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Defects produced in ZnO by 2.5-MeV electron irradiation at 4.2 K: Study by optical detection
of electron paramagnetic resonance
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The effect of 2.5 MeV electron irradiatioim situ at 4.2 K on the properties of single crystalline ZnO is
studied by photoluminescenéBL) and optically detected electron paramagnetic resoné€@BEEPR. A new
PL band is produced by the irradiation, and several annealing stages are observed upon annealing to room
temperature, the first starting at110 K. Three new ODEPR signals are observed in the PL whose emergence
and disappearance correlate with the PL changes. The annealing stages are taken as evidence of host interstitial
atom migration beginning at the 110 K anneal. No hyperfine structure is observed for the ODEPR signals, so
the defects involved cannot be identified at this stage.
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I. INTRODUCTION found to be the case in each of the few semiconductors so
far, for which the identity of host atom interstitials has been
Essential to the successful application of any semiconducestablishedZnSe®*° diamond™*~** GaN“~° Si*').

tor is the understanding of its intrinsic defects, i.e., vacancies In the present study, we find that annealing does indeed
and interstitials, because they provide the various diffusiorPccur at several stages as the ZnO samples are warmed to
mechanisms involved in processing and device degradatiohoom temperature, as revealed both in the PL and in the
as well as often controlling, directly or indirectly, back- ODEPR. Because both Zn and O have only very low abun-
ground doping, compensation, minority carrier lifetime, andda”%s nuclei with magnetic moment§'@, I =5/2, 0.04%,
luminescence efficiency. There is currently growing interest,and Zn, 1=5/2, 4.1%, we o_b_ser\_/e no hyperfine structure
in zinc oxide (ZnO) as a wide band-gap semiconductor for in the ODEPR spectra. Identification of the defects is there-

possible electronic and optical applications. Readily grownfore not possible at this stage, but we will ten.tatively con-
as large single crystals, with a band gap of 3.4 eV, it poteanUde _that the PL changes and the accompanying eémergence
tially offers many complementary and/or competitive advan-and disappearance of the ODE.PR S|gnals reflects the motion
tages in these applications to the similar band-gap materieﬂf one or the other of the host interstitials.
GaN, to which it provides, in addition, a close lattice match.

The only direct and unambiguous method for introducing IIl. EXPERIMENTAL DETAILS

vacancies and interstitials for experimental studies is by Most of the samples studied were cut from axi®
high-energy electron irradiation, where host atoms can b$<05 mm undoped Sing]e Crysta| wafer grown using a
displaced from their lattice sites by recoil from an eIeCtron'Seeded chemical vapor transport technique by Eag|e_Picher,
nucleus Rutherford scattering event. In addition, the mosinc., with c axis along the narrow dimension, which we label
successful experimental technique for identifying and studyg£p1. Also briefly studied was a sample cut from a similar
ing the defects has proven to be electron paramagnetic res@rafer, labeled CE1, but grown using a melt process by Cer-
nance, detected either direclligPR or optically (ODEPR. met, Inc.
In the case of ZnO, early EPR studies in the 1970s have The experimental setup used to obtain the data described
already identified vacancies produced by electron irradiatiom this paper is identical to that of earlier ODEPR work on
on each of the two sublattices—Y and Vo, on the Zn  ZnSe, which should be referred to for further detfis.
sublattice’~*and \; on the O sublattic® They were found  Briefly, the experiments were performed at 20 GHz in an
to be stable at room temperature, but their stability at ellEPR spectrometer capable of irradiatiarsitu at 4.2 K with
evated temperatures was not explored. No experimental ir2.5 MeV electrons from a Van de Graaff accelerator. Subse-
formation concerning interstitials has been obtained, howguent PL and ODEPR experiments were accomplished by
ever. Recently, theoretical studies of the intrinsic defectsnserting into the Tk ; microwave cavity a fused quartz cap-
have also been initiated. illary tube, which served as a light pipe to extract the PL, and
In the present study, we explore by photoluminescencsvithin which was threaded an optical fiber which allowed for
(PL) and ODEPR the defects produced in ZnO after 2.5 Me\the sampldlocated a few millimeters below the lightpip®
electron irradiationin situ at 4.2 K. In this way we can ex- be photoexcited with ultraviolet light. To monitor the PL and
pect to freeze in the intrinsic defects produced and explor¢he ODEPR signals, the luminescence was detected with ei-
their stability as the samples are annealed in stages up ther a silicon(EG&G 250UV) or cooled germaniuniNorth
room temperature. Since the vacancies have been establishédast EO-8175diode detector, and, for most of the experi-
to be stable, if annealing is found to occur, it can be assumenhents, excitation €20 mW) was supplied by the 351 nm
to reflect the migration of interstitials. We might reasonably(3.53 eV} line of an argon ion lasefNo distinguishable dif-
expect easier migration of the interstitials because it has bedrrence in either the PL or ODEPR was observed for excita-
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FIG. 1. PL spectra, corrected for monochromator and detector FIG. 2. ODEPR spectraB( ¢) detected in the PL of sample
response, for sample EP1k at 1.7 K. Shown are the spectra befoRP1k at 1.7 K.(a) as received(b) after 2.5 MeV electron irradia-
and after 2.5 MeV electron irradiatian situ at 4.2 K, and after tion to a fluence of 1.4 10" e/cn? in situ at 4.2 K, (c) after 30
selected 30 min annealing stages. min anneal at 165 K(d) after 30 min anneal at 230 K.

