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ABSTRACT 
 

In this work we report on the lattice site location of rare earths in single-crystalline ZnO by 
means of the emission channeling (EC) technique. Following low dose (3×1013at/cm2) 60 keV 
ion implantation of the precursor isotope 169Yb, a position-sensitive electron detector was used to 
monitor the angular distribution of the conversion electrons emitted from 169Tm* as a function of 
the annealing temperature up to 600ºC in vacuum. An additional annealing at 800ºC in flowing 
O2 was performed. The EC measurements revealed that around 95-100% of the rare earth atoms 
occupy substitutional Zn sites up to an annealing temperature of 600ºC/vacuum. After the 
800ºC/O2 annealing, the emission channeling effects decreased considerably. 
 
INTRODUCTION 
 

Rare earth doped semiconductors exhibit visible or infrared luminescence and are of interest 
for optoelectronic applications, for instance, as light emitting diodes [1]. Experimental evidence 
of high luminescence eff iciency from rare earths in wide band gap semiconductors [2], such as 
GaN, pointed out these systems as possible materials for electroluminescent devices. The II-VI 
compound zinc oxide (ZnO) is one of the materials investigated in that respect. With a band gap 
of similar width as GaN, this oxide offers the advantage of growing high quality bulk single 
crystals more easily.  

Rare earth doping of ZnO during growth has already been described previously in the litera-
ture [3-10]. However, the production of doped layers by ion implantation, the main doping tech-
nique used in semiconductor technology, has not been exploited to a great extent. A fundamental 
step to understand the doping effects from implanted elements is to learn their lattice location. In 
the particular case of low concentrations of implanted elements, this can be achieved using the 
emission channeling (EC) technique, which makes use of the fact that charged particles emitted 
from radioactive isotopes in single-crystals experience channeling or blocking effects along crys-
tallographic axis and planes.  

In this work we report on the lattice location of the rare earth isotope 169Tm* (t1/2=0.66 µs) in 
a ZnO single crystal using emission channeling, following ion implantation of its precursor 169Yb 
(t1/2=32 d). The 169Yb probe nuclei decay by electron capture to the excited state 169Tm*, which 
decays to the 169Tm ground state. The latter transition is accompanied by conversion electron 
emission, which can be used for EC [11]. Using position-sensitive electron detectors [11] the an-
gular distribution of the conversion electrons is measured and provides information about the 
emitter (169Tm*) lattice site. Note that since the recoil energy in the 169Yb → 169Tm* nuclear de-
cay is less than 1.1 eV, it is most likely that 169Tm* has inherited the 169Yb lattice site [11].  
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EXPERIMENT 
 

In this study a commercially available ZnO [0001] single-crystal [12], grown by seeded 
chemical vapor transport and polished on the O face, was implanted at room temperature with 
the radioactive isotope 169Yb up to a dose of 3×1013 at/cm2 and 60 keV energy. This was per-
formed at the CERN/ISOLDE facility [13], where pure beams of radioactive elements are pro-
duced, providing a large variety of isotopes for EC. In order to minimize the fraction of 169Yb 
atoms channeled during implantation and provide a well -defined depth profile, a 7º til t angle 
from the crystal surface was applied. The resulting range, straggling and peak concentration of 
169Yb atoms, as estimated from TRIM calculations [14], are 166 Å, 54 Å, and 2×1019 cm−3, re-
spectively. 

The emission channeling patterns of the conversion electrons emitted as a consequence of  
the 169Yb decay were recorded in vacuum with the position-sensitive detection system described 
in Ref. [11]. Setting an energy window above 95 keV included the 100, 109, 118, 121, 139, 188, 
248 and 298 keV conversion electrons emitted by the 169Tm* (t1/2=0.66 µs) state but excluded 
lower energy electrons from short-lived states which are populated within a few ns following the 
169Yb decay. The angular distributions were measured around the [0001], [11102], [1101] and 
[ 2113] directions of the ZnO crystal in the as-implanted state and after 10 min in situ vacuum 
annealing at 300ºC and 600ºC, and ex situ annealing at 800ºC in flowing O2. 

