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The defect build-up, structure recovery and lattice location of transition metals in ion bombarded and thermally
annealed ZnO and GaN single crystals were studied by channeled Rutherford backscattering spectrometry and
channeled particle-induced X-ray emission measurements using 1.57 MeV “He ions. Ion implantation to a fluence
of 1.2 x 10" ions/cm? was performed using 120 keV Co and 120 keV Mn ions. Thermal annealing was performed
at 800 °C in argon flow. Damage distributions were determined using the Monte Carlo Mc¢Chasy simulation code.
The simulations of channeled Rutherford backscattering spectra reveal that the ion implantation leads to formation
of two types of defect structures in ZnO and GaN such as point and extended defects, such as dislocations.
The concentrations of both types of defects are at a comparable level in both structures and for both implanted
ions. Differences between both implantations appear after thermal annealing where the Mn-doped ZnO reveals
much better transition metals substitution and recovery effect.
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1. Introduction

The goal of the present search for spintronic materials
is to develop a material with properties necessary for a
possibility of mutual interaction of electronic and mag-
netic systems of the material (semiconducting and fer-
romagnetic properties) at room temperature for possible
applications in practical devices [1]. The semiconducting
compounds such as GaN and ZnO doped with transition
metals (TM) are well-established candidates for meeting
this goal [2-5]. Although many GaN and ZnO proper-
ties are similar to one another, the GaN manufacture is
much more difficult and expensive than that of ZnO, so
ZnO is a very attractive material for several new appli-
cations and became a good competitor to GaN. Modifi-
cation of semiconductor properties by ion implantation
is a well-established technological process. For the struc-
tures based on semiconducting compounds it is used for
electrical doping, compositional mixing of quantum wells
and formation of isolation regions. During ion implan-
tation, point defects and their complexes are produced
and they usually affect optical and electrical properties
of the semiconductors. It might be detrimental for po-
tential application devices, therefore a recovery of crystal
structures as a result of an annealing process is so impor-
tant. Moreover, magnetic properties of the TM-doped
semiconductor strongly depend on both the concentra-
tion of the dopant and its lattice location in the struc-
ture [6-10]. In this work we present the defect build-up,
recovery and also the lattice location of TM atoms in
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ZnO (0001) single crystals and GaN (0001) epitaxial lay-
ers after 120 keV Co-ions and 120 keV Mn-ions implan-
tation to a fluence of 1.2 x 10'® ions/cm? in both cases
and after thermal annealing. Thermal annealing was per-
formed at 800°C in argon flow. There processes were
monitored by the channeled Rutherford backscattering
spectrometry (cRBS) and channeled particle-induced X-
ray emission (cPIXE) measurements [11-13].

2. Experimental

Commercial (0001) ZnO single crystals (Mateck) and
(0001) GaN 5 pm thick EPI layers on sapphire (ITME,
Poland) were implanted with 120 keV Co and 120 keV
Mn ions. After implantation, part of samples was an-
nealed at 800°C for 1 h in an Ar flow furnace.

All samples were analyzed using the cRBS and cPIXE
methods. Experiments were conducted using the NEC
Pelletron Accelerator (5SHD-2 Pelletron) with the Cs-
sputtering source at the Molecular Beam Laboratory
(IMBL) of Katholieke Universiteit Leuven (Belgium).
The beam of He™ accelerated to an energy of 1.57 MeV
was collimated and introduced into the scattering cham-
ber, where the samples were mounted on a 3-axis go-
niometer. The backscattered ions were detected at an
angle of 167° to the incidence direction with a Si surface
barrier detector with an active area of 50 mm?. The X-
rays were detected using a cooled Ge detector in the same
chamber.

Finally, the Monte Carlo simulation Mc¢Chasy com-
puter code [14] was used to fit the cRBS spectra. The re-
cent version of this program allowed for an analysis of the
channeling spectra yielding the distribution of point de-
fect structures (simulated as randomly displaced atoms,
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RDA) and extended defects such as: clusters, disloca-

tions, loops, stacking faults, etc. (referred to as bent
channels, BC) [15].

