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ELECTRON-INDUCED TRAPS IN ZINC SULFIDE SINGLE CRYSTALS
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The thermoluminescence characteristic of single crystals of zinc sulfide was studied
before and after room-temperature irradiation with monoenergetic electrons. A new
trapping state with a threshold energy at 175-195 keV was observed and, in the same
specimens, the production of a trapping state with a threshold energy of 235-245 keV was

confirmed.

The thermoluminescence emission intensity of
zinc sulfide has previously been used to study the
annealing by energetic electrons of damage pro-
duced by deuteron irradiation’ and to study the
production of a trapping state by energetic elec-
trons.? Identification of the radiation-sensitive
defect in binary compounds is difficult,® particu-
larly in those cases where only one of the atomic
species can be displaced. After electron irradia-
tion at room temperature of zinc sulfide single
crystals two new peaks were produced in the ther-
moluminescence characteristic. One of these
peaks revealed a new trapping state produced by
electrons of energy greater than 175-195 keV,
and the other resulted from a trapping state which
was produced above a greater threshold electron
energy.?

The single-crystal platelets of zinc sulfide were
grown by the flow method from luminescent grade
chlorine-free material. The platelets had a thick-
ness of approximately 3-7 um. The irradiations
with monoenergetic electrons in the range 100-
400 keV were carried out in a vacuum of <5x107°
Torr, using a Van de Graaff accelerator having
an electron-beam energy fluctuation of less than
+2 keV.* The calibration of the electron-beam en-
ergy was performed using column-resistor mea-
surements and, using aluminum-foil transmission
techniques, was compared with other electron-
beam energy calibrations in the literature. Using
an E.M.I. 9502S photomultiplier, the thermolumi-
nescence was observed after a zinc sulfide speci-
men had been cooled to 77°K, exposed to 3650-A
radiation from a mercury lamp, and warmed at a
suitable heating rate. The heating rates used
were selected from the range 1-2°C sec™ ! but all
the results reported here were obtained with a
heating rate of 2°C sec™!. A two-pen potentiomet-
ric recorder gave a simultaneous display of the
thermoluminescence intensity and the crystal
temperature. One of the difficulties in interpret-
ing thermoluminescence data is the lack of con-
sistency which may occur from sample to sample
and also from experiment to repeated experiment.
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Many crystals did not show any damage at all af-
ter electron irradiation. Because of this lack of
consistency, samples from several different
crystal-growth runs were investigated and the re-
sults presented here are considered to be typical
of the majority of these crystals. Furthermore,
after irradiation any change in the thermolumi-
nescence properties which appeared to be perma-
nent was removed (or almost removed) by a suit-
able annealing process. After irradiation and an-
nealing the specimens could not be returned com-
pletely to their virgin as-grown condition, but
they could be returned each time to a reproduc-
ible state suitable as an initial state for damage
studies. The reproducible initial state was found
to be slightly different from sample to sample.

In an effort to discover a second threshold ener-
gy for atomic displacement the thermolumines-
cence characteristic was studied as a function of
electron energy for a series of zinc sulfide crys-
tals of differing nonstoichiometry. To produce
atomic displacement effects just above a thresh-
old energy requires considerably greater electron
doses than at higher energies. Thus the energy
range below the previously observed threshold en-
ergy was investigated carefully with a large elec-
tron dose. The thermoluminescence curve for a
typical zinc sulfide single crystal before and af-
ter irradiation with 6.8% 10'7 electrons cm ™2 at
an energy of 229 keV is shown in Fig. 1. By vary-
ing the electron-beam energy a threshold of 175-
195 keV was found for the production of the trap-
ping state, giving rise to the new peak which oc-
curred at 195+ 5°K for a heating rate of 2°C sec™!
(Fig. 2). More precise location of the energy
threshold must await the comparison of the exper-
imental curve of Fig. 2 with a computed curve of
the number of atomic displacements based on the-
oretical considerations.

Further irradiation of these specimens at high-
er electron energies shows the creation of anoth-
er peak at 235+ 5°K. With a threshold energy of
235-245 keV this peak is clearly the same peak
as that reported by Bryant and Cox.? Figure 3,



VoLUME 23, NUMBER 6

PHYSICAL REVIEW LETTERS

11 AucGusT 1969

b

Y

w

Relative luminesence intensit
- N

50 100 150 200 250 300
Temperature °K
FIG. 1. Thermoluminescence intensity curves for a
single crystal of zinc sulfide excited at 77°K by 3650-A
radiation. A, before electron bombardment; B, after
bombardment at room temperature with 6.8x 1017 elec-
trons cm™2 of 229-keV energy.

