of the phase
diagram may be computed from our measurement
of the velocity of this wave. Following Duff and
Minshall’s development:

(dP)2 28 dP e

= e )

T K—K) dT  TVK—K)

where dP/dT is the slope of the phase diagram, B
is the volume coefficient of thermal expansion of
the solid before transition, C) is the specific heat
of the solid before transition, 7' is the temperature,
V" is the specific volume, K, is the compressibility
of the mixed phase region indicated by the wave
velocity measurement and K is the compressibility
of the solid before the transition. Using atmos-
pheric pressure values for the thermodynamic
parameters and McQueen’s temperature rise

calculation®® we find dP[dT = —3-1x10-2kb
°C-L The uncertainty involved in using atmos-
pheric pressure values and in the temperature
calculation leads to an estimated accuracy of the
dP[dT value of 109%. This value of dP/dT is
consistent with the comparison of our transition
pressure amplitude to the static data. Further, the
slope of the phase line is at least an order of
magnitude less than the slope of the phase line
for the transition from solid to liquid observed
statically(17:19,20) and clearly not the solid to liquid
transition. The slope of the solid-solid transition
phase line is too low for accurate measurements
under static conditions; however the measure-
ments indicate that it is negative and very smalld?
in agreement with our determination. The present
value of dP[dT for the polymorphic transition in
Ge appears to be the best measurement made to
the present time.

Since values are now available for dP/dT and for
the volume change,1® AV, accompanying the
transition we can compute the enthalpy change,
AH, accompanying the transition from the
Clausius—Clapeyron relation:

AHAY = TE 4
AV =T—.... *)

This change is found to be 12-5 cal/g which when
compared to the estimated latent heat of fusion of
~110 cal/g for Ge@? is much too small to be
consistent with a melting hypothesis.

In summary, the properties of the shock com-
pression observations when compared to static
experiments as in Table 3 clearly illustrate that the
shock transition is a solid-solid transition with
critical values in agreement with those obtained
statically for the transition to the white tin struc-
ture. Further, we are able to compute the slope of
the phase diagram from wave velocity measure-
ments in the mixed phase region. We find no
evidence for intermediate phases(®1:22) below the
120 kb transition. Since our experiment includes
a large shear strain component the agreement
between our values and the static values indicates
that the transition is not influenced by shear.

SECTION 3
RESISTIVITY RESULTS

The elastic limit of 44 kb observed in the shock
compression experiments results in large (2:5%)
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Table 3. Characteristics of the polymorphic transition in Ge

Static data Present work

Transition pressure (kb) 120-125®) 114-122
Specific volume 0-875 Vo 0-870 V¢—0-880 V(e
Temperature (°C) 20 160()
AVIV 20-79% ™ —
dP|dT (kb °C-1) — —31x102
AH (cal g™1) — 12-5(d)

(a) Ref. 10.

() Ref. 16.

(¢) As estimated by McQueen, Ref. 13.
(@) Calculated using AV given by Jamieson, Ref. 16.
(e) Corrected to 20°C for comparison with static data.

one-dimensional elastic compressions which are
uniquely achieved in the shock wave loading
experiments. Resistivity measurements for large
uniaxial elastic strains are of interest since they
may be useful for confirming the theoretical cal-
culations of KrLEINMAN® and GororF and
KLEINMAN() which predict the effect of a general
strain tensor on the energy bands of silicon, and by
inference, germanium. These measurements may
also help to describe the so-called “‘anisotropic
stress effect” observed for stressed semiconductor
p-n junctions.(23)

The component of the energy gap change
induced by volumetric compression has been
verified by hydrostatic experiments, but the com-
ponent of energy gap change induced by shear
strain has not been verified since large shear strain
components cannot be applied statically to brittle
materials such as germanium. If the germanium
samples behave intrinsically for large shear strain,
it is possible that the resistivity measurements
under shock compression can provide a measure of
the energy gap change induced by shear strain.
The conditions imposed on the sample by plane-
wave shock loading in the elastic range are well
defined allowing all stress and strain components
to be accurately evaluated. Further, since the
compressions are small the process is adiabatic to a
very close approximation and accurate calculations
can be made of the slight temperature rise (5:6°K
at 44 kb)* induced by shock wave.

* The temperature of the shocked Ge in the elastic
range is computed as T = To(Vo/V)?. Gruneisen’s
ratio, v, was taken as 0+725 in agreement with the data
of Ref. 24.

Previous attempts to measure energy gap
changes induced by shear strain have included the
measurement of reflectance from Ge samples sub-
jected to bending stress.(25) Also, piezo-resistance
measurements in uniaxial siress on heavily doped
germanium specimens give deformation potential
determinations on the motion of individual valley
minima and the valence band maximum.(6)
WORTMAN et al.2?) have used GOROFF and
KLEINMAN’s®) theoretical predictions for silicon to
predictthe effectof variousstresstensorsontheband
structure of germanium and thus the effect upon
the characteristics of Ge p—n junctions. Ima1 and
UcHIpA®8) find this analysis to be consistent with
their measurements of the characteristics of
heavily doped Ge p—# junctions under uniaxial
stress. Similarly, RINDNER(3) has applied uniaxial
stress to Ge p—n junctions and found agreement in
sign and qualitative behavior to that predicted by
Wortman et al.

