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An experimental and theoretical investigation of hot-electron conduction in the lead chal-
cogenides is presented. Measurements of velocity-field characteristics have been performed
on bulk samples of n-type PbSe, PbTe, and Pby gSny ;Te at 77 and 4.2 °K for carrier con-

centrations ranging from 1x 1017 to 5x 10'7 ¢

The results indicate that the dominant

scattering mechanism at high electric fields is via polar-optical-phonon emission. The
theory of Dumke for impact ionization which assumes a highly streamed distribution function
is modified to take into account the ellipsoidal constant-energy surfaces of the lead chalco-

genides.

Generation rates are calculated for the three materials studied. At 77 °Kthe threshold

electric fields for experimentally observable impact ionization are found to be 2500, 1050,
and 550 V/cm for PbSe, PbTe, and Pby gSn) ;Te, respectively. These results agree well
with the theory even though the distribution function is not purely one dimensional.

I. INTRODUCTION

In recent years the study of high-electric-field
transport in elemental semiconductors and in the
III-V and II-VI compounds has been given consider-
able attention due to the availability of relatively
pure material. Hot-electron conduction has been
investigated in covalent semiconductors such as
Ge! and Si? and in a variety of predominantly polar
semiconductors including InSb,® InAs,* GaAs,®
InP,* and CdTe.* Preliminary work on PbSe and
PbTe was reported elsewhere by the authors.® Be-
cause of the difficulty of obtaining low carrier con-
centrations in the lead salts special experimental
techniques have been used and are reviewed here
in greater detail. The object of this paper is to
present an experimental observation and theoreti-
cal interpretation of hot-electron conduction in
PbSe, PbTe, and Ph,.,Sn,Te. For the first time’
the process of impact ionization in bulk lead
chalcogenides is investigated. The influence of
the band gap reduction occurring in Pb,.,Sn Te al-
loys on the threshold for impact ionziation is also
discussed.

When a polar semiconductor at low temperatures
is subjected to a high electric field, the mobility
first decreases because of the effectiveness of
polar-optical-phonon emission as an ®nergy-loss
mechanism.® At higher fields depending on the
size of the energy gap relative to the separation
between the conduction band and subsidiary mini-
ma, impact ionization or the Gunn effect or both
can occur. The two phenomena have been ob-
served in InSb,9 for example. The experimental
and theoretical evidence presented here essential-
ly demonstrates the occurrence of impact ionization
in n~-type lead chalcogenides. Speculations about
a second valence band in PbTe have suggested the
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possibility of a Gunn effect in p-type PbTe. Be-
cause of the experimental difficulty of making Oh-
mic contacts to p-type material, this paper deals
only with n-type materials.

The theoretical analysis of high-electric-field
transport in semiconductors is in general a very
difficult problem and only recently with the advent
of simulation techniques such as the Monte Carlo®®
method or special iteration techniques!! have satis-
factory calculations been performed for materials
such as GaAs,'? InSh,"® and Ge.'* These numerical
methods circumvent the problem of analytically
solving the Boltzmann equation and have the advan-
tage of always approaching the exact solution to the
transport equation. Less exact but more readily
usable methods are often useful in the interpreta-
tion of experimental data and make use of physical
approximations to simplify the mathematical treat-
ment. One such method using a Maxwellian dis-
tribution function displaced in momentum space
was first applied to the case of polar semiconduc-
tors by Stratton.'® It assumes that intercarrier
collisions are sufficiently frequent to randomize
both the energy and momentum distribution func-
tions and is valid at electric fields below the im-
pact-ionization regime. The theory of Stratton is
reviewed here for the case of the lead salts, to
establish the predominance of polar-optical-phonon
scattering at high electric fields; its limitations
are discussed in the light of the low-field scatter-
ing properties of the lead salts.

The problem of impact ionization was first
treated for covalent semiconductors.!®™'® The the-
ory of Baraff,!® for example, has been used to cal-
culate the ionization coefficient @ in Ge and Si.
Baraff’s treatment and subsequently the theory of
Keldysh!® apply only to the case of isotropic scat-
tering. In the Pb salts an electron loses energy
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TABLE I. Low-field carrier concentration and Hall
mobility at 77 °K of annealed semiconductors from which
samples were fabricated.

Concentration Mobility

Semiconductor ng (cm™) (cm?/V sec)
PbTe (N) 3.3x1017 30000
PbTe (L) 1.45x% 107 34500
PbSe (W) 5.25x 1017 31000
Pb,_,Sn,Te 9.8x101 40000

mainly via polar-optical-phonon scattering which
is a highly anisotropic scattering process. Chuen-
kov?® and Dumke?! treated the problem of impact
ionization in polar semiconductors. The theory of
Dumke which has been very useful in interpreting
the generation-rate data of InSb?? is applied here
to the lead chalcogenides. This theory gives a
satisfactory picture of the process of impact ion-
ization in narrow-band-gap polar semiconductors
such as the Pb;.,Sn Te alloys, where the energy
gap can be changed appreciably by varying the
atomic fraction x.

