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Evidence for vacancy-interstitial pairs in Ib-type diamond
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Diamonds containing nitrogen in different forms have been irradiated by 3-MeV electr8f@mgamma
photons and characterized by optical absorpfioA) and electron spin resonan@SR). An unusually low
production rate of vacanci€¥) and interstitialgl) was observed in gamma-irradiated Ib-type diamditsse
containing isolated nitrogerand pure lla-type diamonds as compared to la diamdodstaining nitrogen
clusters. Postirradiation annealing at temperatures above 300°C strongly increadédrnidé concentrations
in Ib diamond, but not in Ila diamond. These results are explained as gamma irradiation of diamond predomi-
nantly produced/-lI complexes instead of individudl and| defects. Strong effect of charge state \6d
recombination is revealed: In Ib diamond;| complexes are negatively charged and dissociate upon anneal-
ing. On the contraryy/—I pairs are neutral in lla diamond, and they annihilate during irradiation. The OA, ESR,
and positron annihilation signatures of tile-l pairs are identified.
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I. INTRODUCTION centration. This annealing also enhance§ $ignals?*
Defects produced by electron, neutron, or ion irradiationt Nerefore, it was suggested that after electron irradiation

of diamond have been intensively studied for already abouf'0St carbon interstitials are captured by thg denters and

100 years. Most results have been obtained using optical afi¢'®ased only upon further annealing. The associatgd N
sorption(OA) and electron spin resonant&SR) techniques, complexes have beerJ1 tentatively ascribed to the 2.367 and
and can be summarize®ias follows: Irradiation of purélla-  2-535 eV OA center§:*

type) diamond predominantly produces neutral vacancies The defects rgsponsyble for th? 2.367 and 2.535 ev cen-
(VO and interstitial€1%) with concentration rati&/°/1° in the ters are the major subject of this study. On the basis of

. . . o o gamma irradiation results, we will demonstrate that they
range of 3-10. With the OA technique! is identified as a most probably involve a negative vacancy and a carbon in-

tetrahedral center exhibiting a zero-phonon line at 1.673 e\{

o . i . erstitial, but not nitrogen. We will further associate those
and labeled GR1; it has spBr0 and is thus ESR inactive’ efects with the previously characteriz&t3/2 W1l and

is associated with the OA line at 1.86 eV and a tetragonajy13 ESR centers and discuss their positron annihilation sig-
S=1 ESR center named R1. Vacancies are immobile during,¢res.
iradiation - and start migrating only at temperatures Type-la diamond contains nitrogen mostly in the aggre-
T>600°C. The behavior of interstitials is more complex: gated A(2N2) and B (4Ng—V°) forms. Those defects are
They migrate during electron irradiation performed atrather inactive electrically, but they produce significant elas-
T>100 K. However after irradiation, interstitials are stabletic strain in the diamond lattice. It was suggestéuht this
at room temperature and start migrating onlyfat400°C!  strain could assist separation\fl pairs thereby enhancing
Enhanced mobility of interstitials in pure diamond during the vacancy production rate in la diamond relatively to lla
irradiation results in partia#®-1° recombination. As a result, diamond(see also Table)l Another possible reason for this
the production rate of vacancies and interstitials is relativelyenhancement could be the observed capture of interstitials by
low in lla diamond(see also Table) P nitrogen complexes, which could supprégsl recombina-
Nitrogen is a dominant impurity in diamond. In Ib-type tion. Note that contrary to Ib diamond, the captured intersti-
diamond nitrogen is present as an isolated substitutional ddials are not released upon annealing in la dianfond.
nor center |\g It can be detected by ESR or OA, and tends to  Previously, damage in diamond was mostly studied using
charge most other defects negatively, thus itself converting taradiation by MeV electrons or neutrons. However, this pa-
Ng. Therefore, irradiation of Ib diamond predominantly pro- per focuses on the production and annealingdofninant
duces negative rather than neutral vacandi€swas identi- irradiation-related defects in diamond afféco gamma ir-
fied with the 3.15 eV OA center named ND1 and the tetra+adiation. The®°Co radioisotope emits 1.17 and 1.33 MeV
hedralS=3/2 ESRcenter S1/S2. Very few single interstitials photons. They produce damage in the diamond lattice
are produced in irradiated Ib diamond. However, postirradiamostly’ via Compton scattered electrons, whose average en-
tion annealing aff ~400°C strongly increases tHé& con-  ergy is only ~0.5 MeV. Note that the minimum electron
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TABLE I. Maximal (versus annealing temperature, see Fjgcdhcentrations of defects observed in la, Ib, and lla diamond irradiated by
109 89co gamma photons/chor 2x 1018 3-MeV electrons/cr Concentrations are expressed either in parts per mi(ppm) or as the
integral under the zero-phonon lifie meV/cm). Accuracies are about 30%.

