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Defects and magnetic properties in Mn-implanted 3C-SiC epilayer on Si(100):
Experiments and first-principles calculations
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The effect of structural and chemical disorder on magnetism of Mn-implanted 3C-SiC epilayer on Si(100) is
investigated experimentally using Rutherford backscattering channeling spectroscopy (RBS/C), x-ray diffrac-
tion (XRD), micro-Raman spectroscopy (uRS), and magnetometry, and theoretically using ab initio calcula-
tions. A single 3C-SiC epilayer on Si(001) was implanted at room temperature (RT) with Mn ions at 80 keV
and at a dose of 5X 105 cm™. RBS data show the formation of a highly disordered implanted layer of
~45 nm with a peak Mn atomic concentration of ~1.8% randomly distributed, in agreement with the stopping
and range of ions in matter (SRIM) simulation. The experimental results of magnetic moment per Mn are
interpreted by assuming that the implanted layer consists of two respective main regions, C—rich and Si-rich
regions, as reflected by the presence of a graphitic phase, in which the local atomic environment of Mn is
essentially C. Annealing seems to favor Mn substitution into Si sites, indicated by the substantial expansion of
the lattice constant due to larger covalent Mn radius as observed by XRD and due to a high local tensile strain
determined from pRS. This interpretation is also supported by recent calculations, showing that it is energeti-
cally favorable for Mn to substitute Si sites. The temperature dependence of magnetization shows an insulat-
inglike character for the as-implanted film and metalliclike for the annealed-implanted film with Curie tem-
perature above RT. In addition, the magnetic moment per Mn increases strongly with annealing from 0.23 to
0.65ug. The experimental behavior is supported by our ab initio calculations, showing that magnetism in
Mn-doped 3C-SiC can be enhanced by carefully growing a structure with Mn in Si sites using a C-deficient

SiC host, possibly resulting in localized magnetic interactions.
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I. INTRODUCTION

Recently, dilute magnetic semiconductors (DMSs), where
a host semiconductor is doped with magnetic impurity
(transition-metal or rare-earth element), have been exten-
sively studied. In particular, ferromagnetism in the vicinity
of room temperature (RT) was achieved in Mn-implanted Si
single crystal wafers.!2 The host Si presents, however, some
limitations for obtaining DMSs with high Curie temperature
(T¢). This is because its band gap (1.2 eV) is relatively very
small and lower T is expected.> Moreover, the hardness of
Si is small and the implantation process can cause severe
damage to the material. An alternative host material is SiC.
Indeed, SiC is structurally similar to Si except that half of the
Si atoms are replaced by C atoms in tetrahedral symmetry.
SiC is also compatible with the very mature silicon technol-
ogy. Considering the potential of SiC for high-power and
high-temperature electronics, Mn-doped SiC might be an ex-
cellent candidate for spintronics applications (e.g., utilizing
the electron’s spin degree of freedom in addition to its
charge) with possibly high Tc. This is due to its wide band
gap of ~2.4 eV at 300 K,* excellent transport properties,
dopability, and hardness. Due to lattice mismatch (20%) and
thermal mismatch (8%),>° heteroepitaxy of SiC on silicon
substrate always results in growth of 3C-SiC with a very
high density of crystallographic structural defects such as
stacking faults, microtwins, and inversion domain bound-
aries. In general, this results in native n-type doping.
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Recently, Mn-implanted n-type 3C-SiC, by ion implanta-
tion at a fluence of 1 X 10'® ¢cm~2 and implantation energy of
350 keV (Ref. 7) and similarly in Mn-implanted 6H-SiC,}
were found to exhibit ferromagnetism below 245 K. In the
latter studies, the enhancement of magnetism of Mn-
implanted SiC after annealing was attributed to lattice relax-
ation. The annealing experiments show that the ferromag-
netism of Mn-implanted SiC is the result of a delicate
interplay between long-range carrier-mediated interaction
between Mn ions and local effects mainly driven by the pres-
ence of intrinsic or implantation-induced defects. It has been
theoretically predicted that when relaxation is included, the
Mn interacting neighboring pairs in Mn-doped 3C-SiC prefer
a ferromagnetic alignment, which is also in agreement with
Anderson-Hasegawa model (because the bands are not half
filled).>! In the latter study,’ it is shown that the magnetic
moment per Mn is of the order of 1ug regardless of the Mn
substitutional site (Si or C) per unit cell of 3C-SiC. In con-
trast, Shaposhnikov and Sobolev!! have shown using ab ini-
tio calculations that 3C-SiC with Mn at either Si site (Mng;)
or C site (Mng) is a half-metallic ferromagnetic system but
with different magnetic moments for Mng; and Mnc, irre-
spective of Mn atomic concentration below 16%.

