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The lattice location of copper in single-crystalline zinc oxide was studied by means of the emission chan-
neling technique. Following 60-keV room-temperature implantation at a fluence »fl®3 cm 2, the angu-
lar distribution of 3~ particles emitted by the radioactive isotof€u was measured by a position-sensitive
detector. TheB™ emission patterns give direct evidence that in the as-implanted state a large fraction of Cu
atoms(60%—70% occupy almost ideal substitutional Zn sites with root-mean-sq(rarg displacements of
0.16-0.17 A. However, following annealing at 600 °C and above Cu was found to be located on sites that are
characterized by large rms displacemel@®8—0.5 A from Zn sites.
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The 3d transition-metal copper is a common impurity intherford backscattering spectroscofBS) are not appli-
ZnO crystals, and concentrations up to the ppm range haveable because Cu has a smaller atomic mass than Zn. lon
been reported-* The main interest in Cu results from its beam experiments using particle-induced x-ray emission
possible role in the so-called “structured” green lumines-(PIXE), which were, for instance, used in order to locate Fe
cence frequently found in ZnO. This role was first suggestedn ZnO!° are also difficult to perform since Cu and Zn are
by Dingle' from an apparent isotope split due $Cu and  direct neighbors in the periodic system, and, moreover, such
%5Cu in the two no-phonon lines of the structured green lu-studies would require implanted Cu fluences in the
minescence, which has since then often been attributed tb0'® cm™2 range. Recently, the extended X-ray absorption
CU?",,(3d%4s?) (Refs. 1-5. ZnO also may exhibit “un- fine structure(EXAFS) method has been applied to ZnO
structured” green luminescence, and recently Gaeteal.  samples containing 0.12 at. % Cu, which was incorporated
reported that a 900 °C annealrfb h in airtransformed the during molecular beam epitaxy growthThis study did only
unstructured green luminescence of an as-grown ZnO sampt®nsider ideal substitutional Zn and O sites, and it was found
to the structured green “Cu” luminescent&@hey suggested that the EXAFS data resembled Cu on Zn sites but did not
this behavior to be due to Cu being converted from*Cu completely match the theoretically expected signal. It was
(3d%°4s?) to C** (3d? 4s?) by the annealing procedure. also suggested that, depending on the Cu concentration and
However, the role of Cu in the ZnO green luminescence igrowth temperature, Cu resides in different structural envi-
not undisputed and native defects such as Zn vacahéi®s, ronments.
antisite defect& or O vacancies*! are being considered as ~ We report here on the lattice location of ion-implanted Cu
possible candidates, too. in single-crystalline hexagonal ZnO using the emission chan-

Apart from its possible influence on the optical propertiesneling techniqué? For that purpose we have measured the
of ZnO, Cu has recently been found a suitable codopant imngular distribution of3~ particles emitted by the radioac-
order to activate room-temperature ferromagnetism irtive isotope®’Cu (t1,=61.9 h). The same method was ap-
ZNo.odF € 0:Clo 010,12 other applications of Cu in ZnO in- plied previously in order to investigate the lattice sites of Cu
clude varistor® and piezoelectrfé devices. In these three in Si?*%
cases the beneficial role of Cu is presumably related to the The ZnO sample studied was a single crystal, grown by
formation of electrically active Cu acceptors. seeded chemical vapor transpgdrand polished on the Zn

