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Isochronal and isothermal recovery studies have been carried out in electron-irradiated samples of InSb
following irradiation with high-energy electrons, using Hall coefficient and electrical conductivity as measures
of the damage. The emphasis in this work has been on the recovery in stage II, and the results show that the
recovery depends strongly on the carrier concentration of the sample. The temperature of the center of the
recovery stage was observed to vary from 91°K in some p-type samples to 203°K in a highly degenerate
n-type sample. The activation energy for recovery changed from 0.24 to 0.71 eV over this same range of
carrier concentrations. These changes have been explained by assuming that the two acceptor levels asso-
ciated with the radiation-produced defects must be empty in order for annihilation of the defects to occur.
The details of the analysis relating these recovery parameters to the sample carrier concentration are pre-
sented. In order to fit the observed recovery kinetics, it is assumed that two close interstitial-vacancy pairs
produced by the irradiation are involved, and that they annihilate by basically first-order processes with
different rate constants. A model for the defects and their mode of annihilation, assuming vacancies to be
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the mobile species, is suggested.

I. INTRODUCTION

NDIUM antimonide is the most extensively in-
vestigated I1I1I-V compound with regard to radia-
tion-damage studies. The first studies of damage re-
covery following electron irradiation were reported
by Aukerman.! Vook? has measured changes in sample
length and thermal conductivity following electron
irradiation and during annealing. Georgopoulos et al.?
have reported work using neutron and gamma irradia-
tion. The present author has previously reported the
results of electron-radiation-damage studies in several
n-type samples of InSb.* This work has been extended
to p-type samples and to n-type samples with initial
electron concentrations higher and lower than the
range of concentrations in the previous work. The
results show that the recovery process in InSb following
electron irradiation is strongly dependent on the carrier
concentration of the sample. For example, the tempera-
tures at which the first four recovery stages occur gener-
ally become lower as the Fermi level is lowered upon
using samples of lower electron concentration. In the
present report we concentrate on the second recovery
stage, which was also treated in the greatest detail in
the previous work. Data are presented showing a varia-
tion of the recovery temperature from 91 to 203°K and
of the apparent activation energy for recovery from
0.24 to 0.71 eV, as well as changes in the apparent re-
covery kinetics. A detailed treatment of the variation
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of these parameters as a function of the carrier concen-
tration of the sample is presented, based on the assump-
tion that the two acceptor levels associated with the
defects must be empty for defect annihilation to occur.
Finally, a model is suggested for the structure of the
defects and their mode of production and annihilation,
based on the present work and upon orientation-depend-
ent experiments reported previously.®

II. EXPERIMENTAL TECHNIQUE

The experimental methods were generally similar
to those described previously.* The samples were about
0.005 in. thick and were usually cut from wafers of this
thickness, polished to a Linde “B” finish, which were
purchased from Cominco Products, Spokane, Washing-
ton. Electrical contacts were applied to the p-type
samples by alloying indium to the sample arms during a
15-min 200°C anneal in vacuum and using indium solder
to secure leads to the indium on the arms.

Most irradiations were carried out at liquid-nitrogen
temperature using a cryostat similar to that described
previously.* In p-type samples where stage-II recovery
occurs near liquid-nitrogen temperature, some irradia-
tions were also carried out at liquid-helium tempera-
ture. The helium cryostat was basically similar in design
to the nitrogen cryostat and has been described in
detail elsewhere.® In both these cryostats the manganin
wire heaters have been replaced by a heater element con-
sisting of a pair of 0.005-in. Nichrome wires packed in
MgO insulation inside a stainless-steel sheath which is
silver soldered to the copper piece on which the
manganin wire was formerly wound. The connection of
leads to the sample has been simplified by the addition
of a sapphire tie point to the sample mounting plate,
providing a support for the leads near the sample.

¢ F. H. Eisen, Phys. Rev. 135, A1394 (1964).
¢ F. H. Eisen, in Advances in Cryogenic Engineering (Plenum
Press, Inc., New York, 1963), Vol. 8, p. 437 .
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Because of the high thermal conductivity of the
sapphire, the use of this tie point also helps decrease
thermal gradients in the sample due to the conduction
of heat to or from the sample through the electrical
leads fastened to the sample.

III. RESULTS AND DISCUSSION

A. General Features of the Irradiation Experiments

The recovery data presented were obtained following
irradiation with 1.0-MeV electrons (with one specific
exception noted below) at or below liquid-nitrogen
temperature. Measurements of the Hall coefficient and
electrical conductivity were used to determine the
changes in carrier concentration and mobility produced
by the irradiation and subsequent annealing. The 1.0-
MeV electron irradiation produced a decrease in elec-
tron concentration at liquid-nitrogen temperature in all
the samples studied, i.e., #n-type samples became less
n-type and p-type samples became more p-type.”
The recovery during stage-IT annealing was always in
the direction of increasing electron concentration.

Both isochronal and isothermal annealing experi-
ments were carried out. The carrier concentration
usually varied linearly with the integrated beam current
during the irradiations so that the defect concentra-
tion could be assumed to be linearly related to the
change in carrier concentration during the annealing
experiments. In this case, the fraction of defects not yet
annihilated in a particular recovery stage ¢ may be
taken as the ratio of the carrier concentration not re-
covered in that stage to the total carrier-concentration
recovery in the stage. In those cases where the Fermi
level was near a defect energy level, the above-mentioned
linear relation did not hold and the exposure curve was
used to correct the isothermal carrier-concentration
recovery data so that ¢ was obtained. This was ac-
complished by assuming that the number of defects
depends linearly on the integrated beam current so that
the relation between change in carrier concentration and
number of defects is the same as that between change in
carrier concentration and integrated beam current.