tion by the 351 nm or the 364 nm argon laser lifféor the  ing been produced by the two processes, but we cannot rule
measurements, the samples were immersed in pumped liquigt simple improvements in the surface region of the crystal

helium (~1.7 K). For the ODEPR experiments, microwave (partial healing of near-surface absorptive or recombination

power from a 300-mW Gunn diode was on-off modulated afprocessesas the cause. This was observed in many of the

~700 Hz, and synchronous changes in the luminescencgamples studied, but not all. In particular, it was not observed

were detected via lock-in detection. The (0001) Zn-surfacen sample CEla.

of the sample was either indium-soldered, or glued using GE |n a pair of separate samples from the EP1 wafer, the

varnish, onto a brass post, cut at 45° in order to providejependence of the irradiation-produced broad double-

equal O-surface area for the horizontal electron irradiatioumped PL vs 2.5 MeV electron fluence was explored. The

and subsequent vertical photoexcitatiohhe magnetic field  intensity of the PL band was observed to increase linearly up
could be rotated in the horizontal plane and therefore onlyo ~5x10'® e/cn?, but with little further growth up to

directions betweerBLc axis and 45° to thec axis were  ~5x10'® e/cn?. Most of the studies were therefore per-
accessiblg. formed with fluences of-1—1.5< 10'® e/cn?.
In Fig. 2, we show the ODEPR signals seen in EP1k
IIl. RESULTS before and after the irradiation and at two distinct stages in

) the subsequent anneal. Before the irradiation, Fig), 2he

In Fig. 1, we show PL results for sample EP1k after 2.5gha|jow effective-mas¢EM) donor resonandd& 2 is ob-
MeV electron irradiation to a fluence of 240" e/cn? in  served along with several broad, structureless, weak signals
situ at 4.2 K. The irradiation has produced a prominent newg |ower field. These broad signals show evidence of anisot-
double-humped band, centered-a750 and 900 nm, which  yopy changing character somewhat vs magnetic-field orien-
trails into the near infrared. It begins to disappear atation, but no attempt has been made to try to extract the
~110 K, being substantially reduced by the anneal at 140 Kgomponents and analyze them. After the irradiation, Fig.
which is shown in the figureSeveral annealing steps were 2(p) there is little change with the possible exception of an
performed on the sample but only those which demonstratgcrease in the EM signal. In Fig(®, the first new spectra,
the major changes are shown in the figure for clarfynew  |apeled L1 and L2, are observed to emerge upon anneal at
band centered at-680 nm begins to grow in at-180 K, 140 K. They are shown in the figure after a 165 K anneal
reaching a broad maximum &t230 K as also shown in the which tends to optimize them. Thegy values are given in

figure. It, in turn, disappears upon annealing at 280 K with araple |. Although they are weak, they were seen in most of
time constant of~36 min. This general pattern of emer-

gence and disappearance of the particular PL bands shown in
the figure is characteristic of all of the samples studied.
(However, in a sample taken from the Cermet wafer, CEla,
the 680 nm band appeared more stable, annealing at 295 K

TABLE |. g Values for the ODEPR spectra.