While electron paramagnetic resonance experiments havace. Implantation of’Cu was performed at CERN’s on-line
given indirect evidence for the existence of substitutionalisotope separator facility ISOLDE, which provides clean 60-
CW¥',, (3d°4s?) on Zn sites>® infrared luminescence keV beams of Cu from chemically selective laser ion
data point towards the existence of several different Cwsources. We implanted 7° from the surface normal up to a
defects®® In addition, resistivity measurements found thefluence of 2.3 10'° cm™2, leading to a maximuni’Cu con-
conductivity change in Cu-doped ZnO to be roughly propor-centration of 810 cm 2 (~96 ppm) at a depth of
tional to the square of the Cu concentration and were ex259116) A. The angular distribution of3~ particles was
plained by the passivation of Gu acceptors by O recorded by a position-sensitive electron detector and emis-
vacancies, '8 or the formation of acceptor-type €-Cl?*  sion channeling patterns were extracted from the energy win-
pairs!® So far there are no experiments reported which studdow 93-577 keV.
ied the structural properties of Cu in ZnO in detail. Lattice In order to identify the lattice sites of Cu, we have fitted
location methods by means of ion beam channeling and Riuthe experimental electron distributions by simulated patterns
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originating from ®’Cu emitter atoms on substitutional Zn experiment simulation for S, sites
sites S;,) with varying root-mean-squaréms) displace-

mentsu, . Besides, we also considered substitutional O and & a) () [0001]
wide range of interstitial sites the location of which has been =}fg}gg
described in Ref. 25. The electron channeling simulations { 2119
were carried out by means of the “many-beam” formafiém 2% , heih
using 16 beams, treating the energy range of 100-550 keV ir Q gggggg
steps of 25 keV and averaging the resu_lts acc_ordlng to the & - \ j/y A.,_\'\& 078085
B~ spectrum of°’Cu. As described previously in Ref. 26, ° R e (f) [1102]
two models for the crystal structure of ZnO were considered,(p) Q\”L\/Z{ A
differing somewhat in the rms displacements of Zn and O 147157
atoms and the-axis bond length parameter. Both models led (1120) 0 | ) < -12;13;
essentially to the same results for tHeu lattice location. 1] ] 1.15-1.26
Following room-temperature implantation &fCu, the )/\Fi 295108
sample was subjected to an annealing sequence up to 800 ° \\'2' ) 0.84-0.95
in steps of 100 K under vacuum. The annealing time for each &, (9) [1101]
step was 10 min and the relaxation back to room temperaturyc) B 150 - 159
took up to 15 min since the sample could not be quenched ir =:;?1ig
vacuum. Following each annealing step gie emission pat- (11200 0 122-131
terns around thg0001], [1102], [1101], and[2113] crystal -1 e
directions were recorded in order to distinguish between pos- 0.93-1.03
sible substitutional and interstitial sites. Before discussing 084-093
the results of the complete annealing sequence, we will first \\0*/\ 2] (h) [2113]
focus on the data obtained following the 200 (&ig. 1) and B 138146
600 °C(Fig. 2 steps. Paneka)~(d) of Fig. 1 show the chan- (@) '] oo
neling patterns measured after the 200 °C annealing, whick0110) 0 4 115-123
are essentially the same as in the as-implanted state. The be 1] Iniagh
two-fraction fits of the theoretical yields to the experimental 0.92-1.00
data are shown in Figs.(@—1(h) and give the result that 28 O\ B\ 0:64-0.92
~70% of Cu atoms occupy substitutional Zn sites. The best 2 1 0 1 2 21 0 1 2][deg
fit parameters for the Cu rms displacements from g FIG. 1. Angle-dependent 3~ emission yields from

sites perpendicular to thg0001, [1102], [1101], and 87Cu-implanted ZnO around th®001] (a), [1102] (b), [1101] (o),

[2113] directions were 0.17 A, 0.16 A, 0.16 A, and 0.15 A, and[2113] (d) axes following annealing at 200 °C. Panes—(h):

respectively. While these values are roughly twice as large a(%grsritsoc:dsigg“t?;e;;hgg;e“;f‘ypagsénggg tgfgg;nsr;:;t\,?,:tﬁleld&

