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VOLUME 7, NUMBER 2

Determination of Hot-Carrier Distribution Functions
in Uniaxially Stressed p-Type Germanium

Ove Christensen*

Physics Laboratovy 1II, Technical University of Denmavk, Lyngby, Denmark
(Received 29 February 1972)

. This paper gives a description of an experimental determination of distribution functions in
k space of hot holes in uniaxially compressed germanium. The hot-carrier studies were made
at 85 °K at fields up to 1000 V/cm and uniaxial stresses up to 11800 kg/cm? The field and
stress were always in the (111) direction. For the highest stresses, the maximum fields were
close to the threshold for current oscillations. The distribution functions were obtained from
experimental modulation of intervalence-band absorption of infrared radiation. In order to in-
terpret the results, a parametrized distribution function has been assumed. The parameters
of the distribution function are then fitted to the experimental modulation. The calculation of
absorption was performed numerically, using a four-band k. P model. This model was checked
for consistency by comparing with piezoabsorption measurements performed in thermal equi-
librium. The average carrier energy calculated from the distribution function shows a fast in-
crease with stress and almost saturates when the strain splitting of the two p3,, levels reaches
the optical-phonon energy. This saturation is interpreted in terms of the change in scattering
probabilities with stress. A model based on the nonparabolicity of the upper p3,, level is pro-
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posed for the negative differential conductivity in stressed p-type Ge.

I. INTRODUCTION

The hot-carrier properties of p-type germanium
have previously been studied by means of modula-
tion of the infrared absorption due to intervalence-
band transitions of free holes.!~® Baynham and
Paige?'® found that the distribution function of the
hot carriers was characterized by different tem-
peratures for carriers with energies smaller or
larger than the optical-phonon energy. Pinson and
Bray® determined energy distribution functions at
different fields and analyzed the energy-loss rates
of carriers to optical and acoustic phonons. The
measurements of Refs, 1-6 have demonstrated the
dominant role of the interaction between hot holes
and optical phonons in Ge.

A particularly interesting aspect of hot-carrier
properties in p-type Ge is the case of a high uni-
axial stress in the direction of the electric field.
Under these conditions, p-type Ge exhibits bulk
negative differential conductivity (BNDC) at suffi-
ciently high fields.5~'° Because of the extremely
complicated valence-band structure, several mech-
anisms can be responsible for the BNDC. Ridley
and Watkins® initially considered the process of
carrier transfer between the two upper strain-split
valleys of the valence band.'? The nonparabolicity
of the upper band might however also be responsi-
ble for the occurrence of BNDC.1

The purpose of the present work is to extend
studies’~® of the distribution function of hot holes
in Ge to the case of a high uniaxial stress applied
parallel to the electric field. For experimental

|3

convenience the present investigation is limited to
liquid-nitrogen temperature. Here a BNDC occurs
only for a stress in the (111) direction® ¥ and we
therefore choose this condition for the experiments.
As in previous works on unstressed material, the
experimental method of the study is electroabsorp-
tion, i.e., the modulation of infrared absorption
by a pulsed uniform electric field. In this way, we
are restricted to measurements at electric fields
below the threshold field for current oscillations.
This field is strongly dependent on the magnitude
of the uniaxial stress.’’ In order to get informa-
tion about the mechanism of the Gunn effect,* we
present measurements at different electric fields
and different uniaxial stresses. This allows us to
separate stress-dependent and field-dependent
properties of the hot carriers.

In unstressed material, Pinson and Bray® as-
sumed spherical bands which establishes a one-to-
one relationship between carrier energies in the
heavy- and light-hole bands and corresponding
photon energies. The valence-band structure of
uniaxially stressed Ge is very complex. It is no
longer possible to associate a given carrier ener-
gy with a definite photon energy. It is, however,
possible to calculate the intervalence-band absorp-
tion due to a given distribution function of holes.
holes.'®1® We shall therefore approach the prob-
lem of finding the hole distribution function from
measurements of electroabsorption in a computa-
tional way. The distribution function of the hot
holes is approximated by an analytical expression,
-containing several parameters. The electroab-
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sorption spectrum is calculated from this distribu-
tion function and the parameters are adjusted to
give agreement with experiment.

Calculation of the absorption from intervalence-
band transitions requires a rather sophisticated
K. i; treatment of the valence-band levels to give
agreement with experiments.'®1*—2! Ag a check
on our computational model at high uniaxial stress,
we have performed measurements of piezoabsorp-
tion at high uniaxial stresses in thermal equilib-
rium,

In Sec. II, the computation of absorption from
intervalence-band transitions is briefly summa-
rized. The computational model is checked by
comparison with piezoabsorption measurements
presented in Sec. III. Section IV gives the details
of the experimental procedure and Sec. V contains
the experimental electroabsorption results together
with a qualitative interpretation.

In Sec. VI, we give a description of the analyti-
cal distribution function. Section VI contains
some applications of the distribution functions to-
gether with an interpretation of some hot-carrier
properties. On this basis, the BNDC occurring
in uniaxially stressed p-type Ge is discussed.
Finally, we propose a simple model for the BNDC
based essentially on the nonparabolicity of the
band structure.

II. CALCULATION OF INTERVALENCE-BAND ABSORPTION

In this section we give an outline of the calcula-
tion of absorption due to momentum -conserving
transitions of free holes between pairs of the three
valence-band sublevels of germanium. The levels
are denoted by index i, where =1, 2, and 3 cor-

. respond to the heavy-hole band, the light-hole band,
and the spin-orbit split-off band, respectively.
When a uniaxial stress is applied, index 1 and 2 de-
note the upper and lower of the strain-split p;,,
levels. For electromagnetic radiation of frequency
w and unit polarization vector E, the contribution

to the absorption due to transitions from band ¢ to
band j is given by*

;= (pe/nhw) [ ak | M) *(f, -f,)

x8(e,®) - €,® -1w), (1)

where p is the concentration of holes, ¢ a constant,
n the refractive index, and

M, (K)=(j|€- p|i) )

is the optical matrix element for i-j transitions

at hole wave vector K. fi and f; are normalized
occupation probabilities for holes with energies
64(1—{.) and € ,(E). In thermal equilibrium at tempera-
ture T for nondegenerate materials, f;x e®i(®/*8T

[€,(k)<0], where kj is the Boltzmann constant.

