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Application of the optically detected magnetic resonance (ODMR) technique to donor-acceptor
recombination luminescence in donor-doped ZnTe crystals shows the presence of two acceptor
centers having noncubic symmetry, One of these centers, labeled A„has precisely trigonal symme-

try C3. In terms of a spin Hamiltonian for an effective spin S = 2, its g factors are g =2.664 and

g =grr=0, where z corresponds to a (111)direction. The other center, labeled A, has mirror
symmetry Cs, with g =2.540 and g„„g~ 0.25, where the z axis is mclined at 6.7' to (111)in a

I 110}plane. The g factors are interpreted by considering the effect of a low-symmetry crystal field

on a J= z (18) hole in ZnTe. Hyperfine splittings of magnitude 190)&10 cm ' for 3, and

180X10 cm ' for A are observed in the ODMR spectra and attributed to interactions with

three equivalent or nearly equivalent Te nuclei. Center A, is observed in chlorine-doped ZnTe;
center A is observed in aluminum-doped Zn Te and is very likely the acceptor called A &, known by
its bound-exciton line at 2.369 eV. It is proposed that these single-acceptor centers are double-

acceptor —single-donor pairs and, more precisely, that the double-acceptor constituent is the zinc va-

cancy. That is, the trigonal center 3, is Vz„ClT, and the mirror-symmetry center A is Vz„Alz„. If
this interpretation is correct, the electronic properties of vacancy centers in ZnTe are remarkably
different from those of the well-known Vz„—donor-impurity associates 4', the "A centers"} in ZnSe
and ZnS. %'hereas the latter centers are very deep centers with large pseudo-Jahn-Teller distortions,
centers A, and A in ZnTe are of shallow or intermediate depth, retain the full symmetry of the
vacancy-impurity complex, and have unquenched orbital angular momentum. Finally, it is suggest-
ed that the detection of zinc-vacancy acceptors in donor-doped ZnTe may he1p one to understand
the difficulty of producing n-type material.

I. INTRODUCTION

Most II-VI compounds (e.g. , ZnO, ZnSe, CdS, etc. ) are
easily made to be n-type conducting whereas they cannot
be made p-type. Zinc telluride presents the opposite prob-
lem: Crystals of ZnTe are usually p-type as grown, due to
the predominance of shallow acceptor impurities, notably
Li and Cu. ' As far as we know, all attempts to prepare
n-type ZnTe samples by doping with donor impurities
have failed. At the most, semi-insulating (that is highly
compensated) material is obtained.

As is well known, donor-acceptor recombination
luminescence provides a very useful tool for studying
donors and acceptors in compensated semiconductors.
Also, the application of optically detected magnetic reso-
nance (ODMR) to the D-A luminescence can often pro-
vide detailed identifications of the donors and/or the ac-
ceptors. %'e have been using QDMR in order to try to
obtain a better understanding of donor-doped Zn Te.
Unexpectedly, in this study we discovered two new accep-
tor centers. This article is concerned with these centers.
The centers have noncubic symmetry and we call them A,
and A, where t and m designate trigonal and mirror
symmetries, respectively. The A center may be identical
to the acceptor called Ac known by its bound exciton
luminescence line at 2.369 eV.

According to usual definitions of the term "shallow, "

the A, and A acceptors appear to be shallow centers (al-
though the central-cell corrections to some of their prop-
erties are so large that "intermediate-depth" centers might
be a more appropriate term). As such, they form a new
class of acceptor centers in II-VI semiconductors because
previously identified shallow acceptors in these com-
pounds all have the full symmetry of the crystal lattice
sites (that is cubic in zinc-blende compounds, trigonal in
wurtzite compounds). We believe that the new centers in
ZnTe are double acceptor sing-le donor—pairs. -An obvi-
ous model for such a center is then a zinc vacancy —donor
impurity pair Vz„D, analogous to the well-known "A
centers" in ZnS and ZnSe. As will be seen there is strong
spectroscopic evidence for such an assignment, in particu-
lar, hyperfine interactions which agree with the model in-
volving a vacancy have been observed. If the centers are
indeed vacancy centers, then, being shallow or inter-
mediate-depth centers, they have very different properties
from those of the A centers in ZnS and ZnSe, which are
deep centers. This would be of considerable interest in
view of the current interest in understanding the transi-
tion between shallow centers and deep centers in semicon-
ductors. In addition, the observation of vacancies acting
as acceptors and therefore compensating the donor impur-
ities would help to explain the difficulty in preparing n

type ZnTe.
Brief descriptions of our spectra have appeared previ-
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ously. ' This paper gives a much more complete account
and includes in particular information about the hyperfine
structure that leads us to propose a vacancy model.

Our samples were grown by the Bridgman technique at
LETI (Laboratoire d'Electronique et de Technologie de
1'Informatique), Grenoble, by Schaub. ' The starting ma-
terials were ZnTe doped with (a) CdClz (0.25 at. %
Cl—Te) and (b) Alz Te3 (0.025 at. % Al —Zn).
Capacitance-voltage measurements on indium-Zn Te
Schottky diodes showed that both types of crystal were
semi-insulating with carrier concentrations g 10' cm

II. LUMINESCENCE SPECTRA

A. Cl-doped ZnTe

The luminescence of samples from Schaub's chlorine-
doped ZnTe crystals was first studied by Magnea. " Near
the band-gap energy of 2.39 eV, the samples gave
trapped-exciton and donor-acceptor recombination spectra
characteristic of shallow acceptors (Li,Cu) and of shallow
donors. Magnea concluded that Cl can act as a shallow
donor with ionization energy E; =20.1 meV. He found in
addition that these samples give a broad emission band
peaking in the infrared at about 760 nm (1.63 eV}. The
peak position shifted to shorter wavelengths with increas-
ing laser power, suggesting that the emission corresponds
to D Arecom-bination (such shifts result from the mutual
dependence of radiative lifetime and Coulomb-interaction
energy on the D-A distance ). The relatively low energy
of the emission implies that either the donors or the ac-
ceptors (or both) are deep centers.

It is Magnea's infrared band that concerns us in the
present study. Its appearance (as detected with a
gallium-arsenide photocathode having fiat response to
beyond 850 nm) is shown in Fig. 1(a) where it is seen to be
about 0.27 eV wide. The spectrum of Fig. 1(a) is a tirne-
resolved spectrum, obtained by using pulsed-laser excita-
tion and gated detection' delayed 1.5 ms after the end of
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the laser pulse. The band shifts to higher energies if the
delay time is reduced and to lower energies if the delay is
increased, which again is characteristic of donor-acceptor
recombination emission.

