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small. The vibronic structure recently reported by
K.iss" for the transitions 7T1t'~ —+ SEt."~ and 7T1t."& —+

ST&&'& of Dy'+ in CaF& and SrF2 may be an indication,
however, that n„need not always be small.

"Z.J. Kiss, Phys. Rev. 137, A1749 (1965).
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Changes in the low-temperature thermal conductivity of single-crystal Si were investigated upon 2-MeV
electron irradiation and annealing. The additive thermal resistivity of high-purity P-type Si irradiated
below 60'K to maximum time-integrated fluxes 4 of 8.0)(10! 2-MeV e/cm' increases as 1/Z 1/Ho-
=3.75&(10 "C'" cm-deg/W at 47'K. The Co'" dependence of the additive thermal resistivity of Si on
bombardment is very similar to the 4 ' dependence previously observed for Ge. The magnitude of the
increase is, however, much smaller than previously observed for either Ge, InSb, or GaAs. The linear con-
centration dependence of GaAs has been related to mass-difference strain-6eld scattering, whereas the
nonlinear concentration dependencies of InSb, Ge, and Si suggest phonon-electron scattering. For the
high-purity Si, annealing begins near 80'K, and exhibits a single dominant annealing stage near 140'K
corresponding to the annealing temperature of vacancies in p-type Si. Measurements of the temperature
dependence of the thermal conductivity indicate that the defects anneal primarily as point defects, although
evidence exists for a small amount of precipitation of point defects in the annealing-temperature interval
between 80 and 135'K. Sharp minima observed in the temperature dependence of the thermal conductivity
of Si are similar to those previously observed in Ge and attributed to resonant scattering.

I. INTRODUCTION

A LTHOUGH electron sp.'n resonance measurements
by%atkins' have established that vacancies move

and interact with impurities' ' at low temperature in
silicon, there have been very few investigations of the
effects on other physical properties of the low-tempera-
ture introduction and annealing of la'tice defects. Such
inves'igations must be conducted with the realization
that the motion of the vacancy at 65'K in e-type Si '
and near 140 3 in p-type Si s leads to interactions with
chemical impurities well below room temperature' and

greatly complicates measurements at h;gher tempera-
tures. 4 Primary defects must therefore be studied in
high-purity silicon irradiated at low temperature.

Electrical measuremen&s are difficult to perform in
irradiated high-purity Si at low temperature, and there-

*This work was supported by the U. S. Atomic Energy {om-
mlsslon.' A recent review of the spin resonance centers in Si is given by
G. D. Watkins, Proceedings of the 7th International Conference on
the Physics of Semicondnctors 3. Radiation Dam. age in Semicon
dnctors (Dunod Cie, Paris, 1965), p. 97.' G. D. Watkins, J. Phys. Soc. Japan 18, Suppl. II, 22 (1963).

3 G. D. Watkins, J. W. Corbett, and R. M.. Walker, J. Appl.
Phys. 30, 1198 (1959); G. D. Watkins and J. W. Corbett, Phys.
Rev. 121, 1001 (1961); J. W. Corbett, G. D. Watkins, R. M.
Chrenko, and R. S. MacDonald, ibid. 121, 1015 (1961); G. D.
Watkins and J. W. Corbett, ibid. 134, A 1359 (1964).
f, I',4 Y. Inuishi and K. Matsuura, J. Phys. Soc. Japan 18, Suppl.
III, 240 (1963).

fore very few exist. ' ' However, low-temperature ther-
mal conductivity has been shown to be highly sensitive
to lattice defects introduced into high-purity GaAs, ~

InSb, ' and Ge,' by electron irradiation. It has also been
shown that measurements of the temperature depend-
ence of the low-temperature thermal conductivity
on annealing are related to changes in the structural
properties of the defects and are therefore useful in
distinguishing between the annealing behavior of radia-
tion-induced defects in different semiconductors. Pre-
cipitation in GaAs" of point defects introduced by
electron irradiation is in contrast to the almost complete
recovery and annihilation of similar point defects intro-
duced in Ge. In addition, the increase in low-tempera-
ture thermal resistivity on electron irradiation can be
related to theories of phonon scattering, and the magni-
tude and kind of such scattering can differ greatly from
one semiconductor to another. For these reasons,
changes in the thermal conductivity of Si upon electron
irradiation were investigated. .