Since the spin-orbit splitting of the valence-band
levels is 0.295 eV in Ge, we have in the tempera-
ture range of interest f;~0. In this work we shall
only be interested in 1-3 and 2-3 transitions. The
valence-band calculations of Fawcett’ have shown
that the absorption bands arising from these two
types of transitions do not overlap at temperatures
of interest here. This turns out to be still true
also when an obtainable uniaxial stress is applied.
The absorption at photon energies of interest here,
0.26-0.70 eV, is then entirely due to 1-3 and 2-3
transitions.

The procedure for numerical computation of the
absorption constant was, except for minor details,
performed as described by Arthur, Baynham,
Fawcett, and Paige (ABFP).? In our K- p treat-
ment of the valence-band energies, we have taken
into account the twofold degenerate Kramers
doublets of the three I'ys valence-band levels to-
gether with the k=0 conduction-band state r;.

The energies of these states were found by diago-
nalizing 8x 8 Hermitian matrices. The K- ﬁ ma-
trix elements were the k-linear terms” between the
T'j and I'; states and %% elements,®'® giving the
interaction between the valence-band levels through
intermediate states except the I'; state.’® Our

K- ﬁ model is similar to Balslev’s four-band model'®
but no approximations were made in the present
calculation. The effect of strain was included in
the matrix elements between the valence bands.?
The value of the energy separation I';; — I'; was ad-
justed according to the known variation with the
dilatational part of the uniaxial stress. Table I
displays the parameters of the calculation. The
optical matrix elements between the K=0 basis
functions were found as described by Kane.® At
given E, the optical matrix elements were found by
proper transformation to the diagonal representa-
tion at this point.

The calculation of the absorption constant for
1-3 and 2-3 transitions was done by summing the
contributions to the integral (1) over a mesh of
points in K space. The number of points used was
12000-25000. At the first run, the calculated
hole energies, photon energies and optical matrix
elements at each point of the mesh were written
out on magnetic tape. The absorption constant
could be then generated from this tape in around
0.5% of the time needed for the initial calculation.
The absorption constant was obtained in the form
of a histogram to which a Gaussian broadening®
was applied. The standard deviation of this was
8.6 meV at 85 °K and 15 meV at 300 °K except for
the calculation of electroabsorption spectra where
a broadening of 20 meV was applied to account for
the experimental resolution.

It is useful to see how close a relationship there
exists between the absorption at given photon ener-
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TABLE I. Parameters used in calculation of the absorption of p-type Ge.
Quantity Symbol Value at 77 °K Value at 300 °K Unit

Valence-band parameter A —18,35% -13.35 n%/2m,

B —8.50% -8.50

N —34.14% —-34.14
Energy separation T'4;—T'§ E, 0.89"° 0.80° eV
Momentum matrix element p? 26.3¢ 26.3 eVx (#2/2mg)
Valence-band deformation potential® b -2.6° -2.3¢° \%

n -7.6° -7.1°
Dilatational deformation potential for E, dy -10.6f —10.6

4J. C. Hensel and K. Suzuki, Phys. Rev. Letters 22,
838 (1969).

PReference 24.

‘Reference 7 and P. Lawaetz, Phys. Rev. B4, 3460
(1971).

gy and the concentration of carriers at given hole
energy. One way to examine this is to calculate
the absorption from a monoenergetic distribution
function. In Figs. 1 and 2 we show such spectra
for zero stress (Fig. 1) and for a uniaxial stress
of 11800 kg/cm? in the (111) direction (Fig. 2).
In these figures o, and ¢, denote the absorption
cross section for light polarized parallel and per-
pendicular to field (and stress). The direction of
polarization is not important in this connection,
For no stress, there exists some correspondence
between initial hole energy and photon energy but
at high uniaxial stress, it is no longer possible to
establish a connection between photon and hole en-
ergy. The only thing still being true is that the
absorption at large photon energies is due to holes
with high energy. The distribution function can,
therefore, not be determined uniquely. Rather,
the parameters of an assumed distribution function
can be fit.

The absorption constant of Eq. (1) is at any wave-
length a functiongl of the hole distribution function,
The latter is f;(k) in thermal equilibrium at lattice

9In the notation of Ref. 12, d=n/V3.

*Reference 16.

'P. J. Melz and I. Ortenburger, Phys. Rev. B 3, 3257
(1971).

temperature T and fE(E) when an electric field is
applied. The corresponding absorption is a7 (Fw)
= a(fw, f;) and of (Fw) = a(fw, fz). The modulation
of absorption due to an electric field is then given
by

Aa=df - aT | 3)

which is usually different for light polarized paral-
lel and perpendicular to the electric-field direc-
tion. The interpretation of electroabsorption spec-
tra can be done by assuming an analytical form of
the distribution function f,(k) containing some pa-
rameters. A« is calculated for the two polariza-
tions of light parallel and perpendicular to the
field, and the parameters are adjusted until satis-
factory agreement with experimental data is ob-
tained.

III. RESULTS FROM PIEZOABSORPTION MEASUREMENTS

The computational procedure has been tested at
zero stress by comparing our calculations of the
differential absorption due to a change in lattice
temperature from 77 to 92. 5 °K with the exact

6.010%em?1
P-4 / N
S N\ a: 0—10 meV
20 / \ b:10—20 —s— ’
w / N\
v / \ c:20-30 -n— )
o s / b N d: 30—40—u— 1. FIG. 1. Ab_sorpt'non.spectrafrom
0 / e: 40—50— monoenergetic” distribution func-
< / N ’ " tions at zero stress. The distribu-
© 10 / N -—:TOTAL _| tion function is the one found at 500
z x=0kg /cm 2 V/cm for hole energies in the indi-
g cated intervals, zero outside.
o
Z 5 T
@
< L1 ‘h“’

0.30 0.40 050 060
PHOTON ENERGY (ev)
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FIG. 2. As Fig. 1 but for a stress
of 11800 kg/cm? in the (111) direc-
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seven-band calculation of ABFP, With identical
band parameters, the agreement was excellent, In
order to make a check when a high uniaxial stress
is applied, we have performed measurements and
calculations of the absorption in thermal equilib-

— T T T T

© EXPERIMENT: O.lacm p-Ge; p=3.1 =10 cni3
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FIG. 3. Experimental and calculated dichroism of p-

type Ge at 297 °K for uniaxial stresses in the (111) direc-
tion.

rium at 85 and 300 °K for different magnitudes of
uniaxial stress.