B. Al-doped ZnTe

Several authors have reported that Al-doped or Al-
implanted ZnTe gives a yellow luminescence band. "'
We observed a band of this type for Schaub's Al-doped
crystals, as illustrated in Fig. 1(b). The figure shows a
time-resolved spectrum, taken at short delay time (4 p, s
after the laser pulse) because the intensity of this band
falls off very quickly with increasing time. Again the
band shifts with delay time in the way that is characteris-
tic of donor-acceptor recombination.

The band peaks at about 575 nm (2.16 eV), depending
on the observation conditions, as noted above. It is rela-
tively narrow (about 0.1 eV wide) and asymmetric. In
Fig. 1(b) it shows partly resolved phonon structure with
the zero-phonon line at about 2.20 eV. The emission ener-

gy is relatively close to the band-gap energy (2.39-eV) but
at sigmficantly lower energy than the D-A emissions in-
volving lithium and copper acceptors (zero-phonon ener-
gies: 2.32 and 2.23 eV, respectively).

III. ODMR MEASUREMENTS

The excited states responsible for these luminescence
bands were studied by ODMR. The samples were im-
mersed in liquid helium at about 2 K inside an 8.7-GHz
microwave cavity placed in a magnetic field J3. The
luminescence was excited by 488- or 514-nm argon laser
light and observed perpendicular to 8 through a window
in the cavity wall. Our ODMR spectrometer usually runs
in a "time-resolved" mode, ' with pulsed-laser excitation
and a gated photo-multiplier (PM) detector operated at a
delay time tD after the end of the laser pulse. Microwave
power is applied during alternate detection periods and
the microwave-induced delayed luminescence is extracted
by lock-in detection. The ODMR spectrum can be stud-
ied as a function of the excited state lifetime by varying
the cycle rate of the pulse sequence.

A. Cl-doped ZnTe

E(ev} 1.5

FIG. 1. Luminescence spectra showing the infrared emission
band of ZnTe:Cl (upper trace) and the yellow emission of
ZnTe:Al (lower trace); T=2 K, 514-nm excitation. The spectra
were obtained by a time-resolved technique, see the text.

Figure 2 shows an ODMR spectrum for Cl-doped
ZnTe, with the magnetic field 8 parallel to a (100) direc-
tion. Here the emission wavelengths observed are restrict-
ed to the range 620—830 nm by the combination of a red
filter and the photomultiplier's infrared cutoff (the PM
was an EMI 9816G tube with S20 response, ' less
infrared-sensitive but better adapted to the ODMR work
than the GaAs PM used for Fig. 1).

The ODMR spectra observed for Cl-doped ZnTe corre-
spond to two distinct paramagnetic centers. One of these
gives a complex pattern of lines centered at g= 1.96 (0.32
T), whose appearance changes only slightly with magnet-
field orientation. This spectrum was first observed by or-
dinary EPR spectroscopy (that is microwave-detected
EPR) under photoexcitation. ' lt was subsequently ob-
served by ODMR at Lehigh University' and Grenoble.
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It has been attributed to a trigonal-symmetry electron
center. ' The complex line pattern (see Fig. 2) corre-
sponds to chlorine hyperfine interaction and the center is
thought to be some form of deep donor center involving
chlorine and another defect or impurity situated along its
trigonal axis. We shall not discuss this center any further
here: we will simply refer to it as the "deep chlorine
donor center.

%e are interested here in a second ODMR spectrum
made up of four lines whose field positions vary over a
very wide range as the orientation of 8 is changed with
respect to the crystal axes. In Fig. 2, 8 is oriented along
(100) and the four lines coalesce into a single line at
g=1.54 (8=0.40 T); the lines show weak hyperfine satel-
lites on either side which will be discussed later. From
the form of the angular dependence, one can attribute the
spectrum to a center with spin S= —,

'
and trigonal syrnme

try (the four lines corresponding to the four (111)-type
sites). We label this center the "A, center" (r for trigo-
nal). As far as we know it has never been seen by ordi-
nary EPR.

For a given site, the g factor (determined from
hvluaB, where hv is the microwave quantum at reso-
nance, pa is the Bohr magneton) appears to obey a partic-
ularly simple law:

g =g)~cosH .

Here, I9 is the angle between 8 and the site's trigonal sym-
metry axis and g~~

——2.66 (the sign of g is undetermined).
Thus the line positions 8 vary as 1/cos8: the curves of 8
against 8 have a very broad minimum, then move more
and more rapidly to high fields. The lines broaden as 8
increases and, at large angles lose intensity so that they
cannot be followed beyond about 8=70' (0.7 T). We attri-
bute the broadening to the effects of strain: this induces
local variations in the orientation of the c axis and the ef-
fo:t on the linewidth increases with dB/d8.
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In the range of angles for which the ODMR lines were
observable, Eq. (1) was found to be extremely accurate.
%e checked this equation by orienting 8 very precisely
first along (111) (to measure g~~) then along (100) [to
measure g (54.7 )]. The (100) orientation was achieved
to within 1/4' by rotating and tilting the magnet until the
four lines coalesced perfectly; the (111) orientation was
achieved to within -2', which is sufficiently precise since
dB/d8-0 near 8=0'. We found that the cos8 law is ac-
curate to within 1 part in 1000 at I9=54.7'. The accurate
value of g~~ is given in Table I.

Before continuing, we note that Eq. (1) cannot be exact-
ly true for it implies gi =0 in which case the microwave
transition rate would disappear for 8 near the c axis,
which is not the case. A more accurate expression for g
would be of the form (g~~cos 8+gJ. sin 8)' . The
accuracy of Eq. (1) at 8=54.7' requires that gi & 0.1.

As seen in Fig. 2, the A, center ODMR line has a pair
of satellites each with amplitude about 13% of that of the
central line. These can be attributed to a hyperfine split-
ting which, at first sight, appears to correspond to interac-
tion with I= —,

' nucleus having abundance about 20%
(with the central line corresponding to -80% abundance
I=O isotopes). The satellites are visible on all four lines
at all orientations. Like the line position itself, the split-
ting b,B between the two satellites appear to follow at least
approximately a cos8 law, that is

b B=bB(0')/cos8 .

