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a  b  s  t  r  a  c  t

We  report  on the  structural  and  magnetic  properties  of Al1−xSixN films  with  0≤  x  ≤0.11  deposited  on
Si  (1  0  0)  substrates  by radio  frequency  reactive  sputtering.  X-ray  diffractometry  (XRD)  and  energy-
dispersive  X-ray  spectroscopy  (EDS)  analysis  clearly  showed  that  Si atoms  were  successfully  incorporated
into  AlN,  while  the  crystal  structure  of the  films  was maintained.  The  magnetization  curves  indicated  all
the Si-doped  AlN  films  exhibited  room-temperature  ferromagnetism.  Ferromagnetism  signals  of  Si-doped
eywords:
agnetically ordered materials

i-doped AlN
adio frequency reactive sputtering
rystal structure

AlN enhanced  with  increasing  Si  content  and  the  maximum  saturation  magnetization  (Ms)  and  coercive
field  (Hc)  obtained  at 300  K  were  about  3.13 × 10−6 emu  and  110  Oe,  respectively.  The  results  reveal  that
Si  is a potential  nonmagnetic  dopant  for  preparing  diluted  magnetic  semiconductor  films.  It  is  speculated
that  the  defects-related  effects  play  an  important  role  to determine  the  long-range  magnetic  order  in
Si-doped  AlN.
oom-temperature ferromagnetism

. Introduction

Diluted magnetic semiconductors (DMSs) have attracted con-
iderable attentions owing to their potential applications in
pintronics [1].  AlN-based DMSs have been extensively studied by
everal groups [2–4]. Magnetic transition metal atoms such as Cr,
n,  Fe, Co and Ni are frequently used to fabricate AlN DMSs and

erromagnetism at or above room temperature (RT) has been fre-
uently observed [2,5–8].  However, no convincing evidence could
erify the ferromagnetism of the TMs-doped AlN arises from the
agnetic ions actually substituting in the lattice. The magnetic

lements doping usually suffers from the problems of the precipi-
ates or secondary phase formation. In some TMs-doped AlN, high
emperature ferromagnetism is proved from the nanoscale regions
onsisting of highly concentrated magnetic constituents [6].  Thus,
he origin of ferromagnetism in a DMS  is difficult to identify when

agnetic transition atoms are used as dopants.
On the other hand, there has been increasing evidence that

raditional magnetic elements are not the sole source in induc-
ng intrinsic magnetism; Recently, theoretical studies revealed that

g,  Ti and C are promising nonmagnetic elements for preparing
lN DMSs [9–11]. Since such dopants are intrinsically nonmag-

etic, their precipitates do not contribute to ferromagnetism. Thus,
he observation of ferromagnetism in a DMS  with such dopants
ill certainly classify such a material as an unambiguous DMS.
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Very recently, several groups have reported the ferromagnetism
of the intrinsic nonmagnetic elements doped AlN, such as Cu and
Sc [12,13].  Si is also such a dopant and several groups have demon-
strated n-type conductivity in AlN by Si doping, doping causes
crystal imperfections which can affect the structural and optical
properties of the film [14,15]. However, the investigation on the
impact of Si incorporation on structural and magnetic properties
is limited. In this paper, the structure, morphology, optical and
magnetic properties of Si-doped AlN films with various Si concen-
trations have been studied. RT ferromagnetic properties of Si-doped
AlN films are reported, which shows that the deposited films have
potential applications in magneto-electrical devices operating at
RT.

2. Experimental

Al1−xSixN films, with x varying from 0 to 0.11, were grown on Si (1 0 0) substrates
by  radio frequency reactive sputtering. The composite target included a high purity
(5  N) aluminum target with a diameter of 80 mm and a number of rectangular Si
(4  N) pieces 1 mm × 10 mm,  which were placed symmetrically on the surface of the
Al  target for in situ doping. The base pressure in the chamber was below 2 × 10−4 Pa.
The deposition conditions for Al1−xSixN films were optimized and fixed as follows:
the  sputtering pressure of pure N2 gas was maintained at 1.5 Pa, the sputtering
power was 300 W,  the substrate temperature during deposition was 370 ◦C, the
substrate-to-target distance was 60 mm and the sputtering time was kept constant
at  1 h. The typical thickness of the deposited films was about 600 nm. The Si contents
were controlled by varying the number of Si pieces.

