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200keV Cu™ ions were implanted into 6H-SiC single crystal at room temperature with fluence of
8 x 10" cm 2. No ferromagnetism (FM)-related secondary phase was found by the results of
high-resolution x-ray diffraction and x-ray photoelectron spectroscopy. Positron annihilation
lifetime spectroscopy results indicated that the main defect type was silicon vacancy and the
concentration of it increased after Cu implantation. The room-temperature ferromagnetism was
detected by superconducting quantum interference device. First-principles calculations revealed
that the magnetic moments mainly come from the 2p orbitals of C atoms and 3d orbitals of Cu
dopant. The origin of the FM has been discussed in detail. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4800562]

Diluted magnetic semiconductors (DMSs) have attracted
lots of attention due to their applications in spintronic devi-
ces.”? SiC-based DMSs are highly desired in the application
of high-power devices due to high electric breakdown field
of SiC.> Among various methods for fabricating SiC-based
DMSs, ion implantation, a convenient method in incorporat-
ing impurities into semiconductors at non-equilibrium condi-
tions, is being practiced for a long time. Magnetic properties
of Fe, Ni, and Mn implanted SiC have been reported.®
However, it is still indistinct whether the observed ferromag-
netism (FM) in DMSs is an inherent property or from sec-
ondary precipitates. Cu stands out as a prominent transition
metal because metallic copper and all possible Cu-based sec-
ond phases are nonmagnetic, thus clustering does not lead to
parasitic magnetic signals.” Although magnetic properties of
Cu-doped SiC have been predicted theoretically,®” experi-
mental observation of FM in Cu-doped 3C-SiC films has
been little addressed.” In this letter, Cu-doped 6H-SiC with
room-temperature FM has been fabricated using ion implan-
tation. Moreover, FM origin has also been fully discussed.

One-side polished 6H-SiC (0001) single crystals from
the KMT Corporation (Hefei, China) have been implanted
with Cu™ ions with an energy of 200keV and a dose of
8 x 10" cm ™2 at room temperature. The direction of the inci-
dent ion beam was tilted by 7° to surface normal to reduce
possible channeling effect. During the implantation, the
beam current density was kept at 1 A cm ™2 and the esti-
mated temperature rise of the wafers was about 30°C. The
samples were subsequently subjected to a rapid thermal
annealing (RTA) at 850 °C for 15 min under flowing N, pro-
tection. By using the stopping and range of ions in matter
(SRIM) calculation, the created damage profile is about
200 nm and the Cu peak concentrations are about 1.85 at. %.
The structure and the defects were investigated by high
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resolution x-ray diffractometry (HRXRD, D8 Discover,
Bruker), x-ray photoelectron spectroscopy (XPS, ESCALAB
250, Thermo-VG Scientific), and positron annihilation life-
time spectroscopy (PALS), respectively. Magnetic properties
were measured by superconducting quantum interface device
(SQUID, MPMS XL-7). During magnetic measurements,
magnetic field was parallel to the samples’ plane.

Fig. 1(a) shows the HRXRD patterns for Cu-implanted
6H-SiC. As a reference, XRD pattern of unimplanted SiC was
also given. For unimplanted SiC, the peak at 20 =35.58° can
be easily indexed as (0006) plane of hexagonal SiC.
Compared with unimplanted SiC, the position of (0006) peak
for the Cu-implantation SiC shifts to smaller angle, which
may be an indication of the incorporation of a partial amount
of implanted Cu in the SiC lattice due to larger Cu covalent
radius. Implantation-induced vacancies may be another origin
of the observed shift.* For the Cu-implanted 6H-SiC, no other
significant features are observed except for the SiC peak,
meaning no secondary phases can be detected with the limita-
tion of the diffractometer.

To investigate the valence state of copper, XPS was taken
for Cu 2p;), binding energy range for the Cu-implanted SiC
samples, as shown in Fig. 1(b). The deconvolution of the core
level was applied using Lorentzian fitting to determine various
bonding compositions. The peak at 932.7 eV agrees well with
Cu 2pj;; for metallic Cu (CuO), while the peak at 933.6eV can
be attributed to Cu-C bond.'®!'! Therefore, it is deduced that
partially implanted Cu ions are present in the form of Cu” in
the samples, and some Cu ions locate at substitutional Si sites
in the 6H-SiC lattice. The process of the implantation and sub-
sequent RTA were carried out at high vacuum or N, protec-
tion. Moreover, high-resolution XPS spectrum of O in the
Cu™ implanted sample further eliminates the existence of cop-
per oxide.