The data consist mainly of isochronal (heating rate
about 1.5°/min) and isothermal recovery measurements
on a variety of #- and p-type samples of InSb. Figure 1
shows a typical isochronal recovery curve for an #n-type
sample (N7, #o=1.5X10* cm~3). The only significant
difference in n-type samples with lower values of 7o
is that the recovery temperatures for stages I through
IV are observed to decrease as no decreases. Also

7This is in contrast with the results of Aukerman in Ref. 1
who finds that there is a final Fermi level about 0.03 eV above the
valence band when irradiating at 78°K with 4.5-MeV electrons.
There seems to be a donor level associated with the defects which
annihilate in stage V and since a greater fraction of the damage
recovers in this stage following the higher energy irradiation, a
movement of the position of the final Fermi level to a point farther
above the valence-band edge seems reasonable.
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F16. 1. Isochronal recovery curve for an n-type sample (N7,
no=1.5X10'% cm™®) and a p-type sample (P4, po=1.4X1018
cm™?) of InSb following irradiation with 1.0-MeV electrons at
78°K. For clarity, the experimental points are omitted.

shown in Fig. 1 is the isochronal recovery curve for a
p-type sample (P4, po=1.4X10% cm—3). The most
noticeable difference between the n-type and p-type
samples is the appearance of several reversals in direc-
tion of the carrier-concentration change during annealing
in the p-type sample.

B. Identification of Stages in p-Type Samples

Because of the differences in the isochronal recovery
curves for p- and n-type samples, it is not immediately
clear which regions of recovery in p-type samples cor-
respond to the stages which were first observed in
recovery studies in n-type samples. A point of primary
interest in the present work is the identification of
stage II in p-type samples. The identification is facili-
tated by the fact that stage IT has the lowest threshold
displacement energy.*® Thus, it is possible by irradiat-
ing at low enough electron energy (400 V) to produce
only damage which recovers in stage II. The results of
such low-energy irradiations of p-type samples indicate
that stage II is the one so labeled on the curve for sam-
ple P4 of Fig. 1. It is probable that the stage below
stage IT on the curve for P4 is stage I, and it has been
possible to identifiy stages III, IV, and V in p-type
samples from the dependence of their recovery tempera-
ture on carrier concentration.® A detailed description
of this work, as well as other features of these recovery
stages, will be reserved for a subsequent publication.

C. Stage I

1. Experimental Variation of Recovery
Parameters with Carrier Concentration

The dependence of the temperature T, at the center
of stage II (taken as the temperature at which half of
the recovery has occurred) on carrier concentration in
n- and p-type samples is shown in Fig. 2. It is seen that
there is a variation of the observed values of 7', from

8 F. H. Eisen, Bull. Am. Phys. Soc. 10, 360 (1965).
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F1G. 2. Recovery temperature T and activation energy for re-
covery E as a function of the carrier concentration following
state-II recovery. The solid and dashed lines were calculated by a
procedure described in the text.

91 to 203°K over the range of carrier concentrations
for which measurements were made.

The isochronal recovery data can be combined with
isothermal measurements to calculate E, the activation
energy for recovery, by method of Meechan and Brink-
man?® as described in Ref. 4. The results of this calcula-
tion are also shown in Fig. 2 for most of the samples for
which a value of T, was measured. The measured values
of E range from 0.25 to 0.71 eV. The curves drawn in
Fig. 2 are the values of T, and E calculated from a
model which is described below.

The observed recovery kinetics were also found to
depend on the sample carrier concentration over the
whole range of concentrations for which measurements
were carried out. The change was such that the relative
time duration of the isothermal recovery was greater
in samples of higher electron concentration.

2. Energy Levels of the Stage-II Defects

Figure 3 shows initial values of the carrier removal
rate for stage II in various samples, plotted as a func-
tion of the position of the Fermi level in the sample.
Such a plot can be used to determine the position of the
defect energy levels since it can be shown that the car-
rier removal rate should change rather abruptly when
the Fermi level is near a defect level and should be
relatively constant when the Fermi level is several
units of 27" away from a defect level.!® An inspection
of Fig. 3 indicates that there are two energy levels
associated with the defects that annihilate in stage II,
one about 0.04 eV above the valence band (level 1)
and the other about 0.03 eV below the conduction band
(level 2).1! The fact that —di/dN.+dp/dN, is always

9C. J. Meechan and J. A. Brinkman, Phys. Rev. 103, 1193
(1956).

10 H. Y. Fan and K. Lark-Horovitz, in Effects of Radiation on
Materials, edited by J. J. Harwood, H. H. Hausner, J. Morse, and
W. Rauch (Reinhold Publishing Corporation, New York, 1958),
p. 166.

11 Measurements of the Hall coefficient versus temperature in
both n-type and p-type samples give no indication of the presence
of any chemical impurity levels near either of these levels so that
the conclusion that they are due to defects produced by the elec-
tron irradiation is justified.
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positive, as indicated in Fig. 3, implies that both
levels are acceptor levels. If both acceptor and donor
levels were present, the stage-II defects should exhibit
donor behavior in some samples. Since the stage-1I
defects acted as acceptors in samples with the Fermi
level ranging from 0.02 eV above the valence band to
well into the conduction band, it can be concluded that
both level 1 and level 2 are acceptor levels.