The effect of pressure on the resistivity of Ge has
been extensively investigated and recently sum-
marized in the excellent review by PAuL and
WARSCHAUER.(29) The energy gap, E,, is found to
increase linearly with pressure to 15 kb at a rate of
5% 10-3 eV kb~1. From 15 kb to 30 kb the rate of
increase of E, decreases significantly. This has
been shown to be consistent with the hypothesis
that the minimum energy of the conduction band
is shifted in % space. Further, effective mass
changes of electrons with pressure are found to be
only 9%, per kb, and the mobility of electrons is
found to decrease only 0-49, per kb in the absence
of intervalley scattering. Considerable correlation
is found between the pressure dependence of any
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particular gap among all the diamond semi-
conductors; hence, the analysis of Goroff and
Kleinman might be expected to predict the be-
havior of Ge under pressure. This is not to imply
that the behavior under shear strain is analogous
between Ge and Si, since there is insufficient
theoretical or experimental evidence to make this
judgment.

The energy band structure for germanium is
shown schematically in Fig. 4. The analysis of
Goroff and Kleinman for silicon predicts that the

3
- 2
- S )
of L '
© 0
14
Dt
w '_- !
- 3 [ x‘
k=7rd’ () k=(000) k=ra ' (200)

Fi1G. 4. Band structure of germanium. After Paul and
‘Warschauer, Ref. 28.

conduction band minimum L;(111) is lowered
with [111] one-dimensional strain,* that the
degenerate I"25(j-3/2) valence band maximum is
raised with [111] strain and that these positions
retain their critical position in the band structure.
The predictions are that the change, 8, in energy
levels is:

SLy(111) = 6:20A—11-5¢, (5)

and

8TV 25(; -3/2) = 2:09A+2-79, (6)

* A one-dimensional strain along the [111] axis as
achieved in the shock wave experiment gives a strain
tensor referred to the crystal axes of:

11 1 100 01 1
;[1 1 1]=§-[o 0]+§[1 0 1]
141 00 1 110

11
=A+§[1 0 1]
1 1.0

where ¢ is the strain along the [111] axis. This strain
tensor is a combination of a dilatation, A, and a dilata-
tionless shear strain.

(=3 —
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where A is the dilatation and e is the [111] direc-
tion strain. The first terms show the effect of the
dilatation, and the second terms are due to the
dilatationless shear strain. Thus the change in
energy gap, 3E,, is predicted to be:

SE, = +411A—14-29. 7)

The shear strain contribution is clearly dominant
for [111] one-dimensional strain. The dilatation
part of the expression has been previously measured
by PauL and Brooks,3? hence, we look to our
measurements for an evaluation of the shear strain
contribution.

The results of the resistivity measurements in
the elastic range are shown in Fig. 5 where the
logarithm of the observed resistivity at wave
transit time is plotted against strain. The logarithm
of resistivity shows a linear decrease with strain
indicating that the decrease of resistivity is due to
an exponential term.

40

LEE D RS GRS R A R

15 RN FNE WS RS N e i

2 3
ONE DIMENSIONAL [Il]] DIRECTION STRAIN.,%

(o)

Fi1c. 5. Resistivity of [111] Ge in one-dimensional strain.

Since the intrinsic resistivity of a semiconductor
is related to the energy gap by an exponential
term, exp[E,[2kT] and the terms involving the
mobilities and effective masses of the carriers are
pre-exponential factors, the exponential decrease
of resistivity with strain indicates that the change
is principally due to the strain-induced energy gap
change. Assuming that the strained Ge exhibits
intrinsic behavior and that the pre-exponential
factors affecting the resistivity are unchanged from
their atmospheric pressure values, an energy gap
change can be calculated consistent with the
measured resistivity. The wvalue obtained is
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—4-0 eV/unit strain. Since the energy gap change
due to the dilatational component has been
evaluated to be +3-7 eV/unit strain,* the shear
strain contribution is —7-7 eV/unit strain. This
is a factor of 1-85 smaller than the theoretical
value of —14:29 eV. Thus, this measurement on
Ge agrees with the sign and order of magnitude of
the theoretically predicted change for Si.