When a uniaxial stress is applied, complicated
changes in the energies of the pj,, levels occur.
Repopulation of the hole states and changes in op-
tical matrix elements give rise to an absorption
which depends on the direction of polarization of
the incoming light with respect to the stress axis.
For a compressive stress it turns out that in the
region of 1-3 transitions the absorption constant
for light polarized parallel to stress, «,, becomes
larger than the absorption constant for light polar-
ized perpendicular to stress, «,.!° The dichroism
a, - «, is usually the experimentally determined
quantity.!®'®¢ In Fig. 3 we show the experimental
and calculated dichroism at room temperature for
several values of uniaxial stress in the (111) di-
rection, Figure 4 displays the same quantities at
85 °K. A discussion of similar results at low
stresses has been given in Refs. 15 and 16, The
main difference between high- and low-stress re-
sults is that at 85 °K a saturation of the dichroism
occurs and that increasing stress shifts the spec-
trum towards higher photon energies. This shift
is due to the increaseof the 1-3 separation at k=0
with stress. At 85 °K for some strain splitting of
the pg, » levels, most carriers occupy the highly
perturbed region around k=0 with energies smaller
than the strain splitting. An increase of stress
changes the band structure only outside this region
(apart from a common energy shift), Within the
occupied region of k space the optical matrix ele-
ments are independent of stress. Except for an
energy displacement, the absorption becomes inde-
pendent of stress at high stress.

Generally, the agreement between experiment
and theory is rather satisfying. Also, the low-
stress measurements are in accordance with
Balslev’s'® results. The small disagreements at
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FIG. 4. Experimental and calculated dichroism of p-
type Ge at 85 °K for uniaxial stresses in the (111) direc-
tion.

high photon energies are almost the same at the two
temperatures and they, therefore, are not expected
to contribute to the modulated spectra. Similar
measurements for (100) stress gave very good
agreement with calculated spectra at room temper-
ature, but somewhat worse agreement at 85 °K. To
within 10%, these experiments have confirmed the
values of the deformation potentials » and » listed
in Table I. The only serious disagreement between
theory and experiment is that the calculated maxi-
mum of dichroism occurs at 10-15 meV lower
photon energy than the experimental value. The
reason for this is not understood. A similar dis-
agreement was found in Refs. 15 and 16. It is
puzzling that it is not necessary to introduce any
corresponding energy displacement in the calcula-
tions of the electroabsorption spectra to obtain
good agreement with experiment.

IV. EXPERIMENTAL PROCEDURE

In order to prepare the samples, oriented wafers
of p-type Ge were cut from single-crystal ingots
using a diamond saw. The wafers were lapped and
polished to a thickness of 2.7 mm, flat within 1
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um in 1 em and plane parallel within 5x10"* rad.
The samples were next cut, ground, and polished
to a dimension of 1.0%x1,0x2,7 mm3, the 2.7 mm
being the stress and/or field direction. For the
samples to be used in measurements of modulated
absorption, ohmic contacts were formed by elec-
troplating the wafers with Au,°

The experimental setup is shown in Fig. 5. The
sample is squeezed between two plane and parallel
tungsten-carbide discs, which at the same time
form the electrical contacts. One of these discs
is insulated from the Dewar by a sapphire disc.’1®
The stress is applied to the pressure piston through
a pulling frame. The fracture stress for such
samples was 1.2-1,5X10% kg/cm? in this apparatus.
The whole pressure system was situated in vac-
uum. The temperature of the sample was 85 °K
with liquid nitrogen in the Dewar.

Light from a globar was passed through a wire-
grid polarizer, focused on the sample, and analyzed
by a Perkin Elmer 98 monochromator, equipped
with a NaCl prism, The spectral resolution at
7iw=0.40 eV was 10 meV in the measurements of
piezoabsorption and 20 meV in the measurements
of modulated absorption. The detector was an InSb
photovoltaic cell (Philco ISC-301D) with a rise time
less than 1 usec.

In the measurements of modulated absorption,
the electrical pulses to the sample were supplied
by a 25-Q-discharge-line pulse generator. The
pulsed change in detector signal was amplified and
detected by a PAR Model No. 160 boxcar integra-
tor, using a gate width of 0.5 usec. Under these
circumstances, it was found that a duration of the
electrical pulse of 2 usec was necessary for the
signal not to be affected by the detector time con-

Par 160
Boxcar

Digi tal
Voltmeter

Integrator

Hewlett Packard
462A Amplifier

f

InSb
Detector

Perkin Elmer 98
Monochromator

Pulse
Generator

Dewar Bottom

Sample

Globar

Polarizer

Pressure
Stress Apparatus
FIG. 5. Experimental setup for measurements of

field-modulated absorption in uniaxially stressed p-type
Ge.
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FIG. 6. Field-induced change in absorption cross
section of p-type Ge at zero stress. Electric field in the
(111 ) direction.

stant, The effect of heating of the sample during
the electrical pulse will be considered in Sec. V.
With a repetition frequency of 50 Hz and a time
constant of 15 sec for the boxcar integrator, a
relative change in transmission of 4x10™ could be
measured. The change in absorption Aa is found
from the change in intensity during the pulse Al
and the measured intensity of transmitted light
without field I;. For a carrier concentration of p
=2,1x10' cm™ and a sample thickness of 0.1 cm,
both ad and Aad were less than 0.1, and Aa can be
found directly from the relation Aad~AI/I.. The
measured Aa is normalized to unit carrier con-
centration to give the change in absorption cross
section Ac=Aa/p.