It is generally accepted that ferromagnetism in DMSs is a
carrier-mediated mechanism, and therefore, structural and
chemical defects should play a central role in the electronic
transport. In this work, we assess the structural and chemical
disorders in the Mn-implanted single-crystal 3C-SiC epilayer
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before and after annealing by using x-ray diffraction (XRD),
Rutherford backscattering spectroscopy (RBS) in both ran-
dom and channeling (RBS/C) modes, and micro-Raman
spectroscopy (uRS). The magnetic properties are investi-
gated by using magnetometry [vibrating sample magnetome-
ter (VSM)]. An attempt is made to correlate the defects and
magnetic properties of the Mn-implanted SiC film on the
light of the full-potential linear-augmented plane waves (FP-
LAPW) method, which utilizes the generalized gradient ap-
proximation (GGA). '>!3 In this work we show that the en-
hancement of magnetism of Mn-implanted 3C-SiC due to
annealing can be attributed to the Mng; and its vacancy en-
vironment.

II. TECHNIQUES

The epitaxial of a micrometric single 3C-SiC film on
Si(100) substrate has been performed in the Microfabrication
Laboratory at Case Western Reserve University using an at-
mospheric pressure chemical vapor deposition system. The
conditions of deposition can be found elsewhere.'* The 3C-
SiC epilayer is n-type doped due to native defects. RT Mn
implantation was performed at The Ion and Molecular Beam
Laboratorium (IMBL) in Leuven (Belgium) with a dose of
5% 10> Mn/cm? at an energy of 80 keV. The structure was
investigated at room temperature using powder x-ray diffrac-
tion with a Philips PW 1700 diffractometer with Cu Ka ra-
diation. Micro-Raman experiments were conducted in the
backscattering geometry along the [100] axis with a Labram
high-resolution spectrometer and a X100 objective. A blue
light irradiation of wavelength 488 nm and an average of ten
accumulations and duration of 5 s were used with a 30-mW
incident power. Crystalline quality and defects introduced in
the implanted SiC layers were characterized by RBS/C using
a 1.57-MeV He* beam and a scattering angle of 105° since
this is a nondestructive technique which allows depth deter-
mination of the distribution of ions and defects present in the
film. The magnetization measurements were carried out by
using a VSM with a sensitivity better than 1.0X 10 emu in
a magnetic field up to 13.5 kOe and at temperatures down to
77 K. The VSM was calibrated using pure nickel (Ms
=549 emu/g). The diamagnetic contribution from the
sample holder was obtained from independent M-H loops
and the diamagnetic signal from the sample holder; the sig-
nal of both nonimplanted SiC and Si substrate were sub-
tracted from the film’s data. The uncertainty in measuring the
absolute value of magnetization for the films is about 5%.

We have used the FP-LAPW method as employed in the
WIEN2K code, where various forms of V. are available.!>!?
In the calculation presented here we have used the GGA of
Perdew-Burke-Ernzerhof. The conventional fcc unit cell is
used as a primitive unit cell to study the electronic structure
of Mn impurities in the host cubic SiC with and without
vacancies. An angular momentum cutoff of / ,,=10 and
atomic spheres of radii Ry;7=1.77 au were used. The aug-
mented plane-wave local orbitals (APW+lo) bases were
used for all valence states. These improve the results for
local orbitals inside the muffin-tin radius. The wave func-
tions in the interstitial region were expanded in plane waves
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FIG. 1. X-ray diffraction patterns of the (a) virgin 3C-SiC, (b)
as-implanted Mn/3C-SiC, and (c) annealed Mn/3C-SiC films re-
corded at room temperature. The angular positions of (002) and
(004) reflections of the virgin are taken as a reference.