II. EXPERIMENTAL PROCEDURE

A. Material and Sample Preparation

The lead chalcogenides are cubic semiconduc-
tors of the rock-salt crystal structure which are
able to exist as stable compounds under fairly wide
deviations from stoichiometry. The carrier con-
centration can be controlled by adjusting the
Pb: chalcogen ratio of a pure crystal. This is ac-
complished by various annealing procedures which
have been reviewed recently by Calawa et al.?® The
starting ingots are Bridgman grown with high p-
type carrier concentrations. Low-concentration
PbTe and Pb,.,Sn,Te are obtained by isothermal
annealing,?* while a two-zone-annealing scheme?
is used to obtain low concentration PbSe. Table I
lists the low-field properties of the various crys-
tals studied, obtained from standard Hall-effect
measurements. The rather high carrier concen-
trations available required special sample geome
tries shown in Fig. 1. In order to produce suffi-
cient carrier heating, cross sections of typically
40x10°% cm? are necessary. For most of the
measurements reported here dumbbell-shaped
samples (which are obtained by a controlled etch-
ing of the center portion of a rectangular bar hav-
ing at each end an In-alloyed contact) have been
used for their mechanical stability, better heat
sinking, and electrical properties. The rectan-
gular samples were also used to verify the accuracy
of the normalization, but were much more difficult
to produce.

The electric field, assumed constant over the

etched portion of the sample can be calculated from
the total voltage drop across the sample. A suit-
able geometrical model of the sample is used to
calculate the Ohmic voltage drop in the end por-
tions of the sample. An accuracy of +7% is ex-
pected for the determination of the electric field.
An error of +20% is estimated for the absolute val-
ue of the drift velocity because of uncertainties

in the determination of the carrier concentration

ny and the cross-sectional area.- The excellent
agreement obtained between various samples indi-
cates that the use of dumbbell-shaped samples is
adequate and solves many problems so often en-
countered with the use of rectangular parallel-
epipeds.

B. Experimental Arrangement

The experimental arrangement is shown in Fig.
2. A high-voltage pulser having a characteristic
impedance of 50  (SKL Model No. 500) and oper-
ated by a mercury-wetted-contact relay in con-
junction with a high-voltage power supply (0-4000V)
is used to generate voltage pulses of up to 2000 V
with duration varying from 5 to 100 nsec with a
repetition rate of typically 5 Hz. These voltage
pulses are transmitted through a 50-Q coaxial
transmission line terminated by the sample under
test (typically of the order of 1 ) in series.with a

1mm

-

mm J,

FIG. 1. Samples of PbTe.
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FIG. 2. Experimental arrangement.

1-Q current-sampling resistor. The sample and
resistor are mounted in a low-inductance sample
holder. The two measuring voltage probes have
a characteristic impedance of 50 2 and act as
high-impedance probes.

III. RESULTS

The results are presented in the form of veloc-
ity-field characteristics. They are actually plots
of J/nse vs E, with n, the low-field carrier con-
centration. When #, does not depend on the elec-
tric field, J/noe is identical to the drift velocity.
Unless otherwise stated the velocity-field charac-
teristics presented were measured 5 nsec after the
onset of a 10-nsec pulse. Figure 3-5 give the re-
sults obtained for PbSe, PbTe, and Pby, ¢35n,,;Te€,
respectively. In all cases a region of saturating
velocity is observed, the velocity reaching values
close to 1x107 cm/sec. This behavior is ascribed
to a field-dependent mobility and is similar to re-
sults obtained in InSb® for fields less than 250

V/cm. The electric fields attained, however, vary
considerably from material to material and are a
measure of the strength of the polar-optical-phonon
interaction.® In PbSe (Fig. 3) an inflection point
is observed at about 2500 V/cm for both 4.2 and
77 °K. Above that point the current increases more
rapidly with increasing electric field, a behavior
consistent with the occurrence of carrier multipli-
cation. No explicit time dependence is observed
either in the voltage or the current pulse. It was
found with the use of pulses longer than 10 nsec
that measurable Joule-heating effects occur in the
region of electric fields above the inflection point.
For this reason it was not possible to identify ex-
perimentally the carrier-multiplication process.
Figure 4 shows the results for PbTe. The
dashed curve represents the average data obtained
from several samples: Thefull curve isthe result
of a probe measurement made on a 1-mm-long
sample. Three probes (indium-plated platinum
wires) were positioned along the etched portion of
a sample and then alloyed by passing a current
through the small wire. Accurate electric field
measurements could then be made; the accuracy
of the electric field normalization in this case
should be better than 5%. At about 1050 V/cm and
77 °K an instability occurs. If the instantaneous
current and voltage are plotted at a particular
time during the pulse, it appears as a time-depen-
dent S-type bulk negative differential conductivity
(BNDC). The negative slope is actually limited by
the 50-Q load line of the circuit and it was verified
with the probe measurement that the electric field
remains uniform up to the threshold field, above
which nonuniformities could be detected. A more
detailed description of the instability has been
given elsewhere.?® At 4.2 °K a stable character-
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2.0
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FIG. 3. Velocity-field charac-
teristics of n-type PbSe at 77 and
4.2°K,
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FIG. 4. Velocity-field charac-
teristics of n~type PbTe at 77 and
4.2 °K.
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istic is observed with an inflection point around
1000 V/cm.

