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Optically Detected Magnetic-Resonance Observation of the Isolated Zinc Interstitial
in Irradiated ZnSe
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Optical detection of magnetic resonance is reported for isolated interstitial Zn;+ in ZnSe produced by
2.5-MeV electron irradiation at 4.2 K. It is detected as a reduction of the distant-donor-to-Frenkel-
pair recombination luminescence at 625 nm. Resolved hyperfine interaction with the central zinc ion

and two shells of Se neighbors reveals a highly localized "deep" state for the paramagnetic electron. It
is stable only to —220 K.

PACS numbers: 76.70.Hb, 61.70.Bv, 71.55.GS, 78.55.Et

The elemental intrinsic lattice defects of a semicon-
ductor are isolated vacancies, self-interstitials, and, in

the case of a compound semiconductor, antisites. Al-
though a great deal of information has been accumulated
about vacancies, and more recently antisites, very little is
known about the structure and properties of isolated
self-interstitials. In a few cases indirect information has
been obtained about interstitials trapped next to impuri-
ties or other defects, ' but their structure is often al-
tered considerably in the trapped state. In a recent
Letter, optical detection of magnetic resonance was re-
ported for Ga interstitials in Alo26Gao74As grown by
molecular-beam epitaxy at 620'C. Again, asymmetry in

the spectrum lead these authors to suggest that the de-
fect may be paired with a second unknown defect. A
similar spectrum has also been reported by Lee in GaP.

In this Letter we report optically detected magnetic
resonance (ODMR) of the isolated zinc interstitial in

ZnSe. We believe that this is the first direct unambigu-
ous observation of an isolated self-interstitial in any
semiconductor.

Some of the properties of the interstitial zinc atom
have previously been inferred from studies of zinc Frenk-
el pairs in ZnSe. In early EPR studies, ' several Frenkel
pairs were observed in the Vz„Zn;++ charge state with
a hole (S =

2 ) residing primarily on the zinc vacancy.
From the symmetry of the spectra, the Zn;++ ion was
deduced to reside in a tetrahedral site but at different
distinct separations from the zinc vacancy. In recent
ODMR studies, two of the Frenkel pairs were observed
in an exchange-coupled excitonic triplet state of
Vz„Zn;+. With knowledge of the EPR parameters for
the isolated zinc vacancy Vz„, it was possible to deduce
those for the neighboring interstitial Zn;+. In this
Letter, we describe for the first time the direct observa-
tion of the isolated zinc interstitial Zn;+ by ODMR. Its
isotropic g value and the hyperfine interaction from its
four nearest-neighbor selenium atoms agree well with
those predicted from the Frenkel pairs. In addition, the
central-ion hyperfine interaction from Zn (I = —', ,

4.11% abundant) and Se hyperfine interaction from the

third nearest-neighbor (nn) shell of twelve equivalent
selenium atoms are resolved, confirming the identifica-
tion.

The ZnSe samples studied were single crystals grown

by vapor transport in a sealed quartz ampoule in which
10 mole fraction of SrC12 was added to the charge.
The as-grown samples were high-resistivity n type. The
samples were irradiated in situ along the [111]direction
at 4.2 K by 2.5-MeV electrons to a fluence of 2.5x10'
e /cm in a 20-GHz EPR spectrometer cryostat which
has been modified for ODMR measurements. Optical
excitation of 5 mW was provided by the 476-nm line of
an argon-ion laser. The microwave power was on-oA'

modulated at 1 kHz and resulting changes in the photo-
luminescence intensity were phase sensitively detected in

the direction perpendicular to the static magnetic field

by means of a silicon photodiode (EG&,G 250UV). Be-
fore in situ irradiation, ODMR of the as-grown sample
revealed positive resonance signals (increase in intensity
with microwaves on) from the shallow donor and the
self-activated acceptor A3, in donor-acceptor recombina-
tion luminescence at -600 nm. (The A3 center has
been identified as a zinc vacancy paired with a donor of
unknown chemical identity. )

Figure 1 shows the luminescence spectrum (1.5 K,
476-nm excitation) in as-grown ZnSe after in situ irradi-
ation and after correction for monochromator and detec-
tor response. The broad bands at -625 nm and —800
nm are the sane bands that were previously reported in

irradiated "zinc fired" ZnSe. In this earlier work, it
was demonstrated that the 625-nm band arises from ra-
diative recombination between a distant donor D and
the nearest (V ) Frenkel pair Vz„Zn;++, while the
800-nm luminescence band arises from a localized exci-
tonic transition at two neutral Frenkel pairs of increased
separation.