~ G. K. Wertheim and D. N. Buchanan, J.Appl. Phys. 30, 1232
(1959).

6 V. S. Vavilov and A. F. Plotnikov, J. Phys. Soc. Japan 18,
Suppl. III, 230 (1963);V. S. Vavilov, Proceedings of the 7th In
ternational Conference on the Physics of Semiconductors. 3.Radiation
Damage in Semiconductors (Dunod Cie, Paris, 1965), p. 115.

~ F. I.. Vook, Phys. Rev. 135, A1742 (1964).' I'. L. Vook, Phys. Rev. 135, A1750 (1964).
s F. L. Vook, Phys. Rev. 138, A1234 (1965).
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Fzo. 1.Increase in the additive thermal
resistivity of silicon as a function of the
number of 2-MeV e/cmm passed through
the sample.
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Following a description of the experiments and pre-
sentation of the results, the phonon scattering of the
defects introduced by electron irradiation in Si is com-
pared both with previous measurements of the phonon
scattering of chemical impurities introduced in Si and
with the phonon scattering of defects introduced by
electron irradiation in other semiconductors. In addi-
tion, the annealing measurements of the thermal con-
ductivity are compared with other measurements of
annealing in electron-irradiated silicon.

II. EXPERIMENTAL

Measurements of the change in thermal conductivity
of high-purity P-type silicon were made ie siIu without
warmup at a base temperature of 47'K. The experi-
mental arrangement and measuring apparatus were
similar to those reported in preceding papers, '—' except
that Chromel-p-versus —Constantan thermocouples were
used for the temperature measurements. Each sample
was soldered at one end to a sample block which in turn
was conduction-cooled in an irradiation cryostat. Meas-
urements of the change in thermal conductivity were
made on 2-MeV electron irradiation using either the
heat of small wire heaters attached to the ends of the
samples or, in some cases, the ionization heat of the
electron beam.

Two essentially equivalent samples Si-1 and Si-2 were
prepared from high-purity vacuum-Qoating-zone single-
crystal material obtained from Merck and Company.
The samples were initially 5000 II-cm p type (residual
boron) with a carrier concentration of 3&&10's cm~.
Both samples, Si-1 and Si-2, were bar shaped and were,
respectively, 0.152 and 0.153 cm wide, 0.046 and 0.048
cm thick, with irradiated lengths of 1.0 cm. The samples
were irradiated in the (110) direction, and the long
dimension was the (111)direction.
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FIG. 2. Normalized 15-min isochronal anneals of thermal
resistivity. All measurements made at 47'K.

"M. G. Holland, Phys. Rev. 132, 2461 (1963)."C.J. Glassbrenner and G. A. Slack, Phys. Rev. 134, A1058
(&964)."L.Katz and N. Penfold, Rev. Mod. Phys. 24, 28 (1952).

Heater measurements were made both on bombard-
ment and annealing. The fraction of the heater power
which Qowed through a sample was obtained by cali-
brating the heater using the thermal-conductivity data
of unirradiated silicon above 50'K given by Holland, "
and Glassbrenner and Slack."The increase in thermal
resistivity on bombardment obtained using the heaters
calibrated in this way agreed very well with the measure-
ments using the beam-heating method which depends
only on the loss of energy of electrons passing through
matter. "
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FIG. 3. Temperature dependence
of the thermal conductivity of Si-1
before irradiation and after an-
nealing below each of the indicated
15-min anneal temperatures.
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During the irradiations of the high-purity Si samples,
the base temperature of the samples was near 47'K.
The samples were irradiated with such a Qux that the
maximum temperature of the sample tips was never
more than 60'K. Measurements of the increase in ther-
mal resistivity were made periodically on irradiation
using the sample heater. After a total time-integrated
flux of 8.0&& 10"2-MeV e/cm' was reached, 15-min iso-
chronal anneals were performed in steps to 410'K. In
addition, the temperature dependence of the thermal
conductivity was measured below the anneal tempera-
tures for selected anneal temperatures. The inQuence of
tungsten light illumination on the thermal conductivity
of the irradiated samples was also investigated.

