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Abstract

High concentrations (�/1021 cm�3) of Ni were introduced into GaN and SiC by ion implantation at 350 8C. On subsequent

annealing at 700 8C, there was more residual lattice damage in GaN compared to SiC. Both materials showed ferromagnetism with

transition temperatures below 50 K. No secondary phases could be detected by transmission electron microscopy (TEM) or selected

area diffraction in either GaN or SiC. The direct implantation process appears useful for studying ion/substrate combinations for

potential spintronic applications. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Currently, there is a great deal of interest in the

incorporation of magnetic ions into semiconductors to

produce ferromagnetism. To date, the most studied

systems have been (In, Mn)As and (Ga,Mn)As, in which

the ferromagnetism is carrier-induced [1�/8]. This intro-

duces the possibility of electric-field control of magnet-

ism in semiconductors with technological applications in

photonics and electronics and hence the possibility of

integrating magnetic devices with detectors, control

electronics and other entities [9]. A major drawback

with the two materials systems mentioned above is the

fact that their Curie temperatures are well below room

temperature (about 35 K for (In,Mn)As and 105 K for

(Ga,Mn)As) [1�/3]. Recent calculations have suggested

that wider bandgap semiconductors could have much

higher transition temperatures, in particular GaN and

ZnO [10]. In addition, Mn is not the only impurity of

interest in these materials and the family of elements V,

Cr, Fe, Ni and Co could also induce ferromagnetism

under the right conditions [11]. We have previously

found that Mn implanted into p-GaN produced ferro-
magnetic behavior at B/250 K [12,13], while Fe

displayed an apparent transition temperature of 5/175

K. Similar experiments with Mn and Fe implantation

into SiC, another technologically important wide band-

gap semiconductor, led to paramagnetic behavior with

the Mn and ferromagnetism at 5/125 K with the Fe.

In this paper, we report on the structural and

magnetic properties of Ni-implanted GaN and SiC. In
both materials, the magnetization shows ferromagnetic

contributions with transition temperatures 5/50 K,

suggesting that Ni-doping is not a promising approach

for room-temperature magnetic semiconductors.

2. Experimental

The GaN layers were grown by metal organic

chemical vapor deposition on c-plane Al2O3 substrates,

and consisted of a 3 mm undoped buffer and 0.5 mm of p

(hole concentration �/3�/1017 cm�3)*/GaN doped

using Cp2Mg. The 6H�/SiC substrates were Al-doped

(p �/1017 cm�3) and were implanted into the Si-face. All
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Fig. 1. TEM cross-section from GaN implanted with 3�1016 cm�2 Ni� at 250 keV and annealed at 700 8C.

Fig. 2. Selected area diffraction pattern from Ni-implanted region of Fig. 1.
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of the samples were held at �/350 8C during implanta-

tion to avoid amorphization [14]. Calculated ion profiles

showed a projected range of �/200 nm for the 250 keV

Ni� ions in both materials. The doses were varied from
3 to 5�/1016 cm�2 at this fixed energy, leading to peak

Ni concentrations corresponding to �/3�/5 at.% at the

projected range. The samples were annealed face-to-face

at 700 8C for 5 min under a flowing N2 ambient. The

magnetic properties were measured in a Quantum De-

sign SQUID magnetometer, while the structural proper-

ties were examined by transmission electron microscopy

(TEM) and selected-area diffraction pattern (SADP)
analysis.

3. Results and discussion

Fig. 1 shows a cross-sectional TEM micrograph of the

3 at.% Ni-implanted GaN. The damaged region is

confined within a top surface layer �/0.24 mm thick.

The residual damage after annealing consists of disloca-
tion loops and other lattice defects, consistent with the

previous reports [15�/17]. We did not observe the

platelet structures reported fin Mn-implanted GaN

implanted at similar doses and annealed under the

same conditions [12,13], which were ascribed to the

formation of GaxMn1�xN. Our experience with these

high dose implants into GaN is that there is always

significant residual damage after annealing, regardless

of the annealing temperature. This is most likely related

to the binary nature of the lattice and the inability to

avoid formation of stable defect complexes.

The SADP shown in Fig. 2 reveals diffused rings with

lattice constant slightly shorter than that of GaN along

the c -axis (the radius of the ring in reciprocal space is

slightly larger), which indicates that the Ni is being

incorporated into the GaN lattice and shrinking it. The

basic GaN diffraction spots in the implanted region are

very strong and indicate that the lattice is basically

intact. The rings are continuous because of double-

diffraction from a surface amorphous region We expect

that some fraction of Ni substitutes for Ga, in analogy

with recent reports for Fe implanted into GaN [18].

