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Ferromagnetism and Structure in Fe-doped GaN Films
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[Abstract] Fe-doped GaN films have been successfully fabricated on silicon (100) substrates through ammoniating
Ga, O, : Fe films under flowing ammonia atmosphere at the temperature of 950 °C. The structure of the samples was
characterized by X-ray diffraction (XRD). No second phases are found with the increasing of Fe ion concentration
from 0% to 7%. Magnetic measurements indicate that all the Fe-doped films were ferromagnetic at room
temperature. and the moment per Fe atom decreases with increasing Fe concentration. The largest magnetic

moment observed was 1. 92up/Fe for Ga;—, Fe, N (z=0.01) film.
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1 Introduction

Spintronics could lead to new types of devices and
circuits, The development of ferromagnetic semicon-
ductors is one of the principal research directions in
this field. In recent years, I1I-V diluted magnetic sem-
iconductors (DMSs) have attracted much attention as
materials for application in spintronic devices ™. In
the area of DMS related to III-V compound semicon-
ductors, wide bandgap semiconductor GaN has very
recently received great attention as promising host ma-
terial for making DMS, since its Curie temperature
(T.) higher than room temperature was predicted by

2], Recently, reports related to

theoretical studies ©
GaMnN have been extensively published %, while

reports about the GaN:Fe were not studied thoroughly

[10-20] )[11.12.15—20]

. Both ferromagnetism (FM and para-
magnetism (PM)"*' behaviors were observed in (Ga,
Fe)N samples. Additionally, Theodoroupoulou et al.
150 and Shon ez al. % reported about ferromagnetism
in Fe implanted GaN and T, up to room temperature
and even above 350 K, respectively. In these experi-
ments related to (Ga,Fe)N referred above, many ex-
periments were performed by metal-organic chemical
vapor deposition method (MOCVD) %' or jon im-

L7-18]  Nevertheless, no one found that

plantation
(Ga, Fe) N films were prepared by the two-step
method using Rf alternate magnetron sputtering and
ammoniation at high temperature. So,in this work,
Fe-doped GaN films (Ga,_,Fe, N,z =0. 00~0. 07)
were prepared by this method, and the magnetism and

structure properties of the films were studied by

various measurements,
2 Experimental procedures

Ga, _, Fe, N films were fabricated with different
concentration (x =0. 00, 0. 01, 0.04, 0. 07, 0.10).
Firstly, the Ga; Os :Fe films were grown by RF alter-
nate magnetron sputtering of Fe (99. 99%) and Ga, O,
(99.99%) target on silicon (100) substrates. The size
of target is ~5 cm in diameter and ~0. 3 cm in thick-
ness. The sputtering chamber was evacuated by a mo-

« 0060 -

lecular pump to a base pressure below 3 X 10 ° Pa.
During sputtering, the substrate temperature was kept
at 400 °C. Argon and nitrogen were introduced into
the chamber as working gases, and the flow ratio of
argon and nitrogen was controlled at 10;1. The cham-
ber pressure was fixed at 2. 0 Pa. After sputtering,
annealing treatment of the as-grown films was carried
out in the sputtering chamber at 600 °C for 10 min.
The film thickness was typically from 200 to 300 nm.
The concentration of Fe ion in the samples was varied
by controlling the sputtering time of Fe target.

Subsequently, the Ga, O; :Fe films were ammoni-
ated under flowing ammonia atmosphere with a flow
rate of 200 ml/min in a horizontal tube furnace. The
temperature and the duration of the ammoniating were
950 °C and 40 min, respectively.

