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Measurements were made of the change in low-temperature thermal conductivity of high-
resistivity sulfux-compensated single-crystal CdS upon electron irradiation and annealing.
Samples oriented parallel and perpendicular to the. hexagonal c axis of CdS were irradiated
with 2-MeV electrons below 25'K to fluences 4 totaling 7.8 &10~~ electrons/cm2. The increase
in the additive thermal resistivity at 11'K on irradiation was found to be independent of the
orientation of the sample, and 1/X —1/Ko= (5.5 ~10 ~) 4 '~ cm deg/W. Isochronal annealing
measurements show almost complete annealing out of the additive thermal resistivity below
room temperature, and xecovery begins as low as 35 K. There are three major annealing
stages centered near 45, 75, and 225'K. Annealing above 60'K produces an anisotropic ther-
mal conductivity for subsequent measurements below 20'K. The anisotropic additive thermal
resistivity is much greater if the tempexature gradient is perpendicular to the c axis than if
it is parallel. The anisotropic phonon scattering is attributed to the formation and temper-
ature-dependent orientation of anisotropic defects. It is concluded that the defect orientation
parallel to the c axis has the lowest energy, and measurements of the temperature dependence
of the thexmal conductivity parallel and perpendicular to the c axis give the equilibrium en-
ergy difference for reorientation to be =1.5&10 eV.

I. INTRODUCTION

Studies of radiation effects in elemental and com-
pound semiconductors have shomn that primary de-
fects move at very low temperature, and it mould
be surprising if this mere not also the case in CdS.
However, the migration energies and migration
temperatures of the simple primary defects in Cd8
have not yet been determined. If primary defects
introduced into Cd8 move and interact with im-
purities or stoichiometric defects well belom room
temperature, it may be expected that many of the
room-temyerature stable defects are defect com-
plexes. Primary defects must, therefore, be stud-
ied in high-purity CdS, irradiated and measured at
low temperatures. A few CdS investigations have
been made for irradiations near liquid-nitrogen
temperature, but extensive annealing measurements
have not been reported.

Much of the research in CdS has been devoted to
the study of mechanisms of luminescence and the
nature of the luminescent centers. Although the
identity and structure of the defects responsible for
the various emission bands remain unclear, lum-
inescence measurements have been used in eleetron-
energy-damage threshold experiments to infer the
displacement of the constituent atoms. Collins
observed the production of edge emission (5200 A)
by 200-keV electron bombardment at liquid-nitrogen
temperature. Kulp and Kelley subsequently mea-
sured the room-temperature threshold for the pro-
duction of edge emission to be 115 keV and attributed
this threshold to the transfer of 8.7 eV to the sulfur
atom. Kulpe found a second higher threshold at 290

keV and attributed this threshold to the transfer of
7.3 eV to a cadmium atom. Kulp further shomed
that the fluorescenees produced by electron bom-
bardment at 85 'K recovered considerably, but often
not completely, upon heating to room temperature
and cooling again. No interpretation of the annealing
was made.

Bryant and Cox measured the electron-energy-
damage threshoM at 7V 'K for the production of a
cathodoluminescence band. They found the electron-
energy threshold to be 125 keV and attributed this
threshold to the transfer of 9.6 eV to a sulfur atom.
They concluded that this mas the same threshold
that Kulp and Kelly reported to be 8. '7 eV for sulfur
displacement at room temperature. The damage
mas reported to thermally anneal out between liq-
uid-nitrogen temperature and room temperature,
but more detailed annealing measurements mere
not made. However, si.gnifieant radiation annealing
was noted to occur during irradiation at liquid-ni-
trogen temperature.