Diamond I VO \a \a 2.367 eV 2.535 eV
Irradiation type (ppmM) (ppm) (ppm) (meVicm (meVicm (meVicm
electron la 3 16 3 250 <1 <1
gamma la 0.03 0.14 0.03 2.5 <0.001 <0.001
electron Ib 4 <0.1 16 1350 50 80
gamma Ib 0.03 <0.001 0.16 14 2.1 2.3
electron lla 3 12 <0.1 <8 <1 <1
gamma lla <0.003 0.004 <0.001 <0.1 <0.1 <0.1

energy required to displace a carbon atom in diamond latticeealing behavior, which will be the main subject of this
is ~0.2 MeV? Therefore, thé®Co Compton electrons pro- paper.

duce little damage, as compared to MeV electrons or neu-

trons, and provide relatively little extra kinetic energy to the

produced carbon interstitials. A. Electron irradiation of Ib diamond

Most data of Fig. (a), in particular the annealing curves
Il. EXPERIMENTAL DETAILS pf the 2.367 gV, 2.535 eV, and® defects in electron- _
irradiated Ib diamond, have already been reported and dis-
Two similar sets of la, Ib, and lla diamonds have beencussed previousK:* There, it was suggested that irradiation
irradiated either by X 108 3—MeV electron/crh or by a  of Ib diamond produces few interstitials because they are
60 MGy dose(wate) of ®Co gamma photons, which is captured by 1§ centers. The resulting 3 defects exist in
equivalent to 1& photons/cr The samples were mounted (at least two configurations corresponding to the 2.367 and
on a water-cooled~10°C) block to minimize sample heat- 2.535 eV centers. Those configurations interconvert upon an-
ing by the beam. The la diamonds were natural, but the Imealing atT~230°C and disintegrate dat~400°C releas-
and Ila samples were grown using the high-pressure highing the N and| centers. Note that annealing outlofenters
temperature technique. The Ib and la samples contained
~100 and~500 ppm of nitrogen, respectively. The damage (a) e-irradiation, Ib diamond =~ w-n-u-e—a—
production rate in gamma-irradiated diamond is rather 101 V-
small® Therefore, samples for which the absorption length /
was>5 mm have been used for most OA measurements on 8+ —
gamma-irradiated diamond. The OA spectra were recorded W11, 2.367 eV /'\

with a commercial Nicolet Avatar 360 Fourier-transform IR 61 *

spectrometer in the range of 400—5000 ¢rat room tem- A0
perature and with a Perkin—Elmer Lambda 900 double-beam 41 w13, 25358V J a
grating spectrometer in the range of 1.4-5.5eV at 77 K. — /
ESR measurements were performed at room temperature
with a Bruker EMXX-band(~9.6 GH2 spectrometer. All of

the reported results were reproduced on several samples.

S
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109 (b) y-irradiation, Ib diamond =~ a-A-AA—a—i

Ill. EXPERIMENTAL RESULTS

The obtained results are summarized in Table | and Fig. 1. 6 T

Table | lists the maximal concentrations of dominant defects
encountered over the annealing temperature range of

. /Y
81 2.367 eV \ A/A\A\IO

2.535eV

Defect concentration (arb. units)

V/'
0-600°C, while Fig. 1 presents their isochronal annealing
curves for Ib diamonds. Note that due to the low production 21 At
rate, the W11 and W13 ESR signals could not be reliably 7 / \ K
. . . . . a A AT
studied in gamma-irradiated diamonds and therefore are not 0 . . Yoy :
0 100 200 300 400 500

shown in Fig. 1b). As reported previously? vacancies and
interstitials in lla and la diamond exhibit rather regular an-
nealing curves, i.e., a plateau followed by a steplike de- FIG. 1. Isochronall h) annealing curves for dominant defects
crease, which is therefore not shown either. On the contraryn electron-(a) and gammadb) irradiated Ib-type diamond. Both
Ib diamond exhibits rather interesting nonmonotonous anabsolute and relative intensities are arbitrary.