TABLE I. Principal values of g tensor and values of q {angle
of tilt of z axis towards (110))for centers A, and A . Value of
hyperfine interaction constant, A for these centers.

Center

FIG. 2. 8.7-6Hz ODMR spectrum (i.e., the micromave-
induced intensity change as a function of magnetic field 8) ob-
tained via the infrared emission of ZnTe:Cl at 2 K. 8 is parallel
to (100). Spectrum D corresponds to the deep chlorine donor
center (both allowed and forbidden Cl hyperfine transitions are
visible as discussed in Ref. 8). Spectrum A, consists of four
lines that coincide exactly for this orientation and corresponds
to a trigonal symmetry acceptor.

This means that the hyperfine splitting measured in en-

ergy units (cm '), A =gi's 58/hc, is approximately con-
stant. Because the splitting is not large compared to the
linewidth, the accuracy of this statement is about +S%%u~

based on measurements at 8=0' and 0=54.7'. The value
of A is given in Table I.

Unfortunately, because of the existence of an unusual
set of near coincidences in isotopic ratios, the interpreta-
tion of the hyperfine interaction is extremely ambiguous.
Three elments, namely, Sn, Pb, and Cd have I= —, iso-

topes with total abundances near 20%. The isotopes in
question are " Sn and " Sn (with total abundance
16.2%), Pb (22.6%), and '"Cd and " Cd (25%). The
other isotopes of these elements have I=O. Given the
magnitude of the ODMR linewidths, " Sn and " Sn
would not be distinguished from each other, nor would

Cd and Cd. Hut, in addition, since the center has tri-
gonal symmetry, a hyperfine interaction with -8% abun-
dant, I= —,

' tellurium nuclei can involve groups of three
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B. Al-doped ZnTe

Another multiline magnetic resonance spectrum was
detected optically via the yellow emission characteristic of
ZnTe:Al. This spectrum consists of 12 lines. It resembles
the four line spectrum given by the A, center but each line
is now split into three, showing that the symmetry is
lower than trigonal. %e will attribute this spectrum to
another acceptor center which we will call the A~ center
because it has mirror symmetry on a I 110) plane.

Again, we attribute the luminescence to donor-acceptor
recombination. However, here the donor must be a shal-
loto donor because the emission energy lies close to that
of, e.g., the shallow donor-copper-acceptor emission. The
emission process is

D, +A~ ~D,++A~,
where D, is the shallow donor. No donor ODMR is
detected via the yellow emission since shallow donors in
ZnTe have g -0.4, ' giving resonance at 1.6 T for 9 6Hz,
beyond the range of our magnet.

Figure 5 shows measured line positions for 8 rotating
in a I 110I plane. It is from this kind of splitting pattern
that we deduce that the center occupies 12 equivalent mir-
ror symmetry sites. Various sites become degenerate for
8 parallel to the crystal directions (100), (ill ) or
(110), see Fig. 5. The figure shows that the minimum

E

C3

LLj C

line position (maximum g factor) occurs at a field orienta-
tion about 7' away from (111). As in the case of the 3,
spectrum, the angular variation curves have very broad
minima. The lines broaden when they move off to high
field and become undetectable at lower field than in the
case of the A, center because the signal-to-noise ratio is
not as good for this spectrum.

The angular variation has approximately the form
8 =8;„/cos8, where 8 is the angle between the field and
the position at which the minimum resonance field, 8~;„,
occurs. However, there is now a small detectable devia-
tion from this law, related to the lower symmetry. The
accurate g tensor now has three principal values

g,g„~,g, with the later two values sma11 but nonzero.
The values, determined from measurements with 8 paral-
lel to (111),(110), (001), are given in Table I. Unfor-
tunately, the small principal values, g„~,g, could not be
determined very precisely because in thee useful orientation
range they contribute very little weight to the g factor
[=(g~g;;cos i9;)' where 8; is the angle between 8 and
t =X,J7,Z].

Table I shows that the g tensor is not very different
from that of the trigonal acceptor A, . The value of g is
very similar and g, g„„,although nonzero, are still very
small. Instead of being oriented exactly along (111),the
z axis is now tilted away from this direction towards
(110),but t), the angle of tilt is only 6.7'.

Each line in the A center spectrum has a pair of satel-
lite lines very similar to those seen on the A, center lines.
This is illustrated in Fig. 6 for the (110) orientation,
where a long accumulation time has been used to improve
the signal (the weak, negative-going line seen in Fig. 6
corresponds to an unidentified center which we presume is
being detected indirectly via the yellow luminescence).
Again, the interaction measured in energy units appears
isotropic to within a measurement accuracy of about
10%. The signal-to-noise ratio is not good enough to
warrant a search for additional satellites like those dis-
cussed in our earlier description of the A, center's spec-
trum. However, by analogy, we propose that the hyper-

3QQ

(:Q113

QR I ENTAT I QN

FIG. 5. ODMR line positions for the A center as a function
of orientation of 8 at microwave frequency 8.7 GHz. 8 rotates
in a I 110I-type plane. More precisely, the data points were ob-
tained from a rotation scan in a slightly misoriented plane
which causes small, extra splittings on the left-hand side
whereas the curves are calculated from the g tensors of Table I,
which was deduced from the line crossings with 8 set very pre-
cisely along (011), (111),and (100).

300 350 B(mT)

FEG. 6. Two of the A center's ODMR lines, with hyperfine
satellites marked by arrows. The field 8 is along (110), mi-
crowave frequency is 8.7 GHz, T=2 K. (The negative-going
line in center is unidentified. )
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fine satellites seen in the A spectrum also correspond to
three Te nuclei. Note that the nuclei are now only nearly

equivalent, even if the hyperfine interaction is purely iso-

tropic, since the symmetry is lower than trigonal.

IV. ODMR EMISSION-%'AVELENGTH DEPENDENCES

By placing a monochromator in front of the PM detec-
tor, one can measure the dependence of the ODMR signal
intensity on emission wavelength, thus determining the
shape of the emission bands associated with a given
ODMR signal. Figure 7 shows results of this kind for
Zn Te:Cl. Here, we compare the emission-wavelength
dependences of the deep donor and of the A, center sig-
nals with the luminescence spectrum itself, the latter be-

ing taken in zero field without applied microwaves.
%e see that, within the limits imposed by the rather

high noise level (the ODMR signal-to-noise ratio being

greatly reduced by the insertion of the monochromator),
the emission-wavelength dependence is the same for the
chlorine center signal and for the A, center signal. This is
the basis of our assertion [Eq. (3)] that both these centers
are involved in a radiative recombination process. The
emission-wavelength dependences seem identical to the
luminescence spectrum of Fig. 7 except that the latter has
an additional shoulder at about 650 nm. Therefore the
shoulder must correspond to a quite different emission
process [this shoulder moreover is not always present in
the luminesence spectra, e.g., it is not seen in Fig. 1(a),
and we have not established whether its observation de-
pends on the particular sample or on the excitation or
detection conditions].

