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Electronic structure and migrational properties of interstitial zinc in ZnSe
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We report optically detected electron paramagnetic resonance via photoluminescence in Zni8esiifter
4.2 Kirradiation with 2.5 MeV electrons. The isolated interstitial is identified inThsite surrounded by four
zinc atoms, (Zr)}n, as well as in thel; site surrounded by four Se atoms, (m Analysis of the central
67zn and neighboring’’Se atom hyperfine interactions for the two sites, plus other considerations, allows
estimates of their second donor levels to be-dt.6 and~1.0 eV below the conduction band, respectively.
Migration of the interstitial under optical excitation at 1.5—-25 K is detected by monitoring its cyclic conversion
between the two configurations, as well as by interconversion between various close zinc-interstitial—zinc-
vacancy Frenkel pairs. The dependence of the process on temperature, excitation wavelength and intensity, and
sample history is described, and a possible model for the mechanism is prof@3&6i3-182609)16235-(

I. INTRODUCTION Here, either of two deep acceptars can be involved—a
very close Frenkel pair, labeléd, or, after it anneals out at

ZnSe, which has been irradiated with 2.5 MeV electronsan early stage 60 K), the vacancy-donor ‘“self-
in situat 4.2 K, is a fascinating system. The effect of such aractivated” center originally present in the sample. From the
irradiation is to produce a large number of intrinsic lattice detection of weak resolved hyperfine interactions with the
defects, which are frozen into the lattice at these low temeentral ®Zn (1=5/2, 4.1% abundahtatom, and ’’Se (
peratures. First observed directly by electron paramagnetie-1/2, 7.6% abundaihtatoms in the first- and third-neighbor
resonanc€EPR),! and later primarily through the use of op- shells, it has been unambiguously demonstrated that the
tically detected EPR(ODEPR via photoluminescence dominant negative signal arises from (g, and important
(PL),>® these centers have been identified and characterizagbtails of its electronic structure have been deddded.
as being zinc-interstitial-zinc-vacancy Frenkel pairs withsecond weaker negative signal was also observed. Its identi-
varying intramolecular separations. Most of the observed Plication was not as clear in this early work, and hence it was
bands arise from radiative electron-hole recombination in théabeled as<. However, evidence was presented to suggest a
700-1100 nm region involving the zinc-interstitial donor andtentative assignment as (Z#,, where the Zfi is now lo-

its partner vacancy acceptor: cated at the oth€F site surrounded by four Zn atoms. In the
L oo present paper, we will unambiguously confirm this identifi-
Zny +Vza—Zni " +Vz, +hy, (1) cation and deduce important details concerning its electronic

B ) structure. In Fig. 1, we summarize in an energy-level dia-
where the Zji andV, centers are paramagnetic. The above
reaction has been found to be appropriate for four very close v
ODEPR pairs labeled — D (strongly exchange-coupled into w  (En)s,  (@n), D A
S=1 emitting systems many at intermediate distances, la- 0
beled X;—X,o (less strongly exchange-coupled donor- - .
acceptoiS= 3 pairs, to pairs which are so “distant” that the +
exchange interaction is approximately zero. For all these
. . . . . . . + 4
centers, the evidence indicates that the zinc interstitial is lo- Pai . 625 nm
. . . airs 0 /
cated at theT, site with four nearest-neighbor Se atoms, 200-1100 nm

which we denote (Z)ge.
In addition, zinc interstitials can also be observed which ~p»~ T
are so far separated from their companion vacancies that they =L _
are for all practical purposesolated In contrast to the pairs 5
above, these centers are observed via a competing spin- E
v

dependent recombination process,

(Z”i)+ + DO_’(Z”i)O+ DY, ) FIG. 1. Schematic of the energy-level positions within the band
. . 4 . . . gap of ZnSe for the isolated vacan®y,, the isolated zinc inter-
WhICh producesmeogatlve(Zni) ODEPR S|gn%ls in rad|§1t|ve stitials (ZN)se and (Zn)5,, the shallow donorD, and the deep
distant shallowD"™ donor to deep acceptod~ recombina-  5cceptord. The solid wavy arrows indicate observed radiative tran-

tion at~625 nm, sitions, the dashed arrows competitive processes, and the dotted
arrow the as-yet unobserved transitions for;jZgprelated Frenkel
A+ D A" +D " +ho. (3)  pairs.
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gram the relevant transitions of Eq4)—(3). 10 5

Recently, in a preliminary report, we cited evidence that ] 'ﬁ./l\___d_,.\-
) AT . ] B
the interstitial zinc atom could be made to migrate under ] '»/‘\'/”4\' A

optical excitation at cryogenic temperatufeSuch a phe-
nomenon falls under the general categoryetombination
enhanced migratiotREM),® where a large concentration of
injected electrons and holes or direct optical excitation leads
to motion of a relevant defect. Mechanisms suggested for
REM include a charge-state-dependent energy barrier for dif-

Larl .
[9lw]

(X5)
Dist (Zn)

— e
L4

+
Se

ODEPR INTENSITY (arb. units)

fusion, or energy release processes where the excitation en- 3((8
ergy supplied to a defede.g., from electron and/or hole X'°
capture, or direct optical excitatipris nonradiatively con- 0.1 %
verted into kinetic energy that helps it to surmount its migra- X:
tion barrier in either its ground or excited st4t&.In addi- %
tion to being of fundamental scientific interest, the oy
observation of efficient recombination-enhanced motion for T+i25 ki 15K 4.2 K
interstitial zinc clearly has technological ramifications re- 0.01 LT m—=i=——476m e
garding degradation of ZnSe-based laser devices. R 0.3 0.6

In the present paper we will describe the experiments
which have led to this conclusion, exploring in detail the
various thermally and optically induced kinetics for the in-  FIG. 2. ODEPR signal intensities of various Frenkel pairs after
terstitial migration and its consequent effects on the Frenkelyo 25 K anneals with 458 nrt22 mW) excitation, and subsequent
pairs. Critical to the interpretation will be the identification 458 nm(22 mW) and 476.5 nm(47 mW) excitation at 1.5 K and
and new electronic-structure information concerning the4.2 K, as indicated.

(Zn) 7, interstitial site. We begin the paper with a brief out-

line of the experimental aspectSec. ). Then, in Sec. llI The samples studied were single crystals cut from boules
we describe, in various subsections, the experimental resultgrown by vapor transport in a sealed quartz ampoule, and
including the effect of alternate electronic excitation andsupplied either by the G. E. Research and Development Cen-
thermal annealing on the individual pairs, the identificationter or Phillips Laboratory. The samples will be referred to as

and electronic-structure determination of (n, and the GE or PhL, respectively. Unless otherwise stated, the experi-
kinetics of the back and forth diffusional jump between thements were performed on the as-grown high-resistivity

two interstitial sites. In Sec. 1V, we discuss the various re-n-type crystals. In one case, to be specifically noted, a zinc-
sults and their interpretation, and in the final section, wefired low-resistivityn-type sample was also studied.

provide a brief summary of what has been learned.