Chester made room-temperature irradiations
of CdS with Co and { s y rays. A few Co y
irradiations were made at liquid-nitrogen tempera-
ture, but the damage as observed by electrical mea-
surements was not significantly different from that
produced at room temperature. Furthermore, no
recovery of the damage was observed upon warm-
ing the sample to room temperature. The lack of
recovery between liquid-nitrogen and room temper-
ature observed by Chester is surprising. It is im-
portant to determine whether this occurred because
primary defects migrated at lorn temperature to
form defect complexes which were stable upon an-
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nealing to room temperature.
In the present paper, " low-temperature thermal-

conductivity measurements were used to investigate
primary defects introduced by electron irradiation
in CdS at temperatures below 25 'K. Low-tempera-
ture thermal conductivity has been shown to be
highly sensitive to lattice defects introduced by
electron irradiation into high-purity GaAs,
InSb, ' Ge, and Si. ' The increase in low-tem-
perature thermal resistivity on electron irradiation
can be related to theories of phonon scattering, and
the magnitude and kind of such scattering can differ
greatly from one semiconductor to another. It has
also been shown that changes in the temperature
dependence of the low-temperature thermal con&c-
tivity on annealing are related to changes in the
structural properties of the defects and are there-
fore useful in distinguishing between different kinds
of radiation-induced def ects.

Since CdS has the hexagonal crystal structure it
is also possible with thermal-conductivity measure-
ments to determine whether an anisotropy in the
phonon scattering of the induced defects occurs and

whether it can be related to the formation of aniso-
tropic defects. Fortunately, experimental mea-
surements have shown that the thermal conductivity
of pure CdS is isotropic. For these reasons,
changes in the thermal conductivity of electron-ir-
radiated CdS were used as tools to investigate the
production, - annealing, and anisotropy- of primary
defects produced in CdS at temperatures below
25 'K.

Following a description of the experiments and
presentation of the results, the phonon scattering
of the defects introduced by electron irradiation in
CdS is compared with theories and experimental
measurements of the scattering introduced by elec-
tron irradiation in other semiconductors. The tem-
perature dependence of the thermal conductivity
below annealing temperatures is used to deduce the
low-temperature formation of anisotropic defects
whose phonon scattering strongly depends on their
orientation with respect to the temperature gradient.
Finally, the annealing measurements of the thermal
conductivity are compared with other measurements
of annealing in electron-irradiated CdS, and models
for the low-temperature motion of primary defects
in CdS are proposed.

II. EXPERIMENTAL

Measurements of the change in thermal conduc-
tivity of high-purity single-crystal CdS were made
in situ without warm up at a base temperature near
10 'K. The experimental arrangement and mea-
suring apparatus were similar to those reported in
preceding papers. Two samples were irradiated
simultaneously and then annealed together. As
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FIG. 1. Schematic diagram of the sample geometry
indicating the orientation of the samples relative to the
c axis and temperature gradient. Top, CdS-cll. Bottom,
Cds-cl.

shown in Fig. 1, each sample was soldered at one
end to a sample block which in turri was conduction
cooled in an irradiation cryostat. Measurements
of the change in thermal conductivity were made
using small wire heaters attached to the ends of the
samples. Thermal-conductivity measurements
were made as a function of the 2-MeV electron
fluence and as a function of the annealing tempera-
ture following irradiation. The fraction of the
heater power which flowed through. a sample was
obtained by calibration of the heater using mea-
surements of the thermal conductivity parallel to
the c axis of unirradiated CdS at 300 'K given by
Holland. '~ Chromel P vs constantan thermocouples
were used for the temperature measurements.

Two essentially equivalent samples, CdS-cll and
CdS-cl, were prepared from high-purity single-
crystal material (obtained from Clevite Corp).
CdS crystals as grown- are initially highly conduc-
tive n type because of nonstoichiometry or foreign
donors; and high-resistivity crystals are made by
annealing in a sulfur-containing atmosphere, where
native acceptors, presumably Cd vacancies, com-
pensate the donors. The crystals as received were
high-resistivity sulfur-compensated crystals which
exhibited near -edge emission. The unirradiated
photoelectronic properties of crystals from the
same slices as CdS-clt and CdS-cl and the photo-
electronic properties of CdS-cll and CdS-cl after
irradiation and warming to room temperature were
also investigated and reported by Im and Bube.
Both samples CdS-cll and CdS-ct. were bar shaped
and were, respectively, 0. 136 and 0.138 cm wide,
0.049 and 0.047 cm thick with irradiated lengths
of 1.0 cm. The samples were oriented as shown
in Fig. 1 so that for CdS-cll the long dimension of
the crystal and temperature gradient were parallel
to the c axis; whereas for CdS-cl, the c axis was
perpendicular to the long dimension of the crystal
and temperatur e gradient.