800 +thmp

FIG. 7. (a) Infrared emission band of ZnTe:Cl compared
with (b) emission wavelength dependence of the A, center's
ODMR signal and (c) emission wavelength dependence of the
deep chlorine donor center"s ODMR. A11 three spectra are ob-
tained with an S20 photomultiplier and are uncorrected for
wavelength dependence of system sensitivity. T=2 K, 514-nm
exci ta tion.

For the case of the A center, seen in ZnTe:Al, the
lower signal levels prevented us from obtaining the
emission-wavelength dependence by using a monochroma-
tor. However, inserting long-pass optical filters cutting at
560, 580, nm, we established that the ODMR signal lev-

el dropped out in the same way as the luminescence inten-
sity in this wavelength region. This confirms that the
ODMR is associated with the yellow luminescence band
of Fig. 1(b), peaking near 575 nm.

Observation of a partly resolved zero-phonon line at
about 2.20 eV in Fig. 1(b) enables us to estimate the ioni-
zation energy of the A acceptor. The energy of the
zero-phonon line for donor-acceptor recombination emis-
sion is given by EG E„—ED+—e ierD„, where EG is the
band-gap energy, E&,ED are the acceptor and donor ioni-
zation energies and the last term is the Coulomb interac-
tion between the cores D+ and 3 separated by distance
rD&. %'e take EG ——2.391 eV and we assume ED ——18
meV (typical for shallow donors in ZnTe). If we guess a
value of 15+10 meV for the Coulomb term, then the ioni-
zation energy is

E;(A~)=188+20 meV .

No corresponding estimate can be made for the A,
center's ionization energy but, given the similarity of these
two centers, we believe that E;(A, ) will not be very dif-
ferent.

V. DISCUSSION

A. Origin of the ODMR signal

We have described how magnetic resonance signals for
a deep chlorine donor center and the A, acceptor can be
detected as microwave-induced changes of the intensity of
the 760-nm band. The ODMR of the A acceptor can be
obtained via the 575 nm band. Furthermore, both the 760
and 575 nm band show slight shifts towards longer wave-

length with increasing time delay in time-resolved
luminescence measurements. Such shifts are characteris-
tic of intercenter transitions involving a distance-
dependent Coulomb energy change. All this information
allows us to attribute these bands to donor-acceptor
recombination of the general form D +ADDED++. A

[Eqs. (3) and (4)].
The numerous discussions of ODMR of D Asystems-

are then relevant, see, e.g. , Refs. 4, 17, and 19. Briefly
summarizing such discussions, we simply note that the
four Zeeman levels ~M„) ~MD) of the donor-acceptor
pair (where Mq ——+ —,

'
and MD ——+ —,') can be classed into

radiative and nonradiative levels because the electric di-
pole emission obeys effective-spin selection rules. At reso-
nance, microwave-induced transitions between the Zee-
man levels can be detected as changes in luminescence in-
tensity because they change the relative population of
these levels.

The success of the present experiments in detecting
magnetic resonance for acceptors with unquenched orbital
angular-momentum may seem surprising since, at one
time, it was thought to be very difficult to observe EPR or
ODMR for centers of this type. However, as in several
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other recent studies, ' ' good results are obtained here
because these are 10m-symmetry acceptors. For cubic ac-
ceptors, the magnetic resonance transitions are subject to
strain broadening due to the extreme strain dependence of
the I s sublevels and, in addition, very fast thermalization
occurs within these levels because they are strongly cou-
pled to phonons. Both these effects are harmful in
ODMR. For example, in a previous study of ZnTe, '

donor signals were obtained via a donor-to-shallow cubic
acceptor emission but no acceptor signals were seen. As
discussed below, the symmetry lowering for the A, and
A acceptors splits the I s state leaving the hole in a rela-
tively strain-insensitive doublet with long thermalization
time. It is relevant to cite here other cases where shallow
acceptor ODMR has been reported, namely (a) in SiC
(Ref. 20) and CdS (Ref. 19), where the atom sites in the
hexagonal lattice have trigonal symmetry and (b) in GaP
under uniaxial stress. '

B. Magnetic properties of 1'-symmetry s~ptors

For cubic acceptors in zinc-blende semiconductors, the
angular momentum (li, ——1}and spin (si, ———,

'
) of the. hole

are coupled to give a j."8 quartet ground state with a
higher lying I"

7 doublet. The splitting of these two states
is very large in ZnTe, of the order of the valence-band
splitting =0.9 eV. Thus the effect of a small low-

symmetry crystal field can be considered as a perturbation
acting within the four levels of the I & quartet. In C& or
C, (mirror) symmetry, the quartet splits into two doublets

which we label + —, and + —,, see Fig. 8. As will be seen,
the magnetic resonance properties of centers A, and A~
show that it is the + —, doublet that is the occupied state
for these centers.

A magnetic field splits the doublets as represented on
the right-hand side of Fig. 8, the splitting being dependent
on the orientation of the field. The effects of the low
symmetry and of 8 may be represented by an equivalent
Hamiltonian acting in a Z= —, basis;

C

II

I
\

\

FIG. 8. Energy-level diagram appropriate to acceptors A,
and 3: (a) I=

z quartet ground state ( I 8} of a cubic-

symrnetry acceptor (b) is effect of C3 or C, crystal field (states

labeled 2 and I are exact or approximate eigenstates of J,). (c)
1 3

shows effect of a magnetic field.

M=DJ, +E(J» J—~)+gpIiB J, (5)

where the first two terms in (5) represent the C, and C,
crystal-field components, respectively, and the third term
represents the Zeeman interaction. %'e neglect here the
"cubic" Zceman interaction involving terms in

g „g,. pg(/PE+ ) where g, . , are the (001) diiec
tions. We are unable to distinguish any effects of this
term in our Ineasurements and there is evidence that

g,„i,;, «g for a hole in ZnTe.
If the Zeeman term is much smaller than the crystal-

field term, then for a given doublet + —,
' or + —,

'
in Fig. 8,

the two states can be represented by the eigenstates of a
new Hamiltonian for a fictitious effective spin, S= —, :

B.gaff, S (6)

where the effective g tensor, g
' , is very anisotropic.

