v

View metadata, citation and similar papers at core.ac.uk brought to you by i CORE

provided by CERN Document Server

Reprint from Superlattices and Microstructures 39 (2006) 229-237 1
Presented at the 2005 Spring M eeting of the Eur opean Materials Research Society, Strasbour g, 31.5.-3.6.2005

LATTICE SITESOF IMPLANTED Cu AND AgIN ZnO

U. Wahl,"*? E. Rita,*? J.G. Correia,*** T. Agne,** E. Alves,*? J.C. Soares® and the |SOLDE coll aboration®
! Ingtituto Tecnaldgico e Nuclear, Estrada Naciond 10, 2686-953 Saavém, Portugd
2 Centro e Fisica Nuclear da Universidade de Lisboa, 1649-003 Lisboa, Portugal
® CERN-PH, 1211 Genéve 23, Switzerland
* Technische Physik, Universitét des Saalandes, 66123 Saabriicken, Germany

Abstract

The group Ib impurities Cu and Ag on substitutional Zn sites are among possble andidates for p-type doping of ZnO.
In order to explore posshle lattice sites of Cu and Ag in ZnO the radioactive impurities ®’Cu and **Ag were implanted
at doses of 4x10" cm?to 1x10" cm™ at 60 keV into ZnO single crystals. The @misson channeling effeds of B~ parti-
cles from the decay were studied by means of positi on-sensitive dectron detedors, giving dred evidencethat in the as-
implanted state large fractions of Cu and Ag atoms (60-70% for Cu and 30% for Ag) occupy almost ideal substitutional
Zn sites with roat mean square (rms) displacements of 0.014-0.017nm. However, following vacuum annealing at
600°C and above bath Cu and Ag were found to be located increasingly on sites that are characterized by large rms
displacaments (0.03-0.05 nm) from Zn sites. We @nclude that in high-temperature treated ZnO Cu and Ag are most
likely not simply replacing Zn atoms but are incorporated in complexes with other crystal defects or as clusters.
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I ntroduction

Finding a suitable acceptor impurity for rei able p-type doping remains one of the questions that urgently need to be
solved in order to allow the realization of ZnO-based devices. Besides elements of group V of the periodic system re-
placing for O, aso the group Ib impurities Cu and Ag on subgtitutional Zn stes have been considered as possble @andi-
dates for p-type doping [1]. Cu has been reported as a common impurity in ZnO crystals, and concentrations up to the
ppm range are given in the literature [2-5]. Early resistivity measurements siowed a decrease in n-type conductivity in
Cu-doped ZnO, indicating the acceptor character of Cu. However, the decrease in n-type conductivity was found to be
proportional to the square of the Cu concentration, which was explained by the passvation of Cuy, acceptors by O va-
cancies [6,7] or the formation of acceptor-type Cu*~Cu?®* pairs [8]. More recently, admittance spedroscopy experi-
ments found only deep acceptor levels located 0.17 €V below the conduction band for Cu [9] and 023 eV below the
conduction band for Ag [10]. For Ag, which was also investigated with resped toits application in ZnO varistors, it was
sugeested that it acts as an amphoteric dopant, existing bah on substitutional Zn sites and in the interstitial form [11].
Both for Cu and Ag it is hence questionable whether these Ib elements are actuall y incorporated on ideal substitutional
Zn dtes.

The role of Cu is also interesting die to its possble relation with the so-called “structured” green luminescence
band frequently found in ZnO. While many authors [2-5, 12] have attributed the green luminescenceto the Cu impurity,
itsrole has also been questioned and native defeds such as Zn vacancies [13,14], O antisite defeds [15] or O vacancies
[16-18] are being considered as possble candidates, too. Recent photoluminescence experiments using radioactive
isotopes of Cu and Ni have given strong evidence that the structured green luminescenceis actudly caused by Zn va-
cancies[19].