Figure 2(a) shows the observed ODMR spectrum at
1.5 K, monitoring only the 625-nm band (500-650 nm)
by use of color filters. For this orientation, Bll(100),
four groups of lines can be observed: one (positive) aris-
ing from the V Frenkel pair, Vz„.Zn;++; the shallow-
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donoronor electron resonance (negative) labeled D at
g=1.109 '; a new spectrum (negative) labeled Zn;+;
and a weaker new (negative) resonance line marked X at
g = —2.0064(5).

The spectrum labeled Zn;+ consists of a strong isotro-
pic central line at 7279 6 (g =1.9664) with three sets of

ese are s own in Figs.resolved satellite structures. These a h F
2(b) and 2(c). The positions of all of the lines can be
fitted by the single-spin Hamiltonian

H =gp aB.S+g I~" A~" S,
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w ith the parameters given in Table I. The first term de-
scribes the electronic Zeeman interaction with S= —,',
the second term, hyperfine interactions with nuclei on the
central and neighboring sites.

(I= -'
Hyperfine interaction with the central Z lra n nuceus
= —, , 4.11% abundance) produces six (2I+1) satel-

ites, four of which can be seen in Fig. 2(b). (The
remaining two are obscured by the strong V and central

n;+ resonances. The interaction is isotropic (A ==ap

The resolved structure on the shoulders of the central
ine matches well that predicted for hyperfine interaction

with Se I = —' 7.h S 2, .58% abundance) at four equivalent
sites, as shown in the figure. Angular dependence studies
reveal partially resolved anisotropy with (Ai)t alon a
diA'erent (111)~ axis for each of the four Se nuclei. We

wi i II aong a

identi y these, therefore, as arising from th fi te rs nearest

Add'dditional structure is also evident on the central line
itse f, as shown in Fig. 2(c). It is greatly enhanced b
our taking the second derivative of the spectrum, which
is also shown. " The match to the predicted intensity ra-
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FIG. 2. (a) ODMDMR spectrum detected from the 625-nm

and v=20.0
luminescence band in irradiated ZnSe at 1.5 K w'e a . with 8 II (100)
an v=20.033 GHz. (b) ODMR spectrum with hi her
tivit and exy panded magnetic field scale, revealing satellites as-
socia e with the central line of Zn;+ at B =7279 G w ic

yperfine interaction with the central ion ( Zn)
and the first-nearest-neighbor shell ( Se). (

n; signal with further expanded magnetic field scale
revealing (i) artial1 rep y solved hyperfine structure from the
third-nearest-neighbor shell ( Se)
enhan

e, an" being greatly
en anced (ii) by second-derivative processing.

7259

tios shown for twelve equivalent S l
'

ood
e nuc ei is very

good. The structure shows no detectable anisotropy
and we extract therefore only the isotropic part of the
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TABLE I. Spin-Hamiltonian parameters for isolated inter-
stitial Zn;+ compared to those deduced from the Frenkel-pair
systems, and the unpaired electron wave-function distribution.
(A and a in units of 10 cm '.)

Zn;+
Zn;+ in

Vzn Zni Identity

Localization
per shell

(%)

g =1.9664(4)
ap =363+ 5

(Al )ii =171.5 +' 1.0
(Al)~ =154.7 ~ 1.0
a3 =12.5+ 1.0

1.95'
360+ 10 Zncentra]

150+ 10' (Se)~„„

(Se)3„„

60

20

'Reference 5.

hyperfine tensor a3.
In Table I we compare these parameters to those pre-

viously inferred for Zn;+ (g, At) from the ODMR stud-
ies of the Frenkel-pair triplet (S =1). We see that the
agreement is very good. Knowing now the central Zn
hyperfine interaction, we have reinvestigated the Fren-
kel-pair luminescence ODMR. By carefully filtering out
background luminescence, we have now also identified
the weak Zn interaction of the pairs, giving a =(180
~ 5) x 10 cm '. This corresponds to ao = (360
+'10) x10 cm ' for the unpaired electron on Zn;+
and this value has also been included in the table. Again
the agreement is very good.