III. RESULTS

The data from Si-1 and Si-2 agree very well with each
other both on bombardment and annealing. The in-
crease in thermal resistivity on bombardment is shown
in Fig. 1.The thermal resistivity increase is a nonlinear
function of the integrated electron Qux C and is nearly
proportional to the 0.61 power. The data can be 6tted
closely by the following expression

1/E —1/Eo=3.75X10 "C'" cm-deg/W at 47'K.

Data from a preliminary investigation of 110-cm p-type
Si are in agreement with these results and are also shown
in Fig. 1.

If it is assumed that the annealing proceeds such that
the thermal resistivity W= 1/IC maintains the concen-

tration dependence observed on bombardment, then

(Lw —woj/Lw —woj)'" "
gives the fraction of the damage which is unannealed.
Here 8' is the maximum thermal resistivity observed
at the end of the bombardment and the start of anneal-
ing. The low-temperature annealing of the additive
thermal resistivity in silicon is shown in Fig. 2 for 15-
min isochronal anneals between 60 and 410'K, with all
measurements made at 47'K. The thermal resistivity
exhibits annealing beginning near 80'K in high-purity
p-type Si with a large annealing stage near 140'K.

Figure 3 shows the temperature dependence of the
thermal conductivity of Si-1 before irradiation and after
irradiation below the indicated anneal temperatures.
Figure 4 shows the corresponding results for Si-2. No
effects of illumination on the thermal conductivity were
observed. "The thermal conductivity shows a shift in
the maximum to higher temperatures following bom-
bardrnent and a return to lower temperatures on an-
nealing. In the annealing interval between 80 and 135'K
a reverse aeeeulieg is exhibited in which the thermal
conductivity at low temperatures has decreased upon
annealing rather than increased. Above 135'K the ther-
rnal conductivity recovers in a normal manner as the
annealing temperature is increased. Fairly sharp reso-
nance scattering minima are observed in the tempera-
ture dependence of the thermal conductivity of both
samples.

'~ This is in contrast to results for Ge reported in Ref. 9.
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FIG. 4. Temperature dependence
of the thermal conductivity of Si-2
before irradiation and after irradia-
tion below each of the indicated
15-min anneal temperatures.
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IV. DISCUSSION

A. Bombardment

The samples studied here were high-purity, high-
resistivity, p type before irradiation and remained high-
resistivity on bombardment. The additive thermal resis-
tivity is approximately proportional to the 0.61 power
of the integrated Qux of 2-MeV electrons, and therefore
the same dependence on defect concentration is also
implied. This conclusion is valid assuming a constant
introduction rate of defects, which is consistent with the
very low, chemical impurity concentration relative to
radiation-induced defect concentration and the lack of
any indication of a saturable e6ect such as radiation
annealing. '4

The defect-concentration dependence of the irradia-
tion-induced additive thermal resistivity of Si at 47'K
is equal to the corresponding boron-concentration de-
pendence for chemically doped Si."The 0.58 power de-
pendence of 1/E 1/Zs observed fo—r electron-irradiated
Ge is also very similar. Figure 5 compares the present
results for Si with the previously reported results
for 2-MeV electron-irradiated Ge', GaAs, and InSb. '
The strong similarities in the concentration depend-
encies of InSb, Ge, and Si suggest a common scattering
mechanism.

'4 J. W. MacKay and E. E. Klontz, J. Appl. Phys. 30, 1269
(1959).

"M. G. Holland and L. J. Neuringer, Proceedings of the Inter-
national Conference on the Physics of Semicondectors, Exeter 1962
(The Institute of Physics and the Physical Society, London, 1962},
p. 475.

Theoretical studies to explain the magnitude and con-
centration dependence of mass-difference and strain-
field scattering have been made by several authors and
previously reviewed. '' Most theories predict that the
additive thermal resistivity is directly proportional to
the concentration of defects for small concentrations. It
has been shown that the observed linear increase in
low-temperature thermal resistivity of GaAs upon elec-
tron irradiation' can be adequately related to the meas-
ured linear increase in lattice strain" through the
theories of mass-di6erence and strain-field scattering of
Klemens' and Ziman. ' On the other hand, the very
diferent nonlinear increase in thermal resistivity of
InSb and Ge cannot be related to the measurements of
lattice strain" and are attributed instead to a phonon-
electron scattering mechanism, such as proposed by
Keyes, "which is based upon the large e6ect of strain
on impurity-electron wave functions. The close simi-
larity of the nonlinear concentration dependencies of
InSb, Ge, and Si suggests that the scattering in Si also
results from a similar phonon-electron scattering mecha-
nism. This would not be surprising since silicon and
germanium are similar in many ways. In particular, the
electronic eGect in the elastic constants predicted by the

