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Abstract: Room-temperature ferromagnetism is observed in the Of-implanted AIN films with O doses of
5% 10 c¢m 2 (AIN: Os, 0 ) and 2% 10" cm 2 (AIN: Osyor). The observed magnetic anisotropy indicates that the
ferromagnetism is attributed to the intrinsic properties of O"-implanted AIN films. The out-of-plane saturation mag-
netization ( Ms ) of the AIN: Os,qq is about 0.68 emu/g, much higher than that of AIN: Oy o7, 0.09 emu/g, which is
due to the excessively high O™ dose made more O™ ions occupy adjacent APRY positions in forms of antiferromagnet-
ic coupling. Doppler broadening of positron annihilation radiation measurements demonstrate the existence of Al va-
cancies in the O"-implanted AIN films. The first-principles calculations suggest that the ferromagnetism originates
mainly from the Al vacancies. Meanwhile, the formation of divacancies or vacancy clusters by high concentrations
of Al vacancies will lead to the transformation of V,—V,, coupling from ferromagnetim to antiferromagnetism, ulti-

mately weakening the ferromagnetism of the sample.
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0 Introduction

AIN, a wide-bandgap I11I-V semiconductor, has attrac-
ted much attention in the last decade for its high thermal
conductivity, high electron mobility, and good chemical
stability[l_z]. The induced magnetism in AIN makes it pos-
sible to manipulate the charge and spin degrees of freedom
of an electron in AIN simultaneously. Thus, AIN is a prom-
ising cadidate in spintronics®! and becomes a diluted mag-
netic semiconductor (DMS) when doped with transition
metals inducing ferromagnetisml(* 1.

Recently, ferromagnietism was observed in AIN with
non-magnetism dopants such as cul”l, Mg[g], and CPL. As
the most common element, Oxygen can easily become an
impurity in the sample, thus affecting the properties of
sample. However, the magentic O-doped AIN has rarely
been investigated!!’]. Gennerally speaking, AIN films
doped with non-magnetism dopants or transition metals of-
ten contain a large number of defects, and the defects are
not evenly distributed, especially doping by ion implanta-
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tion. It's of great importance for the origin of ferromagnet-
ism in AIN DMS films to probe the defect structure and
identify the defect types.

Positron annihilation spectroscopy has turned out to be
a unique method to investigate nanometer-scaled defects in
materialsl! 1121, By controlling the energy of incident
positron, depth profile of samples can be obtained by de-
tecting the annihiltion gamma rays. A high-purity Ge de-
tector was applied to detect ¥ rays produced by the positron
annihilation to reconstruct the Doppler broadening of anni-
hilation radiation (DBAR) spectrum. The obtained DBAR
spectrum was characterized by S and W parameters. The S
parameter is defined as the ratio of central area of annihila-
tion peak (511+0.81 keV) to the total peak area, reflecting
the information of positron annihilation with low-mo-
mentum electrons (valence electron or conduction
electron). The W parameter is the ratio of wing area
(505.92~509.16 keV, 512.84~516.08 keV) to the total peak
area, which reflects the information of positron annihila-
tion with high-momentum electrons (core electrons). When
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positrons are captured by vacancy-type defects in samples,
the S parameter increases and W parameter decreases due to
the higher faction of valance electrons around defects than
those in defect-free regions. Taking advantages of DBAR
measurements, the defect distribution of AIN films can ob-
tained. In this work, we prepared O*-doped AIN films by
ion implantation and investigated the structural and mag-
netic properties of O*-implanted AIN films.

1 Experiment

1-um thick unintentionally doped AIN films (marked
as as-grown AIN) prepared on c-plane (0001) sapphire
substrates (~500 pum thick) by hydride vapor phase epitaxy
were purchased from Hefei Kejing Materials Technology
Co., Ltd. The AIN: Osyjoe and AIN: O,yqon (the subscript
denotes the dose of implanted O ions in cm 2) were ob-
tained by implanting O™ ions with the energy of 80 keV in-
to two as-grown AIN films. The ion implantation experi-
ments were performed using an ion implanter at room tem-
perature. The base pressure of implantation chamber was
about 2x10™* Pa.