DOSE (kJ)

Ill. EXPERIMENTAL RESULTS
Il. EXPERIMENTAL PROCEDURE A. Frenkel pair conversions

The experimental setup used to obtain the data described After electron irradiation of a high-resistivity as-grown
in this paper is identical to that of earlier ODEPR wérk, sample at 4.2 K, the complete set of Frenkel pairs previously
which should be referred to for details. Briefly, the experi-reported A—D very closeS=1 exchange-coupled pairs,
ments were performed at 20 GHz in an EPR spectromete¥; — X,, €xchange-couple8= 3 pairs of progressively in-
capable ofin situ 4.2 K electron irradiation with 2.5 MeV creasing separations, and distant pairs for which the ex-
electrons from a Van de Graaff accelerator. Subsequenthange is undetectabfeare observed. Examples of the
ODEPR experiments were accomplished by inserting intdDEPR spectra of these centers are shown in Figs. 6 and 7
the TEy;, microwave cavity a capillary tube which served asof Ref. 2. Under the normal low power laser excitation
a light pipe to extract the photoluminescence, and througli=3 mW) for the PLODEPR studies at 1.5 K, the intensity
which is threaded an optical fiber which allowed for the of each is quite stable, showing little evidence of change
sample(which is located a few millimeters below the light over many days of study. However, optical excitation at
pipe) to be photoexcited. The sample was immersed in~25 K produces significant changes, as illustrated in Fig. 2
pumped liquid helium £1.5 K) during such experiments. for representative members of the pairs. Little change is seen
The excitation was supplied primarily by the 458 nm orfor the A—D very close pairs, substantial decreases are ob-
476.5 line of an argon ion laser and the luminescence deserved for the intermediate pairs, while the well separated
tected by either a silicofEG&G 250 UV) or cooled germa- coupled pairs first increase and then decrease. The intensity
nium (North Coast EO-817Sliode detector. The microwave changes of the individual intermediate pairs also differ, de-
power was on-off modulated at various audiofrequenciesgreasing by a factor of~2X to as much as 5. Shown, in
and synchronous changes in the luminescence were detectaddition, is that continuing with prolonged excitation at 1.5
via lock-in detection. Different choices of experimental con-K also produces further changes, albeit more slowly. From
ditions such as magnetic field orientation, modulation fre-this, it is clear that one of the two constituents—the zinc
quency of microwaves, and wavelength of excitation lightvacancy or interstitial—must be migrating at these tempera-
were used to optimize the detection of the various centergures, and the general pattern strongly suggests that the net
More details can be found in Refs. 2 and 3. flow is one of separation.
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Another interesting observation results when the initial 10
electron irradiation is performed with the beam aligned along ]

a crystal[111] or [111] direction. As demonstrated in the n”/ B [17]
previous studie this produces preferential alignment of the 81
various pairs with respect to the beam direction, a result of ]
the primary displacement process. This initial alignment,

which can be monitored directly from the ODEPR intensities
of the differently oriented pairs, is observed to exist for all of

Q
the prominent defect pairs, up to even the most distant pairs \ __

with no resolvable exchange splittingdhe Coulomb inter- Voo b A
action is still important for the most distant pairs; hence, the g——%"@“

ODEPR INTENSITY (arb. units)
5
1

hole on the vacancy preferentially locates on its Se neighbor o] adig
that is farthest removed from the positively charged intersti- A [111)
tial. The vacancy anisotropy therefore reveals the direction 1 '\ A [171]
of its companion interstitial. 0 i
During the optically induced rearrangements and separa- ' /6 400 800
tiqn that are occurring, no significant chqnge in_the degree of (@) 42K b)150 K () TIME (MINUTES)
alignment is observed for any of the pairs. This remarkable e-irrad. dark
result reveals that in the diffusion process, the direction vec- ) N )
tor separating the pairs does not significantly wander be- FIG- 3. The ODEPR intensities of close pais B, and D,
tween the spatial quadrants around each of(thil) direc- ~ Which are aligned along tHet 11] or [111] directions of a crystal
tions, the motion therefore being weighted in the direction of(a) after an electron irradiation alorig 11]; (b) after a subsequent
separation. anneal in the dark to 150 K; ar{d) vs subsequent optical excitation
Now let us concentrate on conversion between the veryith 458 nm(27 mW powey at 1.5 K.
close pairs. We first thermally anneal to 150 K in the dark,
which, as has been previously demonstratedeferentially In the n-type Zn-fired sample, strond—D close pair
removes the andC spectra, leavind® andD and all of the  signals were also produced by electron irradiation. However,
other pairs essentially unchanged. Next we illuminate then that sample, it was found th&t and B anneal together at
sample at 1.5 K with 458 nm light, and monitor the ODEPR150 K. It was therefore not possible to study & A con-
spectra. As shown in Fig. 1 of our previous publication, version for it. In addition, the more distant pair and isolated
spectrumA progressively reemerges with a correspondinginterstitial signals were very weak in this sample and there-
1:1 decrease iB. This result suggests strongly thAtis  fore no systematic attempts to study their evolution versus
being regenerated by conversion fradnThe conversion is optical excitation, as in Fig. 2, were attempted. We will dis-
not complete, saturating in those results at the fixed raticuss more experiments on this sample in Sec. Il E 3.
A/B ~0.7, revealing that the conversion process goes in
both directions, i.e.B=A. Here we were apparently moni-
toring directly the one-jump process between the two con-
figurations, which occurs even at 1.5 K. The time constant In Fig. 4@, we show the isolated interstitial (24,
for the conversion at-25 mW excitation was measured to PLODEPR signal. As discussed in the Introduction, its nega-
be ~330 min. tive signal arises from a shallow donor to;Zmecombina-
The sample used in that study was a PhL one that hation, Eq.(2), which competes with the 625 nm shallow donor
been electron-irradiated and subsequently annealed to roota deep acceptor recombination luminescence being moni-
temperature several times before electron-irradiating it agairtored, Eq.(3). In the earlier studie$the hyperfine structure
In Fig. 3 of the present paper, we present the results of af "’'Se (=1/2, 7.6% abundahtcould be resolved for the
similar study for a GE sample, which had a significantly four nearest neighbors, and partially resolved for the third-
lower prior accumulated dose. For this experiment, the indinearest-neighbor shell, confirming thatZoccupies the in-
vidual pairs were initially aligned as a result of electron ir- terstitial site surrounded by four Se atoms. The presence of
radiation along the crystgl111] direction. Shown in the the on-center Zn atom was confirmed by the detection of
figure for bothA and B are the measured intensities of the weak isotropic satellites of its central isotropic ODEPR line
defects for each which are aligned along the beam directiodue to hyperfine interaction with th8zn (1=3, 4.1%
as well as those along a differefit11) direction. The addi- abundantnuclear isotope of the central atom. This required
tional important information contained here is the observamultiple signal averaging, since the intensity of edn
tion that A reemerges with the same sense of alignment asatellite is only~0.7% of the central line.
before the anneal. Subtracting the initial concentratioi,of In addition, a second isotropic but weaker negative reso-
the alignment in the freshly generatédsignals is within nance with a slightly largeg value is also observed. This
accuracy equal to that observed Bn confirming again the signal was labeleX in the earlier studies. Shown in Fig(b}
1:1 correspondence. We note further in the figure that for thigs the interesting result of 458 nm illumination at 25 K, fol-
sample, th8— A conversion rate is approximately the samelowed by a rapid cooldown to 4.2 K. Theésignal has grown
as for the PhL sample;-360 min, but theA/B saturation  significantly and is now the dominant one, the (Zgsignal
ratio appears smaller;y 0.25. having decreased in proportion. This 1:1 conversion provides