"F.L. Vook, J. Phys. Soc. Japan 18, Suppl. II, 190 (1963);
Phys. Rev. 125, 855 (1962).'"P. G. Klemens, Proc. Phys. Soc. (London) A68, 1113 (1955);
Solid State Physics, edited by F. Seitz and D. Turnbull (Academic
Press Inc. , New York, 1958), Vol. 7, p. 1."J.M. Ziman, Can. J. Phys. 34, 1256 (1956).

ss R. W. Keyes, Phys. Rev. 122, 11'/1 (1961); IBM J. Res.
Develop. 5, 266 (1961).
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FIG. 5. Comparison of the additive
thermal resistivity 1/Z —1/Xo measured
at ~50'K, for InSb, GaAs, Ge, and Si as
a function of the number of 2-MeV e/cm'
passed through the samples. The maxi-
mum temperatures on bombardment are
80, 80, 70, and 60'K, respectively, for
InSb, GaAs, Ge, and Si.
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Keyes' theory has been observed for both silicon" and
germanium. "

Considering the fact that the magnitude of the addi-
tive thermal resistivity of doped p-type Ge at 47'K as a,

function of impurity concentration" is comparable to
the magnitude of the additive thermal resistivity of
doped p-type Si at 47'K," the question remains why
the magnitude of the irradiation-induced, scattering at
47'K is so much smaller for electron-irradiated Si than
for Ge even though the number of defects produced per
cms per 2-MeV e/cm' should be comparable"" The
probable answer to this question is that on bombard, -

ment the limiting Fermi level for Si is near the center
of the band gap whereas for Ge (and InSb) the samples
are rapidly driven p-type before measurements are be-
gun, and the limiting Fermi level is near the valence
band. In the Keyes' theory, the scattering is propor-
tional to the number of un-ionized donors. Goff" has
confirmed this fact and has shown that compensated

"L. J. Bruner and R. W. Keyes, Phys. Rev. Letters 7, 55
(1961).

'~ N. G. Einspruch and P. Csavinszky, Appl. Phys. Letters 2,
1 (1963);P. Csavinszky and N. G. Einspruch, Phys. Rev. 132, 2434
(1963).

» J. A. Carruthers, T. H. Geballe, H. M. Rosenberg, and J. M.
Ziman, Proc. Roy. Soc. (London) A238, 502 (1957); J. A. Car-
ruthers, J. F. Cochran, and K. Mendelssohn, Cryogenics 2, 160
(1962).

23 J. H. Cahn, J. Appl. Physics 30, 1310 (1959).
'4 Whether the defect production rate in Si at low temperature

is indeed comparable', to that in Ge is not clear. Wertheim (Ref. 5)
and Watkins (Refs. 1—3) have observed that the number of centers
formed after a low-temperature irradiation and anneal to room
temperature is only a few percent of what is formed in an equiva-
lent room-temperature irradiation. This effect is not understood."J.F. Goff and N. Pearlman, I'roceedings of the Seventh Inter-
natconat Conference on Iovo Ternperatnre Physscs, edited by G. M.
Graham and A. C. Hollis Hallet (University of Toronto Press,
Toronto, 1961),p. 284; J. F. Goff, Ph.D. thesis, Purdue Univer-
sity, 1962 (unpublished).

n-type Ge samples scatter like the net difference
of donors and acceptors rather than as the total im-
purity concentration. Since there is good evidence that
intrinsic defects, presumably Frenkel pairs, introduced
into Si tend to compensate each other, ' "' a similar
behavior would explain the smallness of the scattering
observed in Si.

