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Abstract. We present results of recent emission channeling experiments on the lattice location of im-
planted Fe and rare erthsin wurtzite GaN and ZnO. In both cases the majority of implanted atoms are
found on substitutional cation sites. The root mean square displacements from the ideal substitutional Ga
and Zn sites are given and the stability of the Fe and rare erth lattice location against thermal annealing
isdiscus=d.
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1. Introduction

Wide band gap semiconductors (WBGS) can be roughly defined as smiconductors
with an energy gap Eg corresponding to the blue or ultraviolet (UV) range of the
optical spedrum, i.e. above 2.5 ¢eV. Typical examples are SIC (Eg=2.4-3.2 eV, de
pending on polytype), ZnSe (2.8eV), GaN (3.4¢eV), ZnO (3.4¢V), diamond
(5.5eV), or AIN (6.2¢€V). They are dl tetrahedrally coordinated and crystalli ze in
the aubic diamond and zinc blende (3C-SIC, ZnSe), or hexagonal wurtzite (2H-SIC,
GaN, AIN, ZnO) and related hexagona (e.g. 4H-SiC) structures.

There exist arealy many technological applicaions for WBGS, such as light
emitting dodes or lasers in the blue and UV [1,2], visible-blind detedors for UV
light [1-3], high-temperature high-power transistors [1,2,4], or gas snsors [5,6].
Recently, WBGS have also emerged as candidates for multiple-color eledrolumi-
nescent devices [7] suitable for displays, and in the field of spintronics [8]. Both
cases are based on the incorporation of impurities, either rare earth (RE) elements as
optical dopants, or 3d trangtion metals (TM) such as Cr, Mn, Fe, Co o Ni as ferro-
magnetic dopants. In the @se of RE doping, an empiricd rule was established [9]
that the quenching of the RE luminescence at room temperature is lesspronounced
in semiconductors with a wide band gap. The major quest in order to redize spin-
tronic devices is to find semiconductors which exhibit ferromagnetism at or above
room temperature, and theoretical consderations predict the dil uted magnetic semi-
conductors Ga,.«TM,N and Zn,.,TM,O and TM-doped diamond to be most promis-
ing for that purpose [10,11].

A crucial point with regards to any kind of doping in semiconductors, eledrical,
optical or magnetic, isthe activation of the dopants. Not only isit required to incor-
porate the dopants into the appropriate lattice sites but aso to control possble inter-
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actions with additional crystal defeds. The successful implementation of ion im-
plantation as a means of doping would considerably enhance the posshiliti es of
WBGS technology and is currently an active field of research [2,4,12] but faces
some inherent problems. While high resistance against the formation of radiation
damage is a common feature of WBGS, due to the fact that a large band gap is cor-
related with strong atomic bonds, it is on the other hand extremely difficult to anned
defeds once they have been created. Crystal defeds and their interaction with
dopants are therefore of particular rlevancein these materials.

While the amisson channding method provides dired information on the lattice
stes of implanted impurities, hyperfine interaction methods such as Mdsauer
spedroscopy (MS) or the perturbed angular corrdation (PAC) techniques are in
many cases slitable in order to investigate the local environment around probe at-
oms and can hence be applied in a complementary way. Although our group is en-
gaged in lattice location studies of a broad range of implanted impurities in a num-
ber of WBGS, mainly GaN, AIN, ZnO, diamond, and recently also SiC, we will pre-
sent here only the @ses of RE and Fe impuritiesin GaN and ZnO, sincethey are of
particular relevance with resped to the applications mentioned above and also ac-
cessble to investigation by hyperfine interaction techniques. Apart from GaN and
ZnO there have also been emisson channeling experiments reported on Fe in dia
mond [13], rare eathsin InGaN [14], AIN [15], SIC [16] and cubic BN [17].

There eist a number of RE probe nuclei whose applicability for Mosdauer
studies has been discusd, e.g. *!Pr, 1*°sm, **'Eu, *°Gd, **'Dy, **Er, **Tm and
170y [18-20]. However, except for the work of Masterov et a on **Tm in amor-
phous Si [21], almost nothing has been published on MS from rare erth probes in
semiconductors. Likewise, RE are not among the most common PAC probes, but
some appli cations on the study of eledric fidd gradients of **®Dy, **Tm, and 1"?Yb
in metals have been reported [22-25], and first studies on *2Yb PAC in WBGS [26]
are being presented at this conference Quite some experimenta work has been done
on Méssauer effect of °’Fe in semiconductors, including absorber experiments and
source experiments from the decay of *’Mn or *’Co o foll owing Coulomb excitation
of °'Fe [27-29]. Investigations on wide band gap semiconductors, however, are
found scarcer, with diamond being the best studied host [30] and only a small hum-
ber of experimentsreported on ZnO [31,32] and GaN [33].