3. Qualitative Description of the Model for the Carrier
Concentration Dependence of the Recovery

It is assumed that the defect-annihilation rate is
proportional to the number of defects for which level
1 is empty. If the Fermi level is several units of 2T
below level 1, this will be essentially all the defects, but
as the Fermi level rises higher in the band gap the defect-
annihilation rate at a given temperature will decrease
because of the decreasing degree of ionization of level 1.
This results in T, increasing in samples of increasingly
higher electron concentration as shown in Fig. 2. The
measured activation energy for recovery will include a
contribution from the energy necessary to remove elec-
trons from level 1. It can be seen that there will be a
substantial difference in E between p-type and n-type
samples, as observed, because in p-type samples the
electron moves to a lower energy state when level 1
becomes ionized, whereas in n-type samples the elec-
tron must be excited from level 1 to the conduction
band. The equations for the rate of annihilation of the
defects contain a temperature-dependent factor outside
the Boltzmann factor. This leads to additional changes
in the apparent activation energy which is obtained
when the total temperature dependence of the annihila-
tion rate is represented in the Boltzmann form.

The above assumption also results in a dependence
of the observed recovery kinetics on the sample carrier
concentration. If the Fermi level is several units of k7T
below level 1, the kinetics should be first order since
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. F16. 3. Initial values of the carrier removal rate in stage II for
irradiation with 1.0-MeV electrons as a function of the Fermi
level in the sample. The solid curves show the form of the Fermi-
Dirac function at 78°K assuming the generation rate for both
levels is 2.0 cm™, that the upper level is at 0.03 eV below the
conduction band, and that the lower level is 0.04 eV above the
valence band.
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nearly all the defects are in the proper charge state for
annihilation. As the Fermi level rises higher this is no
longer the case, and the fraction of the defects which are
in the proper charge state for annihilation changes due
to the small shift in the Fermi-level position as the re-
covery proceeds. The result is a deviation of the kinetics
from first order. Actually, it is necessary to assume that
the recovery proceeds by two first-order processes
perturbed in the above manner. This was also done in
Ref. 4, but in the present case there is direct experimen-
tal evidence to support this assumption. Figure 4 shows
a plot of a loge versus time for sample P4 in which the
Fermi level, was about 0.02 eV below level 1 so that
there should be no perturbation of the postulated first-
order decays. In samples with the Fermi level somewhat
above level 1, the kinetics is observed to deviate from
that of sample P4, lending qualitative support to the
assumption that level 1 must be empty for the annihila-
tion of defects to proceed.

In n-type samples with high enough electron con-
centration, level 2 will become occupied and the effect
of its degree of ionization on the rate of recovery must
also be considered. It is shown below that this level
must also be considered. It is shown below that this
level must also be empty for the annihilation of defects
to proceed. This results in a higher rate of increase of
T. and E with increasing electron concentration and
further deviations of the observed kinetics from the
sum of two exponentials.

This treatment of the dependence of the recovery
parameters on carrier concentration gives no informa-
tion on the mechanism by which the defect annihila-

200 300
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tion is influenced by the charge state of the defects.
Since the recovery proceeds when the levels are empty,
i.e.,, when the acceptor has a more positive charge, it
does not seem as though the effect can be due to a
repulsion or attraction between the interstitial and the
vacancy. Assuming that the vacancy acts as the ac-
ceptor, for such an interaction to make the annihilation
of the interstitial-vacancy pair more probable when the
vacancy changes to a more positive charge would
require the unlikely circumstances that the charge
on the interstitial be negative whether the effect was
due to the removal of a repulsion or the production of
an attractive force.

4. Calculation of T, and E

The detailed derivation of the effects on a single
first-order recovery stage of the requirement that
level 1 be empty for defect annihilation to occur is
contained in the Appendix. At this point the applica-
tion of these results to stage II is discussed, beginning
with the calculation of 7', as a function of the carrier
concentration of the sample.

The equations derived for 7. are the result of cal-
culating the temperature at which half the recovery
in a first-order stage would have occurred during
isochronal annealing in terms of T, the correspond-
ing temperature in samples with p, sufficiently high
so that 7. is independent of p,. The carrier-concentration
dependence of the temperature at which any other
reference value of ¢ occurs on the isochronal recovery
curve can be calculated from the same formulas with
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TasLe I. Constants used in calculating 7°; and E.

Ego 0.25 eV

Ea —0.04 eV

Eas 0.03 eV

Teo 90.3°K

En 0.295 eV

8 2.9X107%eV/°K

N, 3.36X10% 73/2 cm™3
N. 8.87X1012 T3/2 cm™3
A, A2 1.0

the substitution of the appropriate temperature for
T .. Since stage II actually consists of two first-order
substages with slightly different rate constants, the
center of the total stage will not be located at the center
of either of the substages. However, if the ratio of the
rate constants for the two substages is independent of
carrier concentration, the fractional recovery in each
of the substages at the center of stage IT will be the
same in all samples. It is shown below that this re-
quirement on the ratio of the rate constants is approxi-
mately obeyed. The calculation of the temperature at
the center of stage II is therefore equivalent to the
calculation of the temperature at some fixed reference
value of ¢ on the isochronal recovery curve for one of
the substages with T'. the temperature at this point
in samples with high hole concentrations. The use of
the formulas for 7. derived in the Appendix is there-
fore justified. The application of the formulas for E
to stage II is likewise justified if the above requirement
for the ratio of the rate constants holds since this
implies equal values of E for the two substages.