Although the agreement given above is satis-
factory considering the complexity of the problem,
somewhat better agreement is achieved by a more
detailed examination of the data. The experiment
at a strain of 1-369, is well below the elastic limit
and therefore in a stress region where mechanical
relaxation effects are unlikely. The resistance—
time record, however, exhibits an increasingly
greater downward slope rather than the constant
slope expected from the analysis. The curvature is
more pronounced early in time and thus is not that
expected from the stress unloading behavior from
the lateral edge of the sample. Thus, the most likely
interpretation of the nonlinear behavior is that
equilibrium of carriers is not fully established and
that relaxation times are of the order of 107 sec.
The observed resistive behavior tends toward a
constant slope late in time; hence, to establish a
value for the equilibrium resistivity, the slope of
the resistance-time record for late times is extra-
polated for full wave transit time.t This yields a
resistivity which gives a value of 3E, of 5-3 eV per
unit strain. This value of 3, gives a shear strain
contribution for [111] one-dimensional strain of
9-0 eV per unit strain which is a factor of 1-6
smaller than the theoretical value for silicon. Thus,
it appears that our best value for the [111] shear
strain contribution is 609, lower than that pre-
dicted for Si. Considering the uncertain nature of
the assumptions concerning the transport proper-
ties of the strained Ge and the unknown applica-
bility of the theoretical analysis to Ge, the agree-
ment is considered to be satisfactory. However,
further interpretations seem in order.

Results of the extensive work which has been
accomplished with hydrostatically strained Ge
furnish a comparative background which hope-
fully might have relevance to the analysis of the

* A bulk modulus of 7-49 x 102 kb was used to calcu-
late the volume dependence from the measured pressure
dependence(30) of the energy gap.

1 Wave transit time for this sample is 1-42 usec.
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current work. However, several major differences
exist between the band structure of hydrostatically
strained Ge and Ge under [111] one-dimensional
strain. As indicated in Fig. 6, the conduction band
structure for [111] one-dimensional strain is much
simplified. The L;(111) level is lowered con-
siderably, while the Lj(111), Ly(1T1) and Ly(111)
levels are raised at a rapid rate. Hence, the effect
is to change the multivalley semiconductor to a
simpler single-valley semiconductor in which
all of the electrons are confined to the [111] valley.
Further, the nonlinear band gap change indicated
for pressure greater than 15kb would not be
expected to occur, since detailed analysis®D) of the
interband scattering of electrons showed that the
effect was caused by the conduction band minima
in the [100] direction moving closer in energy to
the [111] minima thus causing significant inter-
band scattering. In the one-dimensional strain
configuration these two minima are further apart
in energy in the strained state than in the un-
strained state; thus no intervalley scattering would
be expected.

On the other hand, the valence band structure
becomes more complex in the one-dimensional
strain state than in the hydrostatic state. One-
dimensional [111] strain causes the I"25(j-3/2)
edge to be split at a rapid rate. Further, the
IM25(j=1/2) band, originally at the same energy as
the j = 3/2 level, changes energy with a different
coefficient than either of the split j = 3/2 levels.
Thus, three distinct valence band energy levels
exist at the same momentum value for which one
level exists in the unstrained and the hydrostatic
state.

The band gap for Ge in [111] one-dimensional
strain is predicted to be narrowed from 0:66 eV to
0-46 eV at 29, strain. Because of this, deeper
lying impurity levels unimportant in the un-
strained or hydrostatic state are possibly more im-
portant in the uniaxial strain state. Hence, it is
clear that because of these several major differences
in band structure, results and conclusions con-
cerning conductivity of hydrostatically strained Ge
are of marginal applicability to the analysis of
[111] one-dimensionally strained Ge.

Noting the simplicity of the one-dimensionally
strained conduction band, it is interesting to use
the position of the L; minimum as a reference and
compute the effective energy level of the valence
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band maximum from the calculated energy gap
change obtained from our experimental results.
This computation suggests that the effective
valence band maximum is essentially stationary
in energy as if splitting of the valence band edge
results in a new distribution of holes among the
closely spaced valence band energy levels whose
behavior approximates the original unstrained
behavior. However, the physical significance of
this observation is not clear, since data describing
the populations of the various valence band energy
levels, hole mobilities and effective masses for Ge
in [111] one-dimensional strain are necessary to
provide data for a more complete analysis. The
large change in the effective mass of holes for Si
under uniaxial stress®2) suggests that significant
changes are to be expected.

The source of the finite time to establish equilib-
rium resistivity is not apparent from previously
measured relaxation times of carriers. Intervalley
relaxation times have been measured by high
frequency ultrasonic absorption of shear waves(33)
and are about 1011 sec at room temperature and
for low carrier densities. Similarly, the relaxation
time for the repopulation of holes is of the same
order of magnitude or shorter. Thus, the observed

resistivity relaxation is most likely due to impurity’

scattering or generation-recombination times.

In summary, the resistivity measurements in
elastic one-dimensional strain provide a measure
of an effective coefficient of energy gap change
with [111] one-dimensional strain if atmospheric
pressure values for mobilities and effective masses
are assumed for the strained crystal. The coefficient
determined gives a shear strain contribution which
agrees to 609, with the theoretically predicted
value for Si. However, further experiments in
one-dimensional strain are required for a more
complete physical description of the conduction
process. Our results indicate that shock waves in
the elastic region provide a convenient deformation
for the study of the change in the band gap of Ge
by shear strain.
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