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Preparation of (SiFe)C DMS Based 4H-SiC Substrate
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Abstract: A diluted magnetic 4H-SiC has been prepared by implanting Fe ions into the substrate. Its Curie temperature

reaches as high as 320K and its technology is compatible with current IC. Moreover,the process includes three annealing

steps,named HNH annealing in this paper. Each step during this annealing has been analyzed. Comparisons have been

made with different Fe concentrations and experimental results demonstrate that when the concentration of Fe is 0. 051,

the Curie temperature is the highest. According to measurements,some explanation of this phenomenon is given.
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1 Introduction

Since the discovery of ferromagnetism in diluted
magnetic semiconductors (DMS), these semiconduc-
tors have attracted a great deal of interest due to their
favorable magnetic, magnetooptical, and magneto-
electrical properties for application in spin-dependent
electronic devices, including magnetic-random access
memory, spin-filtering devices, and spin-polarization
detectors'' /. There are two major criteria for selec-
ting the most promising materials for semiconductor
spintronics. First, the ferromagnetism should be re-
tained at practical temperatures (i.e. >300K). Sec-
ond,it would be a major advantage if there were al-
ready an existing technology base for the material in
other applications"'".

The most challenging task for broad applications
is to find magnetic or diluted magnetic semiconduc-
tors that operate at room temperature®* . According
to the original Zener model of ferromagnetism to pre-
dict T exceeding room temperature, wide band gap
semiconductors should be the most promising. There
are many kinds of wide band gap semiconductors.
Among them, GaN and ZnO appear to be the most
promising materials with Curie temperature at and
above room temperature. Recently, lots of work have
focused on them and remarkable progress has been
made'®' .

Besides the above candidates,silicon carbide is al-
so a potential DMS host material for spintronics.

Article ID: 0253-4177(2008)08-1436-05

Some attempts have already been made to fabricate
SiC-based DMS by implanting Mn or Fe ions in high
doses. Results imply that it is feasible to engineer wide
band gap DMS alloys based on SiC. It has been repor-
ted that transition metal (TM = V,Cr, Mn)-doped -
SiC represents stable ferromagnetism''?/. Moreover. a
system of B-SiC: Cr was reported to show the wide-
spin-band gap and a half-metallic property with a
magnetic moment of Z2up,which is a desirable charac-
teristic for spintronic devices. Syvajarvi et al.""* pre-
pared 4H-SiC:Mn DMS with a transition temperature
of 160K.

In this paper, samples of 4H-SiC: Fe DMS have
been prepared and our process will be introduced.

2 Experiment

Bulk 4H-SiC substrates purchased from Cree
were used for all these experiments. They are Al-
doped. Concentrations were measured at room tem-
perature to be 10*°cm™?.

First, the semiconductor substrate was cleaned.
After the standard RCA cleaning process followed by
an HF dip (5% diluted HF solution) for 20s,the sam-
ples were directly implanted with Fe into the Si face
with the implanted condition of 250keV and dose ran-
ges between 3 X 10" and 5 X 10" cm™%. The ambient
temperature was 300C during the implantation to
avoid amorphization. The wafers were tilted 7° from
the normal to minimize the channeling defect. Fol-
lowing implantation,the samples were annealed.
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Fig.1 AFM image of the DMS sample

The annealing technology for DMS here includes
three steps: First, annealing in hydrogen atmosphere
at 300C for 5min, followed by annealing in nitrogen
atmosphere at 700C for 5min. The last step is annea-
ling in hydrogen atmosphere again at 250°C for 5min.
As far as we know, this annealing technology with
three steps is first used in this paper to prepare the
4H-SiC: Fe DMS samples. We name it the HNH an-
nealing process, denoting annealing in hydrogen, ni-
trogen,and hydrogen,respectively.

Other samples have also been prepared. The
process remains the same except for the annealing
conditions. The corresponding Curie temperature of
different samples will be listed in Section 3.

The annealing tube is a Thermolyne 21100 tube
furnace in an ultrahigh flow pure hydrogen and nitro-
gen atmosphere.

3 Results and discussion

Figure 1 shows the AFM image of the prepared
sample. Figure 2 shows the SADP image.