2. Method

The dedron emisson channding method makes use of the fact that f~ particles and
conversion el edrons emitted from radioactive isotopesin asingle aystal experience
channeling or blocking effects that depend characteristicall y on the lattice site(s) of
the amitter atom. Several reviews on emisson channding can be found in the litera-
ture [34-37].
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Figure 1. The (1120) plane in the GaN wurtzite lattice, showing the Ga and N lattice positions
and some of the possible interstitial sites; “-c” denotes stes within and “-0” off the c-axis.

The production of radioisotopes and implantation into single-crystalline ZnO and
thin film GaN samples at 60 keV and fluences around 1-3x10™ cm™ was done at
CERN’s|SOLDE facility [38,39]. A position-sensitive dedron detedor was used in
order to measure the agle-dependent eledron emisson yield around various crys-
tallographic diredions [40]. Quantitative results were achieved by comparing the
experimental data with theoretical patterns cdculated by means of the “manybeam”
formalism [34-37] for a wide range of possible lattice sites. The fitting procedures
used for that purpose have been described in detail previously [37,40].

Examples for posshble | attice sites of higher symmetry in the GaN wurtzite struc-
ture ae shown in Fig. 1, including substitutiona Ga (Sgp) and N (Sy) sites, bond-
centered (BC) and anti-bonding (AB) sites both within and doff the c-axis, the “hex-
agonal” sites HG and HN, and the so-called T- and O-sites [41]. With resped to
hyperfine interaction studies it is worth while to point out that in an ideal wurtzite
structure (i.e. with c/a=1.633and c-axis bond length parameter u=0.375 c) the sym-
metry of the intact first atomic neighbour shells around perfed S, and Sy positions
is tetrahedral cubic (Tg). Hence impurities in subgtitutional positions experience
comparably small eledricd field gradients which are mainly due to the non-cubic
2" nearest neighbour shell or non-ided u parameters. Lattice sites along the c-axis
(eg. T, BC-¢) and dong the main interstitial axis paralle to the c-axis (e.g. O, HG,
HN) possess drict trigonal (Cs,) symmetry, while dl Stes off these axes are of lower
symmetry.

3. Reaults
3.1 FEIN GAN AND ZNO

As an example, Figs. 2 (a)-(d) show the B~ emisson channdling petterns from *Fe
in ZnO, diredly following room temperature implantation. The theoretical patterns
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resulting from the best two-fraction fits are shown in Fig. (e)-(h). They were ob-
tained by considering only Fe on subgtitutional S, sites and varying its roat mean
square (rms) displacement uy(Fe), and Fe on random sites. Note that the random
fraction accounts for Fe atoms on sites contributing with an isotropic emisgon yield,
which are sites of very low crystal symmetry or in heavily damaged surroundings. In
the as-implanted state, the *°Fe rms displacements from S, sites which gave the best
fit were 0.16 A, 0.12A, 0.10A and Q11 A, perpendicular to the [0001], [1102],
[1107] and [2113 diredions, respectively, and the arresponding fractions on S,
sites were 108%, 84%, 84% and 81%.
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Figure 2. Angular distribution of B~ emission yields from **Fe in ZnO in the as-implanted
state. The best fits of the channeling patterns for each direction are dso shown, yielding an
average of 89(11)% of Fe doms at Sz, Sites.

Figure 3 compares the Fe fractions on substitutional cation sites and their rms dis-
placaments as a function of annealing temperature for GaN [42] and ZnO. In bath
cases 80-90% of Fe atoms were found on Sg, or Sy, Sites already in the as-implanted
state, but with rms displacements excealing the thermal vibration amplitude of the
Gaor Zn atoms by up to a factor of two. In GaN, anneding up to 90C°C practically
did not change this stuation. In ZnO, on the other hand, the 800°C anneal induced a
significant deaease in the Fe rms displacements, reducing them to more or lessthe
same values as expeded for the Zn host atoms. Apart from the random fractions we
found no evidencefor **Fe located at other |attice sites than S, or Sg., respedively.
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Figure 3. Fraction of Fe aoms on substitutional cation sitesin GaN (a) and ZnO (c) and their
rms displacements (b, d) foll owing thermal annealing (up to 90C°C for 10 min in vacuum, the
1050°C step for ZnO was 30 min in air). The straight lines indicate the room temperature rms

displacements of Ga and Zn atoms, respectively.

The high substitutional fractions ill ustrate that the implantation damage in bath
materials was low, while rms displacements excealing those of the host atoms can
be explained by dight displacements of Fe atoms due to the presence of neaby de-
fects. The fact that anneding of the ZnO sample at 800°C resulted in perfed substi-
tutional incorporation of Fe shows that it is possble to remove most of the damage
in this materid following low fluence implantation, in contrast to GaN, where the
only visible effed of annealing was a dight deaeasein the Fe rms displacaments. In
ZnO, annedling at 90PC and 10%)°C caused the Fe rms displacements to increase
again, accompanied by a significant deaease in the fraction on S, sites. This indi-
cates that the high temperature aaneding has introduced crystal defects in the nea-
surface layers, which can interact with the Fe atoms, causing them to occupy dis-
placed substitutional positions or random sites.