In C3 symmetry, for the doublet + —,', the; tensor g
' is

related to the g factor of (5) by g~~
——3g and gi ——0, that

1S

g'" =3g cos8 . (7)

eff
fear =38 ~

g~ =gypsy- 3«/»g . — (8b)

The zero value of gi expresses the fact that 8»J„and
ByJy have no matrix elements within the states —', in the
C3 symmetry case. These states remain pure eigenstates

~
J,=+ —,

' ) of J, for all field directions provided that

gpii8«D in (5). As discussed in Sec. III, Eq. (7) was
found to be accurate to 1/1000 out to 8=54.7' for the A,
center at 9 GHz. This sets a lower limit on the crystal-
field splitting 2D induced by the term DJ, of Hamiltoni-
an (5), namely, ~2D

~

&2.4 cm '. No estimate can be
given of the actual value of 2D

Inserting g~~""' for the A, center from Table I in Eq. (7),
we deduce that the "true" value of g for A„ that is g in
the J= —,

' Hamiltonian (5), is 2.664/3=0. 89. This value

is of the order of the known g factors =0.6—0.7 for the
cubic symmetry (I s} acceptors Li, Cu„P, etc., in ZnTe as
determined from Zeeman or Raman spectroscopy.
This result constitutes one of the main features on which
we base our attribution of the ODMR spectrum to a fairly
shallow acceptor rather than to some kind of deep center.

Nevertheless, g=0.9 is significantly larger than the fig-
ure g =0.6—0.7 and we attribute this difference to a rela-
tively large central-cell correction for the A, center as
compared to the usual acceptors. Of course, some hole
density in the central cell may be needed to explain how
the local crystal field that results from the defect
geometry can induce a substantial splitting of the I"

&
state.

Also, a relatively large central-cell effect is needed to ex-
plain the large hyperfine interaction obtained with three
Te nuclei. The latter point is discussed further in Secs.
VC and VI.

The A center represents a "slightly" C, symmetry
case. For such a case, E/D&0 but remains « 1 in Ham-

iltonian (5) and the effective g values for the doublet + —',

are related to the g factor of (5) by
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Here, we have neglected terms of order (E/D) .
For the A center, our value of g', (Table I) implies

that the J=—, g value is g=0.85. This is close to the
value found for the A, acceptor. Application of Eqs. (8b)
to our data yields an approximate value for the ratio
(E/D), namely (E/D)-0.08. The small difference be-
twmn g~ and g~„ in Table I, at the limit of the experi-
mental error, is of the size and sign expected from a more
accurate version of (8b).

4 =4 J+J.T I+g„p~B I, (9)

where A J represents Hamiltonian (5).
The properties of the hyperfine tensor T are determined

by the local symmetry at the nucleus, which may be very
different from the overall symmetry of the acceptor wave
function. Thus, the principal axes of T can have orienta-
tions very different from those of the axes x,y, z that diag-
onalize the crystal-field term in (9).

We first consider the trigonal symmetry acceptor A,
where, as discussed in Sec. VB, the operators J„and J~
have no matrix elements within the occupied doublet

~
J,=+—,

' ). Thus, hyperfine terms such as, e.g. , J„T I,
in (9) have no matrix elements within the states

~
J,=+—,', I) and, since the hyperfine interaction is much

too small to mix these states with states
~
J,=+ —, ,I), we

need only retain those hyperfine terms involving J„ that
is QJ, T~I;, where i=x,y, z. This sum can be written

J,n T I, where n is a unit vector parallel to the trigonal
axis z.

The direct effect of the magnetic field on the spin I
[the nuclear Zeeman term in (9)) is negligible compared to
that of the hyperfine field and so the quantization axis for
I will be fixed parallel to the vector n T. This applies for
all field orientations and as a result the hyperfine splitting
of the energy levels is isotropic, no matter how anisotropic
the tensor T really is. If we transform to the formalism
that represents the states

~
J,=+ —,

' ) by an effective spin
5= —,', the levels are the eigenstates of

=p~a.g 8+3S,n. T I, (10)

where g~~
——3g and gi =0, as in (7). The energy levels are

g tl~&cos~Pl~ +Afll~Pl (11)
1where m& ——+ —,, mr ——+ —, , and the parameter

A =3
~

n. T
~

. This is the equation we used to analyze our

C. Hyperfme interactions

The hyperfine satellites seen on the A, center and A

center ODMR lines represent, to our knowledge, the first
observation of hyperfine splitting for an acceptor center
having unquenched orbital angular momentum. In this
section, we give a formalism for describing the hyperfine
spectrum and then we comment on the magnitude of the
observed splitting.

To describe the states
~
J,I), where J= —,

'
and I= —,',

we add a hyperfine term and a nuclear Zeeman term to
the J=—,', I=0 Hamiltonian (5). The Hamiltonian be-

comes

data (Sec. III and Table I): it gives hyperfine splitting
KB=A/(g~~pacos(9) in a field-swept magnetic resonance
spectrum.

A similar description applies in the case of the 3
center. This center has symmetry lower than trigonal but
D ~~E in (5) so that the acceptor wave functions remain
approximate eigenstates of J,. This means that the hyper-
fine interaction will be at least approximately isotropic for
a wide range of orientations about the z axis for the A

center, as was observed (see Sec. III B).
Thus, the observation that the hyperfine sphttings

(measured in energy units) appear to be isotropic for both
the A, and the A centers does not necessarily mean that
the hyperfine tensors are highly isotropic for these
centers.

The hyperfine interaction consists in principal of three
components: (a) the contact interaction between the hole
spin ai, and the nuclear spin I, (b) the dipolar interaction
between si, and I, and (c) the interaction between the
hole's orbital angular momentum li, and I. We expect
that the major contribution to the isotropic part of the hy-
perfine tensor will come from the contact interaction (a),
giving a term proportional to

~

%(r =0)
~

(the hole densi-

ty at the nucleus), and that the major contribution to the
anisotropy of the tensor will come from the spin-dipolar
interaction (b).