For Pby,¢35ng,17Te, instabilities are observed at
both 4.2 and 77 °K. The threshold fields are how-
ever much smaller, being of the order of 550 V/cm
at 77 °K. The oscillations observed at 4. 2 °K are
weaker than those observed at 77 °K as indicated
by the envelope curve at 4. 2 °K.

The object of the present work is to correlate
the experimental inflection points observed in the
v-E curves with the onset of impact ionization. It
will be shown that in the region of electric fields
above the inflection points appreciable impact
ionization takes place. The explanation of the ve-
locity-field curve in this region of electric fields
is however complicated by the presence of a self-

2000

pinching effect. Estimates of the importance of
this effect have been reported elsewhere? and in-
dicate that it cannot be ignored on the time scale
of our experiments. These estimates indicate

the possibility of stable as well as unstable volt-
age-current characteristics in the presence of
impact ionization and pinching as have been ob-
served for similar conditions in InSb.?” Due to a
lack of experimental data and due to the complexity
of a theoretical model suitable for the Pb chalco-
genides the calculations have not been pursued.
The present paper is thus chiefly concerned with
demonstrating the existence of impact ionization in
the lead chalcogenides in the region of electric
fields where measurements have been performed.
It may serve as a basis for a calculation of the dy-
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FIG. 6. Theoretical velocity-field characteristic for
PbTe at 77 °K obtained from Stratton’s model for polar-
optical-phonon scattering only (curve a), with nonpolar
optical scattering D=4.9 x 108 eV/cm (curve b), 15.5
x 10% eV/cm (curve c), 31x 108 eV/em (curve d). The
influence of acoustic scattering is shown in curve e.
For PbTe the constant E; is 3320 V/cm (Ref. 6).

namics of the pinching process.
IV. THEORETICAL

In the following the nature of the velocity-field
characteristics below the onset of impact ioniza-
tion is first reviewed. Then the results of a cal-
culation of the carrier generation rates in the Pb
salts are given.

A. Field-Dependent Mobility

The low-field scattering properties of the Pb
salts have recently been reviewed by Ravich,
Efimova, and Tamarchenko.?®2° It is well estab-
lished that polar-optical-phonon scattering is
dominant in the range of carrier concentrations be-
tween 10 and 5x10'7 cm” 3. A theory of mobility
at these concentrations is however complicated due
to the necessity of considering screening, non-
parabolicity of the energy bands, and because the
statistics are neither completely degenerate nor
completely classical. In addition, at the tempera-
tures of interest (7<77 °K), no single relaxation
time exists for this type of scattering which com-
plicates the solution to the Boltzmann equation.
Also, if one seeks a precise comparison with ex-
periment, acoustic scattering cannot be complete-
ly neglected.

To investigate theoretically deviations from
Ohmic behavior in such a system is a formidable
task compatible only with modern simulation com-
puting techniques. It was shown in Ref. 6, how-
ever, that the features of the v-E characteristics
below the inflection points can be explained with
the help of a simple theory due to Stratton.!® This
theory assumes that carrier-carrier collisions are
sufficiently frequent to randomize both the energy
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and momentum distributions. The assumed form
of the distribution function is that of a Maxwellian
displaced in momentum space. Analytically this
distribution is especially useful in the treatment

of scattering processes for which the relaxation-
time approximation does not hold. Stratton was
able to obtain simple analytic expressions for the
velocity—vs—electric-field relations in the cases

of polar-optical-phonon scattering!® and acoustic-
and nonpolar-optical-phonon scattering.’® Figure

6 shows results calculated for PbTe at 77 °’K. The
electric field is normalized to the characteristic
field E, measuring the coupling to polar-optical
phonons. Curve (a) is calculated assuming polar-
optical-phonon scattering only. Curves (b)-(d)
show the influence of nonpolar-optical-phonon scat-
tering for various values of the deformation poten-
tial D. As discussed in Ref. 6 these values appear
unusually large and thus nonpolar-optical-phonon
scattering can be neglected. Curve (e) of Fig. 6
shows the influence of acoustic scattering for