We have previoudy studied the latticelocation of implanted Cu [20] and Ag [21] in ZnO by means of the 3~ emis-
sion channding effed [22] from radioactive ®’Cu and ***Ag isotopes. Our experimental method is based on the fact that
the B~ particles that are emitted during nuclea decay experience danneling or blocking effeds along major crystall o-
graphic axes and planes. The resulting anisotropic emisgon yield from the aystal surface daracterizes the lattice site
occupied by the probe atoms. In this paper we present additional data on ®Cu-implanted samples with different doses
and compare the behaviour of bath group Ib impurities.
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Method

60 keV implantation of ®’Cu (ty, = 61.9 h) and **Ag (ty, = 7.45 d) was done by means of CERN’s on-line isotope
separator facility ISOLDE, which provides clean beams of these radioactive isotopes. The samples were all c-axis ori-
ented, commercially avail able single-crystals, and purchased either from Eagle Picher Tedchnologies and grown by the
seaded chemical vapour transport (SCVT) process or from Crystec GmbH and grown by the hydrothermal (HT)
method. Five samples with the foll owing characteristics were investigated: sample 1 HT-grown, O face implanted dose
4x10% cm™ of ®'Cu; sample 2 SCVT-grown, Zn face, 2.3x10™ cm ™ of ®’Cu; sample 3 HT-grown, O face, 1x10* cm™
of ®’Cu; sample 4 SCVT-grown, Zn face, 2x10" cm 2 of ®’Cu; sample 5 SCVT-grown, Zn face, 2.0x10* cm™ of ***'Ag.
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Fig. 1: Normalized anguar-dependent B~ emisson  Fig. 2: Emisson channeling patterns from *’Cu in ZnO
yields from ¢’Cuin ZnO sample 3, in theasimplanted ~~ sample 3, annealed at 700°C around the crystalline axes
state, around the aystalline axes (a) [0001], (b) (&) [0001], (b) [1103, (c) [1101 and (d) [2113. Panel<
[1102, (c) [1101] and (d) [2113. Panels (f)-(h) repre- (H)-(h) represent the best two-fraction fit of theoreticd
sent the best two-fraction fit of theoreticd patternsto  Patternsto the experimental data, corresponding to 24%,
the experimental data, corresponding to 62%, 52%, 17%, 17%, and 23% of Cu atoms on displaced substitu-
55%, and 51% of Cu atoms on substitutional Zn stes  tional Zn sites, with rms displacements perpendicular to
Syn, With rms displacements perpendicular to the cor-  the @rresponding axes of u; =0.030 nm, 0.022nm,
responding axes of u;=0.017nm, 0.016nm,  0.030nm, and 0.055nm, respedively.

0.015 nm, and 0.014 nm, respectively.

Latticelocation experimentswere crried out for samples 1-3 and 5 in the as-implanted state and after 10-min annealing
sequences in vacuum up to 700°C or 800°C, while sample 4 was only investigated foll owing annealing for 10 min un-
der O, atmosphere & 800°C in a sealed quartz crucible. The angle-dependent eledron emisson yield was measured by
means of position-sensitive Si detedors [23]. The quantitative assgnment of probe atom lattice sites was accompli shed
by fitting the experimenta emisgon yields around [0001], [1102], [1101], and[2113 diredions by theoretical channel-
ing patterns for different lattice sites. We tried substitutional Zn and substitutional O dtes, the main interstitial sitesin
the wurtzite structure such as T, O, H, BC and AB [24], and a variety of interstitial sitesthat are obtained by displacing
the probe atoms along bonding or anti-bonding dredions from the substitutional Zn sites. In addition, substitutiona Zn
sites with isotropic Gaussan digtributions of displacements, characterized by diff erent root mean square (rms) values u;
were considered. Detailsregarding the experimental setup, the simulation of the emisson yield for different lattice sites
in ZnO, andthe data analysis procedure have been reported previoudy [20,21,23).