Provided that the crystal field is too small to mix sub-
stantially the spin-orbit-split states I 8 and I 7, the opera-
tor si, can be represented by ( —,

' )J within the J= —, Hamil-
tonians (5) and (9). Thus, for example, the isotropic con-
tact interaction of form a si, I contributes a term (a/3) J I
to J T I in (9) and therefore makes a contribution
3(a/3)=a to the hyperfine constant A of Eq. (11) and
Table I. There is a similar cancellation of two factors —,

'

and 3 on transforming the dipolar interaction between the
true spin si, and I into its contribution to the effective
spin Hamiltonian (10). Thus it is A (not A/3) that
should be used in any comparison with contact and dipo-
lar hyperfine interactions of centers having quenched or-
bital angular momentum (i.e., centers with 5= —,

' and

g=ge =&)
Because we have only one measured parameter, A, any

such comparison is extremely difficult, and this for two
reasons. Firstly, we cannot separate out the interaction
between the orbital angular momentum and the nuclear
spin. This is comparable with the spin-dipolar interaction
for an orbitally degenerate, isolated atom. It may be
much smaller if the three Te interpretation of the hyper-
fine spectrum is correct, since the degeneracy of the 5p or-
bitals occupied by the hole on the three Te atoms in the
acceptor core (see later) would be lifted by the core poten-
tial. But even if we can ignore the orbital interaction, we
cannot separate the contact and spin-dipolar interactions
from each other. For nearly pure-spin centers with
cylindrical hyperfine tensors (case of an unpaired electron
in an sp hybrid orbital), the contact and dipolar interac-
tions are deduced directly from the trace (A~t+2A&)/3
and the anisotropy (A~~ —Ai ) of the tensor, respectively.
In our case, if the (J= —', ) hyperfine tensor is cylindrical
with principal values T~~ and Tj and if the axis for TI~ is
inclined at an angle o. with respect to the z axis of Hamil-
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tonian (5), we can only say that our constant

lies somewhere between 3TII and 3T&.
Nevertheless, on the assumption that the hyperfine in-

teraction is with three ' Te nuclei, it is instructive to
compare our values of A with values of ' Te interactions
measured by EPR spectroscopy for a particular fami-
ly of paramagnetic centers in ZnTe, the Zn-site double
donors Ge, Sn, Pb. In their singly ionized charge state
M+ (where M represents Ge, Sn or Pb), these are deep
centers having S=—,

'
and g=2.

The electronic structure of the centers M+ has the fol-
lowing peculiarity: because the impurity site is positively
charged there is a strong transfer of electronic density
from the four Te ligands on to the impurity. If the wave
function of the singly ionized donor is considered to be a
mixture of two configurations, namely, Mz„(Teq) and
Moz„(Te4)+ [where (Te4)+ means a hole in a molecular or-
bital shared by the four ligands), there is abut 70—80% of
the second configuration. Therefore, the Te hyperfine
interactions in these centers can serve as reference values,
giving the magnitude of the interactions to be expected for
a highly localized hole in ZnTe. Averaging the data for
the Ge+,Sn+, and Pb+ centers, the principal values of the
hyperfine tensors are

c1+core+ c2+exp (12)

with c
& +c2 ——1. Here 0'„„is a normalized molecular or-

bital (of A i symmetry in the point group of the defect) lo-
calized on three Te nuclei in the core region and 4,„p is a
normalized, delocalized function falling off exponentially
with distance (the product of a spherical, exponential en-
velope function and a valence band-edge Bloch function).
Then an approximate measure of the weight c& of the Te3
molecular orbital in the wave function 4' is given by the
ratio of the hyperfine interactions in the acceptor centers
to the values cited above for the (MTe4)+ centers [or,
more precisely, by this ratio &( —, &0.75, because there are
three nuclei instead of four and because the hole is only
about -75% localized on the ligands in (MTe4)+].

Because of the problems mentioned earlier and because

AIt
———287X10 'cm ', A, = —85X10 'cm-'

for each ligand. If the molecular orbital (Teq) is
constructed from Te Ss and Sp atomic orbitals, then the
trace (3

~ ~

+2A i )/3 is the contact interaction

g,pzg„pz(8n/3)
~

Ss(r =0)
~

of the Ss orbital and the
anisotropy (A

~~

—A i ) is the dipolar interaction
(
—', )g,p~g„p~/(Sp

~

r ~Sp) of the Sp orbital (this

neglects core polarization in the 5p orbital and a small or-
bital contribution to the hyperfine interaction). Then tak-
ing values of

~

Ss(r =0)
~

and (Sp
~

r
~
Sp) from

theoretical Te-atom wave functions gives the relative
weights of the two orbitals in the (MTe4)+ centers to be
about 4% Ss and 96% Sp.

We suppose that the wave function of the hole in our
acceptor centers A~ and Am can be represented very
crudely as a su01

D. Comparison with the C acceptor

We now compare our data for A with the properties
of a center called the "C acceptor" or Ac, which gives a
characteristic bound-exciton recombination line at 523 nm
(2.369 eV). Extensive studies of this line under magnetic
field and uniaxial stress have shown that Ac is a single
acceptor (that is a center with one hole) and that it has
noncubic symmetry. (In the first Zeeman work, due to
the limited resolution, the symmetry was thought to be
trigonal; however, the subsequent stress-splitting studies
showed clearly that the symmetry is mirror symmetry. )

De Maigret has analyzed his stress-splitting data in
terms of a J=—', Hamiltonian for C, symmetry, identical
to the crystal-field part of our Hamiltonian (5). He con-
cluded that (a) the z axis is tilted a small angle ri-10'
away from (111) toward (110) and that (b) the E/D ra-
tio is about 0.1—0.2. Furthermore, the Zeeman data
(analyzed at the time in terms of a trigonal model, but this
would introduce little error since 71 is small) gave g' =2.7
and gee -gyy -0.eff eff

The similarity of all of these results and our ODMR
data for the A center is striking

Ac center
center

2.7
2.54

10
6.7

0.1—0.2
-0.08

(Note that the angle of tilt is in the same direction for the
two centers. ) The differences are all within the estimated

a small change in hybridization, increasing the 5s-orbital
contribution, could increase the contact interaction and
the trace of the hyperfine tensor very markedly, we can
draw no precise conclusions. However it is remarkable
that the values of 3 in Table I (192X10 and 180X10
cm ' for the A, and A~ centers, respectively) are of the
same order as the values of

t
3

~~ ~

and
~
Ai

~

listed above
for the (MT')+ centers. This requires that the hole wave
function have a high density in the acceptor core.