X-ray diffraction (XRD, Rigaku D/Max-A, Cu K˛) techniques were used to study

the  structural properties of the films. Energy dispersive X-ray spectroscopy (EDS)
was used to measure the Si concentrations. Because the sampling depth of EDS
(0.1–2 �m)  is greater than the film thickness, the Si signal from the Si substrate
would be included in direct measurements of the Si/Al ratios of the films grown
on  Si substrate. Therefore, ITO glass substrates were also loaded in the sputtering

dx.doi.org/10.1016/j.jallcom.2011.12.015
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. XRD patterns for the Al1−xSixN films with (a) x = 0; (b) x = 0.04; (c) x = 0.08;
2 D. Pan et al. / Journal of Alloys

hamber to simultaneously prepare reference samples. The Si concentrations of
he Al1−xSixN films on ITO glass substrates were measured, and we assumed that
he Al1−xSixN films simultaneously grown on Si substrates had the same or similar
i concentrations. The electronic binding energy of Si was determined from X-ray
hotoemission spectra (XPS, Kratos Amicus, Manchester, U.K.). Surface morphology
as  investigated by atomic force microscopy (AFM, NT-MDT Slover-P47) in semi-

ontacting mode and magnetic properties were measured with a superconducting
uantum interference device magnetometer (SQUID, MPMS-7) in the temperature
ange 5–300 K. Photoluminescence (PL) spectra of the samples were measured on

 Hitachi F-4500 Fluorescence spectrophotometre at RT excited by the 250 nm line
f a Xe lamp as excitation source.

. Results and discussion

.1. XRD analysis

Fig. 1 shows the XRD patterns for the AlN films deposited with
ifferent Si concentrations. All the films predominantly showed AlN
0 0 2) peaks, implying that films possessed a hexagonal wurtzite
tructure with a preferred c-axis orientation. The incorporation of

 small concentration of Si did not affect the preferred orientation.
he (0 0 2) peak position shifted to higher angles as x increased from

 to 0.08 (see inset), suggesting the incorporation of Si ions into the
lN matrix and on the substitutional lattice sites as reported in
n  and Si doped AlN films [2,16].  When Si concentration raised to

1%, the (0 0 2) peak slightly moved back to a lower angle and Si
2 1 1) peak appeared in the XRD pattern indicating the generation
f Si secondary phase in the film samples and this phenomenon
as been found in Cu-doped AlN films [12]. Fig. 2 illustrates the
ocking curves of (0 0 2) AlN peak for Al1−xSixN (x = 0–0.11) films.

t is observed that the full width at half maximum of the (0 0 2)
eaks was increased from 9.06◦ to 13.28◦ with increasing Si concen-
ration. This revealed that the crystalline property was  decreased,
hich may  be due to the Si doping induced defects in the AlN films.

Fig. 2. Rocking curves of (0 0 2) AlN peak for the Al1−xSixN fi
(d) x = 0.11. The inset shows the variation of (0 0 2) AlN peak position as a function
of  Si content.

No peaks for Al and other impurities were detected in the measured
range.

3.2. AFM analysis

The surface of Al1−xSixN films with x = 0, 0.04, 0.08, and 0.11
show root mean square roughness values of 5.0, 8.9, 4.2, and
4.3 nm,  respectively, and the morphology changes as shown in

Fig. 3. All the deposited film samples possess similar smooth
surface and homogeneous grain size. When the Si doping content
is larger than 8%, the size of the grains gets small. This morphology

lms with (a) x = 0; (b) x = 0.04; (c) x = 0.08; (d) x = 0.11.
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Fig. 3. AFM images for the Al1−xSixN films w

hange is consistent with a fact that high Si doping will deteriorate
he crystal quality of AlN films.

.3. Composition analysis

Fig. 4 is a typical EDS spectrum of Si-doped AlN film with x = 0.08,
hich reveals the film is composed of aluminum, nitrogen, and sil-

con, indicating the existence of Si doping (the signal of oxygen,
ndium and tin originate from the ITO glass substrate). The inset of

ig. 4 shows an XPS spectrum of Si for the sample (Al0.92Si0.08)N on
TO glass substrate. The peak position for the Si 2p3/2 is 104.40 eV,
ompared to the value of 99.15 eV and 103.40 eV for pure Si and

ig. 4. EDS spectrum of Si-doped AlN film with x = 0.08 and the inset shows its XPS
pectrum.
) x = 0; (b) x = 0.04; (c) x = 0.08; (d) x = 0.11.

