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The formation of secondary phases in Fe implanted GaN upon annealing in low pressure
N,-atmosphere was detected by means of in situ x-ray diffraction and confirmed by magnetization
measurements. A repeatable phase change from Fe;N at room temperature and Fe;_ N at 1023 K
was observed in situ. The phase transformation is explained by the change of lattice site and
concentration of nitrogen within nitrides. The diffusion of Fe toward sample surface and oxidation
with increasing annealing cycles limits the availability of secondary phase and hence the
repeatability. At high temperature GaN dissolves and Ga as well as Fe oxidize due to presence of
residual oxygen in the process gas. The ferromagnetism in the samples is related to nanometer sized
interacting Fe;_ N crystallites. © 2009 American Institute of Physics. [doi:10.1063/1.3271828]

GaN is a wide band gap semiconductor that has been
studied intensively in the last years because of its potential
field of applications like in optoelectronics, plasmonics, as
well as for high power electronics. By doping with transi-
tional metals like Fe it might also be a diluted magnetic
semiconductor (DMS) with a Curie temperature above room
temperature (RT) and could then be used for spintronics.]
There are many experimental studies reporting ferromag-
netism at RT in Fe doped GaN. In a real DMS, with magnetic
atoms randomly substituting cation sites, ferromagnetic cou-
pling is supposed to be due to the indirect exchange coupling
between magnetic impurities mediated by holes.'™ Experi-
mental observation of strong-coupling effects in a DMS
Ga;_,Fe,N was reported by Pacuski et al.’ Robust ferromag-
netism in the region of insulator-to-metal transition was pre-
dicted for high hole densities. However, there are also other
possible sources of ferromagnetism like spinodal decompo-
sition of Fe or ferromagnetic secondary phases. The detec-
tion of those is rather difficult. Bonanni er al.’ prepared
GaN:Fe layers by metalorganic chemical vapor deposition
(MOCVD) and observed ferromagnetism that was partially
accounted to the spinodal decomposition and non-uniform
distribution of Fe-rich magnetic nanocrystals. Kuwabara
et al reported the formation of nanoclusters and superpara-
magnetic behavior in GaN:Fe epilayers prepared by rf-
plasma-assisted molecular beam epitaxy. In case of ion im-
plantation the reports from different groups are (}uite
controversial. Theodoropoulou et al.® and Shon et al.”"’ did
not relate ferromagnetic response to secondary phases after
transition ion implantation into semiconductors. In our
experiments, however, the formation of a-Fe nanoclusters,
that were responsible for ferromagnetic response, was
observed." Though the appearance of such precipitates is not
desired in a DMS they might be useful for certain
applications.12 Li et al.” detected co-occurrence of a-Fe and
e-Fe;N in MOCVD prepared GaN:Fe films and pointed out
the role of nitrogen pressure and structural disorder in the
formation of Fe-rich phases. Bonanni et al." have shown
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that the controlled aggregation of magnetic ions in a semi-
conductor can be affected by the growth rate and doping with
shallow impurities.

Recently we reported predominant formation of epitaxi-
ally oriented a-Fe nanoclusters if Fe-doped samples were
annealed in a N, flow at 1.1 bar pressure. " In this paper we
report the formation of e-Fe;_ N with x<<1 that builds up
during annealing at 1073 K in 0.5 bar N, and the reversible
transformation to e-Fe;N during cooling down to RT.

P-type (Mg) doped (~2X 10'7 cm™) single crystalline
waurtzite GaN(001) films of about 3 wm thickness epitaxially
grown by metal organic vapor phase epitaxy on sapphire
(001) were used. Samples, 7° tilted relative to the ion beam
to avoid channeling, were implanted with 195 keV 57Fe ions
with fluence ®=4X10'"® cm™ (peak Fe concentration of 4
at. % at the projected range R,=85 nm according to TRIM"),
keeping the samples at RT. In order to reduce the implanta-
tion damage and to investigate the formation of secondary
phases the implanted samples were annealed at 1073 K in a
low pressure N,-atmosphere(0.5 bar) within several minutes.
The annealing experiments along with the in situ x-ray dif-
fraction characterization were performed at the Rossendorf
beamline at the ESRF in Grenoble with a x-ray wavelength
of A=0.124 nm. The annealing chamber was equipped with
a boron nitride heater, controlled by a Eurotherm controller,
gas inlet and a half sphere beryllium dome. The temperature
was measured by a PtRh/Pt thermocouple placed on top of
the heater. The gas pressure in the chamber was limited to
0.5 bar with a flow of about 40 1-min~!. The purity of the N,
gas (99.9999%) was limited by the setup with an oxygen
contamination in the ppm range.