For example, if we make the extreme, simplifying as-
sumption that the ratio of Ss to Sp is the same as it is in
the (llfTe4)+ centers, we can fix the ratio T~~/Ti. If we
further assume that the Sp orbitals are oriented at an an-
gle a =109' to the z axis, as might be appropriate for the
defect models discussed in Sec. VI (Fig. 10), we can fix
the symmetry axis of T at this angle. Then the values of
3 T~~ and 3 Ti are extractable from the value of A in Table
I and the above comparison procedure leads to a value of
0.9 for c, in Eq. (12) for the A, center.

Clearly, the assumptions just made cannot be justified.
Also 0.9 is an absurdly high value for the weight of 4„„
in the acceptor wave function, Eq. (12), because then we
would not have a shallow-acceptor-like g tensor, which re-
quires a large weight of the component ql,„„involving the
orbitally degenerate Bloch function. However, we con-
clude that a large fraction of the hole wave function is lo-
calized on three Te atoms in the core of the acceptor
centers A, and A . So from this point of view the term
"shallow" acceptor may not be a very appropriate descrip-
tion of these centers.
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experimental errors. Furthermore, aluminium doping is
known to enhance the Ac bound-exciton luminescence.

Therefore, our acceptor A is almost certainly the C
acceptor. If it is not, it must be a very closely related
center.

E. Atomic models

It is well established that the acceptor Ac is a neutral,
single acceptor (the excited states of the exciton trapped
by Ac fit the "donorlike" model which would only be
true if Ac itself has a single hole and is neutral). Given
the similarity between the properties of the three accep-
tors Az, A, A, (and remembering that Ac and A are
probably the same center), we will assume that they are all
neutral, single acceptors.

An obvious model for a low-symmetry, neutral single
acceptor is a double accept-or single—donor -pair. That is,
the neutral center mould be an A D+ core plus a bound
ho1e. %e proceed now to develop a detailed model on the
basis of this hypothesis.

%'e recall that the acceptor 3, has precisely trigonal
symmetry. Unless we introduce models involving atoms
in interstitial sites, there is only one reasonable model giv-
ing this symmetry, namely, a nearest-neighbor associate.
That is, we locate one component of the AD pair on a Zn
site and the other on one of the four Te sites along the
(111)directions. This is illustrated on the left-hand side
of Fig. 9.

The A acceptor has C, symmetry. A simple C, sym-
metry model is obtained by placing D and A on second-
nearest-neighbor sites, i.e., on the same sublattice, as
shown on the right-hand side of Fig. 9. Or, in a less obvi-
ous model (not illustrated in Fig. 9), we could keep D and
A on nearest-neighbor sites but allow either D or A to
move off center.

A priori, the double-acceptor component A in Fig. 9
could occupy either the Zn site or the Te site. To form a
double acceptor requires lowering the valence at a lattice

site by two units. For the zinc site, this reduces the
valence to zero so the only obvious Zn-site double accep-
tor is the vacancy Vz„. On the Te site, the obvious double
acceptors would be the group-IV elements C, Si, Ge, Sn,
Pb.

There is little previous knowledge to help us distinguish
between the two possibilities. Nothing is known about
possible shallow- or intermediate-depth states of the zinc
vacancy since the identified metal-vacancy centers in II-
VI compounds are all deep centers (see Sec. VI). Nor is it
established whether group-IV impurities can occupy the
nonmetal site in II-VI compounds and thus act as accep-
tors, although there is currently a certain interest in the
possibility of this occurring in ZnTe and CdTe. In par-
ticular, a donor —Siz, acceptor pair was proposed as a
model for the Ac acceptor in Ref. 6, and Si~, has been
proposed as a model for a double acceptor in ZnTe re-

sponsible for a bound-exciton line labeled A~. ' How-
ever, these models are only suggestions, based on chemical
analyses that show Si as a frequent contaminant of ZnTe.
As regards the heavy tetravalent atoms M=Ge, Sn, Pb,
we note that these are frequently found to act as metal-
site donors in Zn Te and CdTe, whereas it has never been
shown that they can occupy the Te site. We hesitate to
reject entirely a Snz, or a Pbr, model because the hyper-
fine splittings described in Sec. III appeared at first sight
to correspond to interactions with Sn or Pb isotopes.
However, our present opinion is that the vacancy model
gives the best explanation of all the data and we will now
concentrate on this model.

We first consider the "chemical" evidence that supports
the zinc-vacancy model. The A, and A centers are
found in ZnTe doped with the donor impurities Cl and
Al, respectively. Now vacancy-donor associates Vz„C1&,
and Vz„Alz„would have trigonal and mirror symmetries,
respectively, which is precisely what is required. These
two types of vacancy-donor associates are represented in
Fig. 10. On the other hand, in the Te-site acceptor model,
there is no obvious link with the doping characteristics.
A M&, CI~, associate would have C, symmetry, instead of
the C3 symmetry observed for the center in ZnTe:Cl, and
a M~, Alz„associate would have C3 symmetry instead of
the required C, symmetry (unless the Al, being small,

FIG. 9. Two geometrical configurations of a double-acceptor
single-donor pair AD in the zinc-blende lattice. Left-hand side
configuration has C3 symmetry as required for an A, center
model; right-hand side arrangement has C, symmetry as for

; a priori, the acceptor A could be on either a Zn site or a Te
site.

FIG. 10. Proposed models for the A, and A acceptor
centers in ZnTe. A Zn vacancy is associated with a Cl impurity
on a Te site in the A, center, with an Al impurity on a Zn site in
the A center. Black spheres represent Te atoms.
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were to go off-center).
Second, we consider the spectroscopic evidence. We re-

call that the observation of an additional, weak hyperfine
satellite strongly suggested that the hyperfine structure
corresponded to interaction with three Te nuclei (Sec. III).
In an acceptor center, the hole will be localized mainly on
tellurium atoms and so we expect a strong hyperfine in-
teraction with the three Te of the base of the tetrahedron
containing the vacancy in Fig. 10. These three nuclei
would have identical hyperfine tensors in Vz„Clr, and
could well have nearly equivalent tensors in Vz„Alz„since
the Al is far enough away not to render the three nuclei
strongly inequivalent. (In Vz„Alz„, there is of course a
fourth Te nucleus next to the vacancy, but the neighbor-
ing Al+ donor core will repel the hole-density away from
the vicinity of this nucleus. )

Thus, the experimental results strongly support the con-
clusion that the low-symmetry acceptors found in donor-
doped Zn Te are zinc-vacancy —donor-impurity associates,
although we cannot entirely rule out other models, in par-
ticular complexes involving Snr, or Pbr, .