= =24 eV for which the contribution of acoustic
scattering to the low-field mobility is 10%. The
value of 24 eV has been deduced from various
transport measurements®! as a fitting parameter

to various experimental results and is much higher
than theoretical values obtained from band calcu-
lations.% The importance of acoustic scattering

is probably overestimated and one can conclude
from Fig. 6 that polar-optical-phonon scattering

is the only important scattering mechanism operat-
ing at high electric fields. As shown in Ref. 6

the remarkable feature of Stratton’s theory is that
it predicts well the scale of the electric fields over
which the velocity will tend to saturate. The polar
runaway shown in Fig. 6 is only a mathematical
result and does not correspond to any physically
realizable state.

One can estimate the critical concentrations ng
and #, required for electron-electron interactions
to randomize the energy and momentum distribu-
tions, respectively.® Because of an uncertainty in
the choice of the effective dielectric constant € that
screens the e-e interaction, no simple answer can
be obtained. One can conclude that while e-e scat-
tering should play a role in our experiments, the
drifted Maxwellian is not completely justified and
is, thus, not expected to describe accurately the
physical processes involved.

B. Impact Ionization

The process of impact ionization in a semicon-
ductor is conveniently described by an electron-
hole-pair generation rate g, which measures the
number of electron-hole pairs created per parti-
cle per unit time in a unit volume of the crystal.
One can determine g from the time rate of change
of the current in a bulk sample of semiconductor
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FIG. 7. Constant-energy surfaces of PbTe with the
electric field applied in the (100) direction.

subjected to a constant electric field.?*** Dumke
calculated g for a polar semiconductor having
spherical constant-energy surfaces and nonpara-
bolic energy bands and applied the results to InSb
and InAs.?’ We modified the calculation to take
into account the ellipsoidal constant-energy sur-
faces of the Pb salts. The major effect of the
anisotropy of the band structure is to modify the
calculation of the scattering times 74 and 7, which
are, respectively, the energy and momentum re-
laxation times in the framework of Dumke’s theory.

C. Streaming Approximation

The probability of polar scattering from a state
with wave vector K to a state with wave vector k',
with the spontaneous emission of a phonon of ener-
gy 7w, is given by

P&, K" =A[5(8'+ 1w, - 8)/d]2], (1)

where A is a constant measuring the strength of the
interaction and q is the phonon wave vector. Fig-
ure 7 illustrates a constant-energy surface in
PbTe with the applied electric field in the (100)
direction. The 1/¢% dependence in Eq. (1) causes
small-angle scattering to be favored over large-
angle scattering. As a result in a strong electric
field an electron will continue to move in the
direction of the field after each collision and will
continue to gain energy from the field. Consider
an electron in state K; parallel to the electric field.
By analogy with the spherical case we define a
small-angle-scattering event as an event that puts
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the electron in a state k' where it is accelerated
again by the field ¥'- £>0). A large-angle-scat-
tering event, on the other hand, puts the electron
in a state where it is decelerated by the field

'. £<0). The condition v'- E =0 is the equation
of the plane AA’ of Fig. 7. The plane AA’ sepa-
rates the two regions of K space where large-angle
and small-angle scattering occur, respectively.
We define the scattering rates 1/74 and 1/1, as
the total probabilities of small-angle and large-
angle scattering, respectively. 1/7. is obtained
by integrating P(K;, k') over all states k' to the
right of AA". For 7, the integration is done over
all states K’ to the left of A4".

Since ¢ is much smaller than 7, it follows that
the energy relaxation will be controlled by 74 al-
most exclusively. On the other hand after a large-
angle-scattering event the electron is decelerated
continuously to lower energies until it reenters
the distribution with a positive velocity with re-
spect to the field. Consequently, the relaxation
of the distribution is controlled by 7,. The valid-
ity of the streaming approximation is discussed in
Appendix A. The streaming approximation is
equivalent to assuming that in 2 space all elec-
trons have wave vectors in the kK; or (100) direc-
tion. One can then calculate the probabilities
1/7¢ and 1/7,, and the distribution in energy n(§)
from which the generation rate is calculated.

D. Generation-Rate Calculation

A simple two-band Kane model is used to treat
the nonparabolicity of the conduction and valence
band. The energy dispersion relation is given by

8(1+8/8,)=n2(2: /m,+ k2 /m)) . (2)

Dubrovskaya et al.® were able to obtain reliable
values for the constants of the model at 77 °K
from various thermoelectric measurements.
These measurements yielded values of masses and
energy gap in very good agreement with the 4.2 °K
band-edge parameters determined by Cuff ef al. ,%
and the 4. 2 °K energy gaps of these materials.
These values, given in Table II, are used in all
calculations performed here.