Results

Figure 1 panes (a-d) show the experimental emisson yields of the sample with the highest dose of ®’Cu (sample 4) in
the as-implanted state. The best fits of theoretical patterns to the experimental yields are shown in panels (e-h) and cor-
respond to 55(4)% of °’Cu on substitutional Zn sites with isotropic Gaussan rms displacements of 0.014-0.017 nm
(0.14-0.17 A) perpendicular to the four investigated axial directions [0001], [1102], [1101], and [2113. Theremaining
45% of ®’Cu atoms, the so-call ed random fraction, do not cause any anisotropy in the emisson channding petterns and
are hence attributed to random sites, which are sites of very low crystal symmetry or in heavily disordered surround-
ings. The rms displacement of the Cu atoms from the substitutional Zn sitesis ssmewhat larger than but still compara-
ble to the room temperature thermal vibration amplitude of Zn atoms, u;(Zn) = 0.008 nm. The eperimental results and
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best fits foll owing vacuum anneding at 700°C of the same sample ae shown in Fig. 2. Besides a onsiderable deaease
in the fraction of °’Cu on Zn sites and an increase of the random fraction, which isillustrated by the pronounced overall
deaease in anisotropy of all four patterns, there is dso a qualitative dhange in the nature of the lattice site, which is
responsible for changing the relative intensity of axial and planar channeling effects. The best fits of the rms displace-
ments perpendicular to the [0001], [1102], [1101] and [2113] diredions were now obtained for u,(®’Cu)= 0.030nm,
0.022 nm, 0.030 nm, and 0.055 nm, which is a sgnificent increase cmmpared to the as-implanted state. It should be
pointed out that the increase in rms displacement can be aused by various cenarios. For instance, whether the probe
atoms represent an ensemble with varying small displacements from Zn sites, or al of them exhibit the same fixed ds-
placament, or a mixture of bath, is very difficult to distinguish by channding techniques. The fact that the fitted rms
displacement value from the [2113 diredion is considerably larger than the others suggests that the displacements of
the Cu atoms are probably not isotropic in space but ocaur along well -defined crystal diredions. We therefore tried to
fit the patterns also with fixed displacements from the ideal Zn positi ons towards the bonding and anti-bonding drec-
tions, bath within and basal to the c-axis, however, the quality of the fits was in most cases worse than for the isotropic
Gaussian displacement model. A preferentia diredion of the displacement could therefore not be pinpointed. However,
due to limitations in computing time we did not try fixed displacements other than in bonding or anti-bonding drec-
tions, which are all located within (1120) or equivalent planes, and we @nnot exclude that the Cu atoms are displaced
along aher crystal diredions, e.g. within the (0110) or equivalent planes. In addition to nea-substitutional and random
sites, we also tried to include, e.g., various interstitial sitesin the fits, but this did not significantly improve the quality
of fit, and it was thus not posgble to assgn any other well-defined lattice sitesto Cul.
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Fig. 3: () Fractions of Cu atoms on substitutional Zn sites for samples 1-4, and their room
temperature rms displacements u,(®’Cu) perpendicular to the indicated crystal directions
following 10-min anneding steps (b) for samples 1 and 2, and (c) for samples 3 and 4. The
rms displacament of Zn atoms u;(Zn) due to therma vibration at room temperature is
indicaed by the horizontal lines.

Figure 3 compares the fitted fractions of ®’Cu atoms at or near substitutional Zn sites and their rms displacements
for al four Cu-implanted samples. The results for sample 2, which was implanted with 2.3x10™ cm™, have been pub-
lished previoudy [20]. As can be seen, in al cases large fradions of Cu atoms occupy nearly ideal Zn sitesin the as-
implanted state, with the fraction being highest for the sample implanted with the lowest dose (sample 1) and lowest for
the sample implanted with the highest dose (sample 4). Theincorporation of Cu into substitutional Zn sites thus appeas
to be anti-correlated with the implanted dose. Anneding upto 300°C has practically no influence on the latticelocation
of Cu, while for anneding at 400°C the Cu rms displacements gart to increase in the higher-dose implanted samples 2
and 4, but stay close to the value for ideal Zn sites in sample 1. Following anneding at 600°C, the rms displacements
increase dightly in the sample 1 with lowest dose, and significantly in the other cases, with the apparent rms displace-
ment perpendicular to the [2113 direction being considerably larger than the others. Finally, annealing a 700°C and
above also caused significant deaeases in the fraction of Cu on or near Zn sitesin al cases. However, the fractions for
annealing temperatures above 600°C are marked as lessaccurate since the possble diffusion of Cu may have changed
the depth profile. While possble diffusion is expected to influence the fitted fractions, as was discussed previoudy
[20,21], it does not have a pronounced influence on the identification of the rms displacements. In the ase of sample 2
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partial out-diffusion of several percent of the Cu activity was observed during anneding at 800°C, and therefore sam-
ples 1 and 3were subsequently only annealed at 700°C maximum in order to avoid contamination of the emisson chan-
neling setup.

Sample 3 was only anneded oncein a quartz crucible at 800°C under O, atmosphere, which resulted in a ~50%
loss of implanted ®Cu radioactivity. This lossis not included in the crresponding fraction shown in Fig. 3, which is
normalized to the anount of ®’Cu remaining in the sample. Hence aound 40% of the remaining Cu atoms (correspond-
ing to around 20% of the implanted dose) till occupied sites with relatively small displacements from ideal Zn posi-
tions foll owing the 800°C anned.