with a cutting off of K ,,,=7/R,r, while the electron density
was Fourier expanded up to G,,,,=14. A mesh of 343 special
k points was taken for the irreducible Brillouin-zone wedge.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns for the (002) and (004)
reflections of the virgin 3C-SiC, as-implanted and annealed
Mn-doped 3C-SiC films. The shoulder observed at high
angle of the Bragg peaks is related to Cu Ke, radiation. The
position of the Si(004) substrate (26=69.7°) was the same
for all samples. The angular positions of (002) and (004)
reflections of the virgin were taken as a reference. While the
positions of (002) or (004) peaks of the as-implanted film
slightly shift to lower angle [Aa,/a=(a—ag)/ay=0.9
X 1073, a, and a being the lattice constants of the virgin and
implanted film, respectively] as compared to that of the vir-
gin sample, a relatively larger shift (Aa,/a=8.5X1073) is
observed for the annealed sample. This induced strain may
be an indication of the incorporation of a partial amount of
implanted Mn in the SiC lattice due to the larger Mn cova-
lent radius.” Implantation-induced defects such as vacancies
and interstitials can also cause strain, which can be another
origin of the observed shifts. From the XRD patterns, reflec-
tions related to Mn compounds such as Mn silicides'>'¢ or
Mn carbides have not been observed.

In order to check the implantation-induced damage and
the lattice location of Mn, the samples were analyzed by
RBS in random and channeling modes. Figure 2 shows the
RBS spectra for the virgin and as-implanted samples. The
degree of lattice disordering (xmin) (Ref. 17) for Si signal in
the virgin film is ~2%, and it is above 80% for the as-
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FIG. 2. (Color online) (a) RBS random and channeling along
SiC[001]. Random (O) and channeling (<I) for the virgin SiC
sample. Random (@) and channeling (<) for the as-implanted Mn-
SiC, (b) Mn signals (data point). No Mn channeling was observed
either for as-implanted or annealed samples, SRIM simulations
(solid lines) of 3C-SiC implanted with Mn at energy of 80 keV for
Mn profile, and Si (Vg;) and C (V) vacancies. The random RBS
for annealed-implanted sample is similar to that of the as-implanted
and it is not shown here for clarity. It is to be noted that the Si
random signals for the virgin (O) and as-implanted (@) samples are
the same.

implanted one. This reflects the good crystalline quality of
the virgin and highly disordered implanted layer due to high
concentration of defects. For the Mn signal [Fig. 2(b)] Xmin 18
about 100%, indicating a random distribution of Mn. The
RBS signal of Mn for the annealed sample displays identical
Gaussian distribution centered around the projected range
Rp~45 nm. The Rutherford Universal Manipulation Pro-
gram (RUMP) (Ref. 18) simulation of the RBS spectrum for
the as-implanted sample gives a concentration of Mn of
~1.8% in very good agreement with our SRIM simulations'”
considering the implanted dose of 5X 10" cm™ [Fig. 2(b)].
In order to get more insights about the implantation-induced
defects, we have carried out SRIM simulations. The profile
results for C vacancy and Si vacancy are shown in Fig. 2(b).
The profiles have Gaussian shapes with a peak concentration
of either C or Si vacancies centered at ~30 nm, the number
of Si vacancies being double C vacancies [Fig. 2(b)]. Due to
the strong chemical bonding in the 3C-SiC compound and,
hence, reduced mobility of implantation-induced defects, a
number of permanent defects subsist in the implanted sample
after annealing as deduced from RBS results and inferred
from uRS analysis discussed below.
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FIG. 3. (Color online) Micro-Raman (wavelength 488 nm) spec-
tra of the virgin 3C-SiC, as-implanted and post-annealed films. The
left panel is the corresponding C-C features. The solid lines are
Lorentzian fits.

Inspection of the diffusion process due to annealing has
been analyzed from the relative positions of the surface RBS
signal of Si and RBS Mn peak, as well as their relative
intensity. The relative channel peak position of Mn relative
to Si surface remains the same after annealing (not shown in
Fig. 2 for clarity). The relative Mn to Si RBS intensity does
not change with annealing, too. These results suggest that
Mn (in combination with the analysis of uRS results below)
has been redistributed locally within the implanted layer af-
ter annealing.