: 0, 0, 0, (]

t2he fms dlSpla(-:emems of Zn or O atoms Q.08 A) (Ref. rms displacements of 0.17 A, 0.16 A, 0.16 A, and 0.15 A, respec-
7), they are similar to those we have observed ¥t"Er ivel

implanted in ZnO, though following annealing at the much Y-

higher temperature of 700 °Ref. 26. The remaining 30%

of Cu atoms are attributed to so-called random sites, whiclshifted along thes axis or along the basal bonding and anti-

are lattice positions resulting in isotropic yield patterns. Al-bonding directions. However, sufficiently good fits were ob-

lowing for Cu on other thar§,, and random sites did not tained for isotropic Gaussian distributions around the substi-

significantly improve the quality of fit: in particular, we tutional Zn sites and it was not possible to relate the

found no indications for Cu on well-defined interstitial sites. displacement with specific directions.

Figures 2a)—2(d) show the patterns recorded after the In Fig. 3 we have compiled the Cu fractions 8g, sites
600 °C annealing, which exhibit some characteristic differ-and the rms displacements from the perfect substitutional
ences compared to the as-implanted or 200 °C-annealed da#n positions following the different annealing steps. Follow-
Not only is the general anisotropy roughly reduced by a facing annealing to 400 °C, the fraction of Cu &, sites re-
tor of 2, but also the relative intensity of the axial channelingmained essentially the same as following 200 °C annealing
effects greatly diminished with respect to the planar channelwhile u, already increased somewhat to values between 0.22
ing effects. In the case of tH®001] pattern, there is even a A and 0.26 A. Annealing at 600°C led to a pronounced
local minimum visible along the axial direction. These increase of the rms displacements. Finally, following anneal-
changes are clear indications that the preferential lattice pang at 700 and 800 °C, the rms displacements remained at
sition of Cu has altered. Indeed, the best fit was now obrather high values while the apparesy,-related fraction of
tained for~95% of Cu onSy, sites with the large rms dis- Cu decreased. On dismounting the crystal from the vacuum
placements of 0.42 A, 0.44 A, 0.44 A, and 0.46 A, chamber several percent of th&u activity was found out-
respectively. Such large; values are likely to be caused by side the sample, giving direct evidence that, at least during
static displacements along specific crystal directions. Wehe last annealing step, significant diffusion of Cu occurred.
have therefore also tried to fit the data with sites that areMoller and Helbig have reported a diffusion coefficient of
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experiment simulation displaced S, sites S T 7 o T T 1
2 101 2 2 40 1 2 s oL@ o o/ \z# .
(@ w‘“"%«%fﬁ (e) [0001] g o5 o \% .
= o Vi 2115 g 04 P 7
AS [ A - 1.06-1.09 é - : ractions Iess accurate - _
(1120) 0 S N 1.02-1.06 - ®) w0y *Cu) 706 =<
@, 1 —
AR o (i ; 0.99-1.02 F o Lol O Loz v v o Jos &
1 O S 0.96-099 ¥ 4 g
) t\ bECa v L3 A L{ien A R 104 §
9 - 0.90-0.93 n @ 703 é
¢ () [1102] ST Y st L O 1 1
(b) 21126 [ L . L L L L L . . E)
116121 0 200 400 600 800
(1120) = 1:; 1 12 annealing temperature T, [°C]
1.02-1.07 FIG. 3. Fraction of Cu atoms on substitutional Zn sitesand
8;’3382 their room-temperature rms displacement$®’Cu) perpendicular
§ 0.88-093 to the indicated crystal direction®) following 10-min annealing
Qo’\:‘ 2 (9) [1101] steps. Zn and O rms displacemefiRef. 27 are also indicated.
(C) 1 T Hl122-127 i . . . .
7122 In this case, while the hypothetical fitted fractions would
(1120) 0 | W27 exceed 500%, the best fit values foy(®’Cu) would still be
4 1.02-1.07 around 0.42-0.52 A.
jpiiive We would like to add some remarks regarding the conse-
2 , 087-092 quences of thermal annealing on Cu in ZnO. We note that
@g%}\ o} (h) [2113] both our results and those of Ref. 16 imply that substantial
T diffusion of Cu must take place during 900 °C annealing.
(d) 1 09112 Pronounced diffusion, however, offers ample possibilities of
(0110) 0 B 1.2 108 Cu atoms being trapped by various sorts of defects. Hence,
. 0.97-1.01 the Cu sites following high-temperature annealing are there-
i fpsthed fore likely to represent Cu in complexes with additional de-
-2 \ ) 0.86-0.90 fects (these could be native defects such as vacancies and
2 1 0 1 2 -2 1 0 1 2 [deg] interstitials or other impuritiosor, possibly, Cy,-Cuy,, pairs.

