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The systematic enhancement of ferromagnetic hysteresis loops for GaN implanted with high doses
of Fe (5— 10 at. %) takes place with an increase in the annealing temperature from 700 to 850 °C.
The trends of magnetic properties coincide with the results of the increased full width at half
maximum of triple axis diffraction for GaN (0002), including the appearance of GaFeN, the
enhanced Fe-related photoluminescence transitions, and the systematic increase in sizes of
symmetric spin ferromagnetic domains GaFeN in atomic force microscopy and magnetic force
microscopy. © 2006 American Institute of Physics. [DOI: 10.1063/1.2338000]

According to a recent theory based on the Zener model
with a Mn concentration of 5% per cation in 2* charge state
and 3.5 10% holes/cm?®,' Mn-doped GaN and ZnO have
high Curie temperature (7) above 300 K and many
experimental studies have been actively carried out.”
Meanwhile, according to another double exchange model,"!
the total energy (TE) within the local spin density approxi-
mation was calculated for both (Ga;_,TM/)N and
(Ga,_,TM!, TM} )N as a function of x. TM indicates transi-
tion metal. Then AE=TE (spin glass state) —TE (ferromag-
netic state). For x=5%, 10%, 15%, 20%, and 25%, the fer-
romagnetic states were also stable in GaNMn, GaNV, and
GaNCr, but GaNFe, GaNCo, and GaNNi showed spin glass
states. Particularly, GaNFe did not show a ferromagnetic
state for all values of x. However, in contrast with the theory,
ferromagnetic properties in GaNFe layer have been recently
reported. 12715

The Mg-doped GaN films were grown on c-plane sap-
phire (Al,O3) substrates by MOCVD. The thickness of the
GaN:Mg epilayers was 1500 nm. The Hall effect measure-
ment of GaN:Mg epilayers showed p-type conductivity with
a carrier concentration of 3X 10" cm™. The p-type GaN
epilayers grown by MOCVD were also uniformly implanted
with Fe ions at an energy of 200 keV, and the doses were
1X10' cm™ (5%) and 5% 10'® cm™ (10%). After the im-
plantation of Fe*, the rapid thermal annealing of p-type GaN
epilayers was performed in a flowing nitrogen atmosphere,
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and the annealing temperatures were varied between 700 and
850 °C for a fixed annealing time of 30 s.

Inset (a) of Fig. 1 shows the XRD patterns for the as-
grown, as-implanted GaFeN epilayers and the GaFeN epil-
ayers annealed at 700, 800, and 850 °C for 30 s with Fe
concentration of 10%. The as-grown epilayer showed only
GaN (0002) peak at 34.2°. After the implantation of Fe with
doses of 5% and 10%, GaN (0002) peak at 34.2° which
appeared in the as-grown epilayers disappeared as the crys-
tallinity was damaged due to the acceleration energy and
high doses of heavy ion. After the annealing at 700, 800, and
850 °C subsequent to Fe implantation of 5% and 10%, no
secondary phases were observed'? and the crystallinity of the
epilayers including GaFeN is recovered. However, the full
width at half maximum (FWHM) of diffraction peaks was
increased in comparison with that of the as-grown epilayer.
These increases are attributed to the partly residual lattice
damage from the implantation of injected Fe, together with
the formation of GaFeN. The formation of GaFeN is sup-
ported by the following discussion and the AFM and MFM
images.

Inset (b) of Fig. 1 shows the double crystal x-ray rocking
curve (DCRC) of GaN (0002) plane measured to investigate
the change of FWHM due to the injection of Fe. The FWHM
of DCRC for the as-grown epilayer was 383.3 arc sec. The
FWHM of DCRC for the sample annealed at 700 °C for 30 s
with Fe concentration of 10% was 544.2 arc sec and in-
creased in comparison with that of the as-grown epilayer
(383.3 arc sec) due to the injection of Fe. The ionic raddi of
Ga, N, Mg, and Fe are 1.41, 0.7, 1.6, and 1.27 f\, respec-
tively. Fe (ionic radius: 1.27 A) must substitute for Ga (ionic
radius: 1.41 A) as the molar refractivity of an ion is propor-
tional to the cube of its radius. Therefore, the FWHM of
DCRC increases because heavy Fe was properly incorpo-