During irradiations, the base temperature of the
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FIG. 2. Increase in the additive thermal resistivity
near 11'K as a function of the fluence of incident 2. 0-
Me V electrons.

FIG. 3. Fraction of the additive thermal resistivity at
12'K that remains after successive 15-min anneals.
Measurements made at 12 K after each anneal and plot-
ted at the anneal temperature.

samples was near 10 'K. The samples were ir-
radiated with such a flux that the maximum tem-
perature of the sample tip was never more than
25 'K. Measurements of the increase in thermal
resistivity were made periodically on irradiation
using the sample heater. After a total fluence of
V. 8&&10'~ (2-MeVelectrons/cm ) was reached, 15-
min isochronal anneals were performed in steps to
300 'K. In addition, the temperature dependence
of the thermal conductivity was measured before
irradiation and below the annealing temperatures
for selected anneal temperatures.

III. RESULTS

The data from CdS-all and CdS-ej. agree very
well with each other on bombardment, but differ
considerably upon annealing. It will be shown later
that the diffex ence upon annealing is attributed to
the difference in the orientation of the c axis with
respect to the temperature gradient for the two

crystals. The increase in the additive thermal
resistivity at 11 K on bombardment is shown in
Fig. 2. The thermal-resistivity increase is a non-
linear function of the electron fluence 4 and is
nearly proportional to the O. 5 power. The data for
both samples at 11 'K can be fitted closely by 1/K
—1/Ko=(5. 5&&10 )C '5 cmdeg/'IvV.

Figure 3 shows normalized measurements of
thermal resistivity W-=1/K as a function of anneal-
ing temperature for 15-min isochronal anneals
with aQ measurements made near 12 K. 8'o and

S~ are the thermal resistivities at 12 K at the
beginning and end of the irradiation, respectively.
It can be seen that the thermal-resistivity anneal-
ing, as measured at 12 K, is quite different for
CdS-el ether-e the c axis is perpendicular to the
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FIG. 4. Temperature dependence of the thermal con-
ductivity of CdS-cll before irradiation and after irradia-
tion below each of the indicated 15-min anneal tempera-
'ture s.

temperature gradient compared with CdS-cll where
the e axis is parallel to the temperature gradient.
Since the recovery behavior is quite different for
these two samples even though the changes on bom-
bardment were the same, the unrecovered fraction
of the additive thermal resistivity (W —Wo)/
(W„—Wo) is not necessarily directly proportional
to the fr action of damage 1 emainlng.
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FIG. 5. Temperature dependence of the thermal con-
ductivity of CdS-cl before irradiation and after irradia-
tion below each of the indicated 15-min anneal temper-
atures.

It is observed that the thermal resistivity ex-
hibits recovery beginning near 35 'K, and that al-
most complete recovery of the additive thermal
resistivity occurs below 300 'K. Reverse recovery
stages appear near 45'K in both samples, and ma-
jor recovery stages begin in both samples near 60
and 175 'K. It should also be noted that for the
sample where the c axis is parallel to the temper-
ature gradient, annealing to 300 'K apparently re-
moved all the additive thermal resistivity, and, in
fact, the thermal resistivity at 12'K of the irrad-
iated and annealed sample is less than the thermal
resistivity at this temperature in the unirradiated
sample.