FIG. 2. B~ emission channeling patterns around [8601] (a), The formation of these complexes should depend on the con-
[1102] (b), [1101] (c), and[2113] (d) axes following annealing at centration of Cu and the other constituents, and on the con-
600 °C. Panelge)—(h): best fits, corresponding to 85%, 100%, ditions of annealing, such as temperature, duration, slow
106%, and 87% of Cu 0B, sites with rms displacements of 0.42 cool-down, or quench, annealing atmosphéZa-rich or
A, 0.44 A, 0.44 A, and 0.46 A, respectively. O-rich). Our findings do not completely rule out the possi-

bility that the structured green luminescence observed fol-

D=2x 107 exp(—4.8 eV/kT) cné/s for Cu in ZnO For our lowing 900 °C annealirftis due to Cu on ideal substitutional

10-min annealing at 800°C this would imply a diffusion Zn sites(these sites could be occupied again under different

width around 60 A. While this compares to the mean implan_experimental_conditions.—for instance, during a fast quench
tation depth of 259 A we note that the changes in the con?’ for annealing under different atmosphgrdsowever, the

figuration of substitutional Cu start already around 400 °C.faCt that the simple substitutional g, defect does not easily

Some remarks are lso appropriae o the possi nfuenghve MO leRerte amealing prvides sddtona v
of the Cu diffusion on the accuracy of the lattice location y

results. Emission channeling effects generally decrease witﬁCtS not involving Cu are in fact responsible for the struc-

increasing depth of the emitter atoms from the surface due t yred green luminescence.

dechanneling. The fitted fractions are therefore quite sensi- Summarizing, we have 'dent'f'ed two Conf|gura_t|ons_of
tive to the Cu depth profile, and while our simulations as_lmplanted Cuin ZnO. In the as-implanted state, Cu is mainly

sumed an as-implanted profile, the diffusion obviously mus{jqunld on aIn:ost |dea61528 i'éeso’ :ga'g\ac;erlzed bytrs]mall rrfr_ls
rave caused Ghanges n he Co deph dstrbuton. n FEEDSCETEN S0 0150 7 Hovever e st
3(a) we have therefore marked tf&Cu fractions for anneal- Y, 9

ing temperatures at 600 °C and above as less accurate. TH; 40? (;sta.rtts the_tﬁolnversg_n cl)f Cu fro[n a”];n?hSt |d%al an
apparent increase of the fraction of near-substitutional Cu t<§' es 1o nAS' es \I,IVI argel_ 'SP acerr:en_s, ot the ?r gr 0
95% following 600 °C and its reduction following 700 and :35-0.50 A. Finally, annealing at 800 “C in vacuum leads to
800 °C annealing are possibly simply reflecting changes irPartlal Cu outdiffusion.

the Cu depth profile. In contrast, the derived Cu rms dis- This work was funded by the FCT, Portug&roject No.
placements hardly depend on its depth profile. We have veriCcERN/FIS/43725/2001and by the European UniotLarge
fied this by also comparing the experimental data to simulaScale Facility Contract No. HPRI-CT-1999-00018J.W.
tions using a constarffCu depth profile from 0 to 5000 A. and E.R. acknowledge support by the FCT, Portugal.
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