B. Identification of (Zn;) 2,
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FIG. 4. The ODEPR spectra of the isolated zinc interstitials MAGNETIC FIELD (T)

(Zn) 4. and (Zn)3, with B||{100). (a) After anneal at 25 K in the

dark, the (Zg) &, signal is dominant(b) After 458 nm illumination ; .
. . houlders are due to the Se shell at second-nearest-neighbor posi-
25 K, the (Zn)3 | N S ghbor p
at 25 K, the (Z), signal dominates. In botfa) and(b), observed tions, as indicated by the darkened atoms in the inset. The solid line

satellites arising from hyperfine interaction with the centrgl idn is a fit of the dat ing identical L tzian li h for th
are circled. Also shown for comparison are the theoretically pre-Is afit ot the data assuming ldentical Lorentzian fine shapes for the

dicted positions for all of the satellites, calculated using the relevan(f‘?mralha_ng_s_egdI'lni lines. The dashed curves show the contributions
67Zn hyperfine parameters listed in Table. I. ot each individuat fine-.

FIG. 5. The central (Z)3, ODEPR signal withB||(100). The

) . ) where the first term describes the isotropic electronic Zee-
a strong clue thak also arises from Zn but in a different  man interaction in a magnetic fieB and the second term
lattice configuration. Taking advantage of this newly discov-gescribes the hyperfine interactions with the cenfidn
ered ability to increase its intensity, it becomes possible nowtom nucleus and neighborifgSe nuclei. For the neighbor-

to perform the same critical hyperfine interaction measurejhg 77Se atoms, the hyperfine interaction is found to be
ments on it. During the many required signal averaged rung|psely axially symmetric with

at 1.5 K, it was found that a slow reverse conversion back to

(Zm) $owas occurring. It was necessary, therefore, to regen- Aj=a+2b,

erateX by the 25 K optical excitation process periodically (5)
during the runs. In a subsequent section we will study the A, =a—b,

kinetics of these changes, but we concentrate here first on the

identification ofX. wherea is the isotropic parth is the anisotropic part, and the

The results of the many signal averaged runs are shown iaxis reflects the direction from the site to the central intersti-
Fig. 4 , where the spectra are shown under higher gain in thgal zinc atom. The relevant parameters are summarized in
regions free of overlap with unrelated spectra when eitheTable I, which also includes for comparison the previous
one or the other of the two interstitial-related spectra iSexperimentaI data on (Z)ge'
dominant. ThatX does indeed arise from interstitial zinc is  The hyperfine interaction with the centrffZzn nucleus

confirmed by the observation of three of the six expectechroduces six (2+1) satellites, whose positions, determined
%7Zn hyperfine lines, which can be seen in the figure to corfrom the three detected, are indicated in Figh)4The inter-
relate in intensity with that of the central line, as it changesaction is isotropic, consistent with thE; symmetry of a
between(a) and (b). Shown also in(@) are two of the corre-  (zp,), site. The resolved structure on the shoulders of the
sponding satellites for the (2, signal, which now emerge central line, Fig 5 , matches well with the intensities pre-
when the (Zp ¢, central line is strong. Shown in Fig. 5, on dicted for a total of six’’Se nuclei. These are identified to
an expanded magnetic field scale, is additional satellite strudse due to the six Se second-nearest-neighbor atoms which

ture on the shoulders of the central line. _ are equidistant in each of the {200 directions from the
The positions of the central line and its satellites can be ficentral (), ion. Consistent with this, angular dependence
by the S= ; spin Hamiltonian studies reveal that the interaction for each has axial symme-

try about its correspondingl00) axis? The data in Fig. 5,
which were obtained wittB parallel to a(100) axis, should
_ hence be made up of contributions due to two equivalent
H= B-S+ I.-A;-S 4 D ! . . .
9rs 2,: o @ nuclei with effective hyperfine interactio®, and four



8632

K. H. CHOW AND G. D. WATKINS

PRB 60

TABLE I. Experimental spin Hamiltonian parameters for isolateq Zi the two interstitialTy sites in
ZnSe, compared to estimates from theory. The numbers in parentheses represent the error estimates in the last
digit of each entry. The hyperfine parameters are given in MHz.

(ZM) se (Zn)zn
Expt? Theory Expt Theory
g 1.99644) 2.00645)
a(®zn) 108815) 1078° 1067°¢ a(%zn) 14258) 1252P 1739¢
a("’se)nn 481(3) 736°355°¢
b("’Se)nn 17(3) 11P17¢
a("’sebnn 215(3) 354P 227°¢
b("'Sehnn 23(2) 20°
a("’Seknn 37(3) 55°
%Ref. 2.
bRef. 19.
°Ref. 20.

equivalent nuclei with effective interactiofh, . This is in-

deed confirmed by the relative intensity of the shoulders
compared to the central line, where the indicated match in
the figure corresponds to two and four equivalent nuclei be-

ing responsible forA| and A, , respectively. In contrast to

(Zm) 4., NO additional structure is seen on the central line

itself, which is narrower, indicating relatively weaker hyper-
fine interaction at the fourth, and more distant neighbi@e
shells.

2

Gj=‘1—§ ¢;*(0)f $rdv| . (8)

We use the experimental isotropic part of the hyperfine
constantsa; to estimate|y(r;)|? using

_(ApPT2(A);  16m

M

These results demonstrate Unambiguously therefore th%hereﬂl andlj are the nuclear magnetic moment and Spin

as tentatively suggested in previous wéfkthe so-calledX
center is indeed (Z)y,, located at thel 4 site surrounded by
four nearest-neighbor Zn atoms.