SiO2, respectively [17]. This means that there are no Si and SiO2
formed in the sample. When Si was doped into AlN films during
radio frequency reactive sputtering, Si atoms have two possible
formations: (1) complex with Al or N and form AlSi or SiNx phases;
(2) replace Al atoms and subsequent Si N bond formation. Thus,
Si-doped AlN becomes a substitutional solid solution of Al1−xSixN
ternary alloy. The absence of AlSi or SiNx phases can be ruled out
since they were not detected in this study. Moreover, in Si-doped
AlN, possible bonds are Si N (length: 1.736 Å [18]), Al Si (2.43 Å
[19]), and Si Si (2.35 Å). Among them, only the Si N bond is shorter
than the Al N bond (length: 1.8683 Å). Therefore, Si N bonds are
inclined to be replaced by Al N bonds. From XRD measurement we
have found that as the Si concentration increases, AlN (0 0 2) peak
shifts towards larger angle at x = 8% then back at x = 11%, indicating
contraction then expansion of the lattice. Because of that the incor-
poration of embedded Si should either increase or have no effect
on the lattice constant, the Si atom should mainly occupy substi-
tutional lattice sites when x ≤ 8%, in line with previously reported
results [16,20]. This result supports the formation of the substitu-
tional solid solution of Al1−xSixN ternary alloy. In our study, the Si
concentration is high and we consider Si impurity band is formed
below the conduction band as reported in literatures [21,22].

3.4. Photoluminescence properties

As one powerful characterization mean, PL spectrum is often
used to investigate the defects information. Fig. 5 shows the RT PL

spectra of the deposited Al1−xSixN films (x = 0–0.11). Due to techni-
cal limitations, the maximum excitation energy is 5.9 eV (210 nm)
and hence, no information about band-to-band transitions could
be extracted in all our samples. As seen in Fig. 5a, no emission peak



44 D. Pan et al. / Journal of Alloys and C

F
(

i
o
o
c
s
f
t
a

F

ig. 5. Photoluminescence spectra of the Al1−xSixN films at RT: (a) x = 0; (b) x = 0.04;
c)  x = 0.08; (d) x = 0.11.

s observed in the spectral range of 370–470 nm in the PL spectrum
f AlN. However, a broad emission band centered at 402 nm is
bserved for 4% Si-doped AlN samples (Fig. 5b). When the Si doping
ontent reaches 8% (Fig. 5c), the broad band comprises three emis-

ion peaks located at 404, 418, and 445 nm,  respectively. And with
urther increase of Si content to 11% (Fig. 5d), it is obvious to note
hat the broad band contains a series of emission peaks located
t 402, 416, 435, 447, and 465 nm,  respectively. It is expected that

ig. 6. Hysteresis loops for the Al1−xSixN films measured at RT: (a) x = 0; (b) x = 0.04; (c) x 
ompounds 519 (2012) 41– 46

these emission peaks could display the defects levels of Si-doped
AlN films. According to the literature, the 402 nm emission band
could be assigned to the native defects [23]. Nitrogen vacancy may
be responsible for the 416–418 nm and 465 nm emission bands
[24–26]. The emission bands centered at 435 nm and 447 nm are
likely to be related to oxygen impurities [27,28]. Above all, the PL
spectra undoubtedly demonstrate that the presence of large-scale
defects in Si-doped AlN films. Of course, the exact PL mechanism
of Si-doped AlN films needs further investigation.

3.5. Magnetic property analysis

Magnetization versus applied field M (H) data of Al1−xSixN
(x = 0–0.11) films recorded at RT are shown in Fig. 6, where the
magnetic field was applied in the surface plane. The diamagnetic
contributions from the Si substrate to the total magnetization were
subtracted. As can be seen in Fig. 6a, pure AlN films exhibit diamag-
netic behaviors and no hysteresis behavior is observed. However,
the ferromagnetic behavior has been observed for all Si doped
AlN films. When x = 0.04, very weak ferromagnetism signals were
detected, as shown in Fig. 6b. At higher doping concentrations of Si
(x ≥ 0.08), both the M–H  curves are in the shape of a distinct hys-
teresis loop (Fig. 6c and d). The saturation magnetizations Ms are
2.01 × 10−6 and 3.13 × 10−6 emu  for the films with x = 0.08 and 0.11,
respectively, and the corresponding coercive fields Hc are 89 and

110 Oe (see inset of Fig. 6c and d). It is noteworthy that ferromag-
netism signals of Si-doped AlN enhanced slightly with increasing
Si content. To determine the Tc of the samples, the temperature
dependence of the remnant magnetization (Mr) was measured.

= 0.08; (d) x = 0.11. The insets in (c) and (d) are enlargement of the hysteresis loops.
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ig. 7. Temperature dependence of remanent magnetization of 8% Si-doped AlN
lm.

ig. 7 is a typical Mr–T curve of Si-doped AlN film with x = 0.08,
hich reveals the Tc of the deposited films is higher than 300 K.

