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deformation-potential constants &/, &', and &', similar
to the valence-band deformation-potential constants.
Since the impurity level is shifted together with the
band edge in hydrostatic compression, a=a’, which
has been experimentally confirmed.”””* The results of
Bir et al.'8 for Ge and Si for the case A= «, and mea-
sured values of &’ and d’ for the acceptor-state transi-
tion for GaAs (line B) are listed in Table I. The initial
slope in the low-stress region is used to obtain & and
d’. The theoretical values for GaAs cannot be computed
because the effective-mass parameters have not been
determined. The experimental values obtained for
GaAs are reasonably close to the theoretical values
for Si and Ge. Another theoretical study? pertaining to
the measurements of peak shift with stress of GaAs
p-n junction luminescence? gave b’/b=d’/d=0.2. These
values do not fit our data. We observe, in the case of
line B, a small difference in the peak energies in the
components polarized parallel and perpendicular to
the stress direction. The observed effect is inconsistent

2 ], Feinleib, S. Groves, W. Paul, and R. Zallen, Phys. Rev.
131,72070 (1963).

2'P, R. Emtage, J. Appl. Phys. 36, 1408 (1965).

2 R. C. Miller, F. M. Ryan, and P. R. Emtage, in Proceedings

of the 7th International Conjerence on Semiconductor Physics, Paris,
1964 (Academic Press Inc., New York, 1965).
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with the explanation given by Emtage,” who attributed
the above transitions to the two doubly degenerate
states of /=3 multiplet of the acceptor level.

IV. CONCLUSION

We conclude from the study of the stress dependence
of the luminescent spectra of GaAs that line A does
not involve an acceptor state whereas line B does. Both
linear and quadratic stress dependences are used to
obtain the deformation-potential constants for the line
A. The deformation-potential constants obtained from
the linear slope in the low-stress region in the case of
an acceptor state are consistent with the theoretical
estimate made using valence-band parameters for Ge
and Si in the limit of large spin-orbit splitting.'* More
complete comparison of theory and experiment must
await determination of valence-band parameters for
GaAs.
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The conductivity measured during the application of pulsed electric fields is used to monitor the damage
introduced at 4.2°K by energetic electron irradiation of #-type germanium. Fields above about 20 V/cm
completely ionize the donor impurities. Radiation-induced defects deplete the electron population of the
donors by introducing deeper acceptor levels. A sensitivity to defect concentrations of 102 cm™ is obtained
in material containing about 10 Sb impurities cm™3. The introduction rates of various defects are studied
as a function of irradiation energy. One type, previously identified as a close vacancy-interstitial pair, is
removed (presumably by annihilation) in the order of minutes by annealing at 65°K. This defect accounts
for 959, of the conductivity change produced by irradiation at 0.7 MeV, but only 509, of the change at 4.5
MeV. Evidently this is the primary defect requiring the least energy for its formation. A second type of pri-
mary defect is distinguished by the fact that it is present after annealing to 90°K. The dependence on
bombardment energy of the introduction rate of this defect indicates that multiple displacements may be
involved in its production, and therefore it may be a double vacancy. A third type of defect is observed only
after large fluxes of low-energy electrons, and appears to be a secondary defect resulting from radiation-
induced conversion of primary defects. This defect also remains after annealing to 90°K, but it has elec-
trical properties very similar to those of the defect that anneals at 65°K. Trapping properties of the first
and third defect types lead to the conclusion that they are both capable of capturing two electrons in z-type
germanium and are therefore double-acceptor centers.

I. INTRODUCTION

LECTRICAL measurements provide a very sensi-
tive means of detecting damage centers introduced
into germanium by energetic electron irradiation,

* This paper is based on a Ph.D. thesis submitted by T. A.
Callcott to Purdue University, June 1965.

1 Support for this work was provided by U. S. Atomic Energy
Commission Contract No. AT (11-1)-125,

1 Present address: Bell Telephone Laboratories, Murray Hill,
New Jersey.

Radiation defects change the population of carriers by
introducing donor or acceptor levels into the forbidden
gap. Above about 30°K in lightly doped »-type ger-
manium, small changes in carrier concentration due to
the introduction of defects with energy levels below the
Fermi energy are given by

An=Z 0N ) An/no<<1 ] (1)
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where N; is the number of the ith type of defect, 6;
their charge in electronic units, and #, is the exhaustion
range carrier concentration before irradiation. Defect
concentrations N>~10" cm= can be accurately deter-
mined by Hall effect and/or conductivity measure-
ments in material with #¢>10"* cm=3. At liquid-helium
temperature, useful dc measurements on such pure
material are not possible because conduction electrons
are frozen out on the group-V chemical-doping
impurities.

Direct-current measurements can be made on de-
generate samples with 702X 1017 cm™ even at the
lowest temperatures, and give reliable measurements of
radiation-defect concentrations of the order of 10'% cm™3.
Such measurements have shown that thermally induced
changes in defect structure occur at low temperatures,
and that bombardments near 4.2°K are required to
study defects in something like their original con-
figuration. They also show that defects introduced at
4.2°K are modified by subsequent irradiation ; vacancy-
interstitial pairs are thought to recombine and to be
converted to other types of defects by further irradi-
ation.! These secondary irradiation effects are related
to the excitation of the electronic system and increase
in importance as the total flux increases. We shall see
that they may be greatly reduced by increasing the
sensitivity of measurements of defect concentration and
thus reducing the magnitude of the flux needed for
low-temperature studies.

A hundredfold increase in sensitivity at 4.2°K is
obtained by monitoring the damage introduced into
nondegenerate samples with high-field conductivity
measurements. Short, infrequent pulses are used to
excite electrons by impact ionization from the shallow
chemical-donor levels to the conduction band. The use
of short pulses limits the lattice heating to a few
degrees. Conductivity measurements, made while the
electrons are in the conduction band, provide a measure
of the number of occupied chemical-donor states.
Radiation introduces deeper-lying electron acceptor
levels that deplete the electron population of the
chemical donors, thus reducing the high-field con-
ductivity. The change in pulse conductivity after
irradiation gives an accurate measure of the number of
radiation defects.

In addition to increasing the sensitivity of measure-
ments of the defect concentration, pulse measurements
have the further advantage that the average carrier
energy may be varied over a wide range by varying the
pulse voltage. Using this feature, the change in con-
ductivity following irradiation can be separated into
contributions from the change in carrier concentration

1], W. MacKay and E. E. Klontz, in Proceedings of the 7th
International Conference cn the Physics of Semiconduclors: Radi-
ation Damage in Semiconductors (Dunod Cie., Paris, 1965), Vol. 3.
The model discussed in this paper pictures a vacancy-interstitial
pair as a vacancy and interstitial bound within a few lattice
positions of each other and which, given sufficient energy to sur-
mount an intervening potential barrier, can recombine in one or a
few jumps.
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and from the increased charged-impurity scattering.
For some defects, it is also possible to measure the cross
sections for capturing a conduction-band electron as a
function of the carrier energy.