The results from the ***Ag implanted sample [21] are shown in Fig. 4, and are similar to the @se of Cu. The main
differenceisthat Ag was characterized by a much larger random fraction than Cu and only around 30-45% of Ag atoms
were incorporated at or nea substitutional Zn sites. In addition, the rms displacements of Ag from the ideal substitu-
tional Zn positions werein al cases larger than those of Cu. Also in the @ase of Ag isotropic displacements resulted in
the best possble fit. However, here we found that a fixed displacement of 0.03-0.05 nm from S, to the bond-center
positions basal to the caxisyielded a quality of fit that came close but till was ssmewhat worse than the chi square due
to isotropic Gaussan rms displacements. Similar to Cu, the last annealing step at 800°C was al so accompanied by aloss
of 30% of activity from the sample.
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Fig. 4: (8) Fraction of Ag atoms on substitutiona Zn stes and (b) their room temperature
rms displacements u,(*"*Ag) perpendicular to the indicated crystal diredions following 10
min annealing steps.

Discussion

Diredly following implantation large fractions of both Cu and Ag are found on amost ideal Zn positions, and the
changes to sites showing larger rms displacements occur only upon anneding. The fact that we observed partia outdif-
fusion of Cu roughly confirms the diffusion coefficient D=2x10" exp(-4.8 eV/kT) cm%s of Cu in ZnO reported in the
literature [8], from which one @l culates a diffusion width around 60A following 10min annealing at 800°C, by order
of magnitude comparable to the mean implantation depth of 259116) A. Based on the observation that the diffusion
coefficients of Cu and the sdf-diffusion coefficient of Zn are very similar, it was suggested that Cu diffuses mainly
substitutionally in ZnO [8]. In any caseit is very likely that annealing at lower temperatures aready causes Cu and Ag
to start diffusing and thus interacting with additional defects present in the sample. These ae most likely defects created
during implantation, which is suggested by the observation that foll owing implantation at a very low dose obviously Cu
does hardly change to sites with larger displacements. However, the annealing conditions also can play a certain role,
since anealing under oxygen lean or oxygen rich conditions can change the point defea equilibrium in the nea-surface
Cu implanted region of the samples. Another posshility to interpret the large displacements is that they are due to the
formation of Cu-Cu pairs or clusters of several Cu atoms. Since diffusion of Cu would also be required for the forma-
tion and the complexes are more likely to be formed at high Cu concentrations, thiswould also quali tatively explain that
the large rms displacements only occur upon anneding and the dose dependence of the dfed. The eistence of Cug,-
Cugz, pairs has also previoudy been suggested by Miller and Helbig [8]. The high random fraction in the @ase of Ag
shows that it is more difficult to incorporate this element in substitutional Zn sites than Cu. Possbly Ag atoms occupy
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toalarge extent intertitial sites of low symmetry or tend to form small precipitates. We would like to remark that there
also exist trangti on metals that show a different behaviour in ZnO. For instance, Fe was to nealy 100% incorporated on
ideal substitutiona Zn sites foll owing vacuum annealing at 800°C and did not show similar large displacements as Cu
or Ag even after annealing at 1050°C [25].

The posshility that the observed displacements of Cu and Ag occur along well-defined crystal diredions will be
investigated further by comparing the eisting experimental data to simulations for additiona lattice sites, for instance
positions which are displaced from ideal Zn sites within the (0110) or equivalent planes. Further experiments with dif-
ferent implanted doses (especialy higher doses) and dfferent anneding procedures will possibly also shed more light
on whether Cu and Ag smply interact with implantation defeds or form trangition metal clusters.

Conclusions

Implanted Cu and Ag show a similar behaviour in ZnO, bath are @pable of occupying two types of lattice sites, amost
ideal Zn sites and sites that show displacements around 0.02-0.05 nm from the ideal Zn positions. The fact that the
displaced substitutional sites are only found upon annealing, together with the dose dependence of the site change dfed
in the ase of Cu, points out that bath Cu and Ag change their lattice onfiguration when interacting with defeds in
ZnO. The observed incorporation of Cu and Ag on non-ideal lattice sites can possbly explain that these impurities do
not exhibit simple acceptor behaviour in ZnO, existing mainly bound in complexes with other defeds or as pairs or
even clusters of several atoms.
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