The micro-Raman spectra for the three samples (virgin,
as-implanted, and annealed) are shown in Fig. 3. The ionic
character of 3C-SiC causes the splitting of the doubly-
degenerated TO(I') mode and LO(I') mode at the I'(g=0)
point in uRS.?° Although the TO mode is forbidden in the
backscattering geometry for the zinc-blende structure, it is
observed in the virgin sample due to the imperfection of the
3C-SiC film surface and to the nearlike backscattering geom-
etry in microscope. While the TO mode is present for the
virgin (~795 cm™') and annealed (~793 cm™!) samples, it
is totally suppressed for the as-implanted sample due to the
highly disordered implanted layer. The line shape of the SiC-
related LO mode was well fitted using three Lorentzians
(M, —-Mj;) for the virgin and as-implanted samples corre-
sponding to M; (~947 cm™') possibly due to a feature as-
sociated with the modifications at the interface between the
3C-SiC epilayer and Si substrate,?’?> M, mode associated
with LO of 3C-SiC (~978 cm™), and a third M5 mode simi-
larly reported in Ref. 23 but not identified. Four Lorentzians
(M;-M,) were, however, required to fit the LO-related
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TABLE 1. Position of the Raman peaks (wavelength 488 nm) observed in the virgin single-crystal
3C-SiC, as-implanted and annealed-implanted Mn-SiC films. See text for the definition of M;-M, modes. G
and D are the graphitic and disordered graphitic phase modes, and the A is the amorphous graphitic mode. All

modes are expressed in cm™!.

Si-C region C—C region
Sample TO(T) M, M, M, M, D A G
Virgin 794.8 946.6 977.8 1022.4 1518.9
As-implanted 948.0 977.6 1029.7 1356.3 1515.3 1596.1
Annealed 792.6 947.8 969.0 983.4 1013.5 1426.2

modes for the annealed-implanted sample. The LO mode
(M,) of 3C-SiC is about 969 cm™! for the annealed sample,
suggesting that the film is under tensile strain,?* in agreement
with XRD results. The additional feature (M,) at
~983 cm™! can be attributed to the coupled plasmon LO-
phonon mode (CPLOM).? The results of the fitting are dis-
played in Table I.

It should be pointed out that the intensity of the feature
around the LO mode of the as-implanted sample is substan-
tially diminished relative to the virgin sample due to the
disordering. A strong feature (Fig. 3, left panel) is observed
in the high-frequency C-C range, due to Mn implantation,
which was fitted using three Lorentzians associated with the
two bands G (graphitic phase: ~1596 c¢cm™!) and D (disor-
dered graphitic phase: ~1356 cm™!), and a broader feature
centered at about 1515 cm™! assigned to amorphous gra-
phitic phase A.2° This graphitic phase does not produce any
characteristic peak in the XRD pattern. The uRS analysis
shows that implantation has induced a high degree of disor-
der, consisting principally of sp* carbon bonds.?” A partial
recovery of the crystallinity after annealing is reflected by
the reduction in intensity of the graphitic phase features and
enhancement of the LO-related features of 3C-SiC. This sug-
gests that a certain mutual interdiffusion of C and Si took
place during the annealing treatment.

Considering the above experimental and SRIM simulation
results—(i) strain and microstrain observed by XRD and
uRS, respectively, (ii) random distribution of Mn and its
local redistribution after annealing as deduced from RBS and
MRS, (iii) partial recovery of crystallinity determined by
uRS, and (iv) taking into account Vg; and V distribution
from SRIM simulations—we can reasonably assume the ex-
istence of various zones, respectively rich in C (surface of
the SiC epilayer) and in Si in the presence of various types of
defects, particularly V¢ and V;.