The values of various parameters used in the calcula-
tion of T, and E versus sample carrier concentration
are listed in Table I. The values of E,; and E,,, the
positions of the lower and upper acceptor levels meas-
ured, respectively, from the valence-band edge and
conduction-band edge, were taken as the energies at the
midpoints of the steps in Fig. 3. This is consistent with
the assumption that \; and X,, the statistical-weight
ratios for the two levels, are equal to unity. The use of
these values for \; and A, should not cause appreciable
error in the calculated values of 7, and E. The values
of Te and E,, were chosen by adjusting them to give
the best fit of the curves for p-type material to the
experimental points. No other adjustments of the pa-
rameters used in the calculation of 7', and E were made.

The agreement of the calculated curves for 7', and
E shown in Fig. 2 with the experimental points is
quite satisfactory. The dashed curve for T, was cal-
culated assuming that it is not necessary for level 2
to be empty for defect annihilation to occur, whereas
the solid curve is based on the assumption that level 2
must be empty. The agreement of the experimental
points with the solid curve indicates that the latter
assumption is correct. It is particularly interesting to
note that the decline of £ while T'. is increasing in p-type
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samples is correctly predicted. The physical basis for

‘this and the large increase in E in going to n-type

samples is that in the p-type samples with Fermi level
above level 1, the electrons go to a state of lower energy
(the valence band) when they vacate level 1, whereas
in n-type samples they must be raised to the conduction
band, a state of higher energy. It is also worth noting
that the percentage variation in E is somewhat greater
than thatin T'.. The over-all agreement of the computed
curve with the data, particularly in light of the above
points, is substantial support for the correctness of the
model for the carrier-concentration dependence of the
recovery parameters. Several of the z-type samples
with low electron (<10 c¢m™3) concentrations were
compensated, so that their total impurity concentra-
tion was greater than 10 cm=3. The values of T, and
[ are in agreement with the above model, indicating
that they are indeed controlled by the carrier con-
centration and not by the impurity concentration of
the sample.

5. Calculation of the Observed Recovery Kinetics

It is also of interest to compare the isothermal-
recovery data with the predicted form for the kinetics
contained in the Appendix. It is again necessary to
take into account the fact that stage II consists of
two nearly first-order substages; i.e., to assume

e=aprt(l—a)er,

where ¢ and ¢, represent the fraction of damage re-
maining in the two substages.

The value of « is taken at 0.365 using the data of
Fig. 4 (sample P4) for which the ¢; are simple exponen-
tial functions of the time. In samples with the Fermi
level farther above the valence band than for P4,
the rate equation involves the instantaneous carrier
concentration and, therefore, the equations for the two
substages are coupled through the dependence of this
carrier concentration on both ¢; and ¢, .To simplify
the calculation of ¢; and ¢, the approximation is
made that the recovery in substage 1 is complete before
significant recovery has occurred in substage 2. The
dependence of ¢; and ¢, on time can then be deter-
mined from the appropriate relation of the form

fled)=—Ki,

contained in the Appendix. Equation (5) applies to
p-type samples, Eq. (15) or (22) to nondegenerate
n-type samples, and the result for degenerate n-type
samples may be obtained by numerical integration of
Eq. (24).

In addition to determining ¢; versus K from the
appropriate one of these equations, it is also necessary
to know the value of K:1/K, in order to calculate ¢
versus {. The value of K1/K in different carrier-con-
centration regions as determined from the above-
mentioned equations is given in Table II. Since T, is a
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TastLe II. Values of K;/K at various
carrier concentrations.®

Carrier
concentration
(cm™)

Type K1/K2

? <3x1o4
n S3X104
n 210

(v1/v2)exp[ (Ems —Em1) /kT]
(v1/v2)exp[ (Emz —Em1+Eat1 —Ea12) /kT]
(v1/v2)exp[(Em2 —Em1+Ea11 —Ea12 — Eaz1+Ea22) /kT]

a The final subscript on each quantity denotes the substage to which
that quantity applies.

function of carrier concentration, K/K» will depend on
carrier concentration if the argument of any of the
exponentials in Table II is different from zero. The
procedure which was followed in fitting the calculated
kinetics to the isothermal recovery data was to treat
K1/K, as a parameter which was adjusted to obtain
the best fit. The result of applying this procedure to the
data for several n-type samples is shown in Fig. S.

The fit of the calculated curves to the isothermal data
is not highly sensitive to the value of K1/K, so that
K1/K» could not be determined very accurately for a
given sample. The values range from 3.25 for sample
P4 to 3.8 for sample N7. When In(K1/K>) is plotted
versus 1/7T, the result is approximately a straight line
which can be represented by an activation energy of
0.03 eV and a value of K1/Ks=4.6at 1/T=0. There are
not enough data available for samples in any one of
the carrier-concentration regions of Table II to permit
the determination of the arguments of any one of the
exponential expressions in the table. A consideration of
the possible relative values of En, Eq, and E,. for the
two substages indicates that in order to obtain the ob-
served increase in the value of K;/K, in going from
p-type to n-type samples, the relation En;< E,,; must
hold. It is probable that E,;—FE,.<0.006 eV with
0.003 eV the most likely value.

