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Lattice location and thermal stability of implanted Fe in ZnO
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The emission channeling technique was applied to evaluate the lattice location of impPaetéul
single-crystalline ZnO. The angular distribution@f particles emitted by*Fe was monitored with
a position-sensitive electron detector, following 60 keV low do$R.0x 10 cm?)
room-temperature implantation of the precursor isotdipdn. The emission patterns around the
[0001], [1102],[1101], and[2113] directions revealed that following annealing at 800 °Q8Y%

of the Fe atoms occupy ideal substitutional Zn sites with rms displacements of 0.06-0.090040
American Institute of Physic$DOI: 10.1063/1.1825611

Numerous technological breakthroughs are envisagedtituting for Zn atomy what is the microstructure of substi-
with the use of magnetic semiconductor materials that showutional TMs, and what are the optimum annealing condi-
a ferromagnetic ordering temperature at or above room tentions. We have partly addressed some of these issues in a
perature; for example, spin transistors, ultradense nonvolatilrevious study on Fe-implanted Zrf®focusing mainly on
memories, and optical emitters with polarized outb@ne its optical properties. In that cas&Fe was implanted into
class of materials that is especially promising for applica-ZnO single crystals at 100 keV and up to a fluence of
tions are diluted magnetic semiconductors, usually ternart0'® cm™, followed by Rutherford backscattering spectros-
systems of the type §L-TM,-V or Il;_,-TM,-VI, where a  copy (RBS) analysis of the damage and its recovery during
3d transition metalTM) partly substitutes up to a few per- thermal annealing. Since Fe in ZnO cannot be detected by
cent of the group 11l or group Il cations. It has been predictedRBS, particle-induced x-ray emission was used as the prob-
by theory that the llI-nitride semiconductors GaN and InNing reaction, giving only limited results on the Fe lattice
and the Il-oxide semiconductor ZnO are suitable hosts tdocation. It was found that in the as-implanted sta#®6% of
exhibit ferromagnetism close to or above roomFe atoms were aligned with the Zn©axis, increasing to
temperaturé: In the case of ZnO, besides V, Cr, Mn, Co, ~73% following annealing in air at 1050 °C.
and Ni, Fe should also act as a ferromagnetic dopar@ev- In this work, we have examined in detail the lattice lo-
eral reports on ferromagnetic systems based on ZnO can Isation of radioactive®Fe (t;,=44.6 d in single-crystalline
found in the literaturé:*"*Cases in which no ferromagnetic ZnO by means of the emission channeling technidues-
behavior was observed> 8 revealed not only systematic ing a position-sensitive electron detectothe angular dis-
trends for the various transition metals, doping concentratribution of 5~ particles emitted by“Fe was measured to
tions, and differences between and p-type ZnO, but also provide information about the emitter lattice site. A commer-
conflicting results among different authors. It was thuscially available ZnO[000] single crystaf’ grown by
argued™**that experimental reproducibility needs to be im- seeded chemical vapor transport and polished on the Zn face,
proved. The exact nature of the ferromagnetism also remaingas 60 keV implanted at room temperature, at the CERN/
unclear®*Among possible problems are the formation ISOLDE facility”* with the precursor isotop€°Mn(ty,
of metallic TM or TM-oxide clustefs">**or magnetism =4.6 9, up to a dose of 2.8 10" cm 2 During implanta-
from the substrate on which thin films are depositedwo  tion, a 7° angle from the surface normal was applied to mini-
recent review papers on the subject concluded that there israize the fraction of channeledMn atoms, providing a well-
need for careful structural and microstructural anilaéses and defined depth profilgrange 299 A and straggling 136)A
more precise control of the TM dopant in the oxide. It is important to point out that th&Mn B8~ decay trans-