3. Results and discussion

Figure la and b shows the random and (0001)
aligned RBS spectra for ZnO (0001) single crystals and
GaN (0001) epitaxial layers prior to and after 120 keV Co
ion implantation to a fluence of 1.2 x 10'¢ ions/cm? ions
and also after the thermal annealing process. As can
be seen, for both structures the spectra show incomplete
amorphisation after ion implantation, and partial recov-
ery after annealing of the ZnO structure. For GaN, post-
implantation damage after thermal annealing remains
unchanged. Moreover, for the GaN structures some addi-
tional surface damage after the thermal annealing process
was observed. As follows from our experience [16], this is
probably beginning of GaN surface layer decomposition
under these thermal annealing conditions.
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Fig. 1. The RBS random and aligned spectra obtained

for (a) ZnO and (b) GaN before and after implantation
with 120 keV Co ions to a fluence 1.2 x 10*® ions/cmn®
and after thermal annealing at 800 °C. The solid lines
show the results of MC simulations.

The solid line in Fig. 1a and b shows the results of MC
simulations performed for the best fit to the damage peak
located in the energy interval 1000-1250 keV assuming
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Fig. 2. Depth distribution of defects due to Co-ion

bombardment of (a) ZnO and (b) GaN (results of MC
simulations).

RDA and BC defects. The best fits were obtained for the
RDA defect distributions extending to a depth of about
100 nm as shown in Fig. 2a and b and on the assump-
tion of a constant level of extended defects (BC) over the
whole implantation modified region. The McChasy cal-
culations reveal that after thermal annealing of ZnO, the
concentrations of RDA defects change, but those of BC
defects remain unchanged. This fact has an influence on
magnetic properties of Co-doped ZnO, as it was already
reported [17].
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Fig. 3. The PIXE random and aligned spectra ob-
tained for (a) ZnO and (b) GaN before and after implan-
tation with 120 keV Co ions to a fluence 1.2 x 10'¢ /cm?
and after thermal annealing at 800 °C. The lines show
Gaussian approximations of the spectra.
TABLE

Numerical results of the collected PIXE spectra.

Post-implantation
damage [%)]
(comparison aligned
as implanted
to random)

Effect of thermal
annealing [%)]
(comparison aligned
thermal annealing
to random)

Zn or Ga | Co or Mn | Zn or Ga | Co or Mn
ZnO impl Co 56 70 43 52
GaN impl Co 43 86 46 90
ZnO impl Mn 56 56 29 32
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From the viewpoint of magnetic properties, the ques-
tion of Co lattice locations in the structure is of vital im-
portance although it does not preclude ferromagnetism.
The lattice location of TM was analyzed using the cPIXE
technique. In principle, the cRBS method allows to
specify the dopant location in the crystallographic struc-
ture. Unfortunately, in this specific case Mn and Co are
lighter than Zn or Ga and in the RBS spectra the TM
signal appears below Zn (Ga) signal detection thresh-
old. The presence of the TM signal on a pedestal of
Zn (Ga) signal prevents determination of TM location by
this method. In the PIXE method the TM and Zn (Ga)
signals are separated in energy. Figure 3 shows Zn, Ga,
and Co peaks from the random and (0001) aligned cPIXE
spectra obtained for ZnO (0001) single crystals and GaN
(0001) epitaxial layers prior to and after 120 keV Co ions
bombardment to the 1.2 x 10*¢ ions/cm? fluence and also
after thermal annealing. An inspection of Zn and Ga sig-
nals reveals a compatibility of the information on post-
implantation damage and structures recovery with that
of the RBS spectra. The Co signal is rather weak, but
its inspection shows that the implanted Co atoms are
partially built into the ZnO structure after implantation,
and this effect grows after thermal annealing. For GaN
no Co-substitution was observed. The numerical results
of the collected PIXE spectra are presented in the Table.
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Fig. 4. The RBS random and aligned spectra obtained

for ZnO single crystals before and after implantation
with 120 keV Co ions and 120 keV Mn ions to a flu-
ence 1.2 x 10'® ions/cm? and after thermal annealing
at 800 °C.