The samples obtained by the process are crystal
and can be denoted as Si,-,Fe,C,where x varies from
0 to 0. 08. Annealing will be the main method here for

Fig.2 Selective area electron diffraction pattern (SADP) of
the 4H-SiC:Fe DMS sample
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Fig.3 XRD spectra of the prepared sample corresponding to

different annealing stages of the HNH process (a) Annealing

in hydrogen atmosphere at 300°C for 5min; (b) Based on (a),
annealing in nitrogen atmosphere at 700C for 5min; (¢) Based
on (b),annealing in hydrogen again at 250°C for 5min

increasing T of the prepared DMS. Although other
researchers’ attempts to anneal DMS were not suc-
cessful,annealing with different steps in different at-
mosphere seems more promising. The data show that
T can be significantly increased by the above HNH
annealing implanted Si, -, Fe,C sample.

The effect of the annealing process of HNH on
the structural formation of the sample can be investi-
gated by X-ray diffraction (XRD).XRD is a standard
technique for determining structural properties of the
prepared sample. This technique provides information
such as crystal structure, atomic spacing.and crystal/
heterostructure quality. The lattice constant can be
determined by Bragg’s law,shown as Eq. (1).

nA = 2dsinf @Y
where n is the order of the diffraction peak.d is the
interplanar spacing, A is the wavelength of the X-
rays,and @ is the incident angle of the X-rays.

Figure 3 shows the XRD spectra of the prepared
sample. Curve a corresponds to the sample with only
anncaling in the hydrogen atmosphere at 300C for
5min. Besides the spectrum peak of the substrate SiC,
another peak also appears, which corresponds to the
SiFe, aligned in the (112) crystal direction. Thus, the
process adopting implantation combined with hydro-
gen annealing can lead to the crystallization of SiFe,
with a partial micro-crystal structure. The samples un-
dergoing the first annealing step continue to be an-
nealed in nitrogen atmosphere at 700C for 5min and
the XRD curve is shown as curve b in Fig. 3. Com-
pared with the curve a,there appears to be improve-
ment in the sample’s crystallization. The curve ¢ in
Fig. 3 corresponds to the sample after the third an-
nealing step, which was carried out in hydrogen at
250C for 5min. The intensity of SiFe, has been im-
proved,showing that the annealing process can help
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Fig.4
field for several different Fe concentrations

Magnetization as a function of temperature in a 500e

the crystallization of SiFe,. From the curve c. the
peak on the SiFe, (112) direction is enhanced, while
the (211) peak is decreased. At the same time,a new
peak for SiFe, (004) appears. Thus,the third step can
help the reconstruction of the elements in the sample
and the Fe silicide with improved quality has been
grown. The intensities of the Fe silicide peaks are all
low compared with the SiC main peak. This may con-
tribute to the thin implanted layer. The inset figure in
Fig. 3 is the partially amplified image of the curve c.
From the inset, not only the SiFe,, but the cubic SiC
appears too. Cubic SiC can also be called g-SiC. After
the Fe atoms crystallize with the silicon atom,the rel-
ish carbon atom can be reconstructed with a silicon
atom to form a new type of silicon carbide crystal.
This is the first time the authors observed this crystal
change between «-SiC and B-SiC. This can not be ob-
served until the second stage. The third stage of an-
nealing, in hydrogen again at 250C for 5min, can be
helpful for the reconstruction of silicon carbide crystal.

Figure 3 shows that an epitaxial layer of ferro-
magnetism layer can be formed by using implantation
technology. The 4H-SiC peak always remains the
same, showing that implantation with careful angle
selection is feasible for the preparation of the sample,
without worrying about the crystal damage.

After the best annealing HNH process was fixed
based on the above analysis, authors then proceeded
to anneal the implanted samples with different Fe
concentrations for different implant doses. The Fe
fraction x of the investigated samples are x = 0. 025,
0.051,and 0. 065, respectively. A Quantum Design RF
SQUID performed all the magnetization measure-
ments in this paper. As shown in Fig. 4,from the rela-
tion curve of the magnetization as a function of tem-
perature in a 500e¢ field for the samples, the best
result of the T¢.,320K,corresponds to that with a Fe

concentration of 0.051. The samples with 0. 025Fe
and 0. 065Fe both displayed a dropping tendency for
Te.

According to Fig. 4,among the three different Fe
sample concentrations, the sample with 0. 051Fe has
the best characteristic in the magnetization curve. The
three curves in Fig. 4 have the same tendency. Compa-
ring the 0. 025 and 0. 051 samples, the magnetization
is more significant for larger concentrations of Fe.
But when the comparison is made between the 0. 051
and 0. 065 samples, larger concentration corresponds
to less Tc. Thus,for samples made by implantation,a
0. 051 concentration of Fe is best.