Figure 4 shows the temperature dependence of

the thermal conductivity of CdS-c tl before'irradia-
tion and after irradiation below the indicated anneal
temperatures. Note again that the thermal con-
ductivity at 12 'K after low-temperature irradiation
followed by annealing to 300 'K is larger than in the
unirradiated sample. Figure 5 shows the corre-
sponding results for CdS-cl. Additional tempera-
ture-dependence studies were made below other an-
neal temperatures, but these are not shown in Figs.
4 and 5 to preserve clarity. In contrast to results
of electron irradiation on the thermal conductivity
of other semiconductors, ' '4 the results in Figs.
4 and 5 do not show large shifts in the thermal-con-
ductivity maximum to higher temperatures follow-
ing bombardment.

Figures 6 and 7 show additional temperature-de-
pendence results in more detail for the two samples
below anneal temperatures of 100, 125, 148, and
175 'K. The curves for the 25 'K anneals are also
shown for comparison. It can be seen that for an-
nealing above 100 'K the recovery of the thermal
conductivity for the sample with the c axis parallel
to the temperature gradient is much greater than
for the sample with the c axis p'erpendicular to the
temperature gradient. Although the results seem
to be quite different for the two samples, they will
be interpreted quite simply to arise from measure-
ments of the properties of the same number and
kinds of defects formed in both samples.

IV. DISCUSSION

A. Bombardment

The thermal conductivity of CdS is lattice thermal
conductivity since the electrical conductivity is so
small. The samples studied here were high-purity
and high-dark-resistivity samples. They remain
high-resistivity after irradiation as indicated in
Table I, which gives the results of the photoelectron-
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FIG. 6. Comparison of the temperature dependence
of the thermal conductivity of CdS-cll and CdS-cl after
15-min annealing at 100 and 120 'K. Curves are shown
for the thermal conductivity after 25 'K anneals for
comparison.
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FIG. 7. Comparison of the temperature dependence
of the thermal conductivity of CdS-cll and CdS-cJ. after
15-min- annealing at 145 and 175'K. Curves are
shown for the thermal conductivity after 25'K anneals
for comparison,
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TABLE L Photoelectronic measurements of Im and Bube (Ref. 18).

Measured
quantity

c„major plane
Material of CdS-c Il

Un- 10"(2-Mev
irradiated electrons/cm )

cg major plane
Material of CdS-cj

Un- 10~~(2-MeV 7.85 x10~7(2-MeV 7. 85 x10~7{2-MeV
irradiated electrons/cm2) electrons/cm2) electrons/cm2)

Dark conductivity,
330'K (Q cm)"~

Dark conductivity,
activation energy (eV)

x 10 f$ . 6 x 10 ii 2x10-" 7x10 '

Variation in Fermi Q. 75-0.77
level between 296
and 370'K

Electron lifetime
(msec)

Ratio of quenching
at 1.4 p to that in
0.9-p region

0.75-0.77 0.73-0.75

0.33

0.69-0.69

Q. 70

Electron cross section
of sensitizing centers
(cm2)

x 10-22 10-20 5x]0 2~

ic measurements of Im and Bube. '8 The principal
photoelectronic effect remaining after 1ow-tempera-
ture irradiation and annealing to room temperature
is a decrease in the electron lifetime.

As shown in Fig. 2, the additive thermal resis-
tivity is approximately proportional to the square
root of the fluence of 2-MeV electrons. The same
dependence on defect concentration is also implied,
assuming a constant introduction rate of defects.
The 0. 5 power dependence of 1/E —1/Zc observed
for 2-MeV electron-irradiated CdS is very similar
to the 0.-58 power dependence observed for electron-
irradiated germanium, and the 0.61 power depen-
dence obsexved for electron-irradiated silicon. "
Theoretical studies to explain the magnitude and
defect-concentration dependence of thex'mal scatter-
ing have been made by several authors and previous-
ly reviewed. ' ' Most older theories predict that
the additive thermal resistivity is directly propor-
tional to the concentration of defects for small con-
centrations. At high concentrations, sevex al the-
ories have predicted that the defect thermal resis-
tivity ls proportional to the square x'oot of the con-
centration as is observed here for CdS.