© 2006 American Institute of Physics
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FIG. 1. TAD of GaN (0002) plane measured in order to confirm the exis-
tence of GaFeN for epilayers with Fe of 10%. Inset (a) showed XRD pat-
terns for the as-grown GaN and as-implanted and GaFeN epilayers with Fe
concentration of 10%. Inset (b) showed DCRC of GaN (0002) measured to
investigate the change of FWHM due to the injection of Fe (10%), 1; as-
grown GaN:Mg, 2; 700 °C, 3; 800 °C, 4; and 850 °C.

rated into GaN so as to form GaFeN. With an increase in the
annealing temperature from 700 to 800 °C, the FWHM
gradually increased from 544.2 to 620.2 arc sec. With an in-
crease in the annealing temperature to 850 °C, the FWHM
increased considerably to 872.5 arc sec in comparison with
the samples annealed at 700 and 800 °C. These trends coin-
cide with those of PL, AFM and MFM, and SQUID dis-
cussed later.

Figure 1 shows the triple axis diffraction (TAD) of GaN
(0002) measured in order to confirm the existence of GaFeN
based on the above results of DCRC. The as-grown epilayer
showed only the peak related to GaN. However, all samples
annealed at 700, 800, and 850 °C with Fe concentration of
10% revealed the shoulder peaks of GaFeN, together with
GaN (0002) peak. The increases of FWHM for GaN (0002)
in TAD also proportionally agreed with those in DCRC with
increasing annealing temperature. However, the epilayers
with Fe concentration of 5% showed the weak and unreliable
changes for the FWHM of DCRC, and TAD did not reveal
the shoulder peaks of GaFeN at all. These results agree with
the results that the PL transitions of Fig. 2 appear very
weakly and the magnetizations of SQUID show paramag-
netic behavior, and also the clear, uniform ferromagnetic do-
mains of AFM and MFM images are not formed.

Figure 2 and inset shows PL spectra measured at 14 K
and magnetization curve measured at 10 K, respectively. All
samples annealed at 700, 800, and 850 °C with Fe concen-
tration of 5% showed three kinds of transitions around 2.25,
2.5, and 3.1 eV. The transition at 2.25 eV is typical YL com-
monly appeared in GaN. The transitions at 2.5 and 3.1 eV
correspond to (D, Fe) and (,e Fe), respectively. The (D, Fe)
means a donor—Fe acceptor pair transition and (e, Fe) means
a conduction band-Fe acceptor transition. The broad peak (e,
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FIG. 2. PL spectra measured at 14 K for the GaFeN epilayers with the Fe
concentration of 5%. The inset shows the paramagnetic behavior of the
GaFeN epilayer annealed at 850 °C with Fe concentration of 5%.

Fe) at 3.1 eV appears to arise from the recombination of free
electron with hole bound at a state which is at the energy of
0.4 eV above the valence band edge in terms of an energy
level scheme for Fe, namely, peaks at 3.1 eV (E,+0.4 eV)
based on band gap energy of 3.5 eV at 0 K. Therefore, Fe
acceptor exists at about E=400 meV in ferromagnetic
GaFeN. Although three PL peaks appeared in all samples, the
PL intensities were very weak and noisy; namely, Fe-related
transition was not properly activated. In proportion to PL
transitions, the magnetic properties of all epilayers showed
also paramagnetic behaviors in spite of the removal of dia-
magnetic background (see inset of Fig. 2). Meanwhile, the
epilayers implanted with Fe concentration of 10% gradually
showed clear, intensive transitions related to Fe with an in-
crease in the annealing temperature from 700 to 850 °C
(Ref. 15) consistent with the trends of XRD, AFM and MFM
images, and SQUID.