II. EXPERIMENTAL PROCEDURE

The experiments were performed on Sb-doped
germanium with an exhaustion range carrier concen-
tration of about 10** cm=3. Carrier concentrations and
resistivities obtained by dc Hall effect and conductivity
measurements at 78°K are given in Table 1. The samples
were ground as rectangular parallelopipeds with
approximate dimensions of 1.0X0.2X0.015 cm and
then etched in CP4. Broad end contacts were prepared
by soldering platinum plates to the ends of the sample
with Sb-doped 50/50 solder and heating the assembly
to 400°C for fifteen minutes. This procedure provides
good noninjecting contacts to fields of at least 200
V/cm. Small dots of the doped solder were placed on the
sample edges before heating and voltage probes were
later attached at these points.

Voltage pulses were obtained by discharging a length
of RG8U coaxial cable through a mercury-wetted
contact relay into a matched load. The pulses were
0.66 usec long and could be varied in amplitude from 0
to about 300 V by varying the charge on the cable. A
simple trigger circuit pulsed the relay at the rate of 0
to 10 pulses/sec (pps). Sample dimensions were selected
so that the sample resistance after breakdown was
2200 Q. The sample and a 100-Q standard resistor were
mounted in series. This combination was shunted by a
55-Q resistor to provide a load that varied only 450
from the characteristic impedance of the cable (50 Q)
during all pulses measurements.

The conductivity was usually determined by four
voltage measurements made on the sharply defined
trailing edge of the pulse, each measurement being made
to ground. The difference between voltages on either
side of the standard resistor yields the sample current
and the difference between voltages measured at two
probes gives the IR drop. On the first two samples in
Table I, the voltage drop was taken across the whole
sample. Measurements made at probes are preferred
because of the difficulty of obtaining uniform irradi-
ation over the entire length of the sample.

TaBLE I. Dc electrical parameters of germanium samples.

Electron

concen-

Hall tration
Resistivity coefficient  #p=1/cR

Sample p(@cm)  R(cm3/C) (cm™)
Ge(Sh)-268A-10Ce 0.7676 17430 3.2X 104
Ge(Sh)-309A-2Ca 1.853 43160 1.4 101
Ge(Sb)-309A-4C 1.995 52120 1.2 101
Ge(Sb)-309A-6C 1.776 41260 1.6X 104
Ge(Sb)-309A-7C 1.868 50480 1.2x104

s Pulse measurements made across whole sample.
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Pulse voltages were measured with a type-545
Tektronix oscilloscope and a type-Z preamplifier. A
distributed amplifier in this oscilloscope delays the
measured signal so that it may also be used as the sweep
trigger without obscuring the leading edge of the pulse.
The preamplifier has a sensitivity of 50 mV/cm and a
voltage comparator that allows signals up to 100 V to
be measured with this sensitivity. The voltages to be
measured ranged from about 10 to 300 V. A fixed, 10X
attenuator was placed in the input to the preamplifier
to increase the input impedance. Relative voltage
measurements are accurate and reproducible to at least
0.5%,. The absolute accuracy of the measuring system
is no better than 2 or 39, but this is of little importance,
since the significance of the experimental data depends
on the relative measurement of the electrical properties
of a single sample.

Three electron accelerators were used for various
parts of this work: a Van de Graaff machine with a
0- to 1-MeV dc beam; a pulsed, traveling-wave linear
accelerator with energy variable from 0.4 to 1.5 MeV;
and a 2.5- to 5-MeV pulsed linear accelerator. On all
three machines, an analyzing magnet confines the
energy spread of the electron beam to about 39%,. The
analyzer calibrations are accurate to ==1%,. The
bombardment rates used were <6X 10" electrons/cm?
sec (0.1 uA/cm?). The total irradiation flux was meas-
ured by discharging collected charge through calibrated
ballistic galvanometers. Because of the small total
fluxes used, switching voltages and charge leakage
limited the accuracy of the flux measurements to
+109%,.
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F16. 1. Tailpiece of liquid-helium cryostat. Heavy arrows show
direction of helium flow. Other symbols identified in text.
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Bombardments were made in a metal cryostat whose
general description is given elsewhere.? A view of the
tailpiece is shown in Fig. 1. Eight thin-walled stainless-
steel tubes descend from the spherical liquid-helium
reservoir. Two form a U tube that carries liquid helium
to the sample chamber when the valve is open; five (L)
carry separately shielded leads and helium exchange gas
into the sample chamber, and one (HL) provides a lead
to the heater (H) wound on the outside of the sample
chamber. The sample (S) is mounted on an 8-pin plug
(M) which is mated with a receptacle (F) permanently
wired in the chamber. Six of the plug pins are used for
sample leads, and two provide connections to the carbon
composition resistor (R) used as a thermometer between
4 and 78°K. Beam collectors C and C’ stop scattered
and unscattered electrons, respectively. Directly oppo-
site C’, a hole in the thermal shield attached to the
liquid-nitrogen reservoir, collimates and defines the
incident electron beam. In order to isolate the chamber
from the vacuum 0.001-in. Al windows (W) are used.

2.0f .
E \e\ 309A-2C
5 f . AN

I.5F oo \ ,\
; ; °\° °\
= AN
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2 Lo .
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20 80 120
ELECTRIC FIELD (volts/cm)

F16. 2. Conductivity as a function of pulse field. Upper curve
taken before, and lower curve after irradiation by 1.0-MeV
electrons.

A nontransparent window is used because the electrical
properties of some of the defects studied are very
sensitive to thermal radiation. In annealing experi-
ments, the valve in the helium container is closed and
current is supplied to the heater.

i The tailpiece of the cryostat is set between the poles
(P) of a magnet which provides fields to 2500 G for
Hall-effect measurements. The bombardment beam
passes through a %-in. hole in one magnet pole, thus
allowing both the beam direction and the magnetic field
to be perpendicular to the broad face of the sample.

III. HOT-CARRIER EFFECTS

When a voltage pulse is applied to the specimen,
energy is supplied to the electrons. Initially they gain
energy more rapidly than they can pass it on to the
lattice and the average energy of the electron system

2 J. E. Whitehouse, T. A. Callcott, J. A. Naber, and J. S. Raby,
Rev. Sci. Instr. 36, 768 (1965).
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increases. The frequency of electron-lattice collisions
increases with average carrier energy until finally the
electron system loses energy at the same rate that it is
supplied by the electric field. This steady state is
achieved in a time short compared to the voltage pulse
duration, so that the conductivity measured during the
pulse is characteristic of a carrier temperature much
higher than the lattice temperature. Of course the
lattice temperature rises too, but, since the specific heat
of the lattice is much larger than the specific heat of the
electrons, its temperature increase is much smaller.