The integration of P(k, k') with the limits of in-
tegration defined by the plane AA' involves various
coordinate transformations and was performed
numerically on a digital computer. The mathe-
matical details are given in Appendix B. Figure
8 shows the results obtained for the scattering
times 74 and 7, in the case of InSb, PbTe, and
PbSe. The result for InSb is shown for compari-
son since in this material the energy surfaces are
spherical. The results indicate that, as the mass
anisotropy ratio K increases in going from InSb
(£ =1) to PbSe (K=1.75) to PbTe (K=10), the ratio
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TABLE II. Values of the constants used in the calculation of the generation rate. For comparison, the values used inthe
case of InSb are also shown (from Ref. 21).

Pb,_,Sn,Te

Symbol InSb PbSe PbTe x=0.07 x=0.125 x=0,17
fiw, eV)? 0.0238 0.0165 0.0136 0.0137 0.0139 0.0141
esb 17.9 280 450 540 610 670
[ 15.7 25.2 36.9 37.4 37.8 38.2
my 0.013 0.040° 0.024°¢ 0.020 0.017 0.0144
K 1 1.75° 10° 10 10 10¢
E, (eV), 4.2°K® 0.225 0.165 0.190 0.145 0.110 0.080
E, (ev), T77°K® 0.215 0.175 0.210 0.164 0.126 0.098
v 21 30 37 36 36 35

?R. N. Hall and J. H. Racette, J. Appl. Phys. Suppl. 32, 2078 (1961).
PE. Burstein, S. Perkowitz, and M. H. Brodsky, J. Phys. (Paris) Suppl. 29, C4-78 (1968).

°Reference 36.

4J. Melngailis, T. C. Harman, J. G. Mavroides, and J. O. Dimmock, Phys. Rev. B3, 370 (1971).

®A. J. Strauss, Trans. Met. Soc. AIME 242, 355 (1968).

7,/ T¢ at high energies changes from 10 to 9 to 6,
respectively. These purely geometrical effects are
important and could not be taken into account by

the use of a spherical effective mass.

The remainder of the calculation proceeds as in
the original work of Dumke. The reader is re-
ferred to his paper for the details of the treatment.
The generation rate g is obtained from the follow-
ing set of equations:

_1(8)ME)Ds(8)) - alexp[— frug\(8) d8]
ETri+ (8 )] {twy + I ug €x0[= f,;‘wox(é’ Na&’1a8} ’

(3)
(4)

(5)
(6)

Here 7; and &, are the time for ionization and the
minimum energy for ionization, respectively. In
these equations the changes brought up by the ellip-
soidal energy surfaces appear only in the calcula-
tion of 75 and 7, and in the expression for the ve-
locity ¥ as a function of energy.

The value of §; was assumed to be 8, for the
Pb salts. In those materials electron and holes
have equal masses so that a simple calculation of
&, using energy and momentum conservation yields
precisely 58 ¢~ In InSb, on the other hand, where
mq,<<m,, the value 1.18, is more appropriate.*
The ionization time 7; was taken to be

M8)=a/2Dg +[(a/2Dg)? +1/Dg, ]2,
a=hwy/Ts—eE- v,

Dg= (kwo)z/ZTé- .

Ti=1’(1/1'6‘+1/7ﬂ)-1 , )

where 7 is an estimate of the average number of
phonons emitted for each impact-ionization event.
Klein®® recently reviewed the theory of radiation-
ionization energies in semiconductors. He found
that the phonon energy loss 77w, required for the
creation of an electron-hole pair does not vary ap-

preciably with the energy gap of the semiconduc-
tor and is of the order of 0.5 eV for most semi-
conductors. To the knowledge of the authors there
are no published values of the energy loss term for
the Pb salts. Hence, a value of 0.5 eV is assumed
here.

Table II lists values of the various constants used
in the theory. For the PbSn salts a linear inter-
polation between x=0.17 and x =0 was used for the
values of m, at x=0.125 and x=0.07. The anisot-
ropy ratio K is assumed to be 10 in all mixed crys-
tals considered. The constants w,, €;, and €,
were linearly interpolated between PbTe and SnTe
for the mixed crystals.