The subsequent evaluation of the Tm sites in the ZnO lattice was achieved by fitting the ex-
perimental channeling patterns with simulated ones. The 169Tm* theoretical emission channeling 
patterns were calculated by means of the “many beam” theory of electron diffraction in single-
crystals [15]. To describe the ZnO crystal structure we applied the following structural model. 
We used lattice constants of a = 3.2495 Å and c = 5.2069 Å [16] and assumed the Zn-O c-axis 
bond length to be z = 0.375 c, as in an ideal wurtzite structure. In addition, isotropic root mean 
square (rms) displacements of u1(Zn) = 0.082 Å and u1(O) = 0.085 Å [17] were applied, which 
would correspond to Debye temperatures of TD(Zn) = 320 K and TD(O) = 696 K. In the simula-
tions, the angular range of 0º-3º around each of the investigated crystal directions was considered 
in small steps of ∆x = ∆y = 0.05º. In order to quantitatively compare experimental and theoretical 
patterns, the two-dimensional fitting procedure outlined in Ref. [11] was used. The considered 
lattice sites were substitutional Zn sites (SZn) and substitutional O sites (SO) with varying root 
mean square (rms) displacements and a variety of interstitial sites, which are described in detail 
in Ref. [18].  
 
RESULTS 
 

The experimental emission channeling pattern for the [0001] direction following the 300ºC 
annealing step in vacuum is shown in Fig. 1 (a). The observed channeling effect gives direct evi-
dence of the presence of 169Tm* atoms along the c-axis. The best two-fraction fit of the theoreti-
cal yields to the experimental data is represented in Fig. 1 (e) and corresponds to 104% of Tm 
atoms along the c-axis. The Tm rms displacement from the c-axis which gave the best fit was 
0.12 Å (note that the channeling effect is not sensitive to displacements along the channeling di-
rection). The fitted Tm fraction somewhat exceeds 100% but this is well within the expected ac-
curacy. For instance, the absolute comparison between experiment and theory requires the meas-
ured patterns to be corrected for the influence of backscattered electrons. The typical errors in-



Preprint from Materials Research Society Proceedings 774 (2003) M 3.7 3 

troduced by this procedure can be around ∼10%, and since the correction factors also depend on 
the angle between sample normal and detector, not all patterns are influenced in the same way.  

We would like to point out that all sites located along the c-axis would cause an emission 
channeling pattern similar to the one shown in Fig. 1 (a), among them, for instance, substitu-
tional SZn and SO or interstitial T sites. Therefore, to achieve an unambiguous lattice site location, 
the information obtained along the [11102], [1101] and [ 2113] directions was considered as 
well . The experimental patterns for these directions are shown in Figs. 1 (b), (c) and (d), respec-
tively, for the same 300ºC annealing step. For each of them good fits to the experimental yields 
were achieved considering only two fractions for the Tm atoms, namely, substitutional at Zn 
sites SZn, and at random sites, which are supposed to produce an isotropic emission yield. The 
best two-fraction fits are displayed in Figs. 1 (f), (g) and (h). 
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Figure 1. Angular distributions of the 
169Tm* conversion electron yields around the 
[0001] (a), [11102] (b), [1101] (c) and 
[ 2113] (d) directions following the 300ºC 
vacuum annealing. The best fits of the chan-
neling patterns for each direction are also 
shown and correspond to 104% (e), 96% (f), 
104% (g) and 89% (h) of Tm atoms at SZn 
sites with rms displacements of 0.12 Å, 
0.12 Å, 0.16 Å and 0.15 Å, respectively. 
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Figure 2. Examples for best fits due to sites 
which are displaced by 0.39 Å from 
substitutional Zn sites, corresponding to 
4/10 of the distance towards anti-bonding 
(AB) or bond center (BC) sites. (a)-(d) are 
patterns for displacements towards AB sites 
off the c-axis, while the [0001] pattern (e) is 
for displacements towards BC sites off the 
c-axis, and the [1102], [1101] and [ 2113] 
patterns (f)-(h) are for displacements to AB 
sites within the c-axis. 
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Emission channeling patterns are quite sensitive to displacements of the emitter atoms from 
ideal substitutional sites. In order to illustrate this, we have displayed in Fig. 2 the fits for pat-
terns resulting from emitter atoms that are displaced by 0.39 Å from ideal Zn sites towards inter-
stitial sites. Such a displacement already changes the patterns significantly, resulting in chi 
square of fit values twice larger than those of the fi ts shown in Fig. 1. We have also tried to fit 
the experimental patterns by emitter atoms on SZn sites plus additional fractions on substitutional 
O or well-defined interstitial sites. However, the chi square of fit did not improve significantly 
and possible fractions are below 5%. Note that channeling patterns due to emitter atoms on sub-
stitutional O sites SO or prominent interstitial sites such as H, Oi or T are distinctively different 
from those of SZn sites, as we have shown previously [18-20]. 