The pulse conductivity, measured during pulses of
specified amplitude, is shown as a function of pulse field
in Fig. 2 for a typical sample. The upper curve was
taken before, and the lower curve after irradiation by
1.0-MeV electrons. The shape of either of the curves
may be qualitatively explained as follows. At the lowest
pulse-field values, the steady-state electron temperature
achieved during the pulse is not high enough to produce
full ionization of the donors. As the field increases,
ionization and conductivity increase.* Complete ion-
ization is probably achieved somewhere below the
conductivity maximum in Fig. 2, but the conductivity
continues to rise with field because the mobility, which
at low electron energies is dominated by charged-
impurity scattering, increases with increasing electron
temperature. Above the conductivity maximum, lattice
scattering becomes dominant and the mobility and
conductivity decrease with increasing carrier tem-
perature. A detailed theoretical explanation of the
curve is extremely complex.’ It must take into account
many scattering mechanisms. In addition, the form of
the distribution function is determined by the de-
pendence of the relaxation times of the various scatter-
ing mechanisms on the carrier energy. In general, the
carriers in the band will not have a Maxwellian velocity
distribution.

For our purposes, no attempt need be made to analyze
the hot-carrier mobility in detail. A calculation of the
carrier temperature as a function of the pulse field is
discussed in the Appendix. This calculation requires
direct consideration only of inelastic-scattering processes
that result in significant energy losses. Elastic processes
that change only momentum can be ignored. The result
of the calculation is given in Fig. 3 for assumptions
yielding minimum and maximum carrier temperature
for a given pulse field.

3 A carrier temperature 7', completely defines the carrier system
if the carriers have a Maxwellian velocity distribution. For non-
Maxwellian distributions, the concept of carrier temperature may
be retained as a convenient measure of the average carrier energy
when defined by the expression (E)=$kT,, where (E) is the
carrier energy averaged over the appropriate distribution function.

¢ S. H. Koenig and G. R. Gunther Mohr, J. Phys. Chem. Solids
2, 268 (1957); also N. Sclar and E. Burstein, ¢bid. 2, 1 (1957).

§E. G. S. Paige, Progress in Semiconduciors (Heywood and
Company Ltd., London, 1964), Vol. 8, pp. 178-213. This book-
length monograph on conductivity of germanium may be con-
sulted for references to, and comments on, the numerous papers

devoted to the measurements and calculations of hot-carrier
mobilities.
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F16. 3. Calculated electron temperature versus pulse field for two
ratios of optical- to acoustic-mode lattice scattering.

The maximum possible temperature rise of the sample
during a high-voltage pulse may be simply calculated,
assuming adiabatic heating and a specific heat that
varies as C(T1)=Co(T1/Ts)? where Cy is the specific
heat at a temperature T, and Tz, is the lattice tempera-
ture after a pulse of length Af. The result is

4oF2AE  \
+1) X 2)

Tr= To(
CoTy

In germanium at 4.2°K, Ce>~2X10~* J/cm™3°K.% The
maximum temperature rise calculated for the samples
discussed in this paper is about 5°K, for fields of 100
V/cm, and 7°K for fields of 200 V/cm.

IV. RADIATION-INDUCED CHANGES
IN CONDUCTIVITY

The lower curve in Fig. 2 is the pulse conductivity
measured after irradiation has introduced defect-
acceptor levels below the Sb chemical levels. At a given
carrier temperature, for fields above the conductivity
maximum, and for reasonably small changes in the
conductivity, the change in conductivity due to irradi-
ation may be written

Ac An  Ap

go Mo Ko

where oo and po are the conductivity and mobility
before irradiation at a given carrier temperature, and
1o 1s the exhaustion-range carrier concentration. Az is
the change in carrier concentration due to irradiation
and is given in the pulse, as in the dc case, by Eq. (1).
Ap is the decrease in mobility caused by the introduction
of charged scattering centers. Since charged impurity
scattering does not contribute significantly to the
energy losses of the carrier system, the energy loss per
carrier is the same before and after irradiation. There-
fore equal carrier temperatures are obtained for equal

6 P. Flubacher, A. J. Leadbetter, and J. A. Morrison, Phil. Mag.
4, 273 (1959).
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average power input per carrier, i.e., when

oo oo+ Ao
E2—=E? ,
o 1’L0+ An

where E; and E are the fields before and after the
introduction of defects.

At high electron temperatures, where impurity
scattering is negligible in comparison to lattice scatter-
ing, the mobility is not significantly changed by
irradiation and (3) and (4) reduces to Ac/ce~An/ng
and E¢~E. Thus, at sufficiently high fields, the carrier-
temperature isotherms become vertical lines on a
conductivity-versus—electric-field plot, and the change
in conductivity at a given field is proportional to the
change in carrier concentration. Figure 4 shows the
percent change in conductivity produced by irradiation
as a function of electric field, taken from the conduc-
tivity curves of Fig. 2. The change in conductivity
attributable to charged-impurity scattering is small
above about 80 V/cm, so that above this field it is
reasonably accurate to set As/oo=An/ny and Ey=E.

4)

V. EXPERIMENTAL RESULTS

The pulse conductivity observed immediately after
irradiation is smaller than the prebombardment value.
However, the value of the conductivity measured at a
given field is not stable but continues to decrease under
repeated pulsing. With continued pulsing the conduc-
tivity finally approaches a limiting value. If a short
burst of ionizing irradiation (x rays or electrons) is
applied to the sample, the conductivity is returned to
the value found immediately after bombardment.
Further application of the pulsed field, or brief warming
of the specimen to 15°K, will then return the conduc-
tivity to the same limiting value as before. This be-
havior indicates that the specimen does not have an
equilibrium electron distribution between the radiation
defects and chemical impurities immediately after
irradiation.

The trapping properties of the specimen may be
understood with the aid of Fig. 5. In Fig. 5(a), band-
to-band ionization, accompanying x rays or energetic
electrons, produces electron-hole pairs; the holes are
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F16. 4. Radiation-induced conductivity changes. At higher
fields, the change is largely attributable to change of carrier
concentration (An/ng).
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trapped with high probability on the defect state, and
the electrons with high probability on the chemical-
donor levels, thus effectively transferring electrons from
the defect levels to the chemical-doping levels. When
the source of ionization is removed, the defects are left
with less than their equilibrium quota of electrons. So
long as the carriers are frozen out on the chemical
donors, equilibrium cannot be restored. Processes that
preferentially ionize the Sb levels, such as heating the
sample or applying voltage pulses to it, allow the
radiation defects to capture their quota of electrons
from the conduction band. The filling process is shown
schematically in Fig. 5(b). This explanation requires
that the defect has a large capture cross section for
holes and a small capture cross section for electrons, as
is shown to be the case in a later section of this paper.
For the present, it is enough to note that to obtain an
accurate and reproducible measure of the conductivity
change induced by irradiation, it is necessary to heat
the sample to about 15°K for a short time.

g— C.B.
N
Sb

Defecf\'

L V.B. Fi6. 5. Electronic transitions determin-

() ing defect population. (a) Defect empty-

ing by band-to-band ionization. (b)

cB Defect filling by preferential ionization
3—=—of Sb donors.