X-ray diffraction (XRD) measurements were conduc-
ted by using an X-ray diffractometer (PANalytical X'Pert
PRO MPD) in Bragg-Brentano geometry (240 mm radius)
with Cu-Ka radiation (4 = 1.540 6 A). The Raman spectra
were measured at room temperature by using a Lab-
RamHR Evolution Raman system with an Ar" ion laser
(wavelength centered at 514.5 nm) in backscattering geo-
metry as an excitation source. The DBAR measurements
were performed using a slow positron beam with a variable
energy from 0.25 to 25 keV at the University of Science
and Technology of China. The magnetic properties of AIN
films were investigated using a Superconducting Quantum
Interference Device (MPMS3, Quantum Design) with an
accuracy of 10™® emu. The magnetic hysteresis loop meas-
urements were carried out at room temperature with the
magnetic field parallel and perpendicular to the plane of the
samples, respectively.

2 Results and discussion

The crystal structures of the AIN samples were invest-
igated by XRD. The XRD spectra were normalized with re-
spect to the intensity of the (0006) peak of the sapphire sub-
strate for the as-grown AIN sample. As shown in Fig. 1, the
typical (002) peaks of AIN are observed, which can be in-
dexed to h-AIN. No peaks related to metallic Al are found
in the AIN patterns. As shown in the inset of Fig. 1, the in-
tensity of (002) peak was reduced after ion implantation,
indicating that the ion implantation process introduced lots
of lattice defects in AIN: Osy g6 and AIN: O,y o7 . The XRD
results of the AIN samples are shown in Table 1. The AIN

(002) peak shifts towards larger 26 after implantation, sug-
gesting a lattice constraction along the c-axis for AIN micro-
crystals in AIN: Osy s and AIN: Oy 07 , which is likely at-
tributed to the substitution of N* or A" by the O" ions due
to the smaller covalent radius of OL!3],
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Fig.1 XRD patterns of as-grown AIN, AIN: Os, g6 , and
AIN: Oy, g7 . The inset shows the magnification of
AIN (002) peaks.

Table 1 XRD results of the AIN samples.
Peak positron/(°
Sample positron/’) ¢ parameter/A
(002)
as-grown AIN 35.95 4.992
AIN: Og, 16 35.96 4.991
AIN: O, 1417 35.98 4.988

The Raman spectra of as-grown AIN, AIN: Osyq , and
AIN: Oy are shown in Fig. 2. For as-grown AIN, first-
order phonon modes located at 250 cm ! [ E; (low)],
659 cm ! [ E, (high)], and 889 cm™!' [A, (LO)] were ob-
served, which are in good agreement with the values meas-
ured for the AIN films!!#"13]. Other five peaks (marked as
asterisks) are attributed to vibrational modes from the sap-
phire substrate.

Intensity/a.u.

AIN: O,, 417
AIN: Oy, 16

As-grown AIN|

s

100 200 300 400 500 600 700 800 900 1 000
Raman shift/cm™

Fig.2 Raman spectra for as-grown AIN, AIN: Os,qis , and
AIN: Oy, 17 . The asterisks represent vibrational modes
related to the sapphire substrate. The green dotted lines
represent the first-order phonon modes of AIN E; (low),
E, (high), and A; (LO), respectively. (color online)




* 500 BT &Y R

41 %

For AIN: Osy s and AIN: Oyygov, the E, (high) peaks
located at 659 cm™ ' were also seen clearly in Fig. 2. The
full width at half maximum (FWHM) of E, (high) peak for
as-grown AIN, AIN: Os,ge , and AIN: O,y o0 are about 7.4,
11.1, and 12.1 cm™, respectively. The E, (high) peak
broadens after O" implantation, suggesting that there are
high-density defects in AIN: Osyjo6 and AIN: O,yq97 . With
increasing O concentration, the intensity of E, (high) peak
decreases, and the peak becomes asymmetric, indicating the
lattice distortion of AIN wurtzite structure. What's more,
the E, (low) and A, (LO) components in AIN: Osyoe and
AIN: O, disappear, broad bands emerge instead. In gen-
eral, the broadening in Raman band and absence of local vi-
brational modes are associated with the lattice disorder, de-
fects, and substitutional impurities, which can lead to
photon confinement and loss of periodicity[l(’_”]. The va-
cancies and substitution of O" ions for N* or A" jons are
responsible for the changes in peak shape mentioned above.

Figure 3(a) shows the S parameters versus positron en-
ergy (S—E curves) measured for AIN films. For as-grown
AIN, the positron energy of 0~2 keV is corresponding to
the surface layer. The large S parameter is due to the
positron annihilations and formation of positronium atoms
at the surfacel!®l. In the suface layer, S parameters de-
crease with increasing positron energy. The S values satur-
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(a) The parameter S as a function of positron energy
(E) for the samples. Solid lines are fitted to the experi-
mental data by VEPFIT software. (b) S depth distribu-
tions obtained from analysis of S—E curves for the
samples.