For investigating the defect types produced by ion-
implantation, PALS measurements have been performed.
The PALS were measured using a fast-fast coincidence

© 2013 American Institute of Physics
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system, with a resolution of 230 ps. At least 10° events were
collected in per spectrum. Each spectrum was fitted using the
LIFETIME-9 package with the three-component fitting pro-
cedure.'> The longest lifetime 75 and its intensity /5 were
over 1.7ns and about 5%, respectively, without significant
variation for the unimplanted and implanted samples. This
component is attributed to the ortho-positronium (o-Ps) anni-
hilation in the source and is ignored in our discussion. For
the two samples, the lifetime 7, 7, and its intensity are listed
in Table I. It is observed that the lifetimes 7, and 7, are inde-
pendent of implantation behavior within the allowed range,
indicating that the nature of the vacancy defects has not
changed with and without the implantation. The lifetime
value of 7, is measured to show an almost constant value
(=170 ps), consistent with the positron lifetimes at silicon
vacancy defect (Vg;) in 6H-SiC single crystal."® Thus, life-
time 7, is assigned to positron trapping at Vs;. The lifetime
value of 7, can conform to positron lifetime of vacancy
clusters, similar to that of the prior theoretical calculation.'*
I, value gets larger after the implantation, signifying the
increasing concentration of Vg;. Similar phenomena about
the increase of vacancy-type defects after implantation have
also been reported.' I, value decreases after implantation,
indicating the collapse and shrinkage of the divacancies
cluster and then the concentration of the vacancy cluster
decreases. It is noted that no positron lifetime related to car-
bon vacancies (V) was observed because almost all V¢ are
reported to disappear upon annealing at about 400°C.'® In
our case, the implanted wafer was rapid thermal annealed at
850 °C to make V annealed out.

The variations of magnetization with applied field in the
range of —5 KOe < H < 5 KOe for the implanted sample
are displayed in Fig. 2. The magnetization [layer] was related
to the mass of a film of 200 nm damaged layer calculated by
SRIM program. Diamagnetic (DM) background was care-
fully calibrated and subtracted. For comparison, M-H curves

TABLE L. The positron lifetimes for the unimplanted and Cu® implanted
6H-SiC.

Parameters Un-implanted Implanted
71 (ps) 164 +3 175+3
I, (%) 47.46 = 0.82 65.80 = 1
75 (ps) 391 £5 406 = 8
L (%) 46.1 =0.82 298 £1

of un-implanted SiC were also measured, as shown in the
inset of Fig. 2, in which the magnetization [sample] was
associated with the whole mass of the virgin sample. It is
worth stressing that only DM feature can be observed in the
unimplanted SiC. After implantation, clear ferromagnetic
hysteretic loops were observed at 5 and 300 K, demonstrat-
ing the sample exhibits ferromagnetic behavior up to room
temperature. The saturated magnetization of Cu-implanted
6H-SiC is about 2.7emu/g at 5 K, which is slightly larger
than that obtained in Ne™ implanted 6H-SiC."” Meanwhile,
the coercive field was only about 2200e. Such small
coercivity was also often observed in TM-doped ZnO or
SiC-based DMSs.'*

Many possible factors can cause FM. We first exclude
the contribution of copper-related secondary phases because
no secondary phases were detected. It has been reported that
almost all Cu-based compounds are non-magnetic or dia-
magnetic.” Although CuO has an antiferromagnetism (AFM)
order, it has been excluded from the analysis of the high-
resolution of XPS. Besides, an implantation technique is
well known as a clean process and thus can avoid the impu-
rity contamination.”'” Recently, vacancy type defects were
demonstrated to play a significant role in inducing FM.* It
is, therefore, reasonable to infer that the role of Vg; in Cu™
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FIG. 2. SQUID hysteresis loops of Cu"-implanted 6H-SiC at 5 and 300 K.
The magnetization M [layer] was related to a thin layer of 200 nm thickness.
Inset is unimplanted 6H-SiC at the same temperatures. The magnetization M
[sample] was associated with whole weight of the virgin sample.
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FIG. 3. Side view of 6H-Si52CUC54 and 6H-Si50CU2C54 models.

implanted 6H-SiC is similar to that of nitrogen vacancies in
AIN.?! In addition, Vg; in nitrogen doped SiC can induce FM
according to theoretical prediction.”” As mentioned above,
the virgin 6H-SiC has only DM feature although Vg; meas-
ured by the PALS was present, suggesting FM order appears
only if the concentration of vacancy exceeds a certain thresh-
old value. Similar defects’ threshold effect has also been pro-
posed.>** Moreover, some Si-C bonds in SiC are changed to
Cu-C bonds confirmed by XPS, which will introduce p-d
hybridization exchange between Cu and C atoms, resulting
in local magnetic moments and exhibit collective magnetiza-
tion. In short, we propose a possible explanation for the FM
origin: the co-effect of substituted Cu along with the implan-
tation induced V;.

