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The flash-lamp annealing technique was applied to a GaN epilayer implanted with Fe in order to investigate
the recovery of the crystal structure and the process of secondary phase formation. In the as-implanted state a
spinodal decomposition occurs due to the oversaturation of Fe in GaN and a behavior similar to a spin glass is
observed. Precipitation occurs even after annealing for the shortest annealing time of 3 ms. Iron nitrides as well
as bcc-Fe are formed upon annealing for 20 ms and are responsible for the ferromagnetic response. No
indication of the formation of a diluted magnetic semiconductor is observed. The correlation between the
structure, magnetism and Fe-charge state was determined by x-ray diffraction, magnetometry and Mössbauer
spectroscopy measurements.
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I. INTRODUCTION

GaN is a wide band gap semiconductor that is attracting a
lot of interest because of its potential field of applications
like in optoelectronics, plasmonics, as well as for high power
electronics. Doped with transition metals like Fe or Mn it
also might become a diluted magnetic semiconductor �DMS�
with a Curie temperature �Tc� above room temperature and
be used for spintronics. Many experimental studies report
about ferromagnetism at room temperature in Fe doped GaN.
Generally, in a DMS, where magnetic atoms randomly sub-
stitute cation sites, ferromagnetism is supposed to be due to
the indirect exchange coupling between magnetic impurities
mediated by the holes.1–4 Pacuski et al.5 reported about the
experimental observation of strong coupling effects in a di-
luted magnetic semiconductor Ga1−xFexN with x less than
0.004. The authors expect robust ferromagnetism in the re-
gion of the insulator-to-metal transition for high hole densi-
ties. There are other possible sources of ferromagnetism like
spinodal decomposition or ferromagnetic secondary phases.
Bonanni et al.6 prepared GaN:Fe layers by metalorganic
chemical vapor deposition �MOCVD� and observed ferro-
magnetism which was partially attributed to the spinodal de-
composition and nonuniform distribution of Fe-rich mag-
netic nanocrystals. Kuwabara et al.7 reported formation of
superparamagnetic nanoclusters in GaN:Fe epilayers pre-
pared by RF-plasma-assisted molecular beam epitaxy. In
case of ion implantation the reports from different groups are
quite controversial. While Theodoropoulou et al.8 and Shon
et al.9,10 reported ferromagnetism without observation of sec-
ondary phases we observed the formation of bcc-Fe nano-
clusters after sample preparation at similar conditions. These
clusters were the origin of ferromagnetic response.11 Li et al.
reported the coexistence of bcc-Fe and �-Fe3N in MOCVD
prepared GaN:Fe films and pointed out the role of nitrogen
pressure and structural disorder in the formation of Fe-rich
phases during film growth.12 Bonanni et al. had shown that
the aggregation of magnetic ions in a semiconductor can be
affected by the growth rate and doping with shallow

impurities.13 It is obvious that the engineering of certain ma-
terial properties requires a thorough investigation and under-
standing of the impact of different preparation conditions on
final results.

Using post implantation annealing techniques within sec-
onds and minutes we observed the formation of mainly
bcc-Fe clusters.14 In this paper we investigate the whole pro-
cess starting from the as-implanted state until the formation
of crystalline clusters using even shorter annealing times.