The calculated curve for sample N7 in Fig. 5 shows
some deviation from the experimental points at both
ends. The data shown for sample V29 exhibit a better
fit to the curve calculated for that sample, but the
value of An/n; for this data was less than that for N7
(An=the total change in carrier concentration during
stage-1I recovery, n;=the carrier concentration after
stage-II recovery is completed). Data from an irradia-
tion of .V29 for which An/n; was comparable with that
for N7 reveal a similar but somewhat smaller tendency
to deviate from the calculated curve. These deviations
have not been investigated in detail. They are not
large enough to be important in calculating the depend-
ence of T and E on carrier concentration. They may
result from a gradual failure with increasing carrier
concentration of the approximation of separating the
two substages in calculating the expected form of the
isothermal recovery curve. Such an effect would in-
crease as An/ny increases since the coupling of the dif-
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Fic. 5. Stage-II isothermal recovery data for three n-type
samples. The curves were calculated as described in the text. The
time scale for two of the samples has been changed by the follow-
ing factors for convenience in displaying the data: N9, 0.38; N29,
0.60. Sample N7 was irradiated at 0.7 MeV; these other two were
irradiated at 1.0 MeV. The annealing temperatures were: N9,
124°K; N29, 135°K; N7, 145°K.

ferential equations for ¢; and ¢. disappears as An/nys
approaches zero.

6. Defect Model

It is assumed that the defects which annihilate in
stage II are primary interstitial-vacancy pairs. Many
of the experimental observations supporting this as-
sumption have been presented and discussed in Ref. 4.
These include the recovery of the Hall coefficient and
electrical conductivity to pre-irradiation values fol-
lowing low-energy irradiations in which only damage
that anneals out in stage II is produced. Further
evidence includes the low threshold energy and the ob-
servation of the same damage rate in liquid-nitrogen-
temperature and liquid-helium-temperature irradia-
tion of n-type samples, with no recovery before the
temperature region of stages I and II. The present work
has included the irradiation of several samples of low
electron concentration which were heavily compensated.
The recovery occurred in the temperature region which
is predicted from the model for the carrier-concentra-
tion dependence of the recovery as mentioned above.
Also, the damage rates in these samples are in agree-
ment with that in other samples of similar carrier
concentration which were not compensated. This in-
dependence of the total carrier concentration is further
indication that interaction of the primary-radiation-in-
duced defects with impurities has not occurred in the
temperature region of stage II.

It is possible to explain the observation of two ex-
ponential decays in the isothermal recovery data by
assuming that two different defect configurations, which
have slightly different decay constants, are produced by
the irradiation. This assumption has been implicitly
made in the discussion above. However, it is also pos-
sible to obtain two exponential decays if there is 2
single defect pair configuration but two different paths
for the defect to follow during the annihilation process.
It seems unlikely that this is the correct approach since
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I'16. 6. A portion of a model of the crystal structure of InSb.
The numbers label atom positions referred to in the text.

the energies of motion along the two paths would
probably not be as close together as the discussion
in the preceding section indicated they should be. Also,
in the analysis of any such process, it is found that the
relative amounts of the recovery occurring in each of
the exponential decays would be a function of the rela-
tive rate constants for the individual jumps in the an-
nihilation process. This would lead to a temperature
dependence of a, which is not observed. If there are in-
deed two different interstitial-vacancy pair configura-
tions, it should be possible to observe separate thresh-
old displacement energies for the production of each
configuration. Preliminary results of experiments in
which isothermal recovery measurements were made as
a function of the bombarding electron energy near
threshold indicate that such separate thresholds do
exist. The data are difficult to analyze because near
threshold a thin region of damage is produced in the
sample. In this region the carrier-concentration change
is sufficient to produce changes in the apparent re-
covery kinetics similar to those expected from changes
in the relative number of the two pair configurations.

The two pair configurations might be formed either
by the displacement of one type of atom to two different
interstitial positions or through one configuration being
formed by the displacement of indium atoms and the
other by the displacement of antimony atoms. Previous
work® indicates that the damage which recovers in
stage II is entirely due to the displacement of indium
atoms. Therefore, only the first possibility mentioned
above need be considered.

In order to pursue the possibility of two pair configur-
ations, we consider how they might be produced in the
displacement process. A portion of a model of the crys-
tal structure of InSb is shown in Fig. 6. Consider the
displacement of “atom 1.” Other work® has indicated
that this probably occurs along a (111) direction which
is along the line joining “atom 1” with “atom 5” in
Fig. 6. The motion of atom 1 along this direction is
limited by atom 3, and it is likely that the interstitial
position surrounded by atoms 2, 3, 4, and 5 is the first
stable position along this direction. This position will
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be referred to as an “a position,” and the defect pair
formed by the displacement of atom 1 to this position
will be called an ‘g pair”. If atom 1 is directed slightly
off the (111) direction during the displacement process,
then it may pass through the barrier formed by atoms
2,4,5,6,9,and 10 into a position surrounded by atoms
6,9, 10, and 11, rather than stop in the @ position. This
position will be called a “b position” and the defect pair
a “b pair.”