To date, the origin of ferromagnetism order in nonmagnetic
lements-doped AlN is less studied. For the natural ferromag-
etism origin in Si-doped AlN, the possible impurity effects could
e excluded since the starting materials of silicon do not exhibit

ong-range magnetic order features. The possible impurity mag-
etic phases from the contribution of magnetic phase can also be
liminated since all possible phases in the Al–Si–N ternary system
re non-ferromagnetism. That is to say, the ferromagnetism order
n this study must be intrinsic.

At present, there seems to be no single theoretical model
hich can explain the ferromagnetism in all DMS  materials. Fer-

omagnetism based on free-carrier mediated models predicted for
n-doped III–V semiconductors may  not be applicable to AlN as

t is highly resistive at RT. Recently, defects are found to play a
reat role in the ferromagnetic ordering of DMSs. For instance, it
as found that the localized defect states in sp system may  also

ead local moments and exhibit collective magnetism [29]. Typ-
cally, ferromagnetic order in various carbon-based materials has
een observed and detailed investigations showed that only intrin-
ic defects could take responsibility for the observed ferromagnetic
rder [30,31]. In addition, structural defects were also reported to
e the possible origin of ferromagnetic order in some sp–d system
uch as HfO2 and sp system such as SnO2 [32,33]. Very recently,
he defects, such the cation vacancies, etc. inducing intrinsic long-
ange magnetic order were also investigated in III–V nitrides such
s GaN and AlN. Davies et al.’ work suggested that gallium vacan-
ies play an important role in ferromagnetic ordering in Gd- and
i-coimplanted GaN [34]. Wu  et al. reported that Al vacancy in
g-doped AlN lead to spin-polarized ground states [9].  Usually,

t is very difficult to induce cation vacancies in semiconductors
s compared to the anion vacancy, because the formation energy
f cation vacancy in semiconductors is very high. However, there
re many evidences showing that anion vacancy defects can also
roduce local magnetic moments in GaN and AlN. A recent calcu-

ation by Liu et al. and Li et al. indicated the introduction of nitride
N) vacancy is beneficial to stabilize the ferromagnetic configura-
ion and enhance the ferromagnetism in Cr-doped GaN and AlN
35,36]. Ferromagnetism due to create N vacancy was also reported

n Cr and Cu-doped AlN films [12,37].  Based on PL and SQUID mea-
urements, in our study, magnetic properties of Si-doped AlN films
ere improved when large-scale defects appeared in AlN lattice.

specially, the emission band arising from N vacancy in AlN lattice

[

[
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was observed for 8% Si-doping content, and this band is intensified
when Si concentration is raised to 11%. This indicates heavy Si dop-
ing lead to a further increase of N vacancy. Note that increasing
the N vacancy results in an obvious increase in the magnetiza-
tion response, as seen above. Thus, we  consider N vacancy should
be responsible for the long-range magnetic order in Si-doped AlN
films. The so-called bound magnetic polaron (BMP) models [38]
may  be applicable to the AlN:Si, in which the role of N vacancies
in AlN:Si is similar to that of the oxygen vacancies in oxides. The
N vacancies trap electrons and form F centers, as described in Ref.
[37].

As reported by Fan et al. and Malindretos et al., oxygen point
defects including ON (O substituting for N) and Oi (isolated O inter-
stitials) in Ti-doped AlN [10] and Gd-doped GaN [39] could induce
intrinsic ferromagnetic order. The element O is the most com-
mon  unintentional dopants in III–V semiconductors. In our work,
emission peaks which are related with O impurities appeared in
Si-doped AlN film with 8% and 11% Si doping. Thus, the effect of
oxygen point defects on the ferromagnetism of Si-doped AlN films
should also be considered. However, more investigations are nec-
essary to indubitably identify the role of oxygen and the magnetic
coupling mechanism in this material.

4. Conclusions

In summary, Si-doped AlN films with different Si dopings have
been deposited on Si (1 0 0) substrates by radio frequency reac-
tive sputtering. Si atoms were successfully incorporated into AlN,
while the AlN crystal structure was  maintained. All the doped
samples exhibited ferromagnetism at RT and the maximum Ms

and Hc obtained at 300 K were about 3.13 × 10−6 emu  and 110 Oe,
respectively. We  deduce the defects such N vacancies have great
contribution for ferromagnetism order in Si-doped AlN. It is
expected that our findings may  impact the spintronic research field
due to its potential applications in magneto-electrical devices oper-
ating at RT. Thus, Si is a promising nonmagnetic dopant for AlN.
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