The average fraction of Tm atoms at SZn sites as a function of the annealing temperature is 
shown in Fig. 3 (a). We stress that the 800ºC annealing was performed in flowing O2, while the 
previous annealings at lower temperatures were in vacuum. As can be seen, annealing the ZnO 
single-crystal up to 600ºC in vacuum did not result in a considerable change of the Tm fraction at 
SZn sites. The same is not valid for the 800ºC annealing in flowing O2, after which this fraction 
decreased from 96% to 75%. 

The room temperature rms displacements of Tm atoms from the perfect SZn sites, perpen-
dicular to the four investigated directions, and observed following the different annealing steps, 
are displayed in Fig. 3 (b). For all directions, the Tm rms displacements decreased with increas-
ing annealing temperature up to 600ºC vacuum annealing and increased again after 800ºC in O2. 
Also, the Tm rms displacements are generally higher than the vibrations of Zn and O atoms. 
However, following the 600ºC vacuum annealing the Tm rms displacements reached values 
close to the lattice vibrations. 
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Figure 3. Fraction of Tm atoms at SZn sites (a) and their rms displacements perpendicular to the 
[0001], [11102], [1101] and [ 2113] directions (b) following 10 min annealing steps (in vacuum 
up to 600ºC and in flowing O2 at 800ºC). The dashed and dotted lines represent the room tem-
perature Zn and O vibration amplitudes, respectively. 
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DISCUSSION 
 

The recoil energy of the 169Yb → 169Tm* nuclear decay is less than 1.1 eV, indicating that 
the 169Tm* lattice site most probably was inherited from 169Yb. Our emission channeling data 
thus show that already in the as-implanted state around 95-100% of the rare earth atoms occupy 
substitutional Zn sites. The fact that no annealing is needed in order to incorporate the rare earths 
on substitutional sites is a consequence of both the relatively low dose used in our experiment 
(3×1013at/cm2) and the high resistance of ZnO against the formation of structural defects by irra-
diation. However, the slight decrease in the Tm rms displacement as a function of annealing 
temperature up to 600°C indicates a more perfect incorporation into substitutional Zn sites. This 
may be explained by the annealing of some structural defects in the neighborhood of the rare 
earth atoms and is in fact the only indication of defect annealing we have observed in this ex-
periment. 

While annealing in vacuum up to 600°C did not change the substitutional Tm fraction, a de-
crease was observed after the 800ºC/O2 annealing step, accompanied by an increase of the Tm 
rms displacement. In principle this behavior could be due, e.g., to a degradation of the ZnO sin-
gle-crystal surface during the annealing, which would also introduce disorder in the lattice. 
However, according to previous experiments which we performed in ZnO single-crystals im-
planted with Er at the higher dose of 5×1015at/cm2 [21], a more likely explanation is the diffusion 
of the rare earth element itself. In this previous study, Rutherford backscattering (RBS) showed 
nearly complete damage recovery and no surface degradation after 1050ºC annealing in air, 
while only 50% of the implanted Er atoms remained in the crystal following this procedure and 
the onset of Er diffusion was already visible following 800ºC annealing in air.  

It is also interesting to compare the present work to our previous emission channeling stud-
ies of the lattice location of rare earth 167Tm/167mEr in ZnO [20]. A similar behavior was found in 
terms of lattice site preference, fractions and rms displacements. In fact, up to 700ºC vacuum an-
nealing 75-90% of 167mEr atoms were stable at the SZn site and a slight decrease in the Er rms 
displacement was observed [20]. Also, the 800ºC annealing step resulted in a decrease of the 
substitutional Er fraction and an rms displacement increase. Thus the fact that the 800ºC vacuum 
annealing step in the previous Tm/Er experiment was replaced by 800°C annealing under flow-
ing O2 in the present Yb/Tm study, did not significantly change the experimental outcome. 
 
CONCLUSIONS 
 

Our emission channeling experiments show that the majority of Tm atoms (95-100%) are 
incorporated on substitutional Zn sites following low dose ion implantation at room temperature. 
We found no evidence for the presence of Tm atoms in other highly symmetric sites than substi-
tutional Zn sites. Annealing the sample up to 600ºC in vacuum did not affect the substitutional 
Tm fraction, but after the 800ºC annealing in O2 a considerable decrease of this fraction to 75% 
was observed, most likely related to rare earth diffusion. With respect to the rare earth doping of 
ZnO by means of ion implantation, the substitutional incorporation of the rare earth atoms seems 
hence to be a minor problem, while their diffusion poses a severe limit on the subsequent proc-
essing temperatures. This may present problems since the restoration of the optical properties of 
ZnO following implantation and the optical activation of rare earth dopants generally require an-
nealing at high temperatures [21].  
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