Defect

() V.B.

A. Isochronal Annealing

Isochronal annealing was performed on sample
Ge(Sb)-268A-10C after irradiation with 1-MeV elec-
trons produced a total change in conductivity of about
209%,. The sample was quickly heated to the annealing
temperature and held there for 7 min. It was then
rapidly cooled to 4.2°K and a conductivity-versus-field
curve was taken. In Fig. 6, curve A shows the percent
of radiation induced conductivity change that has been
recovered in all anneals up to the plotted temperature.
The conductivity measurements were made at a pulsed
field of 70 V/cm. Curves B and C of Fig. 6 show, for
comparison, similar isochronal annealing results taken
by dc measurements on degenerate samples.”-® Note
that the total fluxes used on the degenerate sample are
about 20 and 100 times greater than used on the purer
sample.

It is evident from Fig. 6 that the annealing in the
purer specimen is remarkably similar to that in the
degenerate specimen except that the percentage of
recovery is much higher. It is reasonable to conclude

7E. E. Klontz and J. W. MacKay, J. Phys. Soc. Japan 18,
Suppl. 111, 1216 (1963).

8 J. W. MacKay and E. E. Klontz, Radiation Damage in Solids
(In;;rnational Atomic Energy Agency, Vienna, 1963), Vol. III,
p. 27.
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that the annealing process is the same for heavily doped
and lightly doped germanium and is independent of
impurity concentration. The annealing kinetics must
have a first-order dependence on defect concentration
since there is no dependence of the annealing tempera-
ture on the number of defects. These observations are
consistent with the interpretation of the 65°K annealing
stage as a recombination of correlated close vacancy-
interstitial pairs. The much larger percent recovery in
the pure specimen is evidently a continuation of the
trend that can be seen by comparing curves B and C in
Fig. 6. The percent recovery decreases as the irradiation
flux increases. This behavior is interpreted as indicating
radiation annealing and conversion of the close pair
defects that are responsible for the 65°K annealing
stage. We will further discuss these secondary radiation
effects in Sec. V D.
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Fi16. 6. Isochronal annealing of #-type germanium at 65°K. 7o is
the prebombardment exhaustion-range carrier concentration and
¢ is the flux of 1.1-MeV electrons. Data on the degenerate sample
taken by E. Klontz.

B. Electron-Capture Times for Radiation Defects

As we have noted, following irradiation the 65°K
defects (as we will hereafter identify the defects
annealing at 65°K) are left in a nonequilibrium empty
state, and may be filled by applying a pulse field that
preferentially ionizes the chemical donors and allows the
defects to capture their quota of electrons. We have
made use of this effect to measure the electron trapping
cross section of the defect as a function of carrier
energy. After emptying the defects with x rays, the
refilling time was measured at several pulse fields. The
decrease in conductivity accompanying the capture of
electrons on the defect was monitored in each case at
36 V/cm, where measurements could be made in a time
short compared to the characteristic filling time at that
field. The time the carrier distribution remains at a
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Fi16. 7. Conductivity changes during filling of
65°K defect by voltage pulses.

temperature corresponding to one of the applied fields
was measured by counting the number of pulses and
multiplying by the pulse length.

The results of measurements made on a sample
irradiated by 1.0-MeV electrons are shown in Fig. 7. At
this bombardment energy, approximately 809, of the
total conductivity change is due to defects that anneal
at 65°K. The curves for the 36-, 57-, and 82-V/cm
applied fields all approach the same final value of the
conductivity as observed at 36 V/cm, after heating the
sample to about 20°K. The crossover of the 107- and
143-V/cm curves indicate that at these fields, defects
as well as Sb impurities are being ionized to some extent.
The curves were analyzed as exponentials. The char-
acteristic time for capturing a conduction electron, as
measured by the characteristic times for the conduc-
tivity to decay toward a final value, are plotted as a
function of pulse field and calculated electron tem-
peratures in Fig. 8. The electron temperatures are taken
from the lower curve of Fig. 3, which was calculated for
this sample. The dashed curves in Fig. 8 are obtained
by multiplying the number of pulses by the full 0.66-
usec pulse length. The solid line is obtained by multi-
plying by the portion of the pulse that follows the spike
on the leading edge of the pulse that identifies the
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F16. 8. Characteristic filling times of 65°K defect as a function of
electric field and calculated electron temperature.



704

avalanche breakdown of the Sb impurity levels. At
36 V/cm, this spike extends over about a third of the
pulse length, while at fields 2100 V/cm the avalanche
is complete in less than the rise time of the pulse. The
dashed and solid curves serve to indicate minimum and
maximum estimates of the characteristic capture time
at each field.

The capture cross section of a defect for conduction-
band electrons may be written

a=1/nvr, (5)

where 7z is the number of conduction-band electrons
available for capture, v is the electron velocity, propor-
tional to T'!?2, and 7 is the characteristic capture time.
From Fig. 3 a field of 40 V/cm corresponds to an elec-
tron temperature of about 100°K. Using this tem-
perature and 7#=>~1.4X 10" cm™3 the capture cross section
at this field is =210"1% cm?. Figure 8 indicates a tem-
perature dependence of ax T'? (approximately). Both
the magnitude of the capture cross section and its
dependence on carrier energy indicate that the defect is
a negative defect capturing a second electron.’ The
added electron energy aids in penetrating the Coulomb
barrier to electron capture.® This temperature de-
pendence is usually, but not always, seen for electron
capture cross sections on negative centers; positive and
neutral centers have larger capture cross sections with
the opposite temperature dependence, if any.!t

We thus conclude that the defect that anneals at
65°K has a double negative charge in its equilibrium
state. As further evidence for this view, we may note
that the conductivity change observed after irradiation
at a given field (E>80 V/cm) with the defects full
(doubly charged) is about twice that observed with the
defects empty (singly charged).

After annealing to 90°K, samples were heated and
dosed with x rays to determine if any of the remaining
defects showed nonequilibrium conductivity effects.
For irradiations between about 0.7 and 4.5 MeV, no
such effects were observed. After irradiations at 0.5 and
0.6 MeV, where much larger fluxes are required to
produce measurable damage, nonequilibrium effects
were still present after annealing. Thus high fluxes
(rather than high energy) produce defects with non-
equilibrium behavior that remain -.fter annealing to
90°K. The above experiment of emptying defects by

(I'le)K Ridley and T. B. Watkins, Phys. Chem. Solids 22, 155

1R, K. Rldley and R. G. Pratt, J. Phys. Chem. Solids 26, 11
(1965) ; also V. L. Bouch- Bruevxch Fiz. Tver. Tela 1, 186 (1959)
[English transl.: Soviet Phys. —Solid State 1, 166 (1959)] These
papers indicate that tunneling through the Coulomb barrier is the
dominant process controlling the temperature dependence of the
capture cross section.