A Pilatus 100 K two-dimensional (2D) pixel detector
was used to record 2D diffraction pattern. Additionally, a
scintillation counter was used for 2 6-w-scans. Generally, for
clusters in the range of some nm the signal to background
ratio is very low. In order to increase the signal to back-
ground ratio to an acceptable level the acquisition time of the
2D detector was set to 10 s and those of the scintillation
counter to 5 s per point. The investigations of the magnetic
properties were performed with a Quantum Design MPMS

© 2009 American Institute of Physics
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FIG. 1. (Color online) (a) Time dependent 2 6-scans between 32.3° and 36.5° at w=17.7°. The presentation is based on the line profiles from the 2D detector
with an 10 s acquisition time each. Intensity is color/grayscale coded with dark color representing higher intensity. On the right two profiles are presented for
the (b) RT and (c) 1073 K scans. (d) 26-w coupled scans at RT and 1073 K recorded after third cycle with a scintillation counter.

superconducting quantum interference device magnetometer.
For the evaluation of the 2D detector exposures rectangular
areas with dimensions 26 from 32.3° to 36.5° and x
==*0.2° (angle L to the scattering plane) were integrated
over y and assumed as line scans. Those line scans are
represented over annealing/cooling time with the color/
grayscale coded intensity in Fig. 1(a). Single examples
of line scans are given in Figs. 1(b) and 1(c) for RT and
1073 K, respectively. Prior to the annealing procedure (time
t=0 at RT) no reflexes from secondary phases were detected
[see Fig. 1(a)]. After about 200 s annealing, at 1073 K, a
broad reflex starts to evolve in the region between 32.5° and
35° with a local maximum at about 33.3°. The peak shift due
to the lattice expansion from RT to 1073 K is in the order of
0.1° and can be neglected. The position of the maximum fits
well to the pattern of FeN(200) (33.46° at RT). However,
because of the broadness of the reflex, other nitrides like
disordered &-Fe;_,N(002) or {-Fe,N(102) can also be taken
into account. Disordered in this sense means the redistribu-
tion of mainly N atoms within the structure and can be de-
scribed by the transfer of N from Fig. 2(b) and 2(c) Wyckoff
site position in the s-Fe_g_xN-phase.16 From symmetry rea-
sons the formation of e-Fe;_ N is more probable since it
features the same type of structure (wurtzite) as GaN. The
strain caused by the lattice mismatch is supposed to relax by
generating misfit dislocations, as was shown in Ref. 13.
During cooling down (t=500 s) from 1073 K to RT the
reflex shifts consistently toward higher angular values as rep-
resented by arrows. At RT the maximum of the peak ends up
at about 34.9° and can be assigned to e-Fe;N(111). This is
shown in a selected plot at RT in Fig. 1(b). The presence of
e-Fe;N correspond with the results in Refs. 13 and 14 How-
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FIG. 2. (Color online) ZFC/FC measurement performed at 50 Oe on the
sample implanted with 3 10' cm=2 and annealed at 1073 K for one cycle
along with the fitting results using Preisach model. The inset shows magne-
tization curves recorded at 4, 150, and 300 K.

ever the change of symmetry cannot be explained up to now.
The mean size of clusters, calculated with Scherrer formula
using the full width at half maximum, is about 5 nm. How-
ever, the values calculated by means of Scherrer formula
should be treated carefully. Because of the weak scattering
intensity of the only secondary phase reflex no statement
about the microstrain or mosaicity can be made.

The following annealing sequence, starting now from the
already formed e-Fe;N(111) phase lead to a peak shift from
34.9° at RT to 33.3° at 1073 K; cooling down to RT reverses
the phase transformation again. Hence, the process of phase
transformation from a partially disordered e-Fe; N to an
ordered e&-Fe;N is reproducible.

The process of secondary phase formation is suggested
as follows. After the ion implantation a highly defective GaN
with broken Ga—N bonds is present. During annealing in low
pressure N, atmosphere atomic nitrogen can escape from the
surface region leading to a further dissolution of GaN. Con-
sidering the energies of formation if atomic nitrogen is avail-
able the formation of iron nitrides rather than of GaN is
preferable. Once e-Fe;_,N is formed the transformation be-
tween the e-Fe;_ N and e-FesN phases occur over the N
exchange and lattice site change. In contrast to that, the an-
nealing in a high pressure N, atmosphere (at 1.1 bar) pre-
vents the out-diffusion of nitrogen out of the damaged re-
gion, thus reducing the dissolution of GaN. In this case
bce-Fe is formed predominantly.