C. The electronic structure of (Zn;)7,

The central®’(Zn;)3,, hyperfine interactiori1425 MH2 is
31% greater than that fot’(zZn;) <, (1088 MH2), indicating

of the jth nucleus whilgug is the Bohr magnetorG; can be
calculated using self-consistent Hartree-Fock functions for
the free ZA™ and S& ions 2 which can be used in conjunc-
tion with Eq. (7) to determine|®(r;)|. The results for the
central zinc atom and the next neighbor Se shell for,\Zn

that the unpaired electron is more highly localized on it, and
that its corresponding second donor ley¢l/++) is there-
fore deeper in the gap. To pursue this point further, we pro-
ceed, as was previously done for (Zf, to treat the electron
as bound in a spherically symmetric envelope function which
is orthogonalized to the ion cores of the atoms. The advan-
tage of such an approach is that it can provide an approxi-
mate guide as to the binding energy of the electron to the
interstitial and hence the level position in the gap.

As discussed in more detail in Ref. 2, orthogonalizing an
envelope functionb (r) to the ion cores of the lattice atoms
gives for the electron wave function

$(r)=N cb(r)—]Z B (PPN, (6)

where ¢ denotes thexth core orbital of atonj andN is a
normalization factor. Assuming the envelope function to be
slowly varying over the extent of each of the core orbitals
leads to

3/2
)

Lo

|®(r)

[(rj)|>=GjN?[d(r))?, (7)

where

FIG. 6. The amplitude of thé(r) envelope wave function for
(Zm)3, (closed circlesdeduced from hyperfine interactions and its
corresponding fi(solid line) as described in the text. The (Z&,
results from Ref. 2 are reproduced here for compariédosed
squares and dashed line
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are plotted in Fig. 6, and are compared to the values deter- 101 m
mined for (Zn)<,. For each, the straight line corresponds to i
a simple exponential dropoff, which, in turn, leads to a
straightforward determination dfl [0.81 for (Zn)5,, 0.93
for (Zn;)&J, which has been used in the evaluationdeffr;). 0.8+ \ /
As in the previous publication, we assume the one- *g
electron envelope wave function for the unpaired electron of §
Zn" to be similar to that of &=2 hydrogenic atom in a E 0.6+
uniform dielectric and, furthermore, that, for such a tightly & \
bound state, the electron mass should be close to the free 5 }.‘
electronic valuem. The solution is hence O 54-
© P
1 2
-_ _ Q ' Y
P et (1) (wag)“?eXp( r/ap), (10 g i /,,
with a binding energy y
J + . +
omée* 0.0 .,’ (Zni)Se — (Zni)Zn
E=—— (1D : : : : : :
&t / 0 400 800
and Bohr radius (@) 25K (b)25K (c) TIME (MINUTES)
DARK 458 nm
eh? h . " . . i
Qp=——"=—. (12) FIG. 7. The two isolated (Zh" ODEPR signal intensities after
2mée  2mE (@) 25 K anneal in the darkp) subsequent 458 nm excitation at 25

K with a rapid cooldown to 4.2 K, an¢t) vs subsequent accumu-
The slope of the straight line for (Z)rfn gives ag lated dose of 458 nrfpower 27 mW light at 1.5 K.

=1.44 A, corresponding to an effective dielectric constant
£=5.4 and a binding energy of 1.8 eV. Note that as expectedonversion between the two sites and back constituting a
for a tightly bound stateg is close to the high-frequency single diffusion jumpeach site representing an intermediate
value e,,~ 6. This result, when compared with that obtainedposition from which a return jump carries the atom to four
for (Zn;) &, by the same method of 1.2 eV, suggests that theossible choices of the other.
second donor levelt/++) for (Zn;)z, could be as much as  Keeping in mind that the intensities of both (&, and
~0.6 eV deeper than that for (.. This has been incor- (Zn;);, remain unchanged in the dark at 4.2 K and below,
porated in Fig. 1. An alternative estimate BE—0.9 eV, these observations demonstrate that both the;)gZn
suggested to perhaps be more accurate, was also made fer(Zn;)z, and (Zn)z,— (Zn;)se processes are being pro-
the (Zn) <, level in the earlier work by considering the pho- duced by the optical excitation. The two rates are roughly
toluminescence energy of one of the Frenkel pairs whoseomparable at 1.5 K. However, their temperature dependen-
separation was believed to be establishégsuming a pro- cies must be different, the (9re—(Zn;)z, conversion be-
portional overestimate here for (Z§, suggests its level to coming dominant at higher temperature. A preliminary study

be ~0.4-0.5 eV lower, i.e., attE.—1.4 eV. of the temperature dependence of the;|Zi=(Zn;) s, rate
reveals no significant change between 1.5 K and 4.2 K, but

an increase of>10° already by 10 K.(The time constant
) ) . ~ measured with 250uW 458 nm excitation at 10 K is

In Fig. 7, we summarize the_result_ of sequential anneahng 1.5 min) For the 25 K optical generation of (2d,,, it is
and illumination steps on the intensity of the two;Zsig-  therefore sufficient to illuminate with a modest power for
nals. For this particular samp{6&E), annealing in the dark to only a few seconds, and quench by refilling with liquid he-
25 K completely removes the (Z)Qn signal, with a corre-  |jum with the light on.
sponding increase in the (24, signal. Subsequent 458 nm In Fig. 8, we show the rather broad wavelength depen-
illumination at 25 K with a rapid cooldown regenerates it, sodence of the (Zp);,=(Zn;) <, conversion rate at 1.5 K, ob-
that it is now the dominant one, with a corresponding de+ained at a few other convenient argon ion laser wavelengths.
crease in the (Zh<, signal, as also shown in Fig. 4, and In Fig. 9, we show the dependence of the rate at 1.5 K versus
discussed in the previous sections. Upon subsequent 458 %8 nm optical excitation power, measured on a freshly irra-
illumination at 1.5 K, slow, partial, return conversion is ob- diated as-grown GE crystal. The rate dependence is linear up
served, demonstrating that optically induced conversion octo ~2.5 mW but clearly saturates at higher power levels. In
curs in both directions, i.e., (23,2 (Zn;) <., even at this the majority of our experiments, a power level.5 mw
low temperature. By repeating each of these injection andvas used for monitoring the spectra an®7 mWw for the
annealing processes, the interstitial can be controllablgonversion process studies.
cycled back and forth many times between the two configu- The data of Fig. 7 were obtained for a GE as-grown
rations. These results unambiguously demonstrate that tteample after one anneal to room temperature and second
interstitial zinc is mobile under these excitation conditions,electron irradiation. In all as-grown samples studigé.,

D. (Zn;)ss=(Zn;) 2, conversion
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FIG. 8. The (Z§)3,=(Zn;) <. conversion rate at 1.5 K vs energy
of the exciting light. The band gaf2.82 e\j of ZnSe is also indi-
cated in the figure.