As-prepared samples have a linear drop in the
magnetization as temperature increases, which can be
attributed to multiple exchange
tendencies of the three curves in Fig. 4 remain the

interactions. The

same,and the interactions remain the same.

The origin of the ferromagnetic behavior in these
samples is not clear. Fe being a spherical volume of
2nm radius would imply a superparamagnetic transi-
tion temperature of a few Kelvin, the characteristic of
high Curie temperature,as shown in Fig. 4,can not be
attributed to superparamagnetism. We have observed
the secondary phase formation involving the forma-
tion of SiFe, compounds as shown in the inset of
Fig. 3. Moreover,a new type of cubic SiC transferring
from 4H-SiC also appears as the result of HNH an-
nealing.

To investigate the structure of the samples and
the influence of Fe atoms on the material, RBS meas-
urements have been carried out and the results are
shown in Fig. 5.

According to this figure and based on calcula-
tions, we conclude that a buried layer of 30nm has
formed 19nm from the surface. For Fig. 5(a), corre-
sponding to the sample with 0. 025Fe, the Fe concen-
tration in SiFe, is 60% . For the sample with 0. 051Fe,
the Fe concentration is 66% ,indicating that the quali-
ty of crystallization when the Fe content is 0. 051 is
better than other conditions. For the sample with
0. 065Fe, the Fe content is higher than 72%. So, we
conclude that when the content of Fe is 0. 051, the
crystallization of the sample is the best.

Since the Curie temperature is expected to be a
strong function of both the Fe concentration and the
hole density,it is the positional disorder of interacting
spins and carriers in doped DMSs that give rise to a
distribution of exchange couplings between Fe ions
and holes. Since the sample with 0.051Fe shows a
similar magnetic behavior to those with other concen-
trations,the decrecase in Curie temperature relative to
the 2. 5at. % Fe implanted SiC sample may be due to a
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Fig. 5 RBS spectra for samples with different Fe concentra-
tions

lower hole concentration as a result of more residual
implant-induced donor levels. Figure 6 shows the ca-
pacitance-voltage measurements of samples with
0. 051Fe and 0. 025Fe. The hole concentration of the
sample with 0. 051Fe is estimated to be 6 X 10 cm™%.
However, for the sample with 0. 025Fe, its hole con-
centration is 1.3 X 10" cm™?. So, the different hole
concentrations for different samples explain the vari-
able Curie temperature in Fig. 4.

If the concentration of Fe is more than 0. 051Fe,
antiferromagnetism will appear and its appearance
could explain the decrease in the Curie temperature.
So, for the sample with 0. 065Fe,its Curie temperature
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Fig.7 Hysteresis loops of Siy.¢s Fey.os C in different orientations
with respect to the applied field at T = 200K

shows a decreasing tendency. As a result, the sample
with 0. 051Fe can be considered as the optimum con-
centration.

For the sample with 0. 051Fe concentration, hys-
teresis loops were performed with the applied field in-
plane orientation as shown in Fig. 7 at T = 200K. The
magnet field was degaussed before testing. Besides the
in-plane field measurement, other orientations have
been tested,but they are not shown in Fig. 7. The ori-
entations with the applied field in-plane were found
to be easy axes,while the orientation with the applied
field normal to the surface was found to be a hard ax-
is. Orientations within the plane show slightly harder
magnetic axes in certain directions due to anisotropy.
Figure 7 shows that the magnetic character of the
sample reveals the Fe atoms in SiC act ferromagneti-
cally at 200K. According to the RKKY theory of
super-interchange action'',a local spin action is sup-
ported by the implanted Fe ions. The magnet origi-
nates from a super interchange action between mag-
netic ions. So, magnetism will appear in DMS materi-
al. This figure shows the sample with wide-spin-band
gap and a half-metallic property with a magnetic mo-
ment of Zug.

4 Conclusion

In this paper, the wide band gap semiconductor
4H-SiC has been studied for its property of diluted
magnetic semiconductor when Fe atoms have been in-
troduced. The Fe atom is implanted into the sub-
strate. After implantation, a careful annealing has
been made, including three steps with different at-
mospheres, temperatures, and times. Based on the re-
sult of the XRD spectrum, SiFe, emerged after the
first annealing stage. After the third stage of annea-
ling,a cubic SiC can be observed, which means that
after the Fe atoms were introduced into the SiC, a
new reconstruction of the SiC molecule occurred.

The magnetization has been measured with dif-
ferent Fe content. A mediated concentration of Fe
with 0. 051 is the best among all the samples and T¢
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