1L A fair sampling of capture cross sections is given in the
following: (a) V. G. Alexeeva et al., Phys. Chem. Solids 22, 45
(1961); (b) R. L. Williams, zbid. 22, 267 (1961) (c) E. M. Conwell
and J. Zucker, ibid. 22, 141 (1961) d) G. Rupprecht ibid. 22,
255 (1961). See also L Johnson and H. Levinstein, Phys. Rev.
117, 1191 (1960).
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F1G. 9. Conductivity changes during filling of unannealed
defects produced by large fluxes at 0.5 MeV.

x rays and refilling them at various pulse fields was
therefore repeated for a sample irradiated at 0.5 MeV
and annealed to 90°K. The results are shown in Fig. 9.
The conductivity decay curves are similar to those
observed for the 65°K defects (Fig. 7) except that the
curves obtained after pulsing at each field approach a
different final value of the conductivity. Only the curve
obtained after pulsing at 33 V/cm, the field at which the
conductivity changes were monitored, approaches the
final conductivity value obtained at that field after
heating the sample. Pulsing at higher fields results in a
higher final conductivity. This implies that electrons
are excited from the defects to the conduction band by
the applied field, at least at field values above 33 V/cm,
and that the final conductivity is determined by the
relative excitation and recombination rates of the Sb
impurities and radiation defects. Without a detailed
analysis of the decay curves, we may conclude that
these defects, like the annealable defects, have a double
negative charge in their equilibrium state, but that
their second electron is more easily ionized at low pulse
fields.

Since the relative electron populations of these
damage centers and the Sb impurities change as the
pulse field changes, conductivity—versus—pulse-field
curves are not easily reproducible and cannot be readily
interpreted. This fact serves to limit useful measure-
ments of removal rates to bombardment energies where
these defects do not dominate the changes in the con-
ductivity; in our case to energies >0.6 MeV.

In later paragraphs, we argue that this defect is
produced by radiation conversion of the 65°K defect.
This conclusion draws support from the similar electron-
capture behavior of the two defects. Modification of the
65°K defect by separation ot its vacancy interstitial
components has been previously proposed to account
for the data of Kortright'® and Klontz.”-® Such separa-
tion could result in a stable defect with similar proper-
ties if it results in a more widely spaced pair or in a

2 J, M. Kortright, Ph.D. thesis, Purdue University, 1963
(unpublished).
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complex of the vacancy with a chemical-impurity
center.

C. Bombardment Energy Dependence of
Damage and Annealing Effects

The essentials of the annealing experiment described
above were repeated at bombardment energies in the
range 0.6 to 4.5 MeV. At each energy, the removal rate
was measured. The sample was then annealed at 50 and
90°K to determine the percent recovery in the 65°K
annealing range. No changes were observed at 50°K.
Data taken from the changes in conductivity measured
at 120 V/cm are shown in Figs. 10 and 11. The percent
recovery of the conductivity in the 65°K annealing
range is shown as a function of the bombardment
energy in the upper curve of Fig. 10. The lower curve of
that figure is the percent recovery observed in de-
generate material. Since the percent recovery at a given
bombardment energy is a measure of the conductivity
change at that field attributable to the annealable
defects, the data indicate that about 959, of the con-
ductivity change is due to these defects after 0.7-MeV
irradiation of the pure sample. The decrease in the
percent recovery toward higher bombardment energies
is interpreted as due to increased production of defects
requiring larger displacement energies than the 65°K
defect. The decrease below 0.7 MeV, on the other hand,
is attributed to radiation modification of the 65°K
defect by the heavier fluxes necessary to produce
measurable damage at low energies. The lower recovery
observed at all energies for the degenerate sample is
also believed to be due to radiation modification of
previously introduced defects. These points are dis-
cussed further in Sec. VD on secondary radiation
effects.

Figure 11 shows three removal rates observed at
4.2°K as a function of bombardment energy: the
removal rate associated with all electrically active
defects, that associated with the 65°K defect only, and
that associated with defects remaining after annealing.
The curve for the 65°K defects is obtained by multi-
plying the percent recovery curve of Fig. 10 by the
total-removal-rate curve. This result subtracted from
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the total curve yields the conductivity changes associ-
ated with the unannealed defects.

In Fig. 11, the removal rate observed by Kortright
in n-type germanium at 78°K using low flux rates
(<102 cm™2 sec™) of energetic electrons are plotted as
solid triangles.’? They fall almost directly on top of the
curve representing the defects that are left after
annealing similar- material irradiated at 4.2°K. We
suggest that the defects responsible for the conduc-
tivity change in each case are identical. The qualifi-
cation of low flux rates is important for the 78°K data,
since Kortright observed the defect introduction rate
to be strongly dependent on the beam current, particu-
larly for energies below 1 MeV. The flux-rate-dependent
portion of the removal rate is interpreted by Kortright
and MacKay to be due to conversion of 65°K defects to
permanent defects before they can annihilate. We
suggest here that the residual removal rate at 78°K is
due to the production of primary defects requiring
greater displacement energy than the annealable
defects.

In Fig. 12, the total observed removal rate, indicated
by solid points, is compared to simple displacement
theory which assumes a step function displacement
energy E; for directly produced defects, and that
recoiling atoms where energy >E; may produce
secondary displacements.!® A reasonably good fit is
obtained to the theory for a displacement energy of
27.5 eV, assuming two electrons removed per defect.
The latter number is scarcely significant because of the
crudity of several assumptions of the theory. The
absolute threshold for producing damage in #-type

B F, Seitz and J. S. Koehler, in Solid State Physics, edited by

F. Seitz and D. Turnbull. (Academic Press Inc., New York,
1956), Vol. 2, pp. 328-333, 380-388.



706

12 309A-6C
—— TOTAL DEFECTS
| __ . UNANNEALED
DEFECTS
-~
€ gl Tg=275eV
= 3:=2.2
s -
2',‘ /// °
o 7~
['4
Z4F ~"Tg=15eV
2 3:1.0
I
9/
ol tforl | L !
0

2 4
Bombardment Energy (MeV)

F16. 12. Comparison of experimental removal rates to displace-
ment theory. Tg is the assumed threshold energy, and & the elec-
trons removed per defect. The solid line indicates single defects,
and dashed line defects requiring two or more displacements for
their formation.

germanium is known to be at least as low as 15 eV.*
Consequently, this threshold value, applicable to
bombardment energies transferring energy well above
the “true” threshold, must be interpreted as some mean
between the minimum possible displacement energy
and the energy at which the probability of stable defect
production approaches 1.1* Near the threshold, where
large fluxes are required to produce measurable damage,
radiation annealing effects will also contribute to a
reduction in the removal rates, thus increasing the
apparent energy of the threshold.

