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ABSTRACT
The temperature dependence of the positron lifetime has been

investigated in as-grown crystals of ZnS, ZnSe and ZnTe over the
temperature range 8-320 K. Also, isochronal annealing experiments up
to 1175 K have been performed on these crystals. ZnS and ZnSe
crystals have been electron irradiated at room temperature and at 77
K. From the results in as-grown and annealed crystals, the values of
(230±3), (240±5) and (266±3) ps are attributed to the positron
lifetime in the bulk of ZnS, ZnSe and ZnTe, respectively.

INTRODUCTION
The electrical and optical properties of the large band gap II-VI

compound semiconductors as ZnS, ZnSe and ZnTe appear to be controlled
by intrinsic lattice defects. When these crystals are doped with
electrically active impurities, intrinsic defects are created which
tend to compensate the electrical effect of the impurities. This
self-compensation makes difficult that both n- and p-type
conductivities are obtained by conventional doping in the same
compound semiconductor. Although extensive studies about the
intrinsic defects in these semiconductors have been published, the
nature of the intrinsic defects responsible for the self-compensation
is still a subject of considerable interest [1,2]. Therefore, it
should be expected that positron annihilation spectroscopy, as a
technique capable to determine unambiguously the vacancy nature of
a defect, can contribute to reveal the role and characteristics of
the intrinsic defects in these compound semiconductors.

EXPERIMENTAL
The positron annihilation experiments in ZnS and ZnSe were made

on pairs of identical monocrystalline disks -l mm thick which were
cut from cylindrical n-type single crystals. These nominally pure
crystals, were obtained from Karl Korth (Kiel, Germany). The
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experiments in p-type ZnTe were made on pairs of monocrystalline
slabs ~1 nun thick purchased from Cleveland Crystals (Ohio). Positron
lifetime measurements in ZnS and ZnSe were performed on as-grown,
annealed and electron-irradiated samples.

The as-grown samples, set into a closed cycle cryostat, were
measured in the temperature range 8-320 K. Afterwards, they were
isochronally annealed in vacuum for 30 min in 30 K steps up to 1175
K. After each annealing, the samples were measured at room
temperature. Pairs of ZnS and ZnSe were electron irradiated at room
temperature and at 77 K. The irradiations at RT were made with 1.8
MeV electrons up to a dose of 4.2 x 1017 e~/cm2. The pairs irradiated
at RT were set into a cryostat and measured over the temperature
range 8-320 K. The electron irradiations at 77 K were made with 2.5
MeV up to a dose of 2 x 1017 e~/cm2. The samples irradiated at 77 K
were isochronally annealed for 4 hours inside a cryostat and
succesively measured at the annealing temperature, i.e. during
annealing and at 77 K after each annealing step.

A spectrometer with a time resolution of 250 ps (FWHM) was used
for measuring the samples irradiated at 77 K. The remainder
measurements were made with a spectrometer having a time resolution
of 305 ps. Two different 22Na sources deposited on a thin Ni foil
were used. The lifetime spectra were analyzed by the POSITRONFIT
program taking into account two sources corrections.

RESULTS AND DISCUSSION

ZnS
Figure 1 shows the

positron lifetime T as a
function of the temperature T
for (a) as-grown samples, and
for samples e~-irradiated at 77
K measured (b) at 77 K after
annealing P.nd (c) at the
annealing temperature. All the
spectra of these samples are
fitted by a single exponential
term. The results in the as-
grown samples reveal positron
trapping at low temperature.
The two-stage decrease of -c
with T suggests the probable
presence of two effective
positron traps at low
temperature. The positron
lifetime in the pair of
isochronally annealed samples
did not change significatively
even after annealing at 1175 K.
The measurements performed at
RT on different pairs of as-
grown samples resulted in a

lifetime around 230 ps.
The results for the pair of samples irradiated at RT are given

in figure 2. In this case, the lifetime spectra could be
satisfactorily fitted by two exponential terms. If the two-state
trapping model is applied to the annihilation parameters yielded by
the above fits, the bulk positron lifetime obtained by the equation:
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Fig. 1. Positron lifetime versus
temperature for (a) as-grown ZnS
and (b,c) ZnS e~-irradiated at 77K
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results in values around 232 ps as shown
in figure 2. This supports the
assignation of (230±1) ps for the bulk
positron lifetime in ZnS. This value is
the average of the positron lifetimes
measured at RT for several pairs of as-
grown and annealed samples. The
reversible behavior of the mean lifetime
T = I]̂ 1 +