At this point it should be mentioned, that the reversibil-
ity is limited by the out-diffusion of Fe and gradual oxidation
of Fe and Ga. During annealing the reflex intensities of the
secondary phases decreases and after some repetitions reflex-
ions from nitrides disappeared completely. This can be seen
in Fig. 1(d), that shows two coupled 26-w line scans re-
corded with the scintillation counter at RT after first anneal-
ing cycle and at 1073 K during the third annealing cycle. The
shift of Al,Oj5 is due to its thermal expansion and is consis-
tent with Ref. 17 this confirms proper temperature control.
The additional small reflexes in the 1073 K spectrum are
related to the B-Ga,0O; reflexes. The full set of B-Ga,05
reflexes was found in this sample (not shown), referring to
the polycrystallinity of the oxide layer.18

Magnetic measurements were performed on the samples
in virgin and as implanted state, then after annealing at
1073 K for one cycle and after three cycles annealing accord-
ingly. Virgin as well as implanted samples show no ferro-
magnetic response. The sample annealed for one cycle show
a characteristic behavior of superparamagnetic nanoparticles.
Figure 2 shows a zero-field-cooled/field-cooled (ZFC/FC)
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measurement along with the magnetization curves (inset) of
this sample recorded at 4, 150, and 300 K. The broad maxi-
mum in the ZFC part of the curve gives a hint of a large size
distribution of the nanoparticles with the mean blocking tem-
perature Ty of about 130 K. Using a formalism for the relax-
ation time 7 of the particle magnetization with the anisotropy
energy density E, (2X10* J/m3)," the attempt frequency
fo (typically 10°~10'!" Hz), measurement time 100 s, Boltz-
mann constant kz the volume V of the mean sized cluster can
be calculated. From that a diameter of about 16 nm is esti-
mated, assuming a spherical shape of clusters

EAV)
kBTB .

7! =f0'exp(— (1)
However, the blocking temperature may be influenced by
magnetic interactions between the particles.6 This can lead to
an overestimation of cluster size. A Preisach model was
applied to fit the ZFC/FC as well as the magnetization
loc>ps.20’21 The model assumes the decomposition of mag-
netic system into an ensemble of bistable units characterized
by a temperature dependent spontaneous moment w, two
possible magnetic states *u, and two characteristic values
of coercive h. and asymmetry h; fields. Best fitting results
were obtained by using Lorentz type functions for the coer-
cive and asymmetry field distributions. The average sponta-
neous moment of the clusters at 0 K wu,, mean coercive field
h.o, power law temperature dependence parameter o, and
o; as well as the critical temperature 7. were best fitted
using uo=7.7X1071% emu (=8.3X10* wp), h.o=150 Oe,
0,=800 Oe, 07=900 Oe, and T,.=480 K, respectively (fit
1). With 1.9 up/Fe for the magnetic moment of Fe in
e-Fe;N (Ref. 22) and 3 Fe atoms in a unit cell the number of
unit cells and out of it the cluster volume can be calculated.
Again, assuming the spherical shape of the cluster its
diameter can be calculated to about 9 nm. This model de-
scribes the ZFC curve as well as the hysteresis loops very
precise. An indication of superparamagnetic behavior of
clusters is the breakdown of the coercive field with increas-
ing temperatures (see inset in Fig. 2). It has to be noted that
the moment per Fe atom in u is by a factor 20 lower than of
pure s-Fe3N.16 This means that not all Fe are incorporated in
the formation of e-Fe;N. Unfortunately, the mean size clus-
ter approach is not able to describe the enhanced magnetiza-
tion in the FC curve at low temperatures, related to the re-
sponse from those magnetic clusters which are larger than
9 nm. Using two mean moments uy=7X107!% and 14
X 107'° emu (= mean sizes 9 and 11 nm) and different clus-
ter concentrations the fit approaches the experimental curve
(fit 2). This bimodal size distribution hint that clusters are in
a coalescent regime, since the volume of a 11 nm sized clus-
ter is close to the volume of two merged 9 nm sized clusters.

After annealing for three cycles at 1073 K no ferromag-
netic response was detected. Because of the oxidation of Ga
as well as of Fe the layer can be regarded as Ga,O; with
inclusions of some iron oxide. This result is in contrast to the
results from Lee er al.,”> where Fe doped B-Ga,0O; was
found to be ferromagnetic.

In summary, reversible phase transition of Fe implanted
GaN was observed upon annealing in 0.5 bar N, at 1073 K
by means of in situ x-ray diffraction and discussed in terms
of N exchange. After annealing e-FesN was found to be
formed predominantly and is responsible for ferromagnetic
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response. It demonstrates that by variation of annealing con-
ditions specific secondary phases can be created, leading to
different electronic, magnetic and other properties. Preisach
model yields an reasonable estimation of magnetic quantities
and cluster size. The cluster size is in a good agreement with
the calculation using Scherrer formula. No DMS related phe-
nomena have been observed.

The annealing process is accompanied by a strong diffu-
sion of N and dissolution of GaN, mediated by the formation
of nitrides and oxides. Oxygen contamination further pro-
motes the dissolution of GaN and the formation of 8-Ga,05.
Hence, it acts as a further limiting aspect and need to be
excluded in the following experiments. Fe doped B-Ga,0;
was found to be paramagnetic which is in contrast with the
findings in Ref. 12.
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