II. EXPERIMENTAL

p-type �Mg� doped ��2�1017 cm−3� single crystalline
wurtzite GaN�001� films of about 3 �m thickness epitaxially
grown by metal organic vapor phase epitaxy �MOVPE� on
sapphire �001� were used. The samples were tilted by 7° of
normal relative to the ion beam to avoid channeling. They
were implanted at room temperature with 195 keV Fe ions
with a fluence �=8�1016 cm−2 �sample 1� and �=16
�1016 cm−2 �sample 2� �both with �=6�1016 cm−2 of
57Fe, rest with 56Fe�, resulting in a maximum Fe concentra-
tion 9 and 18 at. % at the projected range Rp=85 nm, re-
spectively, according to TRIM �Ref. 15�. The high fluence
was chosen in order to oversaturate the host material with
magnetic impurities, since, based on the predictions made by
Sato et al.,16 the oversaturation might lead to higher Tc. In
order to reduce implantation damage and phase separation
the implanted samples were annealed in a flash-lamp anneal-
ing �FLA� chamber under constant Ar gas flow.17 Annealing
times in the ms range give the possibility to investigate the
formation of metastable secondary phases due to rapid heat-
ing and cooling rates. Because of the lack of reference data
for temperature measurement of the GaN surface during
flash-lamp annealing, the known temperature on the Si sur-
face was used as a reference, yielding about 1000 and
1200 °C for 3 and 20 ms annealing time, respectively �with
about 70.9 and 232.3 J /cm2, respectively�. Due to some re-
sidual oxygen contamination an oxidation of samples was
observed.
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X-ray diffraction �XRD� measurements were performed at
the Rossendorf beamline at the ESRF in Grenoble. �-2�
scans were carried out using an x-ray energy of 10 keV. For
the signal detection a scintillation counter was used. In order
to increase the signal-to-background ratio to an acceptable
level the acquisition time of the scintillation counter was set
to 5 s per measurement point.

Selected samples were investigated by transmission elec-
tron microscopy �TEM�. Rutherford backscattering spec-
trometry �RBS� in the channeling mode with 1.7 MeV He+

was used to characterize the implantation region and the
amount of damage caused by ion implantation and recovery
after subsequent annealing. The concentration depth profiles
of selected samples were recorded by Auger electron spec-
troscopy �AES�. Conversion electron Mössbauer spectros-
copy �CEMS� was applied to investigate the Fe lattice sites,
electronic configuration and magnetism at room temperature.
CEM spectra at RT were measured by placing the sample in
a He-CH4 gas flow proportional counter. CEM spectra at 4.2
K were taken by placing the sample in the inner evacuated
tube of a liquid-helium bath cryostat and by using a channel-
tron detector. The spectra were evaluated with Lorentzian
lines using the least-squares computer program NORMOS.18

All isomer shifts are given with respect to bcc-Fe at RT. The
investigations of the magnetic properties were performed
with a Quantum Design MPMS superconducting quantum
interference device �SQUID� magnetometer.

III. RESULTS AND DISCUSSION

FLA was applied with the intention to prevent or reduce
the formation of secondary phases by deminishing the diffu-
sion length. On the other hand the dopant activation as well
as the solid phase epitaxial growth should occur. The diffu-
sion length L of Fe in GaN can be estimated from the one
dimensional solution of the second Fick’s law by

L = 2�D · t �1�

with the diffusion coefficient D and time t. Azarov et al.
calculated the bulk and near-surface diffusion coefficients for
Fe in GaN with values of Dbulk=1�10−15 cm2 s−1 and
Dsurface=5�10−15 cm2 s−1.19 Bchetnia et al. determined the
diffusion coefficient for V in GaN, which was comparable
with the one from Fe and found the V diffusion activation
energy EA to be 2.9�0.4 eV.20 Using the Arrhenius equa-
tion

D = 1.5 � 10−2 cm2 s−1 exp� EA

kBT
� �2�

given in Ref. 20, where kB is the Boltzmann constant and T is
the temperature, one can estimate the diffusion length for
different temperatures and times during FLA. This yield
L1273 K,3 ms�2.4�10−10 m and L1473 K,20 ms�3.8
�10−9 m, going from atomic distances to sizes of small
nanoclusters.

Figure 1 shows the �-2� XRD scans of GaN samples 1
and 2 after implantation and subsequent annealing for 3, 20,
and 2�20 ms in Ar. No secondary phase formation was

found in the pattern of as-implanted samples. The metastable
�-Fe2.4N was detected in the pattern of sample 1 after anneal-
ing for 3 ms. After 20 ms annealing a broad, but weak re-
flection appears at about 34.7° in the pattern of sample 1 and
was identified as �-Fe3N�111�. This reflection is also present
after 2�20 ms annealing. Another reflection appearing at
about 33.9° cannot be assigned definitely and might be either
�-Fe2N�102� or 	-Ga2O3�311�. However, no other reflections
were found to make the phase identification possible. In case
of sample 2 �Fig. 1�b�	 no reflections from secondary phases
were found in the pattern after 3 ms annealing. Upon 20 ms
annealing the formation of bcc-Fe is observed. However, af-
ter 2�20 ms annealing the reflection from bcc-Fe disap-
pears, whereas a reflection at 34.7° appears, similar to the
case of sample 1 after 20 ms annealing.