Spectrum g a.

only after~8-10 h) In the particular sample shown in Fig. EM 1.957@3) 1.95512)
1, EP1k, the donor bound excit¢BBE) and donor-acceptor L1 1.99594) 1.99593)
(DA) PL bands are observed to have increased substantially |2 1.98684) 1.99023)
in intensity both as a result of the 2.5 MeV irradiation and L3 1.99523) 1.99592)

the subsequent anneals. This may be evidence of donors hav
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the samples studied, particularly those with only modest irtures. Since it has been established that the vacancies on each
radiation fluences, but the relative strengths of L1 and L2of the two sublattices are stable at room temperattftéhe
seem to vary, suggesting that they arise from separate spimobile defect must be one of the interstitials; (@ Zn).
dependent processes. The spectral dependence of the signdlkis important conclusion is the principal one that we can
determined by monitoring with selective optical filters re- make from our studies at this stage. It fits the general pattern
veals that they arise throughout the total PL band, as seen meported in several other semiconductors ;(EnZnSe’1°
Fig. 1 after the 140 K anneal. They are negative signalZn, and Tein ZnTe2* Gg in GaN1*~1®S;j in silicon!’ C; in
indicating that they arise from defects involved in spin-diamond*~13 of the significantly easier diffusion of intersti-
dependent recombination processes thamnpetewith the tials compared to vacancies. In some of these other studies, it
PL. was concluded that recombination-enhanced motion of the
In Fig. 2(d) we see two stronger negative ODEPR signalsinterstitials could also be induced by exciting with near
present after the 230 K anneal. They begin to grow in as théand-gap light at 1.7 K. No evidence of this has been ob-
L1 and L2 signals disappear at180 K, and their intensities served in the ZnO samples studied here under prolonged
follow closely that of the 680 nm band shown in Fig. 1 after excitation at this temperature.
the 230 K anneal, disappearing also as the PL band disap- Three new ODEPR signals have been observed to emerge
pears upon anneal at 280 K. Consistent with this is the spe@nd disappear in correlation with the PL changes upon an-
tral dependence of the ODEPR signals, which, using variousealing the irradiated samples. They are therefore quite
filters reveals their presence only in the spectral region of théikely related to trapped or reconfigured states of the mobile
680 nm band. Again, they are negative signals, reflectingnterstitial species. In the case of L3, it is always accompa-
spin-dependent processes which compete with the PL. Theied with an equally strong negative EM signal, suggesting
high-field signal is that of the EM donor signal, but the low- that, in that case, the spin-dependent recombination compet-
field line, labeled L3, is new, and i values are included ing process involves an electron transfer from the shallow
also in Table I.(Although theg values for L3 and L1 are donor to the defect giving rise to L3The negative EM
very similar, the anisotropy for L3, which is more accuratesignal was also seen at this point in the annealing recovery of
than the absolute errors indicated in the table, appears titne Cermet sample, CEla, without L3. In that case presum-
clearly distinguish it from L1. Both L3 and the EM signal ably an electron transfer to a different paramagnetic deep
are correlated with the 680 nm band but their relative inten{fevel dominates which is not being obseryednfortunately,
sities can vary from sample to samplds an extreme ex- no resolved hyperfine structure is observed for the observed
ample, the strong negative EM signal is observed to emerg®DEPR signals, and they are too weak for ENDOR studies.
and disappear with the 680 nm band in a similarly irradiatedTherefore, their identities must remain unknown at present.
Cermet sample, CE1a, but the L3 spectrum is not obsgrvedBut they are clearly important and hopefully in future studies
After the 300 K anneal, the remaining ODEPR signals apthey can provide independent and complementary informa-
pear closely the same as those before the irradiation, Figion to other approaches to help unravel the important defect
2(a). processes involved.

IV. DISCUSSION V. SUMMARY

The observation of saturation for the irradiation-produced Recovery occurs at several stages, starting-at.0 K

PL Otl)sand r??t the very low electron fluence of omlyS \,0n annealing ZnO to room temperature after 2.5 MeV
x10™ e/cnt, brings up the question as to whether the PLgjacron jrradiationin situ at 4.2 K. Observed both in the PL

. ) . > iMid ODEPR studies, these stages have been attributed to
ply trace impurity atom displacement of some kind cause

by the ionization accompanying the electron irradiation, anq, st interstitial atoms because it has been established in pre-

not host atom displacement damage. To probe this, we thergs, s sy dies that vacancies on the two sublattices are stable
fore excited an unirradiated Eagle-Picher sample for 16 Ry his temperature region. New PL bands are observed to
with 120 mW of multiline Argon laser U\(364 and 351 N o erge and disappear as a result of the electron irradiation

light at 4.2 K. Assuming that only 0.5% of the absorbed,ng sypsequent anneal, and three new ODEPR signals are

photons produces an electron-hole pair, it is straightforwarypserved that appear to correlate with the PL annealing

to show that this should still produce the same total ionizag,ges No hyperfine structure is observed for them, so their

tion as that produced by the eIeptron irradiation for samplgyantities cannot be established at this time.

EP1k. No observable production of the broad double-

humped PL band shown in Fig. 1 was detected. We can con-

clude therefore that the PL and ODEPR changes are the re- ACKNOWLEDGMENTS
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