In the measurement of piezoabsorption, a chop-
per was introduced after the globar and the signal
from the detector was phase sensitively detected.
The reduction of data from piezoabsorption mea-
surements was done by measuring the intensity ra-
tio for light polarized parallel and perpendicular
to the stress direction. This was first done at
zero stress 1% /1% and next for an applied uniaxial
stress I} /I}. Let d be the sample thickness, R
the reflection, and ¢, and «, the absorption for the

The last factor gives only a contribution of ~ 5% to
dad and it was therefore calculated from the com-
puted values of @, and «,,

V. RESULTS FROM ELECTROABSORPTION EXPERIMENT

Electroabsorption experiments have been per-
formed on p-type Ge at 85 °K for different values
of uniaxial stress and electric field. The stresses
were 0, 5900, 8850, and 11800 kg/cm? along the
(111) direction. The corresponding splittings
between the p;,, bands at k=0are 0, 22.3, 35.6,
and 45.9 meV. At the three first stresses, mea-
surements were performed at 250, 500, and 1000
V/em. At 11800 kg/cmz, Gunn effect was observed
at 570 V/cm. The fields used here were 100, 250,
and 500 V/cm. The electric field was always in the
stress direction. All measurements were done on
material with a hole concentration of 2.1x10' ¢m™
and the results obtained were reproducible within
10% from sample to sample. The results are

P=21x10'%¢ni3

46010"7cm?2]
5 85K

250V/cm

CHANGE IN ABSORPTION CROSS SECTION

EXPERIMENT: o @ A6
° o A6, 1
CALCULATION: — A6,
-—= A6
X =5900 kglcm2 Neiii>

P |
0.30

PRI D S R SR S ST NS S

0.40 050 060
PHOTON ENERGY (eV)

FIG. 7. Field-induced change in absorption cross sec-
tion of p-type Ge at a uniaxial stress of 5900 kg/cm?.
Field and stress in the {(111) direction.
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FIG. 8. Same as Fig. 7 at a stress of 8850 kg/cmz.

shown in Figs. 6-9 in terms of the change in ab-
sorption cross section for light polarized parallel
and perpendicular to the (111) direction Ag, and
Ao, , respectively. Using af and o defined in
Sec, II, the measured quantities are

Agy = (Olf—- a35°x)/p ’

o (4)
ao,=(af - o %) /p .

In general, Ag, and Ag, are different, This is re-
ferred to as the anisotropy of the spectra since it
reflects the anisotropy of the distribution function
ink space. The general features of the spectra for
zero stress have been discussed in the literature.®*
In this section we shall only give a qualitative ex-
planation of the relationship between distribution
function and the observed modulation of the absorp-
tion,

We consider first the region of 1-3 transitions
which extends from approximately 0.29 eV to the
cutoff from the band edge. The distribution func-
tion in K space can be correlated with the absorp-
tion spectrum through the transition probability for
1-3 transitions. In Fig. 10 is shown the angular
variation of this quantity for light polarized paral-
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lel and perpendicular to the (111) direction w, (&)
and w,(K), respectively. The electric field tends
to concentrate the carriers in the direction of field
where at zero stress w,(K)>w,(&). Accordingly,
Ag, > Ao, over most of the spectral region; the
anisotropy of the spectra increasing with field. At
high fields, the number of carriers with small en-
ergies decrease and more carriers obtain high en-
ergies. From Fig. 1, high hole energies corre-
spond to high photon energies. The absorption,
therefore, increases at high photon energies and
decreases at low photon energies as seen in Fig. 6.
When a uniaxial stress is applied, the band
structure close to K=0 becomes highly perturbed
as shown in Fig. 11, For large wave vectors the
energies are lowered parallel to stress and in-
creased perpendicular to stress, compared with
unstressed material. In thermal equilibrium most
of the carriers occupy a region in K space perpen-
dicular to the stress direction. Figure 10(b) shows
that in the region close to K=0, we always have
w,®) > w, (&) and that the transition probability is
unaltered with stress at large wave vectors. Most
of the carriers then experience a situation where
w,®)>w,(K). This produces a,(7w)> a,(iw) for the

P=21-1015 cm3 1
85K

10 100V/cm g

A6(10-17cm?2)

250V/cm

A
A

500 V/cm b

CHANGE IN ABSORPTION CROSS SECTION
2]

EXPERIMENT: o @ A6,

o od6,
CALCULATlON:-—AéH T
-~~~ A6,

X=11800 kg/em?2 (1< iit>

| B SR T

0.30 040 050 060
PHOTON ENERGY (eV)

FIG. 9. Same as Fig. 7 at a stress of 11800 kg/cm?.
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FIG. 10. Angu}ar variation of the transition probabili-
ties wy (k) and w, (k). Plotted for fixed wave vector vs
angle in a plane containing the (111) and (110) axes: (a)
zero stress; (b) stress of 11800 kg/cm? along the (111)
direction.

region of 1-3 transitions. For small fields we get,
therefore, Ac,> Ao,. When at high fields the car-
riers tend to occupy the region in K space parallel
to field and stress, there will be a competition be-
tween the trend to have Ag,> Ao, due to properties
of the band structure, and to have Ac,> Ac¢, due to
the influence of the electric field. This is most
clearly demonstrated in Fig. 7 for a stress of
5900 kg/cm? At 250 V/cm, Ac,> Ao, and at 1000
V/cm, Ac,<Ac, at the maximum of the differential
absorption. The absorption in the region of photon
energies below ~0.29 eV is the contribution from
band 2, the lower of the strain-split p;,, bands.

At 5900 kg/cm?, this band gives a significant con-
tribution to the absorption at all fields used. At
8850 kg/cm? the effect is only present at 1000 V/
cm and it is not present at 11 800 kg/cm?.