Figure 3 shows the results of room-temperature AFM
(left column) and the corresponding MFM (right column)
images so as to confirm the existence of ferromagnetic do-
main. The AFM images of Figs. 3(a)-3(c) showed the topog-
raphy of the epilayer surface in all the epilayers with Fe
concentration of 10% and the formation of the GaFeN do-
mains. And also, the corresponding MFM images revealed
the ferromagnetic domains generated and the formation of
the ferromagnetic spin domains GaFeN judged by the ap-
pearance of dark and bright patterns. The epilayers with Fe
concentration of 5% did not produce the clear, uniform fer-
romagnetic domain images of AFM and MFM images. This
result agrees with the results of XRD, PL, and SQUID. The
epilayer annealed at 700 °C with Fe concentration of 10%
showed the relatively uniform and symmetric ferromagnetic
domains of GaFeN, but the ferromagnetic domains are rela-
tively small and unclear. With an increase in the annealing
temperature to 800 °C, the ferromagnetic domains of GaFeN
layer were improved in comparison with those of epilayer
annealed at 700 °C. With an increase in the annealing tem-
perature to 850 °C, the ferromagnetic domains increased in
comparison with those of the above two epilayers. Conse-
quently, the symmetric ferromagnetic domains of GaFeN
were gradually and systematically improved. The trend of
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FIG. 3. (Color online) Room-temperature AFM (left column) and MFM
(right column) images of GaFeN epilayers annealed at 700 °C (a), 800 °C
(b), and 850 °C (c) with Fe concentration of 10% so as to confirm the
existence of ferromagnetic domains.

these results coincides with that of the results of XRD and
PL discussed above, together with SQUID discussed below.

Based on the results of XRD, PL, and AFM and MFM,
the magnetic property has been characterized by SQUID
magnetometer measurements. Figure 4 shows the M-H
curves for GaFeN (10 at. % of Fe). The measurement of hys-
teresis loop at 10 K was accomplished for the samples an-
nealed between 700 and 850 °C for 30 s and ferromagnetic
hysteresis loops were obtained. Ferromagnetic hysteresis
loop began to appear in the epilayer annealed at 700 °C but
was relatively weak. A coercive field H,. and a remnant field
H, were 143 G and 3.29 X 107° emu, and saturation magne-
tization M, was 2.17 X 107> emu. With an increase in the
annealing temperature to 800 and 850 °C, ferromagnetic
hysteresis loops continued to increase. The H,., H,, and M of
epilayer annealed at 850 °C apparently increased to 351 G,
1.43X 1073 emu, and 7.36 X 10~ emu. The magnetic proper-
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FIG. 4. Ferromagnetic hysteresis loops measured at 10 K with Fe concen-
tration of 10%. The inset shows the ferromagnetic hysteresis loop measured
at 300 K for the GaFeN epilayer annealed at 850 °C for 30 s.
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ties of ferromagnetic hysteresis loops including H., H,, and
M  increased systematically with an increase in the annealing
temperature from 700 to 850 °C. The inset of Fig. 4 shows
the hysteresis loop at 300 K for the sample annealed at
850 °C for 30 s so as to confirm magnetization at room tem-
perature. Although a hysteresis loop measured at 300 K was
weaker than that at 10 K, a clear hysteresis loop was
observed.

In summary, in the case of Fe concentration of 5%, the
magnetic properties of all epilayers show paramagnetic be-
havior. These results agree with those that the TAD of XRD
do not produce the shoulders of GaFeN and the Fe-related
PL transitions happen very weakly, and also AFM and MFM
images do not reveal clear, symmetric ferromagnetic do-
mains. However, the systematic enhancement of ferromag-
netic hysteresis loops takes place with an increase in the Fe
concentration (5— 10 at. %) and in the annealing tempera-
ture from 700 to 850 °C. The trends of magnetic properties
coincide with those of results that the shoulders of GaFeN in
TAD appear together with the increases of FWHM in DCRC
for GaN (0002). The Fe-related PL transitions are enhanced
and the sizes of symmetric ferromagnetic domains in AFM
and MFM increase systematically with an increase in the
annealing temperature from 700 to 850 °C.
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