The theoretical treatment described so far is

1011 - T T T T T l
- T, InSb
[ mereeseseneeees [
L
-
ri
—~ 1072 1
©
&
L F T e,
T InSb
1013 ]
1 1
0 5 10 15 20 25 0 *
Energy ( hwo)

FIG. 8. Large-angle (t,) and small-angle (7¢) scattering
time for PbSe, PbTe, and InSb.
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FIG. 9. Theoretical generation
rates in PbSe, PbTe, and
Pby, g3Sng, yTe. The results for
InSb are from Ref. 21.
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valid only for 7=0 °K, i.e., the scattering occurs
only through spontaneous emission of phonons. At
higher temperatures the optical modes are partial-
ly excited and phonon absorption as well as stimu-
lated emission of phonons can occur. Dumke has
shown that these effects are taken into account if
7, and Dy are replaced by 7,(0)/(1+21,) and

D4(0)(1 +2n,), respectively. Here n, is the boson
occupation number at a temperature 7. The cal-
culations were performed by numerical integration.
The energy grid size was taken to be 0. 17w, and a
range of energies from 0 to 607w, ensured excel-
lent convergence.

E. Results and Discussion

The results of the calculation of g are shown in
Fig. 9. The result for InSb was obtained by
Dumke.?!" For the lead salts, the 0 and 77 °K cal-
culations yield basically similar results. This re-
flects the fact that the band-structure parameters
of the modified Kane model are assumed to be the
same in both cases, i.e., the 4.2 °K masses and
band gaps are used at 77 °K as well. The differ-
ences between the 0 and 77 °K calculations origi-
nate mainly from &; and the factor (1+2#x,) defined
above.

If we compare the generation rates calculated for

TABLE III. Comparison between theory and experiment.

Expt. inflection Theory

Semicond. (°K) point (V/cm) £=10%—-10" sec”!
PbSe 77 2500 (stable) 2150 — 2500
4.2 2200 (stable) 2150 — 2500
PbTe 77 1050 (unstable) 1200 —~ 1350
4.2 1000 (stable) 1100 — 1250
Pby g3Sn,, 17 Te i 550 (unstable) 500~ 750
4.2 140 (unstable) 450 — 650

PbSe and PbTe we find that impact ionization will
occur at lower fields in PbTe even though &, is
slightly larger, reflecting the weaker coupling to
polar-optical phonons in this material. The
strength of the polar-optical-phonon interaction is
measured by the constant A of Eq. (1). The value
of A, given in Appendix B, is proportional to

(€2} - €;'). As seen from Table II, this value is
approximately the same for PbTe and the PbSn
salts while differing appreciably in PbSe and InSb.
The generation rate for Pby,gsSn,,;Te at a given
electric field is much higher than for PbTe, indi-
cating that the reduction in band gap for the same
coupling to the phonon system increases consider-
ably the probability of impact ionization.

In order to compare the generation-rate calcula~-
tion with the experimental results we define arbi-
trarily the onset of impact ionization as g =108
sec”!. For the time scale of our experiment (5
nsec), this value of g is equivalent to changes of a
few percent in the macroscopic circuit variables,
current, and voltage, and thus is useful in defining
the onset of observable impact ionization. Table
I gives the values of the electric fields at the
various experimental inflection points and for
comparison the fields at g=10° and g=10" sec™ ..
The correlation between theory and experiment is
very good, whether the experimental inflection
points are followed by a stable or an unstable J-E
characteristic. The only important disagreement
occurs for Pby, g;Sng,;Te at 4.2 °K.  This could
result from the temperature dependence of the
constants of the band model and will not be investi-
gated further.

Figure 10 shows the results of a calculation for
Pb,..Sn,Te with x=0.07 and x=0.125. Curves of
constant g are plotted as a function of electric
field and atomic fraction x. For comparison we
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FIG. 10. Generation-rate calculations for Pb, Sn,Te

at 77°K. For comparison the threshold electric fields of
the instability in PbTe and Pb, g3Sn, j;Te are shown.

have shown the thresholds of the instability ob-
served in PbTe and Pbg g3Sng,,;Te. If the experi-
mental points are joined by straight lines we see
that the slope of these lines are approximately
equal to the slopes of the constant generation rate
curves, which could indicate that the threshold of
the instability at a given time after the onset of the
pulse occurs at a fixed generation rate. This is
consistent with the instability threshold corre-
sponding to the onset of impact ionization. From
the shapes of the constant-g curves near x=0.17,
one could expect very low thresholds at x>0. 17,
as a result of the zero-band-gap crossing near
x=0. 35.

The drift velocity can be evaluated from the in-
tegral [V cos(6)n(8)d8, where n(8) is the cal-
culated distribution function and |¥| and cosd are
given by Eqgs. (8) and (9). The results for PbTe
and PbSe indicate that the experimental velocities
are roughly 50% of the calculated values, indicat-
ing that the electron distribution is not completely
streamed. A less anisotropic distribution in the
Pb salts could result from the influence of elec-
tron-electron interactions. As seen above, car-
rier-carrier collisions cannot be neglected in
material of 10! cm”?,

In fact, the drift velocities predicted by Strat-
ton’s model which assumes a nearly isotropic dis-
tribution are in better agreement with the experi-
ment than those predicted by Dumke’s theory.
These qualitative arguments, however, do not
minimize the importance of the generation-rate
calculations, in view of the many approximations
that need to be made in these theories. Since g
is such a sharply rising function of electric field,
it should not be very sensitive to the exact shape
of the distribution.