FIG. 10. Relative changes in the ODEPR amplitudes of various
(Zm) $srelated Frenkel pairs compared to those for jZnand
(Zm)3, as the sample is alternately optically excited or annealed in
the dark at 25 K. In the lower panel, for purposes of clarity, the
PhL or GB, the same conversion processes could be made ftigtensities of some of the Frenkel pairs have been shifted vertically.
occur, but with some differences. It was found, for example,
that after several room-temperature anneals and reirradia=2 5 after prolonged optical excitation and subsequent an-
tions on a single sample, only partial loss of (Zy was  nealing to=220 K to remove almost all Frenkel pair spec-
found to occur in the dark at 25 K. Complete loss requiredira, while still retaining the isolated Znspectra.
anneal to ~150 K. In addition, the optically induced
(Zm) 7,22 (ZMm) s conversion rate at 1.5 K was reduced by as
much as a factor-10. Similarly, in another sample with
significantly less accumulated prior electron irradiation dose, 1. (Zny)4,-related Frenkel pairs
the 1.5 K cyclic conversion rate decreased by a factor of

E. Additional experiments

In light of our observation that isolated (Zg, exists, it is
relevant to inquire why the ODEPR is not seen for close and
intermediate Frenkel pairs where the zinc interstitial is lo-
cated at thél'4(Zn) site. The Frenkel pairs which have thus
far been observed have all been previously identified as
(Zm) $srelated and show luminescence in the visible and
near infrared. As can be seen in Fig. 1, a significantly deeper
level position for the(+/++) level implies that even if the
(Zn)5,related Frenkel pairs also exhibit radiative lumines-
cence, their PL bands would appear at correspondingly lower
(~0.4-0.6 eV) energies, placing them further into the in-
frared, perhaps out of the range of our Ge detector
(>0.66 eV). We have therefore initiated an attempt to ex-
tend the measured range with an InAs detector, being limited
in that case by light absorption in the long quartz lightpipe
(>0.5 eV). The noise was found to be significantly greater,
and as yet our experiments have revealed no new signals.
However, there is indirect evidence that such centers do
indeed exist, as indicated in Fig. 10, which shows the
ODEPR amplitudes of various (2dgrelated Frenkel pairs

CONVERSION RATE (x 10°s™)

0 1I0 20 30 after the sample is alternately optically excited or annealed in
POWER (mW) the dark at 25 K. A small but significant correlated decrease
or increase is observed in the intensities of these pairs, par-
FIG. 9. The power dependence of the (2= (Zn;) <. conver-  ticularly for the more distant ones, as expected if “invis-
sion rate under 458 nm excitation at 1.5 K. ible” (Zn;)3,related Frenkel pairs do indeed exist, and
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whose fractional concentration partially reflects also the conresistivity n-type before and after the irradiation by monitor-

versions for the isolated interstitials. The fact that theing the shallow donor resonance directly by conventional
changes appear more evident for the more distant pairs sugPR. Unfortunately, as mentioned in Sec. Ill A, even though
gests that the perturbation of the nearby vacancy serves tbe A—D very close pair signals were strong, the intermedi-

favor the (Zril);'e site. ate and more distant pairs were considerably weaker than in
the as-grown samples, and the isolated interstitial zinc sig-
2. Luminescence associated with isolated (¢nh nals were weaker still. Apparently, it is either more difficult

to produce the more separated pairs, or they are less efficient
in their corresponding recombination processes, imthge
Phaterial.

The isolated (Zp <, and (Zn);, donors are detected as
negative signals most strongly in the shallow donor to dee

acceptor visible luminescence, E®), due to a competitive Both (Zn)<. and (Zn):, could be observed very weakly

_srpr)lln-depenldentt) electron transll‘er prociss tp thf’”."(f)hq- | with roughly equal intensities after integration with multiple
€y can aso be Seen as weaker negative signais In e Clogkans. However, except for the observation that annealing in

:Irjsdo Tc?rr: 2Itsétsan;§3\|/re:luSsl,niis\(/:veegcl:(eb?liromhguériﬁrg;?: e dark at 50 K did not appear to significantly decrease the
P ’ Zn))z, signal, no conclusions on this question could be

sources present throughout the full spectral region of the de-
) .~ made.

tectors. However, we have found no spectral region available

to our silicon and cooled germanium detectorsQ(7 eV),

where they convert to positive signals, as would occur if the 4. Conversion during electron irradiation

electron transfer process to them were radiative and domi- The possible importance of conversion processes occur-
nant in the spectral region being detect€fb increase the ing during the electron irradiation as a result of the accom-
sensitivity in one set of runs, we first removed most of thepanying ionization was also explored. To accomplish this, an
close and distant coupled pair ODEPR spectra by prolongegs_gro\l\/n PhL sample was first irradiated alonm di-

;%ﬁlgidﬁﬁigilggliz zzftivﬁ, s\?lhnl[aelss'[,g\I ;Eiz:]m;\? g()tgiﬁvgtjilr)]/ter_reCtion to produce preferential alignment of the pairs along
oL 9 9 - Again, P that direction. It was then annealed to 150 K in the dark,
stitial signals were detectgd.

In this study, we also carefully investigated the Iumines—fO"OWecj by 458 nm excitation at 25 K and a rapid
y: y 9 cooldown. At this point, the zinc interstitial was in its

was provioLsly reporied and suggestod posably to bé relalg™zn configuration, heA and C configurations were
P yrep 99 P y ostly gone, and the other pairs were still present with their

to |_nterst|t|al Z|_n02. We were able to detect the signal clearly, alignments intact. The sample was then electron irradiated in
which conveniently just misses the strong water absorption

. . ) . small steps along the opposite, i.El11] direction, and the
band in the quartz rpd_, but agam, only negat|veiQer|g-. i?tensity and alignment of the relevant defects were moni-
nals were observed in it. In addition, subsequent annealing ¥ red

the sample 10=200 K in the dark removed the 0.907 eV Close pairA was observed to grow in linearly with dose,

{;Jlenescencei ((:jom{)r:etelfy, bU:htf;ethﬂxg ;lé];al\s/ Irem_alned. but with alignmenbppositeto its initial sense and fully con-
€ can conclude, therelore, that the U. €V IUMINESCENChstant in sense and magnitude with that expected for the

is not related to isolated interstitial zinc. It remains an mter—[lll] beam direction. Since we have established in Sec. Il A

esting system, however, and is clearly intrinsic-defect "that the optically induced return & retains itsinitial align-

lated, being observed only after low-temperature electron Ir'rnent, we can conclude that during electron irradiation, the

rz_;\d|at|pn and su_bsequent f?‘””ea'*‘ﬁoo K. Furthermore, B— A conversion rate is significantly less than the primary
since its annealing properties and presence/absence do not