There was made a comparison of the post-implanted
damage and recovery for ZnO after 120 keV Co-ion and
after 120 keV Mmn-ion bombardment. Figure 4 shows
the random and (0001) aligned RBS spectra obtained
for ZnO single crystals prior to and after ion bombard-
ment with 120 keV Co and 120 keV Mn ions to the same
fluence of 1.2 x 10'® ions/cm? and also after the thermal
annealing process. As it can be seen, for both samples
the post-implanted damage levels are the same, but the
influence of thermal annealing process on the structure
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Fig. 5. The PIXE random and aligned spectra ob-
tained for ZnO single crystals before and after implan-
tation with 120 keV Co ions and 120 keV Mn ions to
a fluence 1.2 x 10'®/cm? and after thermal annealing
at 800°C. The lines show Gaussian approximations of
the spectra.

recovery is much greater for the Mn-doped ZnO sample.
The cPIXE study on the TM lattice location for this
sample was also carried out. The spectra reveal that Mn
substitutions in the ZnO structure are much more effec-
tive than the Co ones, as shown in Fig. 5. These results
are numerically presented in the Table.

The apparent chemical effects observed in our study
between the Mn and Co implanted ZnO samples are usu-
ally attributed to different diffusion rates of both im-
planted elements. Faster diffusion of e.g. Mn atoms
makes it easier for them to substitute Zn atoms and accel-
erate the annealing process. Diffusion of manganese and
cobalt in ZnO was measured long time ago [18]. It follows
from the derived diffusion parameters that Mn diffusion
at 1070 K is slightly faster than the Co one. However,
this conclusion should be treated with caution. The re-
sults recorded in Ref. [18] were obtained at a tempera-
ture of about 1400 K and need to be extrapolated to the
present diffusion temperature. Moreover, the diffusion
was measured in a perfect, undamaged crystal. We may
expect quite different diffusion results when the crystal
is damaged by ion implantation.

The diffusion lengths derived from the results
of Ref. [18] reach 6 and 0.8 nm for Mn and Co, respec-
tively, at the present diffusion temperature and duration.
These values are far too low to account for ion implan-
tation annealing which takes place in a region of a depth
of about 100 nm (see Fig. 2).

Search through the literature reveals a reference in
which Co diffusion in ZnO was measured after ion im-
plantation [19]. According to these data, the diffusion
length of Co in ZnO at the diffusion temperature and
time amounts to 150 nm. However, this reference does
not show the results for manganese thus making compar-
ison impossible.
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Therefore one can only speculate that considering ther-
modynamical reactions between the diffusing Mn or Co
atom (Mn;, Co;) and the substitutional Zn atom (Zn,),
the activation energy for Mn;+Zns —Mng+Zn; reaction
is lower with respect to the respective reaction with Co;,
thus leading to faster substitutionality of Mn atoms
in ZnO. This interpretation would obviously need exper-
imental verification.

4. Summary

The global cRBS studies supported by the cPIXE mea-
surements on the ZnO (0001) single crystals and GaN
(0001) epitaxial layers implanted with Co and Mn ions
were carried out.

Our study show incomplete amorphisation of both
structures after ion implantation, and partial recovery
structure after thermal annealing at 800 °C for ZnO only.
It was also observed that Co-implanted atoms are par-
tially built into the ZnO structure after implantation and
that effect improves after thermal annealing. In turn,
the GaN post-implantation damage after thermal anneal-
ing remains unchanged, and also no Co-substitution into
GaN was observed.

The cRBS and cPIXE studies for ZnO implanted with
Co and Mn ions show the same post-implantation dam-
age in both cases, but after thermal annealing much bet-
ter recovery and much more substitutive effect for Mn-
doped in ZnO samples were observed.

Many ZnO features are similar to GaN, but the GaN
production is much more difficult and expensive than
that of ZnO, so ZnO is a very attractive material for
several new applications and a good alternative to GaN.
Much better results were obtained for ZnO than GaN.
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