Recently, the first attempt to rigorously calculate
the thermal conductivity of a finite dielectric crys-

- tal containing defects was undertaken by Erdos. '
Erdos solved the Boltzmann transport equation ex-
actly for a finite insulator with small temperature
gradient and random scattering centers. He found
that for the Hayleigh scattering of phonons by point
defects in the strong-scattering limit, the. thermal
resistivity is explicitly proportional to the —,

' power

of the impurity concentration. This surprising re-
sult was interpreted as a demonstration of the co-
operative nature of the impurity scattering.

A more recent second attempt to rigorously cal-
culate the thermal conductivity of a finite dielectric
crystal containing defects has been given by Kazakov
and Nagaev for the nonlinear problem of a system

. arbitrarily fax from equilibrium. In the limit of
strong scattering of phonons by point defects, both
treatments px'edict that the thermal resistivity is
explicitly proportional to the —, power of the impurity
concentration, and in the weak scattering li.mit, that
the thermal conductivity decreases by a texm di-
x ectly proporti, onal to the concentration of defects.
Experimental observation of the —,'-powex concen-
tration dependence has been presented' in the re-
sults of the very strong phonon scattering produced
in electron-irradiated InSb.

In summary, many experimental studies of the
changes in the thermal conductivity of semiconduc-
tors upon electron irradiation have shown that for
a particular semiconductor, the additive thermal
resistivity increases as a constant fractional power
(& 1) of the defect concentration. ' 5~a The rea-
sons that this rule is obeyed and that the fractional
power is different for different semiconductors are
not completely clear, although recent theoretical
studies' &

20 show that other than linear dependences
are to be expected.

8. Anisotropic Thermal Conductivity

Although the increase in the thermal resistivity
on bombardment below 25 'K is independent of the
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orientation of the sample as shown in Fig. 2, the
additive thermal resistivity no longer remains iso-
tropic after annealing as shown in Fig. 3. These
results imply that the recovery of the primary de-
fects introduced on irradiation is not simply a re-
combination of interstitials with their respective
vacancies. To the knowledge of the author, the
only other example of an anisotropic thermal scat-
tering of defects in crystals is given by dislocation
scattering in CaFz.

Since the anisotropy becomes greatest upon an-
nealing near 100 to 200'K, it is important to ex-
amine the temperature dependence of the thermal
conductivity of the two samples after annealing
in this temperature region. These results are
shown in Figs. 4-V. For the 148 'K anneal in Figs.
4 and 7, a sharp rise in thermal conductivity with
decreasing temperature is evident below 20 'K in
the sample in which the c axis is parallel to the
temperature gradient. In contrast, the thermal
conductivity below 20 'K for the sample with the c
axis perpendicular to the temperature gradient
(Figs. 5 and 7) rises very slowly, and near 10'K
is still very near to the value observed after bom-
bardment. Similar differences are shown in detail
in Figs. 6 and V for the 100, 200, 148, and 175'K
anne als.

Upon bombardment at, irradiation temperatures
below 25 'K it is proposed that isolated immobile
and randomly dispersed interstitial- and vacancy-
type defects are produced. Consequently, the ad-
ditive thermal resistivity is isotropic and equal in
the bvo samples. However, upon annealing the re-
sulting anisotropy in the thermal conductivity is
attributed to the formation and temperature-depen-
dent angular distribution of anisotropic defects
whose phonon scattering is a strong function of their
orientation with respect 'to the temperature gradient.
Since the thermal conductivity is largest at low
temperature when the temperature gradient lies
along the e axis, we take this to imply that the low-
est-energy position for these anisotropic defects is
along the c axis. At very low temperatures, the
anisotropic defects line up parallel to the c axis,
and as the measuring temperature is raised the an-
isotropy in the thermal conductivity decreases as
the anisotropic defects begin to thermally reorient
and finally become randomly oriented in the crys-
tal.