An increase of lattice temperature during the
electrical pulse will also produce a change in ab-
sorption®! similar to the measured electroabsorp-
tion. For a pulse duration of 2 usec and a carrier

concentration of 2.1x10% cm-3, the mean tempera-
ture shift will be 6 °K at the maximum power input,
i.e., at 8850 kg/cm? for 1000 V/cm. The corre-
sponding change in absorption cross section? is at
zero stress Ac=~1%x10"" cm? at 7w =0.40 eV and
Ac~0.2X10""" cm? at 7w =0.60 eV. This effect

is therefore negligible compared to the field-in-
duced changes in absorption cross section. More
serious is the thermal modulation of the band edge.
A 16 °K increment of lattice temperature® pro-
duces a change in absorption of ~0.1 cm~ ! for 7w
=0.70 to 0.76 eV. With the actual carrier concen-
tration the corresponding change in absorption
cross section is 5X10° Y cm?. At the highest
stress, the energy gap is lowered around 0.1 eV,
The band-edge modulation will then be significant
for Zw>0.60 eV. The band-edge absorption be-
comes highly anisotropic with stress® such that

it is around four times larger for light polarized
parallel to stress than for light polarized perpen-
dicular to stress. Correspondingly, the thermal
band-edge modulation mostly affects Ao, .

VI. DISTRIBUTION FUNCTION

To interpret the spectra, we have used an analyt-
ical form for the hot-carrier distribution function
based on the drifted Maxwellian introduced by
Hammar and Weissglas.?® We shall here mainly
consider band 1 for which the assumed distribution
function is

F1®)=exp[- (e,®) - 77, - K/ k5 T] , (5)

where v, is the drift velocity of carriers in band
1 and T is their temperature. For convenience,
hole energies are here taken to be positive with
zero at the K=0 energy. An important property
of the distribution function (5) is that the mean-
carrier velocity (V) equals ¥, for an arbitrary
band structure. An optical experiment can in prin-
ciple only yield information about the even part of
the distribution function. However, by using the
experimental drift velocity in Eq. (5), the distri-
bution function will have the correct first moment.
Previous experiments®® and calculations'™ !® have
shown that the strong interaction between holes and
optical phonons in Ge?’ creates different tempera-
tures of hot carriers with energies less than and
larger than the optical-phonon energy kg6 of 37
meV. We shall therefore assume different tem-
peratures in these two regions of hole energy. Our
two-temperature drifted Maxwellian is given by

e, ®)< kg0
(6)
f=AR exp[- (e;&) -7V, - K)/ ks To] , €,®)>Rgb .

F=exp[-(e,(K) - 1, - K)/ kT4,

The function A(K) provides for the continuity of f
at the optical-phonon energy. The surface of con-
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stant energy equal to 256 is found from the equa-
tion €,(Ky) = k560, where Ky=Ky() is dependent on
the direction of K. With this notation,

AR)=exp[(kg8 - BV, Ko) (1/ kg Ty - 1/k5Ty)] .

For zero stress, the surface of constant heavy-
hole energy equal to k36 was approximated by a
sphere. In the case of a uniaxial stress in the
(111) direction, we note that in a plane perpen-
dicular to stress through k=0, we effectively have
a sixfold symmetry which to a good approximation
makes the energy isotropic in this place. It is
therefore sufficient to account for the variation of
Ko(K) in a plane containing the (111) and (170) di-
rections. The surface of constant energy equal to
kp0 was then approximated by an ellipsoid with
principal axes in those directions. The axes were
chosen in a way to make the ellipsoid enclose the
same volume in K space as the actual surface of
constant energy.

In a preliminary analysis using the parameters
T, and T, to give agreement between the calculated
and experimental change in absorption, we found
that the anisotropy of the spectra could not be ad-
equately reproduced unless T; was taken to be
anisotropic. Let ¢ be the angle between the elec-
tric field and a point in K space. The temperature
T,(¢) used at this point was then given by

1/Ty(¢)=cos?¢/T, +sin®¢/ T, , (7)

where T, is the longitudinal and T, is the trans-
verse carrier temperature. When in Eq. (5) T is
K dependent, the relation (V)=V, is not fulfilled.
For the temperatures determined here, a numeri-
cal calculation of the mean velocity gave a maxi-
mum disagreement from v, of 15%.

The modulation of absorption with field contains
little information about carriers with large ener-
gies (Figs. 1 and 2). It was furthermore shown
in Sec. V that the thermal modulation in the band
edge obscures the region of high photon energies.
This will mainly influence the parameter T,. To
make a better determination of T,, we have calcu-
lated the power loss per carrier to optical phonons.
In the region of fields of interest here, practically
all the power input from the field, ex7,, - E per car-
rier is given off to optical phonons.® Let the aver-
age time between scattering processes between a
carrier of energy ¢(K) and an optical phonon be
T,(€) and 7,(¢), for emission and absorption pro-
cesses respectively. The power loss to optical
phonons is then given by

1 1 -

P, =k39f (¢ -—) FBdE, ®)
e Ta

with f(E ) normalized. The transition probability for

scattering from an initial to a final state by optical
modes is first taken to be a constant. According

to Conwell,? the scattering times T. and T, are
related to the density of states of the holes D(¢) by

i () Dle-k0),
where 5 is the occupation number for optical pho-
nons at the lattice temperature. The numerical
factors entering in this expression are known from
the work of Brown and Bray? at zero stress. The
transition probability for optical-mode scattering
is actually dependent on the directions of initial-
and final-state wave vectors.?3® When a stress is
applied, wave-vector dependence of the transition
probability is introduced. Using an extension to
the stressed case by Lawaetz® of Bir and Pikus’ %°
result for the transition probability, we found a
typical average increase in this quantity of 10-15%
at the highest stress. This was neglected in the
calculations of the power loss. The density of
states was generated in the form of histogram.

The expression (8) could then be evaluated at non-
zero stress. The power loss P, is strongly de-
pendent on the fraction of holes which have energies
larger than*kse. T, was therefore adjusted to make
P, ~eV, E to within 10%. P,,, is strongly depen-
dent on T,. The mean carrier energy is dependent
on all the parameters. Consequently, this proce-
dure will give a satisfactory determination of the
mean energy.

The method used to determine the parameters of
the distribution function f(7,, 7., T,, V,;, K) was
the following: (i) Vv, was usually the experimental-
ly determined drift velocity. (ii) 7, was put equal
to 7, and this temperature was adjusted to give an

;——:5 cnD(e+%6), (9)

TABLE II. Distribution function parameters. v, is
in units of 10" cm/sec and Ty, T,, and T, are in units of
o
K.