The crystal structure was characterized by X-ray
diffraction ( XRD), using a CuK, radiation source.
Magnetic measurements were performed using a vibra-
ting sample magnetometer (VSM). The optical prop-
erties were studied by photoluminescence spectroscopy

(PL).
3 Results and Discussion

XRD patterns of the thin films were shown in
Fig. 1. The patterns were indexed to a wurtzite struc-
ture GaN. No second phases were detected in the sam-

ples with the increasing of Fe ion concentration up to
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Fig.1 XRD patterns for the Fe-doped GaN
thin films (Ga,_, Fe, N, =0.00~0. 07)
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7%. When Fe ion concentration increased to 10% , the
impurity phase (GaFeO;) was observed. It is verified
that Fe has substituted Ga or formed interstitial atom
in the hexagonal structure with Fe ion concentration
from 0% to 7%. The lattice constant ¢ of the samples
was calculated from the XRD patterns. Fig. 2 shows
the linear increase of ¢ parameters with the increase of
Fe concentration. This Vegard’s law behavior is evi-
dence of the incorporation of Fe in the Ga site with re-

tention of the wurtzite structure -,
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Fig. 2 The linear relation of lattice constant

¢ with Fe concentration
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Fig. 3 PL spectra of the Fe-doped GaN thin films

(Ga,—,.Fe, N, x=0.00~0.07) at RT

Fig. 3 shows photoluminescence (PL) spectra for
the samples at room temperature ( RT ). The
excitation source is the 325 nm line of a He-Cd laser
with the total power of 50 mW. Two peaks appear at

357 nm and 468 nm in all samples, respectively. The

peak at 357 nm is corresponding to 3. 48 eV in energy,
this is very close to a band gap emission of GaN (3. 4
eV) [ Another peak at 468 nm is blue
luminescence, which corresponds to 2. 65 eV energy.
This peak is inferred to be mainly caused by the vacan-
cies of N-atoms, which is consistent with the results
reported by Z. H. Feng et al. ") It indicates that the
doping of Fe does not affect the photoluminescence
measurement results of GaN. It proves that the doping
of Fe would not change the structure of GaN, and the
position of Ga atoms was successfully replaced by Fe
atoms. This is also consistent with our previous XRD

measurement results.
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Fig.4 The M-H curve of undoped GaN sample at RT
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Fig. 5 M-H curves for Ga, , Fe, N films
(x= 0.01, 0.04, 0.07) at RT

The magnetic properties of the films were deter-

mined using a vibrating sample magnetometer. Fig. 4
*+ 0061 -
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shows the M-H curve of undoped GaN sample, and it
indicates that the undoped GaN sample is diamagnetic.
The magnetization versus magnetic field (M-H) curves
for Fe-doped GaN films are shown in Fig. 5. In these
curves, the diamagnetic background of Si substrate
was subtracted. One could see that all the films are
ferromagnetic at RT and as the Fe concentration in-
creases, the magnetic moment per Fe ion decreases.
The RT saturation moment was calculated with 1. 92,
1.65, and 1. 26 py per Fe atom for x = 0. 01, 0. 04,
and 0. 07, respectively. These saturation moments are
much lower than the theoretical value of p=gus[ S(S
+1)1"*=6.7 s (S represents the total spin quantum
number). Combined with the results of XRD and PL
measurements, it is concluded that the room tempera-
ture ferromagnetism of the films are their intrinsic
property originated from the substitute Fe for Ga in
the lattice.

The reason why the ferromagnetism of the sample

decreased is that with the increase of Fe concentration,

the number of Fe ions in the sample increases,
resulting in the reduction of the distance between Fe i-
ons. In the competition process of ferromagnetic inter-
action and antiferromagnetic interaction between Fe i-
ons, the antiferromagnetic interaction gradually
increases due to the decrease of the distance between
Fe ions, resulting in the decrease of the ferromagnetic
interaction of the sample with the increase of Fe con-

centration.
4 Conclusion

In conclusion, we obtained room-temperature fer-
romagnetic Ga,—,Fe,N thin films on Si (100)
substrates by ammonification technique under flowing
ammonia atmosphere at 950 °C. The XRD patterns of
the films were indexed to a wurtzite structure GaN
with the Fe concentration from 0% to 7 %. All the
Fe-doped GaN thin films are ferromagnetic at room
temperature, and the magnetic moment decreases with

increasing Fe concentration.
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