VI. IMPLICATIONS OF THE Vz,D MODEL

If it is correct, the vacancy model has very surprising
implications because the electronic properties of the va-
cancy in ZnTe would then be very different from those of
equivalent defects in ZnS and ZnSe. In this section we
discuss these implications (evidently, if it were to be
shown at a later date that the model is false, the com-
ments in this section become null and void).

Defects of type Vz„D, where D is a group-VII donor
(Cl,Br, etc. ) or a group-III donor (Al, etc.) have been
known in zinc sulphide and zinc selenide for a long time.
These centers, called "A centers, " were initially identi-
fied by their EPR spectra. It was found that the A
centers were implicated in the "self-activated" lumines-
cence ' of ZnS and ZnSe. ODMR experiments finally
proved that the self-activated luminescence is a D-
A —type emission resulting when the electron of a distant
shallow donor recombines with the hole on the Vz„a
complex

The results of this very large body of work on ZnS and
ZnSe show clearly that the A centers in these compounds
are very deep centers, that is that the hole is strongly
bound and very highly localized. In fact, it is localized to
the maximum extent possible, being concentrated on to
just one of the S or Se atoms neighboring the vacancy. In
an ionic model of the crystal, this extreme localization
converts an S or Se ion to an S or Se ion. The lo-
calization on a single atom„which lowers the symmetry of
the center below that of the trapping defect, is considered
to be a manifestation of the pseudo-Jahn-Teller effect.
It can be viewed as a polarorric effect, that is the localized
hole is a trapped "small polaron. "

A very important consequence of the high localization
of the hole and of the additional symmetry lowering in
the ZnS, ZnSe A centers is that the orbital angular
momentum of the hole is strongly quenched. This leaves

a state which is, to first order, a "pure-spin" state, that is
one with g factors near the free-spin value g =2.

Nothing of the kind appears to occur in ZnTe if centers
A, and A are identified as analogues of the A centers
(and if an early attribution of an A-type center in ZnTe is
excluded ). First, the A, and A centers are clearly very
much shallower than the A centers in ZnS and ZnSe.
Secondly, the hole retains the full C3 symmetry of the
trapping defect Vz„C1 in the A, center and is approxi-
mately uniformly distributed over three Te atoms in the

center.
We consider A, and A to be relatively shallow accep-

tors rather than deep centers for several reasons. Firstly,
the ionization energy of the A center (deduced from the
energy of the yellow emission), E~-190 meV, is compar-
able to that of copper (E; =149 meV), which is usually
considered to be a shallow acceptor in ZnTe. Also, the
yellow emission band is narrow (-0.1 eV wide), that is
the phonon coupling is weak. Finally, the g factors of
both A, and A centers seem appropriate to the shallow-
acceptor theory (Sec. V 8).

On the other hand, our acceptor centers are clearly not
hydrogenic acceptors. The ionization energy E; 0.2 eV
is considerably higher than that of acceptors considered to
be nearly hydrogenic (e.g. , lithium, with E;=61 meV).
Also (see Sec. V 8), the J= —', g factors are different from
those of hydrogenic acceptors and (see Sec. V C) the large

Te hyperfine interactions imply that the hole wave
function has a density much higher than the hydrogenic
value in the core region. Thus, it could be more correct to
consider the A, and A centers to be of intermediate
depth, that is centers whose properties are considerably
modified by core corrections.

Nevertheless, these centers are in no way comparable
with the A centers in ZnS and ZnSe, which give very
broad (that is strongly phonon-coupled) emission bands at
energy far below the band-gap energy. We suggest two
reasons for the unusual properties of the A centers in
ZnTe compared to those of previously known A centers.

Firstly, because ZnTe is less ionic than ZnS and ZnSe,
there will be less interaction between the positive charge
of localized hole and distortions of the surrounding shells
of metal and nonmetal atoms. That is the strength of the
polaronic coupling, tending to localize the hole on to a
single atom, is reduced. In Schirmer's description, it is
this coupling that drives the pseudo-Jahn-Teller distor-
tion.

Secondly, spin-orbit interaction is very strong in the tel-
luride (as demonstrated by the large spin-orbit splitting of
the valence band: 0.9 eV). A pseudo-Jahn-Teller distor-
tion would need to mix states split by the spin-orbit in-
teraction, so this interaction may help to stabilize the va-
cancy against the distortion.

It has been suggested (e.g., Refs. 36 and 37) that the
pseudo-Jahn-Teller distortion contributes a large fraction
of the phonon coupling of the recombination emission and
a large fraction of the hole-binding energy for zinc-
vacancy centers in ZnS and ZnSe. Thus, in conclusion of
these comments, we suggest that it is not surprising if the
absence of such a distortion in the ZnTe case leaves a
much shallower- level with only weak-phonon coupling.
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VII. CONCLUSION

A considerable amount of information has been ob-
tained about the magnetic and optical properties of these
neer and interesting acceptor centers, A, and A~, in zinc
telluride. The data obtained has led us to suggest zinc-
vacancy donor-impurity associates as models for these
centers. Further work is needed to give a definite proof of
these models. In particular, optically detected electron-
nuclear double resonance (ODENDOR) experiments of
the type described in Ref. 14 could be very helpful for
learning more about the hyperfine interactions, but
present serious technical difficulties.

The implications of our models for the electronic struc-
ture of the zinc vacancy in ZnTe have been discussed in

detail in Sec. VI. %e note in conclusion that the proposed
identification of zinc-vacancy centers in donor-doped
ZnTe could be of importance in understanding the chem-
istry of this compound. It suggests that part of the diffi-
culty in producing n-type ZnTe may be due to compensa-
tion by zinc vacancies acting as acceptors. (This idea was
common at one time but fell into disfavor when it was
shown that the emission bands once attributed to vacan-
ries actually correspond to the acceptor impurities lithium
and copper. ) As is well known, appropriate reducing
treatments can remove the vacancies that compensate the
donors in ZnS and ZnSe, so it could be worthwhile reex-
amining the possibility that similar treatments could con-
vert donor-doped ZnTe to n type.
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