Experimentally, TM dopants have been introduced botHers 200 eV of recoil energy to its daughtéFe. This energy
during ZnO powder synthesfs***®and growth of epitaxial is sufficiently high to re-implant the Fe atoms, assuring in
thin films®°158|0n implantation is also being actively this way that they will not inherit théMn lattice site. After
explored for TM doping of Zn3:*2*3wijith respect to im-  implantation, theg~ emission channeling patterns frottFe
plantation, the questions that should be clarified are: to whawere recorded around tfie001], [1102],[1101], and[2113]
extent are TMs incorporated into the proper lattice sisep-  directions, providing unambiguous information about the

emitter lattice site. These measurements were carried out at
#Author to whom correspondence should be addressed; electronic mai[20M temperature for the as-implanted state and following

elisabete.rita@cern.ch 10 minin situ vacuum annealing steps at 300, 600, _800, and
POn leave at CERN-PH, 1211 Geneva 23, Switzerland. 900 °C. A last measurement was done after a 30 min anneal-
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FIG. 1. Angular distribution of3™ particle emission yields froni°Fe in
ZnO, around thg000] (a), [1102] (b), [1101] (c), and[2113] (d) axes,

following the 800 °C annealing. The best fits of the channeling patterns for

each direction are also shown (g)—(h) and correspond to 98)% of Fe

atoms atS;,, sites.

evidence for°Fe located at other lattice sites different from
Sz

The most remarkable feature of our experimental results
is the almost perfect substitutional incorporation of Fe at Zn
sites after the 800 °C annealing. The observed rms displace-
ment values are close to the thermal vibration amplitude of

ing under air at 1050 °C. The subsequent evaluation of the F&¢ Zn atoms{u,(Zn)=0.082 Al and represent the lowest
lattice location was performed by quantitatively comparing'ms displacements we have found so far for any impurity in

the experimental patterns with theoretical ones, using th&nO. The somewhat higher rms values observed in the as-
two-dimensional fitting procedure outlined in Ref. 22. In thisimplanted state are ascribed to the implantation damage in
procedure, theoretical patterns fS¥e at substitutional zn the surroundings of Fe, which is then largely removed during
sites(S;,) and O sitedS,) with varying rms displacements annealing at 800 °C. The fact that the substitutional Fe frac-
and a diversity of interstitial sites were considefed’he  tion decreases for higher annealing temperatures, accompa-
%Fe theoretical emission channeling patterns were calculatgdied by a small increase in the Fe rms displacements, may be
by means of the “many-beam” theory of electron diffractioneXplained as follows. High-temperature annealing is likely to
in single crystal€! using a computational approach fér  introduce crystal defects in the near-surface layers, which
emitters in ZnO described previou§®_ can interact with Fe atoms, causing them to occupy lattice
The experimental emission patterns along {601, locations of lower symmetry. This process is possibly further
[1102], [1101], and[2113] directions, measured following enhanced by Fe diffusion at these temperatures, which would
the 800 °C annealing, are shown in Figga)21(d). Figures also allow for the possible formation of Fe clusters.
1(e)-1(h) represent the best two-fraction fits of the corre- In previous emission channeling experiments, we inves-
sponding theoretical yields, obtained by considering Fe oriigated the lattice location of the transition metal isotopes
substitutional S,, sites and varying its rms displacement ®’Cu (Ref. 26 and *?Ag (Ref. 27 implanted in ZnO and
u,(Fe). The remaining Fe atoms are on random sites thatound quite different results in terms of thermal stability of
account for sites of very low crystal symmetry or in heavily the dopant lattice site. Although the majori§0%) of ®’Cu
damaged surroundings, contributing with an isotropic emisatoms were substitutional &;,, sites already in the as-
sion yield. For this annealing temperature, the best-fit valuesnplanted state with low rms displacemeri@s16—0.17 A,
of the °*Fe rms displacements fro®,, sites, perpendicular annealing above 400 °C caused a dramatic increase in the
to the [0001], [1102], [1101], and[2113] directions, were ®’Cu rms displacementf.3-0.5 A from S,, sites, along
0.09, 0.09, 0.08, and 0.06 A, respectively. The correspondingith the partial outdiffusion of Cu during the 800 °C anneal-
fractions of Fe onS,, sites were found to be 108%, 93%, ing. The case of Ag was very similar to Cu, however, with
93%, and 88%. maximum substitutional fractions around only 40%. In con-
Figure 2 shows the substitutional Fe fractions and rmdrast, the comparably high stability of Fe against annealing is
displacements as a function of annealing temperature. As camderlining the potential of ion implantation as a means of

be seen, almost 90% of the Fe atoms were found on substie doping in ZnO.
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