V. CONCLUSION

The experimental and theoretical results pre-
sented here confirm the existence of impact ioniza-
tion at fields above 550, 1050, and 2500 V/cm in
Pby g3Sny,1;Te, PbTe, and PbSe, respectively. It
was shown that both the strength of the polar-opti-
cal-phonon interaction and the relative size of the
energy gap determine the effective threshold for
impact ionization. The theory of Dumke, assum-
ing a distribution function streamed in the direc-
tion of the field, seems appropriate to describe
impact ionization in narrow-band-gap polar semi-
conductors.
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APPENDIX A: DIRECTION OF STREAMING

We consider here the direction of K space in
which the distribution function is assumed to
stream. In order to cause impact ionization, elec-
trons must gain more energy than they lose by
small-angle scattering. A measure of the average
energy gained from the field between collisions is
given by (£ - V)75, In Fig. 11, the rate of energy

ap Al

lar

FIG. 11, Rate of energy gain from electric field as a
function of position along the surface of constant energy.
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(a) (k’,;) space

gain E-Vis plotted in polar coordinates as a func-
tion of angular position B along the ellipsoid. It
can be shown that the component of v along the
electric field is given by |¥|coss with

1] _(2_82>” 2[(8/85) (1+8/8)]H
“\my (1+28/8¢)
(K = 1) cot?g\'/?
X <1- ~K(K + cot’p) ) , ®
6=tan” (Ktang) - 6, , 9)

where the angles B and  are defined in Fig. 11,
which shows that ¥+ E is maximum for the wave
vector K;. If we assumed 7, to be independent of
the angular position, then the result of Fig. 11
would indicate that the energy gain from the field
in an average collision would be largest for elec-
trons with wave vectors parallel to the field and
that these electrons would contribute the most to
the ionization process. For ellipsoidal energy
surfaces the scattering rates 1/75 and 1/7, are a
function of the angular position 8. Since long com-
puting time would be required to find the 8 direc-
tion of maximum rg, we made a single calcula-
tion of 75 at an angle B other than 54.6°. The
angle chosen was 8°, at which the velocity vector
v is parallel to the field. It was found that 7, was
largest along the k; direction. In fact, the quantity
- E’)‘réa is about three times larger for electrons
in state k; than for electrons in the initial direction
B=8°. This result reflects the fact that electrons
in the direction K; have an effective mass very
close to the transverse mass m, and are, there-
fore, more easily accelerated in the electric field.
Since the effective mass is very close to m, and
varies very slowly with 8 for directions in the
neighborhood of K;, we simply assume the distribu-
tion to stream along K.

APPENDIX B: CALCULATION OF 74 AND 7,

In this section we calculate 74 and 7, for the case
where the initial wave vector K is in the direction
of the applied electric field.

We shall make transformations from the (&, v)

ST-ONGE AND J. N. WALPOLE

o

FIG. 12, Various coordinate
transformations used in the
theory.

(¢) (W,0) space rotated
around x axis

space to the ({v’, ) space in which the energy sur-
faces are spherical. In these transformations the
wave vector K becomes W, and the velocity V be-
comes U. The transformation is illustrated in
Figs. 12(a) and 12(b) and is given by

E=Tw, v=TW,

10 0
T={o1 o | , (10)
00 VK

where K is the anisotropy ratio. Upon transfor-
mation the energy dispersion becomes

(72/2m,) (B2 + K% /K) = 2w/ 2m, , (11)

while the dot product ¥’ - E becomes i’- ¥, where
F is the electric field obtained by the transforma-
tion

E=TF. (12)

Referring to Fig. 7, the small-angle scattering
rate, 1/7¢ is simply given by P(8) with

P& d&=] [ ... Pk EAV,, @ .  (13)
theright
of AA*
In the (W, U) space, the plane AA’ is given by
{’- F=0 or, equivalently, w'- ¥ =0, since now w’
and U’ are parallel. This plane [see Fig. 12(b)]
separates the sphere of constant energy into two
hemispheres over which the integration will be
performed. Using Eq. (1) we can write Eq. (13)

as
_AVK j f dv,
P(é,) dg h (27[)8 Surface to the qz ) (14)

right of AA’
If the rotation illustrated in Fig. 12(c) is made,
then w becomes the z axis of a new g_pherical sys-
tem with 6 the angle between w and w’. Then 1/74
is given by