X=0 X=5900 X =8850 X=11800 E
(kg/cm?) (kg/cm? (kg/cm?)  (kg/cm? (V/cm)
vg expt. 0.60
v, cale cee
Ty 130 100
T, 130
T, 65
vy expt. 0.42 0.75 1.00 1.20
vy cale. 0.32%
Ty 140 150 130 120 250
T, 135 150 150 160
T, 50 60 50 60
vy expt. 0.66 1.05 1.30 1.62
v, calc. 1.00 1.20
Ty 100 250 200 200 500
T, 160 250 250 200
T, 70 70 70 85
vy expt. 0.90 1.32 1.47
v, calc. 1.20
T, 120 300 500 1000
T, 180 300 500
T, 85 85 110

2Estimated contribution from heavy holes.



2 OVE CHRISTENSEN

meV
+50

10> 5 Kj“ ; <>

e % 5x10 " au k2

| - :
AN
GRGREE ce

x=11800kg/cm/<ll>

+-100 2

2

FIG. 11. Four-band calculation of the band structure
of the pg;, levels in the {(111) and {(110) directions for a
stress of 11800 kg/cm? in the (111) direction. The
dashed line illustrates the behavior in a direction deviat-
ing slightly from the (111) direction. The uninteresting
degeneracy at the two points in the (111) direction has
now been removed. The numbers 1 and 2 denote the
levels as defined in Sec. 2.
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FIG. 12. Curves of constant occupation probability
for different fields at zero stress. The occupation prob-
ability is normalized to 1 in the center and the curves
represent probabilities of 0.5, 10~1, 10-2, 10-3, and 10-4,
The dashed line gives the position of the optical-phonon
energy.
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approximate agreement with the experimental
change in absorption at the maximum Ac¢ around
7w=0.42 eV. (iii) 7, and T, were adjusted to give
the experimental anisotropy, i.e., the correct
values of Ag, and Ag, at the maximum. (iv) T,
was adjusted to give agreement between the cal-
culated power loss to optical modes and the input
power from the field.

The results of this procedure are shown in Table
II. At zero stress and 1000 V/cm, 7, is equal to
the lattice temperature, in agreement with the re-
sults of Ref. 4.

The change in absorption calculated with these
parameters is shown in Figs. 6-9 together with
the experimental results. The general agreement
between the experimental and calculated spectra
is rather good. In the region of high photon ener-
gies, the agreement is usually better for Ao, than
for Ao, as anticipated in Sec. V. The calculated
spectra account only for the contribution from 1-3
transitions. Although the parameters T, and T,
were determined to give agreement at the maximum
Ao, there is in most cases a rather good agree-
ment also at the minimum around %w=0.33 eV.

At the highest fields and stresses it was not pos-

<110>
. E
<7ii> <>
X = 11800 kg/cm?2
100V/cm

FIG. 13. Same as Fig. 12 but for a stress of 11 800
kg/cm? in the (111) direction.
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FIG. 14. Mean energies of carriers vs field for dif-
ferent uniaxial stresses in the (111) direction. Lattice
at 85°K. A: Pinson and Bray®; V: Kurosawal’, a:
Budd. 1

sible to obtain agreement using the experimentally
determined drift velocity. This inevitably gave a
Ao, which was too large relative to Ac,. In this
case, we let T,=T, and adjusted v, to obtain the
proper anisotropy in the spectra. A distribution
function determined in this way will still describe
the even properties of the actual distribution func-
tion. The streaming character of the carrier mo-
tion is illustrated by the surfaces of constant occu-
pation probability shown in Figs. 12 and 13. The
extent of the curves in K space is comparable for
zero stress, 1000 V/cm and for 11800 kg/cm?,
500 V/cm although in the latter case the carriers
have to overcome a “potential barrier” of 45 meV
(see Fig. 11) to reach that far out.

The lower of the strain-split p;3,, bands gives a
contribution to the absorption for photon energies
smaller than 0.29 eV. To get some feeling with
the properties of holes in this band, we have at
8850 kg/cm? and 1000 V/cm, used the distribution
function for this band

fo= Zexp[— (€2(E) - 7564 . E)/ks T] s (10)

where Z determines the fraction of carriers in band
2. To get a maximum in differential absorption at
0.27 eV, a carrier temperature > 200 °K was
needed. One percent of the carriers placed in band
2 produced an absorption cross section of 2x10- 7
to 4x10° 1" cm? at 0.27 eV. The calculated ratio
Ao, :Ac,=1:1.4 was only weakly dependent on the
drift velocity used in Eq. (10).

VII. SOME HIGH-FIELD PROPERTIES OF UNIAXIALLY
STRESSED p-TYPE Ge

A. Application of Distribution Functions

In this section we discuss some hot-carrier
properties of uniaxially stressed p-type Ge. The
basis for the discussion is the average kinetic en-
ergy of carriers in band 1 shown in Fig. 14. The
average energy was calculated by numerical inte-
gration using the parameters for the distribution
functions given in Table II. For zero stress we
can compare those results with other published ma-
terial.!"® In general, there is good agreement.
Our value at 1000 V/cm is perhaps too large cor-
responding to the overestimate of Ao, in Fig. 6.
When a stress is applied, the mean energy is in-
creased. At low fields this increase is roughly in-
dependent of stress. At high fields, the energies
for zero stress and for 5900 kg/cm? have the same
asymptotic field dependence, which is different
from the asymptotic behavior at the two highest
stresses. The mean energy can be related to the
power input per carrier from the field by

eV E=((e) = (e)p)/Te (11)

where (€)p is the mean energy in thermal equilib-
rium at 85 °K. 7, shown in Fig. 15, is the mean
energy gained per unit power input. It is not in
general possible to associate 7, with an energy
relaxation time. At high fields, T, approaches the
same value for zero stress and for 5900 kg/cmz.
The conversion of power to mean energy is less
efficient in stressed material than in unstressed
except at rather high fields and stresses.