Magnetization curves M(H) at RT for the as-implanted
and annealed films are shown in Fig. 4 (bottom). The linear
diamagnetic signal background of both virgin SiC/Si and
sample holder was subtracted for the displayed data. The
virgin SiC shows pure diamagnetic signal. The magnetic mo-
ment per Mn at RT is found to increase from 0.23 ug for the
as-implanted to 0.65up for the annealed film (a relative
change of ~180%). The coercive field remained constant at
a value of 100 Oe for both as-implanted and annealed films.
The normalized temperature-dependent magnetization curve
[M/M(77 K) vs T, M(77 K) being the magnetization of

each sample at 77 K] of the implanted sample before and
after annealing, measured under 2 kOe, is shown in Fig. 4
(top). The M(T) curve is nearly concave for the as-implanted
sample in the range 77-300 K. The M(T) curve for the an-
nealed sampled could be fitted with the Bloch’s T*? law in
the same temperature range (77-300 K) but a better fit was
obtained by considering a linear variation in M vs T, with
Curie temperature above RT. Considering the ferromagnetic
M-H loops (Fig. 4), the M(T) behavior for both samples is
therefore in contrast to the Brillouin-type behavior predicted
by the mean field theory of Weiss and Stoner.”® Such con-
cave and linear behaviors of M(T) were usually attributed to
insulating and metallic characters, respectively, in DMS
systems.?’
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FIG. 4. (Color online) (Bottom) Ferromagnetic hysteresis loops
at room temperature for as-implanted (black) and annealed (red)
Mn-SiC films. The linear background diamagnetic signal of virgin
SiC/Si was subtracted for displayed data. (top) Temperature depen-
dence of the normalized magnetization for the as-implanted (black)
and annealed-implanted (red) samples, with M(77 K) being the
magnetization of each sample at 77 K.
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TABLE II. Magnetic moment (ug) per Mn atom in Mn-doped 3C-SiC for different substitution and
vacancy types obtained from FP-LAPW utilizing the GGA in WIEN2K scheme.

MnSi No V MHC No V MnSi VSi MnSi VC Mnc VSi Mnc VC
Magnetic moment (ug) 2.30 0 ~1.00 2.57 0.88 0
Configuration I II I v v VI

In an attempt to shed more light on the metalliclike M (T)
behavior and enhancement of the magnetic moment of the
annealed-implanted sample, we have performed ab initio cal-
culation on Mn impurities in SiC with and without Si and C
vacancies.

We focus our ab initio calculations on the possible role
played by Vg; or V¢ in the enhancement of magnetism of Mn
implanted due to annealing. In fact, the irradiation-induced
monovacancies at Si (Vg;) and carbon (V) sublattice sites
have been experimentally observed®*3! and theoretically
demonstrated.’? Generally, Vg; or V- were found to be stable
at room temperature and have high spin §=3/2 and low spin
S=1/2, respectively. We have performed our calculations by
considering Mn at Si sites (Mng;) or at C sites (Mnc), as well
as different configurations of defects. The corresponding re-
sults are displayed in Table II. Typical densities of states
(DOSs) corresponding to configurations IV and V (see Table
II) are shown in Fig. 5. Examination of this figure provides
evidence of a strong shift between DOS-up and DOS-down
for Mng;+ V¢ (labeled SiCy:Mng;) configuration (IV), indi-
cating the presence of a large local magnetic moment of
2.57up on the transition-metal atoms. The later system is
also nearly half metallic. For Mnc+Vyg; (SiyC:Mne) con-
figuration (V), the relative change between up and down
DOSs is not very significant, leading to a small moment on
Mn of 0.88up.

For SiC:Mnyg;, Si vacancy yields to a remarkable decrease
in the magnetic moment u (2.30— 1.00ug), while the C va-
cancy (SiCy:Mng;) contributes to a noticeable enhancement
of u (2.30—2.57ug). For SiC:Mnc, the situation is almost
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FIG. 5. (Color online) Typical total DOS (left panel) and the
corresponding three-dimensional Mn DOS (right panel) of Mn-
doped 3C-SiC for (top) Mn substituted at Si (Mng;) with C vacancy
(Ve) with u=2.57ug, and (bottom) Mn¢ and Vg; with u=0.88ug.

reversed in the sense that w is increased (0— 0.88ug) for Si
vacancy and u remains zero for C vacancy.