TEM investigations reveal an amorphization of samples
within the first 60 nm starting from the surface. Still, some
short range ordering of up to 1.5 nm in the as-implanted
sample was still observable in TEM, which may serve as
nucleation seeds for the �poly�-crystal growth during anneal-
ing �Fig. 2�a�	. In fact, TEM micrographs of selected samples
after annealing show the presence of randomly oriented GaN
crystallites of up to 15 nm �Fig. 2�b�	 in size. In addition, up
to 10 nm large bubbles were observed �Fig. 2�c�	.

Figure 3 shows the AES concentration depth profiles of
sample 2 after the implantation �a� and after subsequent an-
nealing for �b� 3, �c� 2, and �d� 2�20 ms. In Fig. 3�a� sig-
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FIG. 1. �Color online� �-2� XRD scans of GaN samples im-
planted with �a� 8�1016 cm−2 and �b� 1.6�1017 cm−2 at RT, and
subsequently annealed for 3 ms, 20 ms and 2�20 ms in Ar.
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nificant nitrogen loss is seen during the first 60 nm depth of
GaN with a flat region between 15 and 45 nm. The loss of Ga
and N can be explained by the dissolution of GaN upon ion
radiation and evaporation. The range within the nitrogen loss
occurs fits well with the amorphization range in GaN. The
Ga-depth profile exhibits a minimum concentration at about
70 nm. In the crystalline bulk-GaN Ga is substituted by Fe
and diffuses toward the surface during annealing. At the in-
terface between the amorphous and crystalline region Ga
starts to accumulate. Between 20 and 50 nm it also presents
a flat concentration region. The Fe-implantation profile is
controlled by sputtering, the integration yields about 6% Fe
loss. A pronounced dip is clearly seen in Fe profile at about
60 nm, exactly at the amorphous/crystalline interface. Also
in the Fe profile of sample 1 the minimum is located at 39
nm, again exactly at the amorphous to crystalline boundary
�not shown�. The minimum in Fe concentration has also been
detected for Fe implantation at lower fluences, e.g., after the
implantation with 3�1016 cm−2. The dip is present at 16 nm
depth. The presence of the minimum cannot be related to
ballistic effects from ion implantation. There is no known
measurement artifact explaining this behavior. Rather, the
results suggest that the drop of Fe as well as of Ga concen-
trations at the interface depends on the density of the mate-
rial. Implantation with high fluence is accompanied by the
formation of defect clusters followed by N bubbles, resulting
in high porosity and anomalous swelling of the implanted
region.21 Some recent studies report ion implantation in-
duced disorder in GaN using Au or C �Refs. 22 and 23� ions.
It is reasonable to assume that due to decomposition of GaN,
the bubble formation starts to occur exactly at the interface

between the crystalline and amorphous regions. This results
in the formation of a low density layer. The layer structure
can be divided into following regions starting from the sur-
face: amorphous oxide layer, amorphous �Ga,Fe�N layer, low
density amorphous �Ga,Fe�N layer, defective �Ga,Fe�N layer,
and finally crystalline GaN. As a consequence, the position
of the local minimum in the Fe concentration profile along
with the starting decrease of N concentration can be used for
the depth determination of the amorphous layer.

Upon annealing the concentration of Ga as well as of
nitrogen decreases, accompanied by the simultaneous oxida-
tion of Ga and Fe �see Figs. 3�b�–3�d�	. The oxidation rate of
Ga is much higher than during annealing in pure O2 reported
by Lin et al.24 However, Lin et al. used low-defective GaN
wafers. Hence, our results can be explained by the reduced
energy of decomposition of defective GaN and by the strong
deficiency of nitrogen in the range of interest. N escapes
upon annealing in N deficient atmosphere and is replaced by
impurity oxygen. Due to oxygen contamination formation of
	-Ga2O3 is expected for longer annealing times.24