Isochronal (1h) annealing temperature (OC)
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at T~500°C is not unique to Ib diamond; it occurs in la and could be detected for the W11-14 centers in the present and
lla diamond as welt:? previou$ ESR studies. Moreover, considering that close
It was tentatively proposéd that the 2.367 and 2.535 eV V—|° pairs are the dominant defects produced by gamma
OA centers correspond to some of the ESR centers W19-14irradiation of Ib diamond, it is hard to imagine how could
which are the dominant irradiation-induced ESR signals in Ilthey migrate to the N centers during irradiation. Note, that
diamond. The current results corroborate this as indeed, Fighe changes with annealing in th€ Bind N; concentrations,
1(a) reveals a very similar annealing behavior of the W1lwhich were previously considered as evidence for nitrogen
and 2.367 eV, as well as of the W13 and 2.535 eV centersnvolvementt—* could simply originate from a charge trans-
thus suggesting that they pairwise originate from the saméer between the NandV—lI complexes.
defects. This conclusion for the W11 and 2.367 eV centersis The discusse® —I° complexes have been recently char-
further supported by the observation that they both correacterized by positron annihilation studies on gamma-
spond to excited states a2 meV above the ground stat€. irradiated Ib diamond® They exhibit a lifetime of 130 ps
and unusually large positron trapping rate. The latter param-
B. Gamma irradiation eter strongly suggests involvement\¢f in the trapping cen-
In this study, some remarkable results have been obtainet ' ;\zu;;%ggirezui%pggnlggth % grfgrgf)id OT?S: lllntrodu ction,

flrg{;‘ r?ammz/:l-lrr%%g(l:ated dlam.onotljg. .Tal_ale bl re\llgglg tha{he formation ofv—| complexes, instead of individual vacan-
photons/c ogasmma Irradiation Is about 100 imes o5 5ng interstitials, in gamma-irradiated diamond can be
less efficient than 2 10 3-Mev electron{crﬁ irradiation attributed to the mild nature of gamma irradiation. Contrary
in producing lattice damage in la and b diamond. Howevery, -, entional MeV electron beams, the Compton scattered
the relative defect production rates in la and Ib diamond are,|actrons produced b§°Co gamma source supply only a
rather similar. Also similar in electron- and gamma—irradiatedreki,[ively small amount of kinetic energy to the displaced

diamond are the isochronal annealing curves for the vacar, on atoms. which could be insufficient to separaté/tHe
cies and interstitials in la and Ila diamorifdot shown, as pairs '

0 ; g
well as for thel®, 2.367, and 2.535 eV centers in |b diamond A significant finding of this work is thav/~l pairs have

fjs'gr?q;% 1;83)688??; theealllgrc?c?rcya%?ﬁ:]j;C':Ir(;g;&tl'tgnlrt]hlalli been identified in gamma-irradiated Ib diamond, but not in
fl | tl irradi L (TWbI ). N tg that ; | atl It Ila diamond. It probably demonstrates the effect of charge
or electron irradiationtiable . INote that simiiar resulls = g0 on the recombination -l pairs as follows: In Ib

) . o
Vrr\girset iﬂ’rlg\grc'z;iyr:sbutﬁlg??hit;ysmil\;/vt?rteséntzgvi\:we\'?gﬁIéhlean iamond,V-I complexes are negatively charged and dissoci-
Fig. 1, is that in contrast with electron irradiation, the domi- te upon annealing. On the contravyl pairs are neutral in

nant defects produced by aamma irradiation in Ib d'amon(JdIa diamond and they recombine, either during gamma irra-
produ Y9 ! lation | : iation or upon annealing of electron-irradiated diaménd.

are not negative vacancies, but the 2.367 and 2.535 eV ceRr 2 -
ters; annealing at ~400°C destroys those centers and in-RIOte’ that neutralv-2| complexes have been previously

creases thy~ concentrationr-50 times identified by ESR in electron—irradiated I_Ia diamordsimi- .

: lar to the neutraV-I pairs, they recombine rather than dis-
sociate upon annealing. The thus revealed effect of the
IV. DISCUSSION AND CONCLUSIONS charge state on thg—l recombination clearly requires fur-

The unusual results of the previous paragraph can be logfher theoretical modeling. _
cally explained by the following model: Gamma irradiation ~ Finally, the reported here results appear important for
of Ib diamond predominantly produces not individual vacan-Practical appllgatlons_concernlng (ad|at|on hardness of dia-
cies and interstitials bu¢"—I® complexes. Those complexes Mond electronic devices. In particular, the present study
exist in different configurations, which interconvert upon an-deémonstrates the importance of diamond purity for its stabil-
nealing atT~230°C. One configuration can be associatedy against gamma irradiation—Table | reveals that damage
with the 2.367 eV OA center and tf&=3/2 W1lcenter of Production in pure diamond is-40 times smaller than in
triclinic symmetry. Another configuration is probably respon-Nitrogen containing diamond.
sible for the 2.535 eV OA center arg&k3/2 W13center of
monoclinic-l symmetry. The V™ part of those complexe_s i_s ACKNOWLEDGMENTS
responsible for theéS=3/2 spin and for the characteristic
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pairs. Indeed, no nitrogen hyperfine splittifg<0.1 mT) cial support.
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