. + .
seem to be correlated with any of the defects involving the’ foduction rate of defech. The (Zn)s, signal was also ob-

zinc sublattice, we are left with the possibility that the ZPL is igxtraz;jti;% %\:g‘g r']':) brl:ataigtre t%;mh hrlatee OJ;:St;rtigt'oor;a}[Lgon'
due to a defect on the Se sublattice. g gnly €q

initial interstitial production rate itself. We can conclude,
therefore, that contribution of the ionization during the elec-
tron irradiation to the rearrangements and separations of the

Recent state-of-the-art local-density calculations havepairs is not significant. This implies that the initial various
been reported for interstitial zinc in each of its tigsites'*  close and well separated pairs must result from the primary
The authors find the total energy for (Jh to be identical in  collision event, the recoiling interstitial traveling these vari-
the two sites within the stated accuracy of the calculationsous distances before settling down.
Our annealing results in the dark suggest that the)gZn Additional important insight comes if we attempt a rough
configuration is actually the thermodynamically stable oneguantitative analysis of the results: Comparing the
but our ease in converting between the two configurations i$Zm) <d[ (Zn;) 7o+ (ZM) <4 ratio versus electron irradiation
clearly consistent with their relative stabilities being close.dose to that of Fig. 7 versus optical excitation dose suggests
The authors also predicted that the electron binding energg net conversion constant ef10'” e/cn? for the electron
for the neutral interstitial is~0.4 eV greater for (Zfz, irradiation versus~100 min at 27 mW excitation for the
than for (Zn)se.? If correct, there is the possibility that it optical excitation. With the sample thickness of 1 mm, ap-
could become the thermodynamically stable configuration irproximately 730 keV of electron energy is lost in passing
n-type material. through the sampté and, with E, per electron-hole pair

It was to check this possibility that a Zn-fireatype  formed2*this gives 8.X 10* e-h pairs formed in the crystal
sample was also studied. The sample was verified to be lower incoming electron. Multiplying this by the sample area

3. n-type samples
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=1.5x2.8 mnt and 13’ e/cn? gives 3<10?° e-h pairs the damage product evolution. Such a strong temperature
produced in the sample for the conversion constant. The faildependence suggests a carrier capture barrier which requires
ure to detect the ionization component during the electrorihermal energy for the carrier to overcome. Evidence of its
irradiation suggests that the conversion rate for the ionizatioimportance in the optical excitation process as well comes
alone is, say=20% of the production rate, giving thewer  from the dependence of the relatiBe=A conversion rates
limit of =1.5x10** e-h pairs required in the volume of the upon the preirradiation history of the sample, not expected if
sample for the ionization alone to accomplisk af the con-  only direct optical excitation is involved, but reflecting in-
version. On the other hand, the optical excitation of 100 mirstead the existence of competing capture processes.

with 27 mW of 458 nm excitation corresponds to a total of  Another interesting difference exists between the result of
3X 107 photons incident on the sample. Aupper limit  elevated temperature annealing in the dark and the low-
therefore, to the conversion constant for optical excitation igemperature electronically stimulated processes that we ob-
<3x 107 photons, which could occur only if all the light serve here. When annealing in the dark, the close pairs dis-
were absorbed in the crystal. This strongly suggests that th&ppear first, with each of the more distant pairs disappearing
photons are more effective than they would be if they simplyprogressively at higher temperatures according to their
produced ionization, which is again limited to a maximum of separatiorf. When the isolated interstitials finally disappear,
onee-h pair per photon. no evidence of the normally stable isolated vacancies re-

This tells us that it is not the ionization accompanying themains. As pointed out in this earlier study, this supplies
optical excitation that supplies the dominant mechanism fostrong evidence of inward collapse and annihilation of the
migration at 1.5 or 4.2 K. Instead, direct optical excitation inpairs, as the migrating positive interstitial is drawn toward
the broadband indicated in Fig. 8 must be involved. On thehe negative vacancy, as expected. The result we find for the
other hand, there is strong evidence that the rapid increase gptically induced interstitial migration here is the reverse.
the process at and above 10 K reflects the increasing effedhe closest pairs are the most stable and the interstitial
tiveness of ionization with temperature. This comes fromclearly migrates away from the vacancy.
early EPR studies, where the production by electron irradia- This suggests that during the REM process, the strong
tion at 20.4 K produced the closest pairs linearly and isolate@Coulomb attraction is absent, which is best explained if the
zinc vacancies quadratically versus doskhis is fully con- interstitial is in its neutral, or even possibly negative, charge
sistent with the observation presented in Fig. 2 for opticaktate.(The zinc vacancy is not believed to possess a neutral
excitation at 25 K, where the closest pairs are relatively moretate in the gap) Before pursuing the consequences of this
stable but the others are quickly swept apart. idea further, however, let us first consider two other pieces of

evidence that may be related) Consider the fact that the
migration jump has been established to be from one tetrahe-
IV. DISCUSSION dral site to another. This is a surprise because, in either
site, only breathing &) vibrational modes are expected to
be stimulated by changes between charge states+, and

Previous studies have established that the zinc interstitid), the ground states all expected to ®states A;). Such
is stable in the dark up te- 240 K, from which an activation modes supply no off-center “kick” in the diffusive direction
barrier for diffusion of~0.6—0.8 eV could be estimatéd. upon electron or hole capture. There could be substantial
We have shown here, however, thgptical excitation at breathing mode relaxational changes, but in the notation of
even as low as 1.5 K can cause it to migrad@d we have Stoneham, the “accepting” and “promoting” modes are
established further that the specific motion involved is that obrthogonaf If, however, electron capture is into an excited
hopping back and forth between the tetrahedral sites surp-orbital (T,), which, in turn, goes deep as it undergoes a
rounded by four Se atoms and those surrounded by four Ztrigonal (T,) Jahn-Teller distortion, the interstitial atom
atoms This REM process is temperature independent up t@ould get the appropriate “kick.” A well studied example of
~4.2 K, i.e.,athermal but its rate increases rapidly above. this is the double donor Ag antisite in GaAs(the EL2

The migration can also be stimulated by electron-hole recentej, whose off-center metastable configuration for its
combination accompanying the electron-irradiation-producedieutral state has been described in this mariieklterna-
ionization, as clearly evidenced in the early EPR studies fotively, of course, there could be a deep off-center configura-
which the irradiations were performed at 20.4' Klowever, tion associated with aegativecharge state for the defect,
we find here that at 4.2 K, the contribution of the enhancedimilar to theD X phenomenon, where the large lattice relax-
migration processes during the irradiation can be ignoredtional energy gain of its normalstate overcomes the Cou-
with respect to the initial damage recoil production. Thislomb electron-electron repulsion and provides the deep bind-
leads to the interesting conclusion, not at all obvious at théng for the extra electron(ii) In no spectral region is the
outset, that after a 4.2 K irradiation, the distribution of the ODEPR spectrum of either interstitial positive, suggesting
various Frenkel pairs, from close to distant, is the result othat the donor to (Z)" recombination of Eq(2) is either
the initial Rutherford scattering everihe recoiling intersti- nonradiative or at least Stokes-shifted out of our detector
tial traveling the indicated distances before coming to rest range.