Note that there is no evidence for secondary phase

formation in the Ni-implanted GaN. Table 1(a) shows

Table 1

Potential phases found in Ni-implanted GaN and SiC

Phase Structure a b c

(a) GaNiN

Ni Cubic 3.5238

Ni Hexagonal 2.6515 4.343

Ni3N Hexagonal 4.621 4.304

Ni4N Cubic 3.745

f-NiGa4 Cubic 8.4295

Ga3Ni5 Orthorhombic 7.53 6.72 3.77

Ga4Ni3 Cubic 11.411

g-Ga1.4Ni2.5 Hexagonal 4.000 4.983

b?-Ga3Ni2 Hexagonal 4.060 4.897

(b) SiNiC

NiSi Orthorhombic 5.233 3.258 5.659

h-NiSi Tetragonal 7.6538 8.4514

NiSi2 Cubic 5.416

?-NiSi2 Rhombohedral 12.602 15.277

?-Ni2Si Hexagonal 3.797 4.8928

d-Ni2Si Orthorhombic 7.39 9.90 7.03

Ni3Si Cubic 3.5056

Ni3Si Monoclinic 7.04 6.26 5.08

Ni3Si2 Orthorhombic 12.229 10.805 6.924

e-Ni3Si2 Orthorhombic 6.605 7.627 9.574

?-Ni5Si2 Hexagonal 7.6733 9.7516

Ni31Si12 Hexagonal 6.67 12.28

Ni74Si26 Hexagonal 6.698 28.855

NiC Cubic 3.539

NiCx Hexagonal 6.171 16.84

Ni3C Hexagonal 2.651 4.338

Ni3C Rhombohedral 4.5828 12.9916

Fig. 3. Temperature dependence of difference between field-cooled

and zero field-cooled magnetization from GaN implanted with either

5�1016 cm�2 (top) or 3�1016 cm�2 (bottom) Ni� ions and

annealed at 700 8C.
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potential phases that could form in this material. The

non-hexagonal phases would lead to new symmetries in

the diffraction pattern, while the hexagonal phases

would produce satellite spots. Neither of these cases is

observed experimentally.

Fig. 3 shows the temperature dependence of the

difference in magnetization signal between field-cooled

and zero field-cooled conditions at a field of 500 G for

the 5% (top) and 3% (bottom) Ni-implanted GaN

annealed at 700 8C. In both cases there is a sharp

transition at 5/50 K due to a ferromagnetic contribu-

tion to the magnetization. The large paramagnetic

background has been subtracted in both plots. The

result that Ni does not produce high transition tem-

peratures in GaN will be an important input into

existing theories of carrier-induced magnetism in semi-

conductors.[10,11,19] The decreasing signal that exists

from �/50 to 250 K in Fig. 3 (bottom) may originate

from superparamagnetic clusters of GaNi that are

present with size below the 20 Å resolution of TEM.

Fig. 4 shows a TEM cross-sectional micrograph from

a 3 at.% Ni-implanted SiC sample after 700 8C anneal-

ing. There is a defect band �/17 nm wide formed at the

end-of-range of the Ni ions and at a depth of �/0.26 mm
from the surface. The SADP from the implanted region

did not show any significant differences from the control

material, indicating that none of the potential secondary

phases listed in Table 1(b) formed in our samples.

The temperature-dependent magnetization data (field

cooled minus zero field cooled signal) from 5 at.% (top)

and 3 at.% (bottom) SiC samples is shown in Fig. 5. As

with the GaN, there are sharp transitions indicating the
presence of ferromagnetic contributions at 5/50 K. This

is considerably lower than the 175 K found for Fe-

implanted SiC and indicates that Ni-doping will not be

useful in producing room temperature ferromagnetism

in the material.

4. Summary and conclusions

High doses of Ni implanted into GaN and SiC

produce ferromagnetic contributions to the magnetiza-

tion that are present at 5/50 K. There are no other

Fig. 4. TEM cross-section from SiC implanted with 3�1016 cm�2

Ni� ions at 250 keV and annealed at 700 8C. Fig. 5. Temperature dependence of difference between field-cooled

and zero field-cooled magnetization from SiC implanted with either

5�1016 cm�3 (top) or 3�1016 cm�3 (bottom) Ni� ions and

annealed at 700 8C.
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phases present in either material, at least to the

sensitivity of TEM and SADP. The origin of the

ferromagnetism is not clear in either material since the

carrier density in both is expected to be too low to
produce carrier-induced magnetism. Our result for Ni in

GaN is similar to results for Fe incorporated in GaN

during molecular beam epitaxy [8]. Future work should

focus on determining the bandgap and carrier density

dependence of the transition temperatures, perhaps by

implanting Ni into InxGa1�xN and AlxGa1�xN.
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