Figure 4 shows the CEM spectra of sample 1 after im-
plantation and subsequent annealing by FLA in Ar. The spec-
trum of the as-implanted sample �Fig. 4�a�	 was fitted by
using a singlet S for metallic Fe0 with isomer shift 

=−0.10 mm s−1, a value similar to fcc-Fe and two quadru-
pole doublets DIII and DIV for ionic Fe3+ with three and four
nearest N neighbors, respectively.25 The hyperfine param-
eters are summarized in Table I. For RT spectra of the an-
nealed samples a similar fitting model was used. However, a
significant change is observed in the spectrum after the 3 ms
annealing �Fig. 4�b�	. The relative area of the doublet DIII

FIG. 2. TEM micrographs of sample 2 in as �a� implanted and �b� and �c� after 20 ms FLA.
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FIG. 3. �Color online� AES depth profiles of GaN sample series 2 �1.6�1017 cm−2� implanted at RT �a� and subsequently annealed for
�b� 3 ms, �c� 20 ms, and �d� 2�20 ms in Ar.
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increased strongly, accompanied by a lowering of the respec-
tive quadrupole splitting. This is related to the formation of
paramagnetic �-Fe2.4N. After 20 ms annealing the quadru-
pole splitting of this doublet increases, accompanied by a
reduction of the relative area. At the same time the relative
areas of the other components increase. The spectrum does
not change appreciable after 2�20 ms annealing �Fig. 4�c�	.
This result agrees well with the XRD findings. The spectrum
of the same sample, recorded at 4.2 K, revealed the presence
of a subspectrum with magnetic hyperfine field distribution.
The maxima of the distribution �inset in Fig. 4�d�	 are well
matched to the values characteristic of �-Fe3−xN.26 The iso-
mer shifts of all components are moved to positive values
due to the second order doppler shift at 4.2 K. The broad
linewidths of some spectral components can be explained by
size or relaxation effects.

The as-implanted sample 2 exhibits a spectrum different
from that of sample 1 �Fig. 5�a�	. Therefore it was fitted by a
singlet S and a doublet DIII. The difference can be explained
by the higher �structural� disorder caused by the higher flu-
ence. This sample was also studied at 4.2 K �not shown�.
Besides of the change in isomer shift, related to the second
order Doppler shift, no other changes in the spectrum were
observed, in particular no appearance of magnetic hyperfine

fields. The spectrum of the 3 ms annealed sample was again
fitted by two doublets �Fig. 5�b�	. However, this time, a dou-
blet DII was used instead of DIII. This change in electronic
configuration is an indication of phase separation or change.
After the 20 ms annealing a magnetic hyperfine-split pattern
is present in the spectrum �Fig. 5�c�	. According to the find-
ings from XRD, the fit was modified by a hyperfine field
distribution representing a bcc-Fe-like coordination. The
relative spectral area of the distribution amounts to about
23.7%. This means, together with the relative area of the
singlet of 37.6%, that 61.3% of Fe are in metallic state. How-
ever, the component related to the singlet is not ferromag-
netic but paramagnetic. After 2�20 ms annealing the shape
of the CEM spectrum changes due to the oxygen contamina-
tion and the fit has to be modified �Fig. 5�d�	. Since no fer-
romagnetic sextets at RT were detectable, the spectrum was
fitted by paramagnetic doublets. It is supposed that the size
of the bcc-Fe nanoclusters is reduced due to the oxidation
and formation of an oxide shell. Therefore the magnetic be-
havior should be dominated by the rapid spin relaxation. In
this case no magnetic hyperfine splitting is expected. Instead,
depending on the crystalline symmetry, either a singlet for
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cubic symmetry �bcc-Fe� or a quadrupole doublet for hex-
agonal coordination ��-Fe3−xN� are expected. Hence,
�-Fe3−xN is represented by the quadrupole doublet DIII and
has the largest contribution to the spectrum. The doublet DIV
is related to iron oxides. Surprisingly, the negative isomer
shift of the singlet 
=−0.10 mm /s hints at the fcc-Fe-like
site location, instead of the bcc-like. It can be assumed that
the reduced volume of iron and lattice stress play a dominant
role in the fcc-Fe phase synthesis.27 Field-cooled/zero-field-
cooled �FC/ZFC� SQUID measurements were performed in a
50 Oe field. Figure 6�a� shows the respective scans from
sample 1 before and after subsequent annealing. The separa-
tion between the FC and ZFC curves is present in every scan.
For the as-implanted sample the curves approach at about 8
K, but for the samples annealed for �20 ms the separation
reaches RT. In general, the local maximum in the ZFC curve
is a certain proof for clusterlike behavior, and represents the
superparamagnetic blocking temperature. In some scans
�e.g., after 3 ms annealing �Fig. 6�a�	�, however, the local