Figure 3 suggests that the anisotropic defects
dominate the additive thermal resistivity for anneal
temperatures & 100'K. If the anisotropic defects
dominate the additive thermal resistivity, measure-
ments for the two samples of the temperature de-
pendence of the additive thermal resistivity 1/K
—1/Kp parallel and perpendicular to the c axis can
be used to determine the equilibrium energy differ-
ence of rotation of the defects bE and

1/K —1/Kp —A-zvr Zxvr+Anvr&Ivr Aiv r&xvr ~

assuming A, ~z»A.„~~,
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FIG. 8. Logarithm of the ratio of the additive thermal
resistivities of CdS-cl to CdS-cll as a function of recip-
rocal measuring temperature after annealing to the in-
dicated anneal temperatures.

where N~» is the number of anisotropic defects
aligned perpendicular to the temperature gradient
VT, N„» is the number of anisotropic defects
aligned parallel to the temperature gradient, and

~J p'p and ~ IQ p are the corresponding coefficients
of the scattering. If we define R as the ratio of the
additive thermal resistivity for the sample in which
c is perpendicular to VT to the additive thermal
resistivity for the sample in which c is parallel to
V T, then for a Boltzmann distribution, we have

(1/K 1/Kp)g, g~ (&zvr)p ~g +Ilc g@/pr
(1/K —1/Kp)-„, e r Ãiv rb„er &1c

where N„, and N„are the number of anisotropic de-
fects parallel and perpendicular to the c axis, re-
spectively. Figure 8 gives results of the logarithm
of this ratio as a function of reciprocal measuring
temperature for the curves shown in Figs. 4-7 af-
ter annealing to the indicated anneal temperatures
between 100 and 175 'K. The measurements give
an energy difference of b,E=1.5~10 ' eV, which is
equal to kT at-1V 'K.

Since this analysis successfully explains the ori-
entation dependence of the thermal conductivity,
we may extend it to determine the annealing terp-
perature at which the anisotropic defects form.
From Fig. 3 we may anticipate that this tempera-
ture is near 60 'K. Figure 9 gives the logarithm
of R vs reciprocal measuring temperature for an-
neal temperatures between 25 and 80 'K. The points
on the curves on Fig. 9 are not data points but are
obtained from smoothed curves of the data. We see
that for anneal temperatures of 60 'K and below,
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lnR is very nearly 0, implying R=1 for all temper-
atures, as expected if the additive thermal resis-
tivity is isotropic. Between the anneal tempera-
tures of 60 and 70 'K, however, a marked change
takes place in R indicating that the additive thermal
resistivity rapidly becomes anisotropic in this tem-
perature range. We therefore conclude that the
anisotropic defects are not present following irrad-
iation but form upon annealing between 60 and 70 'K.

The advantage of the analysis in Fig. 9 is that it
.separates the effects of the anisotropic defects
from the accompanying reverse and forward re-
covery of isotropic defects which are included in
the data of Fig. 3.

C. Low-Temperature Motion of Primary Defects

The electron irradiations are believed to intro-
duce primary defects (Cd and S interstitials and
vacancies) into CdS in concentrations that are large
compared with the impurity concentration. The al-
most complete annealing of the additive thermal
resistivity below 300 K suggests the almost com-
plete annealing of these defects. The present re-
sults imply that certain primary defects begin to
move in CdS at temperatures as low as 35 K.

Recovery below room temperature is in agree-
ment with the results of Bryant and Cox but in
disagreement with the results of Chester. The
fact that no recovery was observed by Chester be-
tween liquid-nitrogen temperature and room tem-
perature suggests that primary defects were pro-
duced in concentrations smaller than the trap con-
centration, and that the complexes formed upon ir-
radiation at liquid-nitrogen temperature remained

stable upon warming to room temperature.
The data in Fig. 3 show the existence of major

annealing stages between 35 and 60, 60 and 100,
and 175 and 270 'K. Between 60 and 70 'K, aniso-
tropic defects are formed, and the concentration of
the anisotropic defects greatly decreases above
175 'K. Since some of the anisotropic defects re-
main and are stable after annealing to room tem-
perature as indicated in Figs. 3-5, the anisotropic
defects presumably are attacked by primary defects
which become mobile above 175 K. Recently,
Randolph and Oswald have observed the almost
complete recovery near 200 'K of an exciton spectra
produced by Co x rays at 78 or 4. 2 'K.