It should be stressed that secondary magnetic phases, such
as Mn silicides or Mn carbides, were not detected by the
different techniques used in this work. Although the eventual
presence of such phases cannot be ruled out totally, we have,
however, some good reasons to exclude them. First, the man-
ganese was recently theoretically shown not to be a good
carbide former.® Second, the secondary magnetic phases, if
they exist and are stable, should grow with annealing, and
therefore, magnetic parameters such as coercivity H_ are ex-
pected to change. This is not the case for our film since H,
remains constant (~100 Oe) with annealing.

It is well established that the electrical activity of mag-
netic impurities such as Mn in DMSs is partial so that the
total number of carriers introduced by Mn is less than the
concentration of Mn itself.?’ The magnetism is believed to be
mediated by carriers and, hence, is strongly affected by their
concentration. In order to make an adequate comparison be-
tween the experimental and theoretical magnetic moments, it
is therefore more appropriate to consider the ratio of mag-
netic moments. This approach is correct in the sense that the
effective region of where Mn atoms exist is similar before
and after annealing; only redistribution of Mn due to anneal-
ing was observed as discussed above. By a careful inspection
of Table II, the experimental magnetic moments ratio
[ Masimplanted/ Mannealea=0.23/0.65=0.35] was found to corre-
spond to the ratio of the magnetic moments of configuration
V to IV: wy/ pry=0.88/2.57=0.34 using our FP-LAPW cal-
culations. This is consistent with the picture that Mn exists
mainly in the C-rich region in the SiC matrix, and annealing
would favor Mn to substitute Si from thermodynamic
considerations.® This result suggests that the Mn-substitution
site and vacancy type are crucial in determining the largest
magnetic moment with the highest Curie temperature 7.

The fact that both LO and TO modes of the annealed
sample experience a down-frequency shift relative to that of
the virgin indicates the presence of tensile microstrain in the
annealed film.>* The strain and change in force constants
usually cause an almost equal shift for the TO and LO mode
frequencies. The LO-TO splitting decreases from the virgin
(0 0-010=183 cm™') to the annealed-implanted sample
(176.4 cm™"). Hence, this reduction in the LO-TO splitting
would not be due to stress, but in combination of the redshift
of the LO and TO modes that are generally attributed to a
change of the polarization field due to defects. The relative

iclects. 1h
change of the effective charge Q (Q\wi,—w7,) on ions
was estimated from wRS considering that the dc dielectric
constant g, does not vary significantly.> We found that the
relative change of Q between the virgin and annealed-
implanted film is relatively small (AQ/Q=2.3%), and
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hence, the effective charge on ions remained nearly the same,
regardless of the Mn implantation and annealing process.
The presence, however, of the CPLOM in uRS spectrum of
the annealed sample may result from the reduction of carri-
ers’ concentration, in which case defects act as traps for elec-
trons for such n-type Mn-doped 3C-SiC. This may suggest
that the magnetic interactions are localized in this system.

It should be noted that more accurate calculations should
consider interstitials, extended defects, and possibly defect
complexes, in addition to C or Si vacancies. It is peculiar to
determine experimentally the extended and complex defects
and, hence, their effects on magnetism. While the presence
of vacancies implies the presence of interstitials, the consid-
eration of both vacancies and interstitials in the calculations
would result in a complex situation such as several relative
positions of interstitial with respect to vacancies and Mn.
Our task was to find out the correlation between the vacan-
cies (Vg; or V) evidenced experimentally in this work and
magnetism in the Mn-implanted 3C-SiC epilayer. The role of
other defects may be the subject of a future work.

PHYSICAL REVIEW B 78, 195305 (2008)

IV. CONCLUSION

In summary, Mn implantation at RT with energy 80 keV
at a dose of 5X 10" ¢cm™ into the 3C-SiC(001) epilayer
introduces a large amount of disorder and crystallinity can be
partially recovered by annealing the implanted sample at
750 °C for 2 h. This results in an increase in the magnetic
moment per Mn from 0.23 to 0.65up with the Curie tem-
perature above RT. From both experimental and ab initio
calculation results, it is shown that the substitutional site of
Mn and its environment such as Si and C monovacancies
play a crucial role on the magnetism in Mn-doped 3C-SiC.
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