To further explore the origin of FM, we performed the
spin-polarized density functional theory (DFT) calculations.
The present calculations were implemented using plane-
wave pseudopotential method in the Vienna first-principles
simulation package (VASP).** The projector augmented
wave (PAW) potentials were adopted, and the general gradi-
ent approximation (GGA) PW91 approximation was used to
describe the exchange correlation energy.”> A plane wave
cutoff of 400eV was used for the basis set. Following
the Monkhorst—Pack scheme, a 3 x 3 x 2k-point mesh is
adopted. The symmetry unrestricted optimizations for geom-
etry are performed using the conjugate gradient scheme until
the maximum force allowed on each atom is smaller than
0.02eV/A.

[ (@) Cu-+V

T T T
Total DOS
Cud

1 ®)

Density of states (states/eV)
(e}

Energy (eV)
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The calculations were carried out by considering two
models of 3 x 3 x2 6H-SiC supercell, as shown in Fig. 3.
The two models of the Cu-doped SiC supercell are based on
the experiment: model (1) randomly replacing one Si atom
in the supercell by one Cu atom and removing one Si atom
(Cug;-Vgj), in which the concentrations of Cu atom and Si
vacancy are 1.85 at. %; model (2) replacing two Si atoms by
two Cu atoms and removing two Si atoms (2Cug;-Vs;), which
correspond to a doping concentration of 3.7 at. %.

First, the magnetism with Cug;-Vsg; is calculated. The
calculated total and partial density of states (TDOS and
PDOS) for Cu dopant, Si, and C atoms are shown Fig. 4(a).
It is observed that the TDOS exhibits a spin-split around the
Fermi level, showing the existence of local magnetic
moments. It also can be seen from the PDOS of Cu that a
marked difference between the spin-majority (occupied) and
the spin-minority (unoccupied) states illustrates a notable
energy splitting at the Fermi level, giving rise to spin polar-
ization. Both Figs. 4(a) and 4(b) indicate that the magnetic
moments mainly come from the 2p orbitals of C atoms and
3d orbitals of Cu dopant. The calculated result also shows
that the total magnetic moment is 2.07 ug per supercell.

Second, the magnetic couplings between Cug;-Vg; were
investigated. In order to find the optimal positions for those
two doped Cu atoms and Si vacancies, we studied the fol-
lowing three configurations of the Cug;-Vg;: case 1, substitut-
ing Si; and Si,, removing Sis and Sig; case 2, substituting Si;
and Siz, removing Sis and Sig; case 3, substituting Si; and
Siy, removing Sis and Si; (see Fig. 3). The relative energies
of the states between FM and AFM (AE,, = Exry — Ery)
were estimated to be 19, 65, and 109 meV for cases 1, 2,
and 3, respectively, suggesting the farther the distance
between the Cu impurity and Si vacancy, the more stable the
ferromagnetic order in 2Cug;-Vg; system. From Table II, we
also find that the total magnetic moments for the three cases
are 2.25, 2.49, and 2.84 ug, respectively, implying that the
presence of double Cug;-Vs; can give rise to larger magnetic
moment than that of single Cug;-Vg;. Therefore, it is sug-
gested that larger magnetic moment may occur with the
increasing of the concentration of Cu dopant and Si vacancy
in 6H-SiC. Note that although the DFT/GGA method gener-
ally fails to reproduce a realistic distribution of substituted
Cu atoms and vacancy-types defects, it does give a reasona-
ble description of the magnetic properties of Cu-implanted
6H-SiC.

In conclusion, Cu-implanted 6H-SiC with room-
temperature FM was obtained. The HRXRD analysis and XPS

FIG. 4. (a) Total and partial DOSs of
6H-Sis»CuCs, with 1.85% Cu substitu-
tion and 1.85% Si vacancies. The verti-
cal dotted line indicates Fermi level.
(b) Three-dimensional iso-surfaces (the
iso-value is 0.02 e/A? ) of magnetization
density (spin up minus spin down) of
6H-SisoCu,Csy with 3.7% Cu substitu-
tion and 3.7% Si vacancies. The yellow
balls and black balls represent the Si and
C atoms, respectively. The Cu atoms are
labeled.
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TABLE II. Values of the relative energies of the states between FM and
AFM (AE,, = Eapm — Ery) and the total net magnetic moments (M)
calculated for the SiC with 3.7% Cu substitutions and 3.7% Si vacancies.

Complex Case AE (meV) Mo (u)
Case 1 19 2.25

Cug; + Vs; Case 2 65 2.49
Case 3 109 2.84

results reveal that no ferromagnetism-related secondary phase
appeared. V; is found to dominate in defects after the implan-
tation. Our complementary experimental and theoretical
results suggest that that the substituted Cu along with the irra-
diation induced vacancies type defects play an important role
in FM. This observation could provide a vital clue in under-
standing the mechanism of ferromagnetism in SiC-based
DMSs by implantation.
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