The most definitive information that exists on the
nature of primary defects in CdS are the results of
investigations of the luminescent centers. Lum-
inescent bands have been observed in CdS upon
electron bombardment at 5200, 6050, 7200A, and
1.04 p. For a compound such as CdS where the
atomic weights of the constituents are quite differ-
ent, it can be expected that two distinct thresholds
for displacements would be observed, the lower-
energy threshold representing displacement of the
sulfur atom, and the higher-energy threshold rep-
resenting displacement of the heavier cadmium
atom. Kelp and Kelley observed a threshold for
displacement in CdS at 115 keV. Above this energy,
bombardment by electrons at room temperature
produced the bands at 5200 and 7200 A. These were
attributed to defects involving the sulfur interstitial
and the sulfur vacancy, respectively. For electron
irradiation at liquid-nitrogen temperature, a higher
threshold of 290 keV was observed, above which
two additional bands at 6050 A and 1.04 p. were pro-
duced upon irradiation. These two bands have been
assigned to defects which involve the Cd interstitial
and the Cd vacancy, respectively.

For 275-keV electron irradiation at liquid-nitro-
gen temperature of a sample exhibiting all four
luminescences prior to bombardment, Kulp' ob-

0
served that the green-edge emission at 5200 A con-
tinuously increases on bombardment, whereas the
luminescence at 7200 A continuously decreases. The
other bands saturate and remain constant. We con-
clude from this that the sulfur interstitial assigned
to the green-edge emission (5200 A) is mobile upon
irradiation at liquid-nitrogen temperature and par-

0
tially recovers the 7200-A center which contains a
sulfur vacancy. If the electron-beam energy is
raised to 300 keV, the band at 1.04 p and the bands
at 6050 and 5200 A increase in intensity with bom-
bardment, and th6 7200-A band continues to de-
crease in intensity. Annealing to room temperature
following bombardment shows partial recovery of
all of the bands.

The threshold results imply that 2-MeV electron
irradiation of CdS produces both sulfur and cadmium
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interstitials and vacancies. If the luminescence re-
sults are interpreted to indicate that sulfur inter-
stitials move at liquid-nitrogen temperature and
sulfur vacancies are not sufficiently mobile to form
additional 7200-A centers, then we suggest that the
anisotropic defects are formed by the trapping of
sulfur interstitials, possibly at the cadmium vacan-
cies. Cadmium vacancies may also exist before
irradiation in sulfur-compensated crystals such as
these. For such a model the sulfur interstitial could
have two positions, either along the c axis or at ap-
proximately 60 ' in three equivalent directions from
the c axis. The small equilibrium energy difference
of orientation that is observed seems consistent with
such a model.

Since monovacancies in the II-VI semiconductors
are believed to move on their own sublattice, they
can be expected to be more stable than vacancies
in the elemental semiconductors. Recent electron
paramagnetic resonance (EPR) results confirm this
belief for the Zn vacancy in ZnSe, ' and it is stable
at room temperature. The recovery near 200 K in
CdS could then be assigned to the motion of the Cd
interstitial. It would be important to check these
suggestions by studies of the development and polar-

ization of the luminescent centers upon electron ir-
radiation at low temperature. In preliminary exper-
iments, Fraley and Kulp ' have found an electron
irradiation induced decrease in bound-exciton emis-
sion which anneals out near 240 'K. The electron-
bombardment energy threshold for the production of
the luminescence decrease is associated with the
Cd-threshold displacement energy, ' in agreement
with the proposed model.

The suggestion of very mobile interstitials in CdS
is similar to the interpretation of results which
suggest that highly mobile interstitials exist in the
elemental semiconductors germanium and silicon. '
Furthermore, for CdS in particular, Woodbury and

Hall, and Woodbury have concluded that neutral
interstitials are the important diffusing defects and
that the mechanism for establishing chemical equi-
librium is dominated by the neutral interstitials over
most of the solidus region.
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