Consider now the possible modes of annihilation of
a and b pairs. If the interstitial is the mobile defect,
then the interstitial in the & position must move first
into the a position during the process of annihilation.
An analysis of the kinetics of recovery of the sum of the
a pairs and b pairs reveals the same situation as for two
recovery paths of a single defect; i.e., the value of «
would be expected to be temperature-dependent. Since
no temperature dependence is observed, we are led to
consider the possibility that the vacancy is the mobile
defect. For an a pair, atom positions 6, 7, and 8 are
equivalent positions to which the vacancy can-jump
from position 1. The annihilation of an interstitial in
an g position with a vacancy on one of these three is
likely to proceed at a much faster rate than the original
jump of the vacancy so that this first jump is the rate-
limiting step in the annihilation process. For the &
pair, only the jump to atom position 6 would place the
vacancy in a position where rapid annihilation of the
interstitial-vacancy pair would be expected. This jump
of the vacancy to a position near a b pair should pro-
ceed at about the same rate as the jump of the vacancy
of an a pair to one of the above-enumerated positions
near the interstitial.? In this approximation the ratio
of the decay rate for a pairs to that for & pairs should
be the ratio of the positions to which the vacancy can
jump in the two cases, i.e., 3 to 1. This is about the same
as the observed ratio of the time constants of the two
exponential decays. The data indicate that defects
which decay by the slower process are about twice as
numerous as those decaying by the faster process. This
would require that about twice as many b pairs as a
pairs be formed during the irradiation. This is not un-
reasonable, since for every a position there are three b
positions. Thus, if the energy required to displace an
atom to a b position is not much greater than that re-
quired to displace it to an a position, more b pairs than
a pairs could be formed during an irradiation at an
electron energy which is well above threshold. The
requirement on the relative displacement energies for
a and b pairs is not unreasonable so that the model
described above seems capable of qualitative agreement
with the data.

12 The movement of the vacancy toward the interstitial rather
than away from it must be due to the presence of the interstitial
and would seem to indicate that there should be some difference
between the jump rates for vacancies in the two different pairs.
The small temperature dependence of K/K- is probably due to
this effect.



148 STAGE-IT RECOVERY IN

7. Mobility Recovery

It was shown in Ref. 4 that the reciprocal of the Hall
mobility varied linearly with the electron concentra-
tion during irradiation but that the mobility recovered
faster than the carrier concentration during stage-1I
annealing. It can be shown that the mobility recovery
is consistent with the annihilation of two different
defect configurations if it is assumed that the two con-
figurations have different scattering cross sections for
the electrons. Figure 7 shows the data for the variation
of reciprocal mobility with ¢ during the isothermal
annealing of sample .V'29. The solid line was calculated
by assuming that

A(pr™)=Bre1+B2¢2,

i.e., that if each substage could be observed separately,
the recovery of reciprocal mobility would be linear with
the carrier-concentration recovery for that substage.
¢1 and ¢ were determined from the values used in
making the fit tothe carrier-concentration recovery data
shown in Fig. 5. The ratio 81/8: indicates the relative
scattering cross sections for the two defects. A value of
1.20 was used in fitting the data in Fig. 7. For the defect
model described above, this requires that the e pairs
scatter more than the 4 pairs. This may be associated
with the fact that for @ pairs the nearest neighbors of
the interstitial indium atom are antimony atoms, while
for b pairs they are indium atoms.

IV. SUMMARY

A large variation in the recovery temperature, activa-
tion energy for recovery, and apparent recovery kinetics
has been observed for stage-II recovery in electron-
irradiated InSb. These variations can be satisfactorily
accounted for by assuming that both the acceptor
levels introduced into the forbidden energy band by the
defects must be empty in order for the annihilation of
these defects to occur. The recovery can be divided into
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F16. 7. Inverse Hall mobility versus fraction of damage not
recovered for sample N29 during isothermal annealing following
irradiation with 1.0-MeV electrons. The curve was fitted to the
data points as described in the text.
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two first-order processes in samples in which most
of the defects have their acceptor states empty. This
can be explained by assuming that two different in-
terstitial-vacancy configurations, due to the displace-
ment of indium atoms, are produced during the irradia-
tion. Specific configurations and modes of annihilation
of the defects during annealing are suggested that are
capable of qualitative agreement with the experiments.
The mobility recovery is also consistent with the pro-
duction and annihilation of two different defect pairs.
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APPENDIX: RECOVERY KINETICS, TEMPERA-
TURE, AND ACTIVATION ENERGY

p-Type Samples

Expressions are derived here for the recovery kinetics,
temperature, and activation energy as a function of
the carrier concentration of the sample for a single
substage. p-type samples are treated first so that only
the occupation of the lower acceptor state need be con-
sidered. Let V' be the number of defects (acceptors),
V1* the number of un-ionized acceptors, and N'y*+ the
number of ionized acceptors. These reactions occur:

Ni*+hole = Vit
N+ — annihilation.
The decay rate of the acceptors is given by
dN/dt=—v exp(— E,/kT)N 1, (1)

where » is the frequency factor for the recovery process
and E, the energy of motion of the mobile defect.
Assuming that the redistribution of the carriers is
rapid compared to the rate of disappearance of the
acceptors,

<A\v—4\'1+)p/‘\71+= A\v,)\l_l exp(—Eal/kT)E B]_ , (2)

where p is the hole concentration, .V, = 22wk Tm ,/h?)3/2
is the effective density of states in the valence band,
mp is the effective mass of holes, E, is the height
of the lower acceptor level above the valence-band
edge, and \; is the statistical weight ratio for level 1.
The hole concentration is given by

p=pr+Ni*=p+N—Nit, 3)

where p; is the hole concentration after the completion
of recovery in the stage considered.!
On combining Egs. (1)-(3),

dN/dt=—%v exp(— En/kT){ps+2N+ B,
—[(ps+2N+B)*—4N(p,+N) ]2 . (4)