We conclude, therefore, that the spectrum arises from
interstitial Zn; and that it resides in the Td interstitial
site surrounded by four Se nearest neighbors. ' The
good agreement between the two sets of results confirms,
in turn, the highly localized character for the electron
(on the zinc) and the hole (on the vacancy) for S =1 ex-
citonic state of the Frenkel pairs, as was inferred previ-
ously.

The central hyperfine interaction is -60% of that pre-
dicted from Hartree-Fock calculations for the free Zn+
ion (622x10 cm '). ' Comparison with correspond-
ingly determined values' for neutral Se provides for the
nearest-neighbor shell an estimate of —3.1% 4s and
—1.8% 4p on each atom, and for the third-neighbor shell
containing twelve atoms -0.25% 4s on each. Viewed,
therefore, as a linear combination of atomic orbitals cen-
tered on the atoms near the defect, the unpaired electron
wave function is —60% on the central Zn; -20% on the
first Se shell, and —3% on the next. The wave function
is therefore highly localized ("deep") with —83% ap-
parently accounted for.

In a 15-min isochronal annealing sequence, the V
nearest Frenkel pair ODMR disappears at -80 K along
with its associated 625-nm luminescence. The Zn;+
ODMR signal remains, however, until —220 K, being
detected as a negative signal on the remaining 600-nm
luminescence. This is a higher temperature than that for
the disappearance of the various Frenkel close pairs (80,

140, 180 K), consistent with the many diA'usional

jumps required for an interstitial well separated from its
vacancy before annihilation or trapping.

The spectral dependence of ODMR for the Frenkel
pair V, the distant shallow donor D, and the zinc inter-
stitial Zn;+ are shown in Fig. 1, revealing that all three
are being detected in the shallow-donor-to-V Frenkel-
pair band at 625 nm, with diff'ering signs. We find that
in various samples, V is always positive, Zn;+ always
negative, but the sign of D depends upon the relative in-
tensities of the V and Zn;+ ODMR signals. In particu-
lar, the Zn;+ signal appears to grow superlinearly with
irradiation Auence so that at low doses V dominates and
D is a positive signal. For higher fluences, Zn;+ dom-
inates and D is negative. We conclude, therefore, that
the ODMR of Zn;+ arises from spin-dependent electron
capture from the shallow D donor,

Zn;++D Zn, +D+(+hv?), (2)

in competition with the radiative D donor to V accep-
tor recombination

(Vz„Zn;++)++D (Vz„Zn++) +D++hv.

(3)
This is illustrated in the inset of Fig. 1.

A search from 500 to 1350 nm and from 1400 to 1900
nm using a cooled Ge detector reveals no region where
the Zn;+ ODM R signal is positive. The region
1350-1400-nm is excluded because of the characteristic
water absorption band in our long quartz light pipe. We
can conclude therefore either that (1) the D to Zn;+
recombination is nonradiative, (2) it is radiative with
hv (0.65 eV, or (3) it is radiative in the 1350-1400-nm
blind region. It is important to mention this third possi-
bility because in a separate luminescence study with thin
optical windows, a luminescence band with a strong
zero-phonon line at 1365 nm (Huang-Rhys factor S—1)
has been detected after electron irradiation at 30 K. ' It
disappears upon annealing at —220 K (15 min), the
same temperature region where the Zn;+ ODMR signal
disappears. Its possible connection with the Zn; is
currently being investigated.

In conclusion, we have identified by ODMR the inter-
stitial zinc ion Zn;+ residing in the tetrahedral site sur-
rounded by four selenium nearest neighbors in electron-
irradiated ZnSe. We conclude that it is, for all practical
purposes, an isolated interstitial for the following
reasons: (1) It displays no evidence of lowered symme-
try through its third-neighbor shell; (2) its higher an-
nealing temperature (220 K) than the Frenkel close
pairs (80, 140, 180 K) s 6 is consistent with many
diffusional jumps before annihilation or trapping; (3) its
superlinear production is similar to that reported for iso-
lated zinc vacancies, confirming that the initially pro-
duced close pairs can indeed separate during the 4.2-K
irradiation, presumably as a result of ionization-
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enhanced processes. The observation of instability for
the isolated zinc interstitial at T) 220 K gives us the
first direct indication of the diff'usional mobility of an in-
terstitial in a compound semiconductor. With this as a
guide, it seems unlikely that the corresponding intersti-
tials in III-V materials would be stable at room tempera-
ture after high-temperature processing, unless as trapped
by another defect.
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