In order to give an interpretation of those re-
sults, we consider the mean time between scatter-
ings at hole energy ¢. For optical-mode scatter-

T T L LA

‘l'.E:[H)"2 sec]

FIELD [V/cm] |
‘ 1 1 I I U A T |
100 1000

FIG. 15. “Energy relaxation time” vs field at 85 °K..
®, +, O, and Odenote stresses of 0, 5900, 8850, and
11800 kg/cm? in the (111) direction.
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ing, this time is only dependent on the density of
final states available for the scattered carrier

[Eq. (9)]. For a nondegenerate band in an isotropic
medium, the mean time between collisions with
acoustical phonons is?®

—75=<Dle) . (12)

Tao(€)
This expression is based on equipartition and
negligible energy of the acoustical phonons. 7,
is the resulting value for emission and absorption
processes. For the complex valence-band struc-
ture of uniaxially stressed Ge, we shall assume
that Eq. (12) is still qualitatively correct.

The density of states is shown in Fig. 16 for

zero stress and for 11800 kg/cm?. For energies
below the strain splitting, the density of states is
diminished 2-8 times by stress. The mean colli-
sion times for the different scattering processes
have been given in Refs. 5 and 27 for unstressed
material. For a given stress, the collision times
at a given carrier energy can be found from the
values at zero stress using the relations (9) and
(12). Figure 17 shows the mean collision time for
acoustical-mode scattering 7,.(¢) and for optical-
mode scattering 7,,,(¢). Impurity scattering was
not taken into account. The density of states at
some energy € governs the acoustical-mode scat-
tering at this carrier energy, the optical-phonon
absorption at energy € - k560, and optical-phonon
emission at energy ¢ + k6. Calling the strain
splitting of the valence bands §, the stress behavior
of the scattering processes can be summarized as
follows: (i) Scattering rate by acoustical modes is

Density of States (Rel.Units )

_ 7 strain splitting

Ve

1 1 1 1 1 L

20 40 60 80
Hole Energy(me V)

FIG. 16. Density of states. Full line is at zero stress
and dashed line at 11800 kg/cm? in the (111) direction.

=3

10

Zero Stress

Scattering Time (10%sec)
)

1 1 1 I 1 1

10 20 30 40 50 60
Hole Energy (meV)

FIG. 17. Mean time between scatterings vs hole energy
at 85°K. Upper set of curves is at zero stress, lower at
a stress of 11 800 kg/cm? in the (111 ) direction.

decreased for €< 6 and is approximately unchanged
for €>6. (ii) Scattering rate by absorption of opti-
cal phonons is almost independent of stress.

(iii) Scattering rate by emission of optical phonons
is strongly diminished in the energy range kgz6< ¢
<kgb+5.

The carriers have a cycle of streaming motion
consisting of: (a) an initial acceleration through the
K space region where €< kgf. (b) The carrier
obtains an energy larger than the optical-phonon
energy and emits an optical phonon whereupon the
cycle is repeated. The time needed for a carrier
to be accelerated from K=0 to the optical-phonon
energy is dependent on stress. Considering the
band structure in the (111) direction (Fig. 11),
we see that the band structure at € =kz6 is heavy
holelike for & < %56 and light holelike for & > k56.

In a field of 1000 V/cm, the time it takes for a
carrier to be accelerated from K=0 to the optical-
phonon energy is ~5 psec at zero stress and 1-2
psec at high stresses. This, together with (i)
makes the first part of the cycle of streaming mo-
tion go faster when a stress is applied. On the
other hand, the second part of the cycle will slow
down due to (iii). As a result of the stress, the
carriers will spend less time in the region €< kg6

5,32
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and more time in the region € > %z6. The average
energy, therefore, increases with stress. For a
given strain splitting 6, the effect of further stress
is only to change the density of states at energies
above 6. Thus, when 6 > kz0, an increase of stress
changes the emission rate of optical phonons only
at carrier energies larger than 2;60+6. For
strain splittings above k50, the only change in col-
lision times occur at energies larger than kz0 +6.
The mean energy will therefore approximately satu-
rate for strain splitting above k36, corresponding
to a stress of 8850 kg/cm® At large hole ener-
gies, the scattering probabilities approach the values
at zero stress. Asaconsequence, the mean energy
of the carriers obtains the same asymptotical be-
havior as for zero stress. In the range of fields
used, this limit is only obtained for the smallest
stress.

B. Discussion of BNDC in Uniaxially Stressed p-type Ge

In this section, we discuss some possible mech-
anisms for the occurrence of BNDC in uniaxially
compressed p-type Ge. BNDC occurs only above
a certain stress level, which is dependent on dop-
ing® and temperature.® At 4.2 °K, the threshold
field increases with stress® whereas at 27 °K and
above, the threshold field decreases with stress.®
We shall only consider the latter case.

The band structure of Fig. 11 is for small wave
vectors composed of two strain-split valleys cen-
tered at K=0. The masses of the upper and lower
valley in the field direction are given by (mq/m )11
=lA+3N| ~25 and (mqg/ms)11=|A— 3Nl ~2. These
masses are valid over energy ranges of § and & X3,
respectively. For energies outside this range, the
masses are interchanged. )

Ridley and Watkins!! initially considered the
mechanism of carrier transfer between the valleys
around K=0. In order to get a BNDC, the carriers
in valley 2 must experience a heavy mass. At
strain splittings necessary to obtain BNDC around
40 meV,® the mass in valley 2 is light holelike for
energies larger than 3 meV above the extremum of
this band. In a field of 1000 V/cm, a carrier in
band 2 is accelerated from K=0 to the small mass
region in 1-2 psec. Typical scattering times for
such a carrier are 2-5 psec (Fig. 17). The mean
energy of carriers in band 2 is thus considerably
larger than 3 meV and most carriers in this band
therefore experience a small mass. A BNDC at
high fields is therefore not expected from the
mechanism of carrier transfer between the K=0
valleys.