3.2RARE EARTHSIN NITRIDES AND ZNO

The first emisgon channding experiments on RE-implanted GaN were done by
Damer et al. [43] who examined the mnversion eedrons emitted by *°*™Er result-
ing from the decay of **"Tm and by ***Tm resulting from **°Yb. However, only c-
axis anguar scans were compared to simulations, with the best fits obtained for
90(10)% of RE atoms on stes showing displacements of 0.25 A from the c-axis,
both in the as-implanted state and foll owing annealing at 800°C.
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Figure 4. Fractions on substitutional Ga sites and rms displacements as function of anneding
temperature for various rare erth probe isotopesin GaN.

More recently we have done eanisson channeling experiments using the 3~ particles
from *°Pr [41,44] and the @nversion dedrons (CE) emitted by % Eu following
the decay of *°Gd [44,45]. In addition we used theisotope **’Nd, which allows to do
|attice location studies of both the B~ emitting mother **'Nd and CE emitting daugh-
ter 7 Pm [44,46]. An additiona experiment with CE from **"™Er was done on vir-
gin GaN and GaN co-implanted with O or C [47].

In al cases the majority of RE atoms (around 65-95%) were found on substitu-
tional Ga sites (Fig. 4), the substitutional fractions being highest in the @se of ***pr
and *"Tm _ *"™MEr, and lower for **/Nd, *'Nd _ **""Pm and *°Gd _, ***"Eu. Whereas
the rms displacements from the Sg, sites deaeased with anneding temperature, the
substitutional fractions hardly changed following 10-min anneding sequences up to
900°C under vacuum. Variations in the rms displacements perpendicular to the four
different channeling dredions for each experiment and from isotope to isotope
could indicae that different rare erth atoms experience small static displacements
aong well-defined crystall ographic diredions. However, more experiments with
additional isotopes will be needed to confirm whether there ae systematic trends in
that resped. Note that in the mnversion eedron experiments we have so far not
found any indication that there ae major changes in the lattice sites due to nuclea
reil or after-effects from radioactive decay.
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It has been reported in the literature that co-doping with O or C enhances the RE
luminescencein GaN [48] and it is known that the formation of complexes between
O and Er changes the latticelocation of Er in Si [49]. We therefore also investigated
the lattice sites of **™Er in two GaN samples that were pre-implanted with O and C.
Our results [Fig. 4 (i)-(k)] show that the presence of O and C, even if it exceels the
RE concentration by a factor of 14, has no effed on the lattice site of **™Er in GaN
[47].

In ZnO the rare eaths showed a somewhat different behaviour. Asin GaN, al-
ready immediately foll owing implantation 75-100% of RE atoms occupied cation Zn
sites. However, 600-700°C annealing resulted in a significant decrease of the rms
displacements of both **™Er [50] and *°¥ Tm probes [51], whil e for higher anneding
temperatures the subgtitutional RE fractions deaeased and their rms displacements
increased again, even more pronounced than in the ase of Fe. It is known from
Rutherford backscattering experiments on higher-dose implanted samples that Er
atoms in ZnO diffuse around 1050°C [52]. Henceit seems possble that in our case
short-range RE diffusion may have contributed to some extent in its pairing with
other defeds at 800-900°C.
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Figure 5. Fractions on Zn sites as a function of anneding temperature for **™Er (a) and
%9Tm (c) in ZnO and corresponding rms displacements (b), (d). All annealings were for
10minin vacuum, except for the 800°C step in (c) and (d), which was under flowing Os.

4, Conclusions

Foll owing low dose implantations (1-3x10™ cm™) of Fe and rare eath elementsinto
GaN and ZnO, the majority of the implants occupy substitutional cation sites. How-
ever, rms displacements which are substantially larger than those of the host atoms
indicate that there ae defects present in the immediate neighbourhood of the im-
planted probes. In GaN, only small reductions in the impurity rms displacements
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were observed upto 900°C, showing that a substantial part of them remainsin dis-
torted Ga sites. In ZnO best incorporation on substitutional Zn sites was ohtained
after 800°C annedling for Fe and 600700°C anneding for RE elements. At higher
annealing temperatures, the probe atoms experience again increased levels of disor-
der. The mechanism of thisisnot yet entirely clear but probably involves the forma-
tion of defect complexes as a result of defect creation in nea surface layers during
annealing and/or short-range diffusion of theimplanted spedes.

We would like to point out that some of the open questions with resped to RE
and TM impurities in wide band gap semiconductors are accessble to hyperfine
interaction techniques. Asit isclea from our studies, foll owing ion implantation the
trapping of defects by RE or Fe and the aneding of defect complexes sould be
observable. It has been proposed that defects play an important role in the lumines-
cence «citation of RE in GaN [53], which begs for an assesanent of crystal defects
in the RE neighbourhood. In a smilar way, it has been pointed out [Pearton 03a]
that more information is neaded on the microstructure of TM-related defects in di-
luted magnetic semiconductors in order to explain the nature of the observed mag-
netism and the possble role of second phases.
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