The open circles in Fig. 12 are the observed removal
rates of the defects remaining after the anneal to 90°K.
At energies above 0.6 MeV, these are thought to be
directly produced and not converted defects. The
dotted curve represents the number of secondary dis-
placements calculated by subtracting the number of
primary displacements from the total number of dis-
placements. Defects resulting from secondary displace-
ments may be distinguished from primary defects only
if they are a different type of defect; most plausibly if
they are double vacancies or divacancies. The latter
term refers to adjacent vacancies, and the former to
separated, but associated, vacancies. This experimental
result suggests that the unannealed defects produced
by high energies (as contrasted to those associated with
high fluxes at energies <0.6 MeV) represent multiple
defects; and the fact that they are electron acceptors
suggests that they are multiple vacancies, perhaps with
associated interstitials. Two other observations may be
mentioned that lend some support to this interpretation.
The prevalence of close-spaced vacancy-interstitial
pairs for energies above the damage threshold suggests
that most displaced atoms quickly lose their energy to
surrounding atoms, and thus that closely spaced double
vacancies should be produced with high probability.

47, J. Loferski and P. Rappaport, J. Appl. Phys. 30, 1296
(1959) ; Phys. Rev. 111, 432 (1958).
1 J, W. Corbett ef al., Phys. Rev. 108, 954 (1957).
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Also, it is known that di-vacancies form a very stable
defect structure in silicon,!® which has the same lattice
structure as germanium. An alternative explanation for
the shape of the curve associated with the nonannealed
defects requires the assumption of a threshold function
for the production of defects that rises from zero to one
over a very wide range of displacement energies.!’

If our suggestion that the unannealed defects are
primarily multiple defects is substantially correct, the
15-eV threshold value for each displacement that was
used to obtain a fit to the data represents a transferred
energy at which displacements occur with very nearly
unit probability. The higher threshold value observed
for the production of stable single defects must then be
accounted for by assuming that all single displacements
do not form stable defects and/or that radiation anneal-
ing effects falsify the observed threshold.

The conclusion that the unannealed defects are
double vacancies is consistent with the theoretical fit
obtained for the total number of defects in Fig. 12 only
if the double vacancies carry a greater total charge than
the 65°K defects. Otherwise secondary displacements
which yield associated vacancies would not add to the
electron-removal rate as that requires. It is our belief
that calculations of the total number of defects, based
on a simplified model giving only the number of
energetically possible displacements, is not reliable
enough to justify such a conclusion about the charge
state of the unannealed defects. The rather unusual S
shape of the curve for the unannealed defects seems to
us to have greater significance.

Assuming that bombardment produces either single
65°K defects or double vacancies, the calculation of the
number of single defects requires that the number of
secondaries producing double vacancies be subtracted
from the total number of primary displacements, i.e.,
it requires the subtraction of the two curves we have
fitted in Fig. 12. The result is not included since it gives
no new information.

D. Secondary Radiation Effects

To launch a discussion of radiation annealing and
conversion, consider their effects on the type of data
shown in Figs. 10 and 11. Assume that defects anneal-
able at 65°K are modified by irradiation and that other
defects are not, and that 969, of the defects formed are
of the modifiable type. These conditions should be
approximately valid for bombardments of 0.7 MeV and
below. Figure 10 gives a measure of the ratio of 65°K to
total defects observed after a given irradiation, and
would give that ratio directly if all the defects had the
same charge state. If, for example, one-half of the 65°K
defects introduced were radiation annealed (i.e.,

16 . W. Corbett and G. D. Watkins, Phys. Rev. Letters 7, 314
(1961) ; Phys. Rev. 138, A545 (1965); 138, 555 (1965).

17 W. L. Brown and W. M. Augustyniak, J. Appl. Phys. 30,
1300 (1959).
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annihilated) during subsequent bombardment, we
would still observe that 929, of the total defects were
thermally annealed at 65°K. If, however, one-half of
the defects were radiation converted to unannealable
types, we would observe only 489, of the total number
of defects to be annealable at 65°K. Clearly, radiation
conversion has by far the greater effect on the data as
plotted in Fig. 10. Figure 11 gives a measure of various
defect production rates as a function of bombardment
energy. Radiation annealing would sharply reduce the
total observed removal rate, while radiation conversion
would have no effect so long as charge states before and
after the conversion were the same. Both secondary
irradiation effects would, of course, reduce the absolute
numbers of 65°K defects observed after heavy irradi-
ations. Thus either effect could give rise to a spurious
threshold for the production of 65°K defects, but only
radiation annealing should seriously affect the total-
removal-rate threshold.

The percent recovery in the 65°K annealing range
plotted in Fig. 10 is very sensitive to radiation con-
version. The decrease in percent recovery below 0.7
MeV in the pure sample, and the lower percent recovery
observed at all energies in the degenerate sample, is
attributed to this effect. This interpretation is con-
sistent with our previous result that a second type of
unannealed defect showing nonequilibrium conductivity
effects is present in pure material, after heavy irradi-
ations at 0.5 and 0.6 MeV, but is not observed at higher
energies where much smaller total fluxes are used. It
also agrees with measurements’ on degenerate material
that identify defects whose production depends on a
previous population of 65°K defects being present in the
sample, and thus are thought to be produced by
radiation conversion. In Fig. 10 then, as well as in Fig.
6, the higher percent recovery during annealing in the
pure sample is a consequence of the reduction in radi-
ation conversion that accompanies the reduction in
total flux required to produce measurable damage.

That radiation annealing also occurs in the non-
degenerate material was demonstrated directly by the
following experiment: Sample 309A-7C was irradiated
with 1.0-MeV electrons until a 209, change in con-
ductivity had occurred. Further irradiation at 0.5 MeV
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F16. 13. Radiation annealing in nondegenerate #-type germanium.
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introduced negligible numbers of additional defects but
caused the recovery in conductivity shown in Fig. 13.
Results of a similar experiment on degenerate material
show a smaller recovery of about 409, after 100 times
larger fluxes.!® For both types of material, subsequent
thermal annealing to 90°K gives only a few percent
additional recovery of the conductivity. In the pure
sample, there is no evidence of converted defects until
much larger fluxes are used, and in the degenerate
sample, at least a portion of the conductivity recovery
is associated with radiation annealing. Though the
total fluxes used on the nondegenerate samples dis-
cussed here are about two orders of magnitude smaller
than for the degenerate samples, Fig. 13 indicates that
radiation annealing effects are 100 times larger per unit
flux, giving no net decrease in radiation annealing from
using smaller fluxes on lightly doped samples. This
surprising result strongly reinforces our previous con-
clusion that the difference in percent recovery observed
in pure and degenerate n-type germanium is related
primarily to a difference in the total radiation con-
version in the two types of samples, radiation conversion
being larger when larger fluxes are used.