13 This assumes that the chemical acceptors are exhausted and
that the concentration of other radiation induced levels near E,,
is small relative to the concentration of the stage-II level at E,;.
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The solution to this equation may be written as

{In(X2—2B1X— ps2+ B12)+ (By/pp)In[(X—Bi—py)/

X(N)
(X—Bi+p)]1} X(No)= —vexp(—En/kT)t, (5)

where X= [431¢V+Bl(2pj+B1)+1>f2]1/2.
If N,»<N, this reduces to

In(N/No)=—v exp(—En/kT)t, 6)

i.e., when the Fermi level is well below the defect level,
we have exactly first-order kinetics (Vo is the initial
defect concentration). If .Vi*<<N, Eq. (5) reduces to

In[N(No+27)/No(N+p/) ]
=—(pAw/N,) exp[— (En—Ea)/kT ). (7)

If Vo is small compared to py, this can be written as

Ing—(Ap/ps)(e—1)=—(pAw/N )
Xexp[— (Em—Ea)/kTt, (8)

where ¢=N/N, and Ap is the total change in the hole
concentration for the recovery stage. This is the same
form for the kinetics as in an #-type sample where only
the occupation of the lower acceptor level need be
considered.*

Proceeding to the recovery temperature, inspection
of Egs. (6) and (7) shows that there is an effective fre-
quence factor which depends directly on p, when the
acceptor levels are nearly filled but which reduces to
v when they are nearly all empty. This leads to a depend-
ence of the recovery temperature on p,. Specifically,
we consider the temperature 7', at the center of the
recovery stage on an isochronal recovery curve, which is
taken as the point at which half the defects remain,
i.e., ¢=0.5. This may be calculated for any value of p,
if E, and T, the limiting value of 7. in the range of
ps where T. no longer depends on p,, are known.
Assuming that the isochronal annealing may be ap-
proximated by a constant heating rate, i.e., d7/dl=1,
Eq. (1) becomes

dN/N=—(v/v) exp(— E,./kT)dT,

in the region where V,%*<XN. Since E,./kT o is large, we
have

/ ) exp(— En/kT)dT= (kT co*/ En)exp(— En/kT o)

as a good approximation, and
In0.5= (v&T co®/YEm) €xp(— Em/kT o). 9)

A similar expression is needed for lower values of p,
in order to calculate 7'; versus p,. This is available from
Eq. (7) for small enough p, but for intermediate values
of ps, Eq. (4) is rather cumbersome. The main effect
of the change in kinetics from exact first order is noticed
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for ¢<0.1, and this increases as Ap/p; increases. This
should not have an important effect on the shape of the
isochronal recovery data near ¢=0.5 so that a good
approximate relation for dN/dT for the calculation of
T. can be obtained by letting Ap approach zero, i.e.,
setting p=p, in Eq. (2). This yields

Nyt=(By/ps+1)7!
and
AN /N =[o/v(Bs/ py+1)] exp(— En/kT)AT .

Integration of the right side of this equation is more
difficult since Bj is a function of 7. The main tempera-
ture dependence, however, is in the exponential in the
numerator. It, therefore, seems a reasonable approxima-
tion to take the denominator outside the integral,
which gives

(10)

kT2
v By/pst+1 En

exp(—En/kT.). (11)

Combining Egs. (9) and (11), we obtain

E./k
T.= , (12)
En/kTo+2In(T /T 0)—In(By/ps+1)

from which 7' is readily obtained by successive approxi-
mations since the effect of changes in the InT", term and
the In(By/ps+1) term in the denominator is small.
Several comments can be made on the validity of this
relation in view of approximation made in obtaining
Eq. (11). When B,/p/>1 it is possible to obtain the
more exact solution,

v pr kT2
In0.5=——— ———exp(— E./kT.).
Y Bl Em"" Eal

The use of this result to obtain an expression for 7',
would yield a change in 7, of about 0.3%, in the range
of its validity. Numerical integration of Eq. (11) for
Bi=p; gave a value of T differing by 0.19, from that
calculated from Eq. (12).

The activation energy is determined from the relation
InA7,=C'—E/kT;,

where the Ar; are proportional to N~'dN/d! at tempera-
ture 7,.° If the temperature dependence of the rate
of recovery is not contained solely in a term of the
form exp(—E/kT), the above relation will yield an
effective activation energy which results from represent-
ing this temperature dependence in this form over the
temperature range of the measurements. The appropri-
ate expression to use in calculating this effective activa-
tion energy is

E=—kdIn[N-1dN/dt]/9(1/T). (13)
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Inserting d.V/dt from Eq. (10), we obtain

E=Em—(Eal+%ch)/(1+pf/Bl> (14‘)

n-Type Samples

In n-type samples the possible effects of the ioniza-
tion of the upper acceptor level must also be considered.
If the electron concentration is sufficiently low, these
acceptors are almost completely empty and the solu-
tion to the rate equation is that given in Ref. 4:

Ing—(An/np)(e—1)= =N

Xexp[—- (Em+Eo_Eal)/kT]fa (15)
where the definitions of An, n;, and N, are similar to
those of Ap, ps, and \,, respectively, and £, is the
width of the band gap. From Eq. (15) it is seen that for
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An((n,
PR ,
—_—— exp[— (Ent+E;—Ea)/kT1V. (16)
aT Y Ry