Our studies further indicate that &t4.2 K, optical exci- These three observations all appear consistent with the
tation is more efficient than ionization in producing the in-idea that the motion is stimulated by electron capture by
terstitial migration, but that in the 10—25 K region where the(Zn,)* into an excited state of (2)?, which Jahn-Teller
rate greatly increases, it increases for both processes, wittistorts, giving the interstitial atom an appropriate “kick”
ionization therefore beginning to play an important role intoward the other site in itseutralcharge state, and diverting

A. Zn; migration mechanism
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a substantial part of the recombination energy from luminesvarious pairs, such as that A= B studied here, can poten-
cence to the kinetic energy of the atoms as they are propelleihlly supply critical additional information concerning the
to their new equilibrium configuration. Modern state-of-the- proper lattice assignments for the pairs. Such studies in the
art local-density calculations have displayed remarkable suduture would be valuable in this regard.

cess in theDX and EL2 problems®’ and it would be

highly desirable for similar calculations to be performed for

interstitial zinc in ZnSe to test this idea. D. Electronic structure of (Zn;)* in the two sites

Let us now consider what has been learned about the
properties of isolated (Z)y,. Its increased central hyperfine
B. (ZNn;) zn— (ZN;) e cOnversion in the dark interaction and the more rapid dropoff versus distance for its
neighboring Se atom hyperfine interactions compared to
(Zni)ge clearly indicate that its electron is more tightly
ound, and correspondingly, its second donor lévdH-+)
deeper. This result has already been incorporated sche-

The detailed mechanism responsible for the ;{Zn
—(Zn;)ge conversion in the dark at 25 K is not clear. It
cannot be simple thermally activated motion over a smal
barrier because in material which has accumulated sever atically in Fig. 1. From the slope of the radial dropfig.

previous irradiations, only partial con\{e_rsion occurs and it i56) the (+/++) second donor level positions were estimated
necessary to anneal t0150 K before itis complete. Inthe "\ "o = 15 Gy for (ZN)se and ~Ec—1.8 eV for
i C : Se Cc :

pﬁggi.m?;\?vﬂagégs |2c5)t "i’}[pﬁ:ée:éﬂ;tirg:;%uer:nazigégltsﬁét'n Zn;)z,. Strictly speaking, the slopes should reliably reflect
9 p'es, e level positions only for the tail of the envelope wave

nealmgzat:70 hK n thhe dark actuallg ?erves .tﬁ .gerc]fratefunction, well removed from the core, so our estimates here
some (Zg)z,, where there was none before, with its ISaP-can actually serve only as approximate guides. Still, it is

pearance upon subsequent anneal &80 K. We aré ineresting to compare these to the recent state-of-thabart
tempted to conclude, therefore, that the processes somehquiiis |ocal-density theoretical calculations for the zinc
reflect capture of carriers that are being released at these 10W;ostitial11 12 There. the second donor levels were esti-
temperatures, the capture being less efficient in competitiomated to be aEy+ 1'47 eV andEy+1.03 eV, for (Zn)s

. . ’ I e

with defects accumulated from the previous irradiations, anqmd (zn) respectively. With the band-gap of 2.82 eV
their effect upon the charge occupancies of other defects, etg,age WOLZJTC’I correspond éc_ 1.35 eV ancEq— 179 eV

The logical choice for the 25 K anneal is the release of elecy, 1omarkable agreement with the estimates deduced here
trons trapped at the shallow donors after optical excitationg. o the wave-function dropoff

which, at ~Ec—0.027 eV.® should be occurring in this However, this apparent detailed agreement must be con-
temperature region. This could be consistent with the appagjgereq to a large degree accidental, because such local-
ent lack of the effe_ct Im-type material if there the intertsti- density calculations also inevitably contain substantial uncer-
tials were already in their neutral state before the anneal. tainties when estimating level positions in the band gap. For
example, the band gap in the calculations was actually only
~1 eV. Therefore, since both theory and our simple esti-
mates from the experimental radial dropoff of the wave func-
C. Assignment of Frenkel pair separations tions near the core contain substantial uncertainties, the indi-

In the optically induced regeneration of close pajrFig.  cated positions of the levels in the band gap must be
3, it reemerges with a|ignment memory of the origina| dam-COﬂSidered similarly uncertain. For example, an alternative
age event. The observation that its alignment matches closefxperimental estimate dic —0.9 eV was also made for
that of B, from which it is being regenerated, is, of course, the (Zn)se (+/++) level in the earlier work by considering
reasonable. At the same time, however, it may also suppl{he photoluminescence energy of one of the Frenkel pairs
further valuable information concerning the proper choice of(Xg) Whose separation was believed to be established as the
the assignments for the interstitial positions of each. Thé500)a/2pair> Assuming a proportional experimental over-
observed symmetry and alignment propertie®dfave pre- estimate here for (Z), suggests its level to be
viously been interpreted to identify it as arising from a pair~0.4-0.5 eV lower, i.e., at-Ec—1.4 eV. Alternatively, if
with the interstitial displaced in 4100y direction from the a reassignment dB to the (100%/2 pair is a possibility, as
vacancy’ The A site, in turn, should therefore reasonably besuggested above, this would open up the closer (@Q®ite
chosen as a (4 site to which a single (Zhse—(Zny)z,  for Xg. In this position, the increased Coulomb interaction
—(Zn;) g diffusional jump step can carry it. The particular between the pair would lead to an estimateEgf—1.1 eV
choice made foA in Ref. 3 does not appear to satisfy this, for the (Zn)se (+/++) level, now close again to our esti-
and, factoring in this new information, a better choice couldmate from the dropoff of the hyperfine interactions. Consid-
be made. For example, taking the (380 interstitial to  ering these uncertainties, we tentatively place thé+ +)
vacancy distance assignment fBr made there, a better levels at Ec—1.0 eV for (Zn)s. and Ec—1.6 eV for
choice for A might be the previously unassigned (2a®  (Zn,),, but with approximate error bars of 0.3 eV. The
pair (see Table | in Ref. B Alternatively, the possibility that differences in the theoretically predicted energy-level posi-
B arises from the closer unassigned (18@)pair may also tions, ~0.45 eV, can be expected to cancel some of the
have to be reconsidered, with corresponding changesé.for theoretical uncertainties, and its reasonable agreement with
We will not attempt these reassignments here, except to nothe experimental estimates is correspondingly more signifi-
that a detailed study of the intraconversions between theant.
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The as yet unsuccessful search for ODEPR signals from V. SUMMARY
Frenkel pairs mvolv_mg (ZD 2 was monvqted by the a_lt_tempt We have established the following.
to establish more directly the difference in level positions for