B. Annealing

The isochronal annealing data in Fig. 2 show that
a prominent annealing stage occurs near 140'K in the
recovery of the additive thermal resistivity. This stage
appears to be associated with the annealing of the lattice
vacancy. Watkins has identified the lattice vacancy in
Si and has determined the activation energy of motion
to be 0.33&0.03 eV for the neutral vacancy in p-type
material consistent with annealing in this temperature
range. '' (This annealing stage also agrees quite well
with recent results of Stein'7 on the annealing of elec-
trica, l properties of electron-irradiated p-type Si.) Wat-
kins has shown that as the vacancy spectra disappear,
new spectra appear which are associated with defect-
impurity interactions. The same conclusions are reached
by Vavilov' in low-temperature studies of the mono-
chromatic photoconductivity of electron-irradiated p-
type Si. Indeed, preliminary thermal-conductivity
measurements on less-pure p-type boron-doped Si have
shown that although the additive resistivity is approxi-
mately the same on bombardment (Fig. 1), the fraction
of the thermal resistivity that anneals in this stage is
much- smaller. This behavior apparently also reQects
the low-temperature formation of defect-impurity
complexes. .

. '6 D. E. Hill, Phys. Rev. 114, 1414 (1959).
2' H. J. Stein, Bull. Am. Phys. Soc. 10, 522 {1965).
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Figures 3 and 4 show a shift in the maximum of the
thermal conductivity to higher temperatures on irradia-
tion and a general return to lower temperatures on an-
nealing. This is consistent with the previously observed
behavior of irradiated semiconductors~9 and also with
the behavior of p-type Si as a function of the boron
concentration. "The lines giving the limiting theoreti-
cal' boundary scattering curves for the respective sam-
ple sizes are also shown. The velocity e, is the average
of the transverse and acoustical mode velocities derived
from elastic-constant data, and I is defined as the
diameter of a circle having the same cross-sectional area
as the sample.

The "reverse annealing" observed in the temperature
dependence of the thermal conductivity for annealing
temperatures between 27 and 135'K suggests that point
defects are precipitating to form clusters which scatter
phonons more nearly like boundary scattering. A similar
but more pronounced behavior was observed in the an-
nealing of electron-irradiated GaAs. ~ Although the pre-
cipitation may indirectly involve interstitials, ' boron
impurity atoms seem to be directly involved since the
reverse annealing was greately enhanced in measure-
ments on 11 0 cm boron-doped Si crystals. "

'e J. Callaway, Phys. Rev. 113, 1046 (1959)."The question of the actual boron concentration in high-purity
p-type Si is still unsettled. D. P. Miller, J. E. Moore, and C. R.
Moore PJ. Appl. Phys. 33, 2648 (1962)g, have made electron-
microscope observations in high-purity silicon having a boron
(carrier) concentration of only 3X10"cm '. They observed boron
clusters in concentrations of ~10'2 cm 3 surrounded by highly
strained regions. Holland (Ref. 15) has observed that the thermal-
conductivity scattering of boron-doped p-type Si is considerably
stronger per boron impurity (as measured by carrier concentra-
tion) than for n-type impurities (Ref. 30). Moreover, the boron-
doped Si thermal-conductivity curves are considerably diferent

A detailed study of the temperature dependence of
the thermal conductivity on annealing reveals repro-
ducible loca1 inflections or minima. These minima are
very similar to the minima observed upon annealing of
electron-irradiated Ge.e They are different from the re-
latively broad minima seen before irradiation and also
observed in many other crystals. "'~3' Walker and
Pohl, '2 and Wagner" have attributed the minima seen
in ionic crystals to resonant scattering from localized
modes. Broad minima seen in silicon" and electron-
irradiated GaAs ~ have been attributed to similar proc-
esses. The narrow minima seen in irradiated Si and Ge
and in unirradiated e-type Ge by Go625 probably in-
volve a different process. Griffin and Carruthers'4 at-
tempted, but were not able, to explain the minima seen
by Goff in terms of the resonance-Quorescence scattering
of phonons by donor electrons. Additional theoretical
and experimental investigations are clearly necessary
for an understanding of the actual mechanisms.
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from the n-type Si curves (Ref. 30) and suggest colloid scattering
in boron-doped Si. Consequently, boron-doped high-purity Si may
contain more actual boron than expected from carrier-concentra-
tion considerations.

se M. G. Holland, Proceedings of the International Conference ore
Semiconductor Physics, Prague, 1960, (Academic Press Inc. , Neer
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