It is clear that radiation annealing will strongly
affect the removal rate observed at 0.5 MeV if total
fluxes larger than about 2)X10* cm~? are used. Such a
0.5-MeV irradiation was attempted, but very few
defects were found after fluxes of more than 10
eV/cm?. Instability in the pulse conductivity indicated
the presence of converted defects, but made the reliable
measurement of a small population of 65°K defects
impossible. Since ionization per unit path length of a
bombarding electron, upon which radiation annealing
depends, decreases in the energy range from 0.5 to
1.0 MeV and becomes nearly constant from 1.0 to 5.0
MeV,? the radiation annealing per unit flux observed
at 0.5 MeV represents a maximum value for all higher
energies of interest to us. Table II gives the total fluxes
used at each energy in obtaining the energy-dependent
damage and annealing effects plotted in Figs. 10 and 11.
If radiation annealing effects per unit flux remain

187 W. MacKay and E. E. Klontz, J. Appl. Phys. 30, 1269
1959).
( 1 F, Seitz and J. S. Koehler, in Solid State Physics, edited by
F. Seitz and D. Turnbull (Academic Press Inc., New York, 1956),
Vol. 2, pp. 347-350.
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approximately constant for bombardments at and
above 0.5 MeV, from this table and Fig. 13 we can
conclude that radiation annealing will be important at
fluxes above about 2X10*® c¢cm™2 and hence for bom-
bardment energies <0.8 MeV. Adjusting the experi-
mental removal rates for such annealing before com-
paring them to the theoretical model in Fig. 12 would
reduce the effective threshold obtained for total damage
from 27.5 MeV to about 22 €V. Such strong radiation
annealing should also cause curvature in a plot of the
number of defects produced as a function of radiation
flux, since increasing numbers of defects would be
annealed as the population of defects builds up, while
the defect production rate would remain constant. In
particular, for the large fluxes used at 0.6 MeV, the
number of defects should have approached an equili-
brium value at which defects are being annihilated as
fast as they are produced. No such saturation effect is
observed at 0.6 MeV, nor is there significant curvature
in the plot of defects produced versus flux at 0.7 and
0.8 MeV.

Assuming that the radiation annealing data of Fig. 13
and the removal rates measured in the range of 0.6 to
1.0 MeV are both accurate, the resolution of these
results seems to require a large decrease in the radiation
annealing per unit flux between 0.5- and 0.6-MeV
bombardments. It should be noted, however, that the
evidence for very strong annealing at 0.5 MeV and much
weaker annealing at 0.6 MeV comes from different
types of measurements and unrecognized factors may
be influencing the differing results. If further radiation
annealing experiments establish such a strong energy
dependence, it will have important consequences for the
explanation of radiation annealing effects. The energy
dissipated per unit path length decreases only slowly in
the energy range from 0.5 to 1.0 MeV. Thus the differ-
ence in radiation annealing cannot be accounted for by
an increased density of ionized electrons or any other
process depending approximately linearly on the
dissipated energy. A localized heating of the electron
distribution, and an exponential dependence of radi-
ation annealing on this local temperature might provide
a possible explanation. There is other evidence indicat-
ing that local heating is important in the radiation
annealing process. It is evident from our measurements
on lightly doped material that the defects are stable at
the irradiation temperature even without the second
electron, since this is the state in which they are found
following irradiation. Thus it appears that simply
ionizing the defects is not sufficient to produce radiation
annealing. Additional energy must be supplied by the
incident electrons.

We may summarize the results on secondary irradi-
ation effects as follows: (1) Total radiation-conversion
effects are smaller in pure than in degenerate german-
ium because smaller fluxes are used to produce damage
in the pure material. Radiation conversion per unit flux
in the two materials are probably comparable. (2)
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F1G. 14. Potential energy of an interstitial in the neighborhood
of a vacancy. Solid and dotted lines give the potential with and
without stabilizing electron, respectively.

Present results indicate that at 0.5 MeV, radiation
annealing per unit flux is much larger in the pure than
in the degenerate material. They also indicate a strong
decrease in annealing effects in pure germanium at
energies above 0.5 MeV. Further work is planned to
check the validity of the latter conclusion.

These results are consistent with a previously
described model of the 65°K defect.? In this model, the
defect is postulated to be a vacancy interstitial pair. In
Fig. 14 the potential seen by the interstitial is plotted
schematically as a function of available lattice sites at
increasing distance from the vacancy. There are
potential barriers to both recombination and separation
of the pair of energy Egr and Ej, respectively. These
two barriers are of nearly equal height when the defect
is in its equilibrium charge state. The removal of a
stabilizing electron from the defect pair lowers the
recombination barrier to Er’, while there is no evidence
for a similar effect on the liberation barrier. Radiation
annealing occurs when an interstitial is thermally
excited by localized heating from the electron beam over
the recombination barrier, while radiation conversion
occurs by excitation over the separation barrier.
Annihilation is favored over liberation when the barrier
to recombination is lowered by removing an electron
from the defect. In degenerate material, this electron
is quickly replaced from the large supply of conduction-
band electrons, whereas this source of replacement
electrons is absent in pure material at 4.2°K. The
greater radiation annealing per unit flux in the pure
material is attributable to the increased probability of
a defect being found in its ionized state during irradi-
ation. If this interpretation is correct it suggests that
the rate of radiation conversion is smaller than the
recombination rate with a reduced barrier, but is
comparable to the recombination rate when an electron
is trapped on the defect.
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VI. SUMMARY AND DISCUSSION

We have obtained information on three types of
defects produced by radiation in the energy range from
0.5 to 1.0 MeV. The first of these is thought to be the
close-spaced vacancy-interstitial pair produced with
lowest energy by the electron beam, since it accounts
for most of the damage introduced near the threshold,
but at energies high enough for secondary irradiation
effects to be small. It is doubly charged in its equili-
brium state, as demonstrated by the rate at which it
traps its second charge from hot electrons in the con-
duction band. It anneals thermally in times of the order
of minutes near 65°K. The dynamics of this anneal
indicate that it is controlled by the rate at which an
electron is excited from the pair. And finally, it is very
sensitive to both radiation annealing and conversion by
the ionizing effect of the bombarding electron beam.

A second type of defect is produced by large fluxes at
low energies and is believed to be formed by radiation
conversion of the above defect. It too traps a conduc-
tion band electron at a rate suggesting that it is doubly
charged in its equilibrium state. This defect may be
associated with a single vacancy in combination with
some other component. A third defect has been tenta-
tively identified as a multiple vacancy on the basis of
the bombardment-energy dependence of its production
rate. This rate of production was shown to be the same
as that observed after irradiation at low flux rates
at 78°K.

Recently reported results of Whan®# on the forma-
tion in germanium of a vacancy-oxygen complex by
annealing at 60-70°K, following irradiation at 20°K,
have led to speculation®?® that the annealing stage at
65°K is not vacancy-interstitial annihilation but long-
range migration of the vacancy to form wvacancy-
impurity complexes of the type that have been reported
for silicon. Whan points out,* and we would like to
emphasize, that while her results do imply that long-
range migration occurs for a small fraction (~0.5%) of
the defects formed in heavily irradiated germanium,
they do not conflict with the interpretation that the
major part of the annealing is vacancy-interstitial
annihilation.