 I2-C2 witn T suggests the
presence of positron traps induced by
the e~-irradiation in addition to the
grown-in defects capable to trap
positrons at low temperature. The
behaviors of T^ anc* 1^ w^n T suggest a
thermally activated transformation in
the positron traps induced by the
irradiation at RT. A similar reversible
transformation in the traps of the
samples irradiated at 77 K is also Fig.2. Annihilation
suggested by the increase of the parameters versus
lifetime measured at the annealing temperature for ZnS
temperature in regard to that observed irradiated at RT
at 77 K after annealing, see figure 1.

Since isolated V2n" and Vg
+ (F+)

centers are present at 77 K in e -irradiated ZnS [3,4], the positron
trapping observed in the irradiated samples can in principle be
attributed to the Vgn

- centers, i.e. zinc vacancies with only one
hole. These centers are singly negatively charged with respect to the
lattice. The isolated Vg+ centers, i.e. sulphur vacancies with one
electron, are not expected to be positron traps because they are
positively charged in regard to the lattice. However, the two-stage
increase of T, measured at the annealing temperature, seems to be
incompatible with a model of a single positron trap in the samples
irradiated at 77 K. In addition to the V g ~ centers, other defects
such as Vgn-V5 pairs in different states or charge should be present
in the samples to account for the results.

ZnSe
The results in ZnSe, obtained from single-component analyses of

the spectra, are given in figure 3 for samples: (a) in as-grown
state, (b) e~-irradiated at RT, and e~-irradiated at 77 K measured
(c) at 77 K after annealing and (d) the annealing temperature. The
two-component fits of the spectra gelded inconsistent results or
unacceptable variances. The temperature dependence of T in the as-
grown samples suggests the presence of grown-in defects which are
effective positron traps at low temperatures. The decrease of t with
T can be attributed either to a temperature dependent trapping cross
section of the defects or to a thermally activated change of their
charge state. A similar bahavior is observed in the samples
irradiated at RT.

The isochronal annealing of the as-grown samples did not induce
any significant change in the positron lifetime. From the lifetime
measurements performed on several pairs of as-grown and annealed
samples at RT, an average value of (240±5) ps is obtained. This value
is tentatively attributed to the bulk positron lifetime.

In the sample irradiated at 77 K, the irreversible increase of
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T induced by annealing in the interval
150<Ts225 K is attributed to the
formation of new positron traps. The
following model is tentatively
proposed to account for the
annihilation characteristics of these
samples.

Isolated cation and anion
vacancies are created by e~-
irradiation at 77 K [5-7], It is
accepted that these anion vacancies
are Vge (F) centers, i. e. Se
vacancies with two trapped electrons,
because the Vg6

+ (F4-) centers have not
been detected by EPR. However, the
cation vacancies have been detected as
paramagnetic centers, i.e. vzn~
centers. Therefore, the defects
responsible for the positron trapping
at TsISO K could be both type of
centers, at least. At about 175 K, the
Vz_~ would become mobile and (V2n-
VSe)~ pairs can be formed. A thermally
activated change of charge: (V2n-V8-)"

(V2-Vg6) would explain the
reversible increase of T measured at
the annealing temperature with regard
to the value measured at 77 K after
annealing at Ti25O K. The fact that

the isolated V5 centers appear to be stable up to -135 K in e~-
irradiated ZnSe [5,6] supports the above.

ZnTe
As-grown and annealed samples of ZnTe yielded a single-component

lifetime spectrum. For as-grown samples, the positron lifetime stays
constant (266±3)ps through the temperature range 8-320 K. Isochronal
annealing up to 925 K did not change the lifetime value. The above
results suggest that the average value of (266±3) ps, obtained from
measurements on as-grown and annealed samples, could be tentatively
attributed to the bulk positron lifetime in ZnTe. This would mean
that the grown-in defects in ZnTe are not positron traps. The above
is consistent with previous experimental results which rule out the
Zn vacancies as the intrinsic defects responsible for the acceptor
levels in undoped ZnTe [8].

Fig. 3. Positron lifetime
versus temperature for (a)
as-grown ZnSe, and for ZnSe
e~-irradiated (b) at RT and
(c,d) at 77 K
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