1 AR w? (7 "% $in6de
e @1 lvw,é’lf ‘”’f z - W
0 0
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The last step is to express 4% in the coordinate sys-
tem of Fig. 12(c). Inthe (&, V) space, we have

?=R+R"? -2k k. (16)
In the (W, U) space (see Ref. 39), we have

P=w+w" - 2ww’ cos+ (K -1) (w,—w)? . (17)
In the rotated (w, U) space, we have

w,=wsiny , (18)
w,=w’(cosb siny — sind sing cosy) ,

where the angle v is determined with the help of
Egs. (12) and given by

tany=F,/F,=E,/VKE,=cotf, /VK . (19)

Rewriting Eq. (15) in terms of a=w'/w and using
Egs. (17) and (18) we find, noting that v,.& =7/,

2347
1/74 = [AVK o/ (2m)*u"]1,,
I,= f"d¢ ST a6 [sim(e)/F(6, 9)]

F(8, ¢)=1+a® - 2acosd + (K - 1) sin®[1 — a cosb
+a sin() sin(¢) cot(y) 2, (20)

AN AT 7
u = my 1+2é”/(gc ’

A=4r%tw (et - €1 .

In order to calcuate 7, the 6 integral is performed
between 37 and 7. The integral I, cannot be per-
formed analytically and was therefore computed
numerically on a digital computer. The param-
eter o depends on energy, so that Eqs. (20) yield
T¢ and T, as a function of energy.
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Determination of the Deformation-Potential Constant of the Conduction Band
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A piezospectroscopic study of the Lyman spectra of arsenic, antimony, phosphorus, and

magnesium donors in silicon has been made using a quantitative-stress cryostat,

Within

experimental error, all four impurities yield the same value for the shear-deformation-

potential constant =, of the {100) conduction-band minima.

The average value of =, thus ob-

tained is 8.77 +0. 07 eV. The shift of the 1s(4;) ground state under stress is characterized
by a value of %, which is lower than the above, viz., 8.3, 8.1, and 7.0 eV for antimony,

phosphorus, and arsenic, respectively.

I. INTRODUCTION

Piezospectroscopic studies of the excitation spec-
tra associated with donors and acceptors in semi-
conductors have proved to be very useful in es-
tablishing the site symmetries of the impurities
and in providing a symmetry classification of the
impurity states. ! If, in addition, a quantitative
stress is employed in such experiments, the de-
formation-potential constants may be determined
for both the ground and excited states. To the ex-
tent that these states are described in terms of the
band structure, ? i.e., the conduction-band minima
for the donor states and the valence-band maximum
for acceptor states in silicon and germanium,
these deformation-potential constants should be
closely related to the corresponding deformation-
potential constants of the band extrema.* For the
donor states, in the effective-mass approximation,3
these constants should be exactly equal to those of
the conduction-band minima, whereas for accep-
tors they have been shown to be related through
numerical factors to those of the valence-band
maximum.* For silicon, Krag et al.*® have re-
ported values for the shear-deformation-potential
constant of the conduction-band minima Z, from
the piezospectroscopic studies of sulphur, phos-
phorus, and bismuth donors. These values range
from 7.1 to 7.9 eV and differ significantly from
the 11-eV value determined by Wilson and Feher’
and Watkins and Ham® using electron-paramagnetic-
resonance (EPR) measurements on group-V and
lithium donors, respectively. Also, the value for
=, determined by a variety of other techniques lies

in the range 8-9 eV (see Table I). We have de-
signed and constructed a quantitative-stress cryo-
stat and have measured =, from the piezospectro-
scopic effects of the Lyman spectra of donors in
silicon. The present paper reports the results of
this investigation.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

The Perkin-Elmer double-pass monochromator
(Model No. 112 G) and its associated entrance
and exit optics used in these measurements have
been described elsewhere.® The quantitative-
stress cryostat utilized is an adaptation of a glass
cryostat used for a number of years in our labora-
tory (see Fig. 1).'° The modification consists of
replacing the glass centerpiece by one of stainless
steel designed to allow an adjustable uniaxial com-
pression to be applied to the sample. The stress
centerpiece was also designed to give quantitative
information about the stress, very low frictional
losses, good cryogenic contact between the sample
and the coolant, and a reasonable length of coolant
time. In addition, the design parameters allowed
for a force in excess of 1x10° dyn to be applied to
the sample under study.

Figure 2 shows the stress centerpiece; details
of the upper and lower sections are shown in Figs.
3 and 4, respectively. The centerpiece is mated
to the optical cryostat by means of the stainless-
steel cone joint'! G. The pressure head'? B is
pressurized with nitrogen gas through the port A
and the resultant force produced by the piston is
transmitted by a hollow push rod H which passes
through the coolant I and makes contact with the



FIG. 1, Samples of PbTe.