Our results indicate: (1) The annealing temperature
is independent of doping impurity concentration and,
therefore, the formation of centers analogous to the
silicon E center cannot be an important part of the
annealing stage; (2) the annealing stage is independent
of defect concentration and, therefore, long-range
migration of the vacancy to form the divacancy cannot
be important; nor can the annealing be due to long-
range migration of uncorrelated vacancies and inter-

2 R, E. Whan, Appl. Phys. Letters 6, 221 (1965).

21 R. E. Whan, Phys. Rev. 140, A690 (1965).

2 J_ E. Fischer and J. C. Corelli, J. Appl. Phys. 37, 3287 (1966).

% J. W. Corbett, in Solid State Physics, edited by F. Seitz and
Ir?. ;_I‘tlrnbull (Academic Press Inc., New York, 1966), Suppl. 7,
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stitials to annihilate each other; and (3) for 0.7-MeV
irradiation, the recovery of damage in the 65°K anneal-
ing stage is almost complete (959,). The simplest
assumption to account for such complete recovery is
annihilation of the defects. If we rule out annihilation
of uncorrelated vacancies and interstitials by (2),
simplicity leads us to assume that the defects are indeed
close vacancy-interstitial pairs.

The rationale of those who wish to interpret the
annealing stage at 65°K in termsof long-range migration
is that this would reconcile what appears to be a drastic
difference between the behavior of defects in two very
similar crystals—germanium and silicon. Whan’s work
does point up an important similarity between the
two—the formation of a vacancy-oxygen complex
occurs at roughly the same temperature in both
materials and accounts for about the same small fraction
of the total number of displacement events that are
expected to occur in the irradiation of both. The
essential difference between germanium and silicon is
that in #-type germanium a large recovery stage is
observed at 65°K in the electrical and other properties,*
whereas no comparable stage is observed in silicon. It
is our belief that close pair defects are not stable in
silicon at low temperature and that most displaced
atoms recombine with the parent vacancy during
irradiation. Only the small fraction that are liberated
survive to migrate at higher temperatures to form the
defect complexes that are observed. In germanium the
close pairs are stable up to 65°K, when they recombine.
Again only a small fraction of the pairs that are liberated
are free to form complexes by migrating through the
lattice.
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APPENDIX

A calculation of the average energy of the carriers as
a function of the pulse field follows: For this calcu-
lation, it is the energy exchange between carriers and
lattice that is important, rather than the momentum
exchange, which determines the mobility. We write the
energy-balance equation for the carrier system in steady

state,
de de
&
at/ tiea At/ geatt

where the brackets indicate averages taken over the
appropriate carrier distribution. The average rate of
energy input per carrier may be taken from the experi-
mental data to be

de cE?
at/ ienn n

(6)
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where u, o, and # represent the mobility, conductivity,
and carrier concentration, respectively, at a pulse field
E, and e is the electronic charge. At fields above the
conductivity maximum, n=mn,, the exhaustion-range
carrier concentration (which may be determined by
dc Hall measurements at temperatures above 30°K).
(de/dt)sonts represents the energy losses of the carrier
system to various carrier scattering mechanisms. The
highly elastic impurity scattering mechanisms are of
negligible importance for energy transfer, though
charged-impurity scattering strongly affects the
mobility at low fields. Impact ionization provides an
important energy-loss mechanism in the avalanche
breakdown region below 20 V/cm, but may be neglected
at fields above the conductivity maximum, where the
Sb donors are fully ionized. Intravalley optical-mode
scattering and intervalley acoustic-mode scattering
have relaxation times of the same form* and involve
emission of phonons of comparable energy. If the field
is applied in a (100) direction, differential heating of the
electrons in different valleys can be avoided and these
two mechanisms may be lumped together as “optical-
mode scattering.”

Conwell has calculated the lattice-scattering terms
assuming a Maxwellian carrier distribution char-
acterized by a temperature 725 Using the expression
for the normal carrier mobility attributable to acoustic-
mode scattering, and making straightforward approxi-
mations valid when 27", <k, the energy of the optical
phonon, her expressions for the losses to the acoustic
and optical modes may be put in the forms
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where ug. is the contribution of the acoustic modes to

2 C. Herring, Bell System Tech. J. 34, 237 (1955).

2% E. Conwell, Phys. Chem. Solids 8, 234 (1959). The pub-
lished expression for energy losses to optical-mode scattering
should be multiplied by a factor exp(+486/27T.); it is our under-
standing that the omission occurred during publication,

T. A. CALLCOTT AND J. W. MACKAY

161

the normal carrier mobility, ¢ is the speed of sound, m*
is the effective mass of the carriers, k0 is the energy,
assumed constant, of the optical-mode phonon,
(Eop/ Eqc) is the ratio of the optical- and acoustic-mode
matrix elements as defined by Conwell, and K, (%) is the
modified Bessel function of the second kind.

(de/dt). was calculated for the case of equipartition
of energy among the lattice modes with which the
carriers interact, but it remains valid for carrier tem-
peratures where equipartition does not hold.?¢ It is also
assumed that de/eX1, where e is the carrier energy and
de is the change in energy in a carrier-phonon inter-
action. This assumption restricts the derivation’s
validity to carrier temperatures 2 30°K. The assump-
tion of a Maxwellian carrier distribution is questionable,
but receives some support from the estimates by
Stratton?” that indicate that in #-type germanium
carrier-carrier scattering enforces a Maxwellian energy
distribution for carrier concentrations above a critical
value of approximately 2X10%* (7',/296)* cm™3. Our
samples meet this criterion for values of T,.<200°K.
Since the carriers transfer energy among themselves
much more efficiently than it is transferred in other
scattering events, but transfer momentum at a com-
parable rate, the momentum distribution is readily
predictable only for a much higher carrier concentration
than is present in these samples.

Taking pae= (2.83X107)T 132 cm?/V sec,?® §=400°K,
m*=0.22 mo,” ¢=5.46X10° cm/sec, and values of
(Eop/Eac)* of 0.3 and 0.54 that bracket the values
assumed by various workers,57 the energy-loss rates
were calculated. The carrier temperature as a function
of the field, calculated using the conductivity curve of
Fig. 2 and the energy losses of Egs. (8) and (9), is
shown in Fig. 3. The upper and lower curves correspond
to values of (Eop/Ea)?=0.3 and 0.54, respectlvely An
independent method of estimating the carrier tem-
perature, based on changes in the charged-impurity
scattering after irradiation, was suggested in a previous
paper.? The difficulties involved in interpreting hot-
carrier mobility curves seriously limits its accuracy.

26 D, M. Brown, Ph.D. thesis, Purdue University, 1961 (un-
published).

27 R, Stratton, Proc. Roy. Soc. (London) A242, 355 (1957).

2B E. G.S. Palge, Ref. 5, p. 96.

29 T, A. Callcott and J. W. MacKay, 7tk International Conference

on the Physics of Semiconductors: Radiation Damage in Semi-
conductors (Dunod Cie., Paris, 1965), Vol. 3, p. 27.