We next consider the possibility of a BNDC based
on the nonparabolicity®!* 2 of the upper valence
band. The basic idea is, that the electric field
transfers carriers out to a part of the band struc-
ture with large mass where they give a small con-

tribution to the current. The ratio between the
strain splitting necessary to produce BNDC and
the optical-phonon energy 6/k%;6 equals 0.95, 1.1,
1.5, and 1.6 at 27, 77, 140, and 160 °K, respec-
tively.® The two last values are not well defined.
At 85 °K, it is therefore natural to seek an explana-
tion of the BNDC from the case 6 =kg6. Let us
separate the carriersina fractionsn, which have en-
ergies less than the optical-phonon energy, and a
fraction n, with energies larger than this energy.
With the distribution function 7(kK) normalized to
unity,

[ @) dk=["° r@yak+ [~

e=0 €=kp6

and similar for the drift velocity

®© o

- N N e -
vd=(v>=fv(k)f(k)dk=[e=ﬁ vfdk+fe=k89 vfdk
=V m, +Vymy . (14)

Carriers in part ¢ of the band are only weakly scat-
tered by acoustical phonons and by absorption of
optical phonons. This yields a high carrier tem-
perature (Table II). The small mass in this re-
gion gives large V(K) in the first part of the inte-
gral in Eq. (14). Carriers in part b of the band
are strongly scattered by emission of optical pho-
nons. This gives a small carrier temperature
(Table II). The v(kK) are small in this region owing
to the large mass in the field direction. It should
furthermore be mentioned that the ratio of scatter-
ing rates 1/7,,:1/7,, , increases a factor 2-3 from
zero stress to the stress where 6 =%36. Corre-
spondingly, one would at high stresses expect a
larger degree of velocity randomizing for carriers
in part b of the band.

In Eq. (14) we shall therefore neglect the con-
tribution from part b of the band to v, and let

v, na;;a . (15)
A BNDC will thus occur if the rate of carrier
transfer with field from part g to b of the band is
sufficiently large. Figure 18 shows the fraction
of carriers n, which have energies larger than the
optical-phonon energy. This was calculated from
the distribution functions of Table II. Basically,
the field and stress dependence of #, is the same
as of the mean energy. Using n, and the measured
drift velocities (Table II), we have calculated V,
from Eq. (15). The result is displayed in the lower
set of curves in Fig. 19. To make a comparison
between different values of stress, the same pro-
cedure was used for all stresses. The power de-
pendence of V, on field is rather constant over the
range of investigation. We therefore find 3‘, at
higher fields by extrapolation. The values of #,
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FIG. 18. Fraction of carriers which have energies

larger than the optical-phonon energy shown vs field for
stresses in the (111) direction.

were extrapolated from the measured values in a
narrow range of fields. The drift velocity at
higher fields is found from these values as v,
=V,(1 =n,). The result is shown on the upper set
of curves in Fig. 19. A BNDC occurs only for
stresses of the investigation above 8850 kg/cm?
where 5 =k56. The predicted threshold field is
~1100 V/cm at 8850 kg/cm? and =~ 900 V/cm at
11800 kg/cm?. The experimental threshold field
for oscillations is around 500 V/cm®'? at these
values of stress. The threshold field for spike-
wave oscillations!? is however around 1000 V/cm.
If we let V, =7 V,, the BNDC persists at 8850 kg/
cm? and disappears at 11800 kg/cm?. The rate of
change of », necessary to produce BNDC at 8850
kg/cm? and 1100 V/cm is ~3%/100 V/cm. This
justifies the use of extrapolation of #, to higher
fields.

VIII. SUMMARY

The modulation of intervalence-band absorption
of infrared light by pulsed electric field has been
studied for fields <1000 V/cm and uniaxial stress
<11800 kg/cmz. All measurements were per-
formed with electric field and uniaxial stress along
the (111 ) direction. The modulation is strongly
dependent on the polarization of light with respect
to the field direction and of the magnitude of
stress.

The main objective was to determine the hot-
carrier distribution function in K space. The analy-
sis of the results was based on (a) a numerical cal-
culation of the intervalence-band absorption and
(b) a parametrized distribution function for the

hot carriers. The calculational procedure (a) was
checked by measurements of piezoabsorption in
thermal equilibrium. The parameters of the dis-
tribution function (b) were varied until the calcu-
lated modulation of absorption agreed with the
measured one. In order to reproduce the distribu-
tion function at high energies, one of the param-
eters was adjusted to give agreement between the
measured power loss eV, - E and the calculated

rate of energy loss to optical phonons. Only the
effect of the upper of the strain-split valence bands

was taken into account in the calculation. The
main results can be summarized as follows.

(i) The hot-carrier distribution function is
strongly anisotropic in K space. The nonparabolic-
ity of the band structure when a stress is applied
further increases this anisotropy.

(ii) The effect of stress is to relax the acousti-
cal-scattering probability for ¢ <8, and the prob-
ability for emission of optical phonons in the re-
gion kg6<e<kgf+6. This results in an increase
of the mean-carrier energy and in an increased
transfer of carriers to the region €> kg6.

(iii) The relaxation in scattering probabilities
saturates when the strain splitting reaches the
optical-phonon energy. Further stress mainly
affects carriers with €>6 +k&z6.

The two latter features can essentially be under-
stood from the stress dependence of the density of
states. This is strongly diminished for e€<34.

A simple model for the BNDC occurring in uni-

0.4,

0.2 12
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01 10
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FIG. 19. Drift velocities of all carriers pper set of
curves, left scale), and of carriers with € <kg0 (lower
set of curves, right scale). e, O, A, and o denote
stresses of 0, 5900, 8850, and 11 800 kg/cm2 in the (111)
direction.

1107 cm/sec ]
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axially stressed p-type Ge has been proposed.
When a stress is applied, a significant fraction of
carriers is transferred to the region €>6 with
large mass. When 6 =kz6, the carriers in this
region emit optical phonons which decreases the
carrier temperature in the region ¢> 256. This
region thus gives a very small contribution to the
drift velocity. The BNDC then arises if the field
rate of carrier transfer to €> k56 is sufficiently
large.

These results suggest that a theoretical treat-
ment of high-field effects in highly stressed p-type

77

Ge can be simplified by using a two-level system,
where the level separation is at the optical-phonon
energy.
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