Fig. 3

ate at positron energy of 2~10 keV, indicating that
positrons annihilate in the AIN layer. The obtained bulk S
parameter (S, ) for as-grown AIN is about 0.439. Then the
S parameters decrease in the energy region E > 10 keV
due to the annihilation of positrons in the sapphire sub-
strate. Compared to as-grown AIN, the O -implanted AIN
films show much higher S parameters in the whole energy
range, which is attributed to the annihilation of positrons in
vacancy-type defects introduced by O implantation. The
effective positron trapping centers in AIN are Al-related va-
cancies (negative charges). The defect types in AIN: Osy i
and AIN: O o can be determined by the S parameters.
The S values for the defect layer (S4) in AIN: Osyj06 (AIN:
O,y107) 1s 0.461 (0.454), then the value of S,/S, is ap-
proximately 1.050 (1.034), which indicates the implantation-
induced defects in AIN: Osyjqs and AIN: Oy or are prob-
ably monovacancies (V) or divacancies according to pre-
vious reports[lg_zo].

To further investgate the positron annihilation charac-
teristics in the AIN films, the S—E curves were fitted using
VEPFIT softwarel?!l to resolve the defect depth profiles
and depth structures of implanted AIN layers. The S para-
meter measured at different positron energy E can be ex-
pressed by the following formula:

S(E)=SSFS(E)+ZS1'F1'(E)’ (M

i=1

where Sg and S, are the S parameters to the positrons an-
nihilated at the surface and in the ith layer, respectively;
while, Fy and F; denote the fraction of positrons annihil-
ated at the surface and in the ith layer the with the relation
of Fs(E)+Y ., Fi(E)=1,respectively. As shown in Fig. 3(a),
the solid lines are in accord with the experiment data. Ac-
cording to the previous work!??, the region exposed to an-
nihilated positrons was divided into two blocks for as-
grown AIN, and three blocks for AIN: Osyjps (AIN: Oayio7),
respectively. The defect depth profiles for the AIN films are
shown in Fig. 3(b). In the first block of ~60 nm, AIN:
Osy106 and AIN: Oy o exhibit high S values due to the ion
implantation and high O concentration. However, the S
value of AIN:Osyjge is much higher than that of AIN:
O, , which was attributed to the reverse diffusion of im-
planted ions. In the implantation procedure, vacancy defect
was formed, some O" ions diffused towards the surface of
AIN films and then gathered. At the lower implantation
doses, less O™ ions occupied Al vacancies while more OF
ions occupied Al vacancies at higher doses, leading to more
vacancy defects at lower implantation doses than higher
doses before 60 nm of the film thickness. This anomalous
results have also been observed in C'-implanted AIN
films). In the second block of ~350 nm, high S values for
AIN: Osyjps and AIN: O,yqor are owing to the Al-related
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vacancies. The third block of ~950 nm depth corresponds to
the AIN thickness, the S values tend to be the same due to
the annihiltion of vast majority of positrons in the sapphire
substrate.

In order to character the change of vacancy type, S~
analysis were performed for all AIN films as shown in Fig. 4.
The S—W data for positron energies below 2 keV were sub-
tracted. The fitting curves of the S—W data for the as-grown
AIN, AIN: Osyp, and AIN: Oy are straight lines and
approximately overlapped, indicating that these samples
contain the same types of defects. Therefore, increasing the
dose of O ions increases the density of the Al-related va-
cancies but does not change the defect type.

023 *
022}
5021}
<
g 0.20 |
g 0.19
0.18 |
a As-grown AIN
0.17r  a AIN: OSXH)”’ ":
0.16+ ®AIN: O, g7 e
0.40 0.42 0.44 0.46 0.48
S parameter

Fig. 4 Plots of S vs W for the samples. The black solid, red
dashed, and blue dotted lines are fits to the S—W data
for the as-grown AIN, AIN: Os, g6, and AIN: Oy, 017,
respectively. (color online)

The variations of magnetization (M) as a function of
magnetic field (H) for AIN: Osyjo6 and AIN: Oy by ap-
plying magetic field perpendicular ( L) to the sample plane
are shown in Fig. 5(a). In our previous work, as-grown AIN
exhibited an almost zero hysteresis phenomenon and
showed diamagnetic character, indicating the absence of
magnetic impurities in the as-grown AINPIL The ferromag-
netic behavior has been observed for AIN: Os, ;o6 and AIN:
O,y107. The saturation magnetization (Mg ) of the AIN:
Osyi06 1s about 0.68 emu/g, much higher than that of AIN:

0.8F (a)
—~ —o— AIN: Oy, 16
‘91) 04t ——AIN: O, 17
=
£
L
£ 00 -
<
N
2
e —0.4
=
-0.8
-4 000 —2000 0 2000 4000
Magnetic field/Oe

Osy107, 0.09 emu/g. This might be due to the excessively
high O" dose would increase the number of O" ions oc-
cupying adjacent AP* positions, resulting in antiferromag-
netic coupling[7’ 231 This finding is consistent with the
DBAR results. The magetic properties of AIN: Osy o6 Were
measured by applying magnetic field parallel (//) and per-
pendicular ( L) to the sample plane, respectively, as shown
in Fig. 5(b). Much stronger ferromagnetism of AIN: Osyjgu
are observed in the perpendicular diection, 0.68 emu/g than
in parallel, 0.29 emu/g. The magnetic anisotropy can be
considered as an evidence of intrinsic ferromagnetism in
O*-implanted AIN films!>4].

To further investigate the origin of the ferromagnet-
ism in O'-implanted AIN films, we calculated their elec-
tronic and magnetic properties using the DFT methods!”!.
For the supercell containing a single Al vacancy, the total
magnetic moment is 3.00 up . Furthermore, the calculated
total energy of the spin-polarized state is approximately
556 meV lower than that of the non-spin-polarized state, in-
dicating that single Al vacancy prefers the spin-polarized
state. The magnetic coupling of Al divacancies (V,—Va)
with different distances are also investigated[zs]. The res-
ults suggest that the energy difference between antiferro-
magnetic and ferromagnetic phases rises sharply with the
distance increase of two Al vacancies, leading to the cru-
cial transformation of V,—V,, coupling from antiferromag-
netism to ferromagnetism. When the V,—V,, distance is
less than 9.96 A, the magnetic coupling between them is
tend to form antiferromagnetic interaction. Thus, for ion-
implantation with higher dose, divacancies or vacancy
clusters will weaken the ferromagnetism of AIN films,
which is consistent with the results of magnetic measure-
ments. According to the above results, it is proposed that
the intrinsic ferromagnetism in the O™-implanted AIN films
is related to the Al vacancies. The O ions occupying the
adjacent APP* positions and Al divacancies or vacancy
clusters jointly play important roles in regulating the mag-
netic property in the forms of antiferromagnetic alignment.

0.8} (b)
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Fig. 5 (a) Room-temperature out-of-plane M—H loops for AIN: Os, g6 and AIN: O,,;17. The diamagnetic background signals were
subtracted. The magnetization values were normalized by accounting for the masses of the AIN films. (b) Magnetic anisotropy

of AIN: Osg16. (1 Oe=1000/(4m) A/m)
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3 Summary

Room-temperature ferromagnetism was observed in

the O*-implanted AIN films. The Mg was decreased with
increasing O" dose, due to the excessively high O" dose
made more O ions occupy adjacent AP* positions in the
forms of antiferromagnetic coupling, which was determ-
ined by the DBAR experiments. The first-principles calcu-
lations and DBAR experiments revealed that the ferromag-
netism originates mainly from the Al vacancies. The forma-
tion of divacancies or vacancy clusters by high concentra-
tions of Al vacancies will lead to the transformation of
VA~V coupling from ferromagnetism to antiferromagnet-
ism, ultimately weakening the ferromagnetism of the
sample. This work reveals the roles of cation vacancies and
substitute atoms in ferromagnetism within the nonmagnetic
element-implanted DMSs. Meanwhile, it demonstrates once
more that the positron is a very useful probe for nanometer-
scaled defects in materials and will be widely used in the
research of semiconductors.
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(1. ER3mYE B E 5 B TR 2R, YL 2RI 224007;
2. FEBFEFEARZ RN S B2 ERXEASLmE, A8 230026)

HE: TAE TIENM AIN E FE AIN: Os,o0 (718 4 5% 10 cm2) A AIN: Opqon (18 4 2% 107 cm™2) # AL F| T
FR4HME., TNEIWHAARELRH, AT FEANWAINFEEFS&UUEZRERE. EZHETHEFTH
MEET T, AIN: Osyoe 5 B 10 R0 B0 T2 2 47 0.68 emu/g, & T AIN: Opyqor B 18 70 8 152 & 0.09 emu/g. X & B
THEHEAB T EFGESMNEAE THREMESNAIE FTRE, SR TREEBLNEN., EETERZLEHE
FEHEEAE TENNAINERE I EEABNAIZS M, F—HEETELHEAE FIENM AIN o 2 14
FTERFETAIZM, MERENAISME AR EAREMEELESRAINE S NGB ES R A#EET, REME
BE G BB .
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