the two interstitials. As can be seen in Fig. 1, the PL energy (.') Mlgra_tlon of mterstmgl Zinc in ZnSe can be caused by
. . “-optical excitation at 1.5 K into a broadband below the band
for each of the (Zp)z, Frenkel pairs should be lower in

energy than that for the corresponding (Za pair by ap- gap. The rate is independent of temperature up to 4.2 K but
h . . .__increases rapidly by 10 K and higher.
proximately the energy difference between the isolated inter- (it) Its migration occurs by hopping between tginter-

stitial .(+/.++) Igvels. _Dlscountlng the_closer paurs which stitial site surrounded by four Se atoms, (¥R, and that
show in Fig. 10 little evidence for effective conversion to the :
surrounded by four zinc atoms, (44,

zn airs, the PL ofXg and the progressively more dis- . - :

Eantl)sgi?s which do disp?lay evider?cegof incregsingly offec- (iii ) Its migration can also be stimulated by electron-hole

tive convérsion eaks at1.2 eV2An eneray difference of pair recombination resulting from the ionization produced
P i ' oy during the electron-irradiation. At 4.2 K, its effect is negli-

0.5 eV already shifts the PL for the correspondiatngz, gible with respect to the Frenkel pair production rate. The

pairs t0<0.7 eV (=1.77 um), which is just beyond the oy gistinct pairs of different separations present after 2.5
cutoff of the Ge detector. The failure to detect the signalyey/ electron irradiation at 4.2 K are therefore the result of
appears therefore fully consistent with our estimate that thehe injtial Rutherford scattering event. During irradiation at
isolated (Zf)z, (+/++) level is=0.5 eV deeper than that 20 .4 K, however, the process becomes comparable to that of
for (Zn;) se. pair production.

Attempts to detect positive ODEPR signals for either of (jv) Its optically induced migration causes separation of
the isolated interstitials were also unsuccessful. We knowhe pairs, in contrast to pair annihilation under elevated tem-
that recombination is occurring between the shallow donoperature annealing in the dark, suggesting it migrates in its
and the first donof0/+) level of each of the isolated inter- neutral(or negativé charge state.
stitials, as indicated in Fig. 1 and E@), because we detect (v) In freshly irradiated as-grown crystals, annealing in
the process by negative ODEPR signals as it competes witle dark at 25 K causes near-complete;fZp- (Zn;) secon-

PL from other sources throughout the full spectral range. Iversion. This is not true for repeatedly reirradiated samples
the processes were efficiently radiative, and in our spectradr for low resistivity n-type samples, revealing that the pro-
range, we should have detected them as positive signals at@ss is probably associated with a charge-capture process,
their spectral positions could have supplied a direct measurénd not evidence of a very low energy barrier between the
ment of the correspondin@/+) single donor level. The fail- two configurations.

ure to detect them implies that one or the other of these two (vi) ODEPR has been detected for (&i, and hyperfine
conditions is not met. We have no direct or indirect experi-interactions for the centraf’zn its six next-nearest’Se
mental information on the singl@®/+) donor level positions, neighbors are determined. From these, a rough estimate of its
and the transitions would not have been detected if theisecond donor leveH-/++) position has been made, indicat-
levels were<0.7 eV below the conduction band, being ing ~E-—1.8 eV, compared to a corresponding estimate of
again outside of our Ge detector range. This is of course-Ec—1.2 eV for (Zn)se. Factoring in other consider-
possible, the first donor state of a double donor often beingtions, the(+/++) level positions have been placed tenta-
less than half as deep as its second donor state. Howeveively at Ec—1.6 eV for (Zn)z, and Ec—1.0 eV for
theoretical estimates have also been made by eaké > (Zn))s., with approximate error bars af 0.3 eV.

which place the(0/+) levels at Ey+1.68 eV andEy (vii) No luminescence has been detected that could be
+1.27 eV for (Zn)se and (Zn)z,, respectively, which, associated directly witki) close pairs involving (Zf)}n, or

with E;=2.82 eV, givesEc—1.14 eV andEc—1.55 eV. (i) the (Zn)*+D°—(Zn)°+D* recombination process

If they are in fact this deep, we certainly should have seetfor either isolated interstitial configuration. The (%, close
them if they are radiative. The model discussed earlier, thqt)air luminescence ||ke|y occurs at too |0ng a Wave|ength for
the process is nonradiative, or at least Stokes-shifted out @fur detection. That could also be the case for the isolated
our spectral range, remains an attractive alternative explangzn,)* + D recombination, but an alternative explanation is
tion. In that case, the electron could be transfering to anhat the process is nonradiative, or Stokes-shifted out of the
eXCitedp state of the neutral interstitial, with a substantial range of our detectors’ the energy being utilized for the mi-
part of the recombination going into Jahn-Teller diStOI’tiOﬂ,gration process. A model has been suggested for such a pro-
which gives it the necessary “kick” for the diffusion jump. cess in which electron capture into the neutral state occurs

Theoretical estimates of the hyperfine interactions havgia an excitedp state, which trigonally Jahn-Teller distorts,
also been made for both (28, and (Zn)g.,***°and com-  providing the necessary “kick” for conversion between the
pared to the experimental values in Table |. As alreadytwo sites. This would be consistent with conclusiding and
pointed out by these authors, their theoretical estimates faw) above.
the central zinc and neighboring Se neighboring shells of (viii) The electron-irradiation produced PL band with
(Zn) 4. agree closely with the previously observed experi-ZPL at 0.907 eV is presumably intrinsic-defect related but is
mental values. In the case of (J§,, their values were pre- not in any way related to the zinc interstitial, as had been
dicted in advance of our present studies, and are also in gogateviously suggested. Hence, an interesting possibility is that
agreement with our results. We must conclude that @ch this signal is due to an intrinsic defect on the Se sublattice.
initio local-density calculations can be remarkably accurate, (ix) Our results for the level positions and hyperfine in-
at least as evidenced here for the ()Zcharge states. teractions of the two interstitial configurations agree remark-
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