To take account of the temperature dependence of £,
it is assumed that E,=FE,—B7 and that E, is in-
dependent of temperature. Integrating Eq. (16), we
have, assuming only the temperature dependence of
the exponential need be included in the integral as was
done for Eq. (11),

v MV,
In0.5=—-— eBIK

Y %y

kT2
E,+Ey—Ea
Xexp[— (En+Eg—Ea)/kT e ].
Combining this with Eq. (8), the result for 7', is

(EmtEgo— Ea))/ k

B /kT A I[(Te/ To0)Erm) (Emt Ego— Eat) ]+ 1IN o/ 1) +8/ K

The value of the effective activation energy obtained by
applying Eq. (13) in this case is

E=E,+Ej—Ea+3kT. (18)

In samples of increasingly higher electron concen-
tration, the upper acceptor level will gradually become
filled, and the effect of this upon the probability of
annihilation of the defects must be considered. The
two levels may either be independent or be successive
states of ionization of a single defect. In the latter case,
the upper level must be empty before the lower one can
be empty. These two possibilities lead to the same
equation for the rate of decay of the damage as is shown
below. Quantities with a subscript two apply to the
upper acceptor level. If the levels are independent, then

Nyr2 Nit+em ,
Ny l\"'2++ e,
AN /di=—v exp(— En/kT)(N1+N5t/N),
Nt/ (V=N = Ncexp[—(E;— Ea)/kT =B/,
and
Notn/(N—=Not) =NV exp(Eas/kT)=Bo.

E,s is the position of the upper level measured from
the conduction-band edge, and #» is the electron
concentration.

ARIEAY
so that,
Nt/ N=B{/n,
and

AN Jdi=—v exp(— En/kT)(B/Nyt/n).

a7
If the levels are not independent,
Nyt 2 ;7\72++ e = l\‘1u+ e,
since N¢t=XN1* in this case.
Ny Nit+e,
dN/di=—vexp(—E,/kT)N1t, (19a)
f\'g+n/ (A\'— 4\v2+) = Bz y
and
Nitn/Not=By since NN o*. (19b)
Therefore,
dN /di=—vexp(— En/kT)(B/Nst/n). (20)

Since the same relation between Not, N, n, and B,
holds in the two cases, and #=#,—2V+ N+ in both
cases, d.V/dt is also the same in both cases. Solving
for Vot and substituting in Eq. (20), the result is

AY

—=—vexp(—En/kT)
di

X 2.\"—%,— B2+ [(ﬂf‘l‘Bz* 2A7)2+4B21\‘]l/2

Bi. (21)
1y—2N— Byt [(ns+By—2N)*+4B,N ]2

The solution to this equation may be written as

B ns(Ba+ B
[Jlnz(u+32)+ ABatn) ln2<u+ 2)
4 Bz u
2”/'2‘*‘32”/ Ba“+4anf(Bg+nf):| u(N)
2(u+Bs) 8(u+Bs)? u(Ng)

=vexp(—En./kT)B/t, (22)
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where
uw(N)=2N—n;— Bo+ [ (n;+ Bo—2N)2+4B, N V2.

This result is only valid in nondegenerate »-type
samples because Egs. (19a) and (19b) are only valid in
absence of degeneracy. These may be written in the
more general form

Not/(N—=Not)=ns exp(Er/kT) exp(Eq/kT)

=N\od exp(Ea/kT)=4., (23a)

and
A\v1+/;\'2+= }\1/1 exp[— (Eg— Eal)//kT:lE A 1, (23b)

where Er gives the position of the Fermi level measured
from the conduction-band edge. In degenerate n-type
samples N,t<<V, and

dN /dt=—v exp(— En/kT)\iA2

Xexp[— (E;— Ea— Ea2)/kTJAXN . (24)
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The kinetics may be obtained from Eq. (24) by numeri-
cal integration, using tabulated values of 4.

It is convenient to work from Egs. (23) in deriving
expressions for 7. and E, since these expressions will
be valid for all #-type samples. If the approximation
NtV is not made, Eq. (24) then takes the form

dN/di=—[4:142/(1+4:) v exp(—En/kT)N. (25)

If the same kind of approximation is made in integrat-
ing the equation for dN/d¢ as was made for p-type
samples, we obtain

PAheA 2 kT2
y(14+A42)  (Em+Ez0—Ea1— Ea2)
Xexp[— (Em+Egp—Ea—Ea.)/kT].

Combining this with Eq. (9), the formula for T is

In0.5

(26)

(EntEp—Ea—Ea)/k

T.= ) (27)
E,,, /'ch0+ln[(T,',/Tcg)QEm/(Em-{—E,o— Eal- Eaz)]+ﬁ/K— ZEp/kT+ln[>\1)\2,/’(1+A 2)]
Applying Eq. (13) to Eq. (25), the result for the activation energy is given by
E=E,+E;0—Eq— Eo+ (2et+€d:—2A4:E,)/2(1442) (28)

where e=2kd In4/8(1/T). It can be shown that at low enough electron concentrations Egs. (27) and (28) reduce to

Egs. (17) and (18), respectively.

The equation used in calculating the values of T for degenerate samples in Fig. 2 under the assumption that the
occupation of level 2 does not affect the recovery can easily be obtained from the foregoing work. In this case ,

AN /dt=—Aw exp(— En/kT)N,

and

(Em+ EgO_ Eal)/k

 Eu/kT e In[(To/Te0)*En/ (Ent E go— Eat) 1+-8/k—MEs/kT

(29)