maxima in the ZFC curves were not observed. The absence
of maxima might mislead the interpretation of the results. In
fact, in the literature the absence is often regarded as a fea-
ture of diluted magnetic semiconductor. However, the miss-
ing maxima can also be explained as follows. The postim-
plantation annealing usually leads to clusters with a certain
size distribution, with the consequence of a distribution of
the blocking temperature. For the size distribution starting
from the spinodal decomposition the maximum in the block-
ing temperature can be just at about some K. The results
presented here seem to prove this suggestion. With longer
annealing times the maximum in the ZFC curve moves to-
ward higher temperature values—the clusters grow. The field
dependent magnetization measurements performed at 4 K
�Fig. 6�b�	 reveal hysteresis loops for every sample. At
higher temperatures the hysteresis loops are detected in
samples annealed for �20 ms only. The magnetic moment
per implanted Fe ��B /Fe� ion is much lower than that of
bcc-Fe �2.2�B� and iron nitrides �e.g., 1.9�B for �-Fe3N�.

TABLE I. Hyperfine parameters obtained from the evaluation of the Mössbauer spectra. �: fluence
��1016 cm−2	, 
: isomer shift, �: quadrupole splitting, 
: line width, A: relative area of each component
with the statistical error of last digit given in parentheses, S: singlet, D: doublet or doublet distribution �dist.�,
M: magnetic hyperfine field distribution.

� Annealing Component



�mm/s�
�

�mm/s�



�mm/s�
A

�%�

8 As-impl. S �Fe0� −0.10 0.51 36.7�1�
DIII �Fe3+� 0.36 0.34 0.35 45.6�2�
DIV �Fe3+� 0.51 0.64 0.42 17.7�2�

8 3 ms S �Fe0� 0.0 0.49 31.3�2�
DIII �Fe3+� 0.35 0.26 0.31 64.9�2�
DIV �Fe3+� 0.56 0.65 0.29 3.8�2�

8 20 ms S �Fe0� −0.04 0.55 56.0�1�
DIII �Fe3+� 0.38 0.49 0.26 13.0�2�
DIV �Fe3+� 0.50 0.76 0.44 31.0�2�

8 2�20 ms S �Fe0� −0.04 0.52 55.3�2�
DIII �Fe3+� 0.41 0.51 0.26 16.7�4�
DIV �Fe3+� 0.53 0.79 0.49 28.0�4�

8a 2�20 ms S �Fe0� 0.10 0.75 34.3�2�
DIV �Fe3+� 0.52 0.72 0.68 24.5�2�
M �Fe3+� 0.41 0.00 0.49 41.2�2�

16 As-impl. S �Fe0� −0.10 0.38 18.1�2�
DIII �Fe3+� 0.37 0.48 0.42 81.9�2�

16 3 ms S �Fe0� −0.05 0.42 32.9�4�
DII �Fe3+� 0.29 0.28 0.26 53.7�4�
DIV �Fe3+� 0.46 0.81 0.44 13.4�4�

16 20 ms S �Fe0� −0.03 0.52 37.6�2�
DIII �Fe3+� 0.40 0.47 0.33 20.4�2�
DIV �Fe3+� 0.52 0.78 0.55 18.3�2�
M1 �Fe0� 0.02 −0.05 0.30 23.7�2�

16 2�20 ms S �Fe0� −0.10 0.41 29.2�2�
DIII �Fe3+� 0.40 0.52 0.37 59.8�2�
DIV �Fe3+� 0.49 Dist. 0.30 11.0�2�

arecorded at 4.2 K.
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The FC/ZFC scan of the as-implanted sample 2 �Fig. 6�c�	
exhibits a shape similar to a spin glass. The magnetization
measurement at 4 K �Fig. 6�d�	 shows a hysteresis loop. At
higher temperatures an S-like shape, i.e., no coercivity, is
observed �not shown�. It is remarkable, that in the CEM
spectrum at 4.2 K no magnetic component was detected.
This means that no ferro- or antiferromagnetic Fe-related
secondary phase is present in the sample. Hence, the present
state is attributed to the spinodal decomposition with concur-
rent local weak ferromagnetic and antiferromagnetic cou-
pling of the constituents. The weak hyperfine fields cannot be
resolved with CEMS. Moreover, assuming that the hysteresis
is related to ferromagnetic bcc-Fe, only about 1% of total Fe
amount �0.025�B /Fe for the as-implanted sample 2 related to
2.2�B for bcc-Fe� would contribute to the ferromagnetic re-
sponse. This is in the range of CEMS noise.

After 3 ms annealing the shape of the FC/ZFC curve is
not related to the spin-glass anymore. The curves are well
separated �Fig. 6�c�	. Unfortunately, the magnetization value
is of the order of magnitude of the SQUID error. The shape
of the FC/ZFC curve as well as the presence of the hysteresis
loop give a hint for the precipitation of a secondary phase.
During 20 ms annealing the size of clusters increase dramati-
cally and the size distribution becomes broader. This can be
observed as the local maximum of the ZFC curve moves
toward higher temperature and broadens. Taking into account
the relative area of the ferromagnetic component M1 from

the respective CEM spectrum ��24%�, the magnetic mo-
ment fits well to the value of metallic bcc-Fe. Measurements
with the field applied in-plane as well as out-of-plane reveal
magnetic anisotropy of the bcc-Fe-clusters, with the easy
axis parallel to the sample surface �in plane� �see inset Fig.
6�d�	. The presence of the clusters was confirmed by XRD
�see Fig. 1�b�	. Previous investigations showed the formation
of textured bcc-Fe-clusters within crystalline GaN.11

Upon the 2�20 ms annealing the maximum of the ZFC
curve is shifted back to lower temperature values and the
magnetization decreases. Based on the findings from the
AES, CEMS, and XRD results the oxidation of clusters as
well as the transformation from bcc-Fe to �-Fe3N is the most
reasonable explanation.

All samples are found to be highly electrically resistive.
Hence, no transport measurements were performed. Channel-
ing RBS measurements show about 15–20 % recovery of the
bulk damage caused by the ion implantation after flash-lamp
annealing �not shown�. The surface damage was not reduced
at all. Here, however, the surface roughness plays an impor-
tant role in the characterization of surface damage.

IV. CONCLUSION

The presented investigations show the correlation be-
tween structural and magnetic properties of Fe-ion implanted
GaN. Spinodal decomposition is the preliminary stage before
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samples �b� and �d� were recorded at 4 K. The inset in �d� reveals the magnetic anisotropy of the 1.6�1017 cm−2 implanted and 20 ms
annealed sample.
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the formation of precipitates. Sato et al.16 predicted high Cu-
rie temperatures and spinodal decomposition for a Mn con-
centration of about 20 at. %. In the present work, Fe con-
centrations between 9 and 18 at. % and even higher in the
as-implanted state, were used. In the as-implanted state spin-
odal decomposition seems to be responsible for the complex
magnetic interaction, including the ferromagnetic as well as
the antiferromagnetic one. The situation is even more com-
plex, if the strong damage of the crystalline GaN after im-
plantation is taken into account.

In annealed samples ferromagnetic response is related to
different types of secondary phases. The type of the second-
ary phase depends on the dopant concentration and on the
duration and/or temperature of thermal treatment.

Ion implantation can be successfully applied to oversatu-
rate host materials with impurities up to a rather high con-

centration, however, regarding the high damage level pro-
duced in highly doped GaN it is less suitable technique with
respect to DMS engineering. The flash-lamp annealing tech-
nique turned out to be a very suitable method for the produc-
tion of metastable phases.
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