the thermoluminescence curve before and after
irradiation at 267 keV, shows the creation of both
the 195 and 235°K peaks in the same single-crys-
tal specimen. Very few crystals were found to
show the emergence of both peaks. Some crys-
tals showed emergence of only the 195°K peak and
some the emergence of only the 235°K peak.
Electron irradiation below the threshold ener-
gies for enhancement of the two thermolumines-
cence peaks is found to produce a decrease in the
whole of the thermoluminescence spectrum, pre-
sumably because of a change in the defect or de-
fects responsible for fluorescence in these sam-
ples or because of changes in defects which com-
pete nonradiatively with the luminescence center.
For irradiation above a threshold energy, en-
hancement of an individual peak in the presence
of a reduction in the intensity of the remainder
of the thermoluminescence characteristic indi-
cates the production of a trapping state. Careful
examination of the glow curves prior to electron
bombardment in Figs. 1 and 3 suggests the pres-
ence of both trapping states prior to irradiation,
but it should be remembered that both curves: la-
beled A are not glow curves for unirradiated sam-
ples but for samples which have been brought to
a reproducible condition by successive irradia-
tion and annealing. The roughly comparable ar-
eas under curves A and B in Fig. 3 might suggest
the possibility of trapped-charge redistribution
as opposed to trapping-site creation, but many
results have been obtained in which the area un-
der curves A and B differ by a factor of up to 3.
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FIG. 2. Changes in the thermoluminescence intensity
of a single crystal of zinc sulfide as a function of the
energy of the incident electrons. (After each irradia-
tion with 6.8x 107 electrons cm™2 the crystal was an-
nealed by moderate heat treatment until it returned to
approximately the same starting conditions.)

The possibility of trapped-charge redistribution
occurring is made even less likely by the fact
that for the damaged samples successive glow
curves are almost completely reproducible over
a long period of time. 170 days after electron ir-
radiation the intensity of the peak at 195°K is
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FIG. 3. Thermoluminescence intensity curves for a
single crystal of zinc sulfide excited at 77°K by 3650-A
radiation. A, before electron bombardment. B, after
bombardment at room temperature with 6.8x 107 elec-
trons cm™2 of 267-keV energy.
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still 48 % of its intensity immediately after its
creation. Moderate heat treatment is required to
restore samples to a condition resembling their
initial state. There is no thermoluminescence
glow curve from material which is irradiated with
electrons at room temperature unless it is ex-
posed to ultraviolet radiation at low temperature.
It seems clear that the results reported here are
due to a selective increase in concentration of
trapping states and not to redistribution of trapped
charge among already existing sites.

The existence of two distinct threshold energies
for the creation of two new trapping states is be-
lieved to indicate the displacement of each of the
atomic species in the binary compound. Assign-
ment of the atomic species displaced at each
threshold energy is not easy because there has
been no conclusive identification of the defects re-
sponsible for the 195 and 235°K peaks in these
samples. The often quoted empirical rule® that
the cation is always displaced at a lower displace-
ment energy than the anion is of no use for the
threshold energies quoted here because it is true
for each of the two possible assignments. The
close relationship which seems to exist between
displacement energy and the bond energy of the
lattice has already been pointed out by Bauerlein.®
Both elements in a binary compound would be ex-
pected to have similar displacement energies,
particularly if the two elements of the compound
are as similar to each other as possible. When
the masses of the two elements are not similar
we may associate the displacement of the lighter
atom with the lower of the two observed threshold
electron energies. Hence the 185-keV threshold
electron energy is tentatively assigned to the dis-
placement of sulfur (giving the sulfur atom a re-
coil energy of 15.0 eV at threshold) and the 240-
keV threshold electron energy to the displace-

-ment of zinc (giving the zinc atom a recoil energy
of 9.9 eV). This assignment is also strongly fa-
vored because it produces displacement energies
which are less dissimilar than the alternative as-
signment which would yield a zinc displacement
energy of 7.3 eV at 185 keV and a sulfur displace-
ment energy of 20.2 eV at 240 keV. The mea-
sured value of approximately 15.0 eV for the dis-
placement energy of sulfur confirms surprisingly
well the estimate of 15 eV made by Curie.® The
fact that the displacement energies observed in
zinc sulfide are considerably greater than the dis-
placement energies observed in other group II-VI

306

compounds (cadmium sulfide, cadmium selenide,
zinc selenide, and cadmium telluride) is not sur-
prising when it is realized that zinc sulfide has
much the greatest formation enthalpy of these
compounds.?

For each defect further efforts will be made to
correlate curves of the theoretically evaluated
number of defects per incident electron as a func-
tion of the incident electron energy with the de-
pendence of the experimentally observed enhance-
ment of thermoluminescence intensity on the in-
cident electron energy. Similar correlations be-
tween theoretical curves and experimental curves
have already been made by Bryant and Cox’ using
photoluminescence for cadmium telluride and
cathodoluminescence for cadmium sulfide. How-
ever, electron irradiation at room temperature
does not preclude the formation of complex de-
fects and the analysis may not prove to be straight-
forward.

The trap which we observe at 195°K is not like-
ly to have the same origin in our samples as the
halogen traps which have been reported in this
temperature region at the same heating rate.®
Hoogenstraaten® has suggested that the defect re-
sponsible for the 235°K peak is a complex center
consisting of a pair of sulfur vacancies [VS*]Z,
but his alternative suggestion of a [Vg*][V,,~]
complex for this peak could be more readily ac-
cepted with the tentative assignment which we
have made. It is hoped that electron paramagnet-
ic-resonance studies and experiments on crystals
of widely differing stoichiometry will yield the
exact nature of each radiation-induced defect.

*On study leave granted by the government of Paki-
stan.
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