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Abstract

Both ion implantation and epitaxial crystal growth provide convenient methods of introducing transition metals such
as Mn,Cr,Fe,Ni and Co into GaN, GaP, SiC and ZnO for creating dilute magnetic semiconductors exhibiting room
temperature ferromagnetism. In this paper we review progress in wide band gap ferromagnetic semiconductors and the
role of defects and doping on the resulting magnetic properties.

© 2003 Elsevier B.V. All rights reserved.

Keywords: Defects; Doping; Ferromagnetism; Wide band gap; Semiconductors

1. Introduction

The use of electron spin, in addition its more
commonly used charge, holds great promise for a
new class of semiconductor memory and signal
processing devices with new functionality [1-7].
For a long period electron spin in metals has been
exploited in information storage and in particular
the giant magneto-resistance (GMR) effect, where
the resistance of a thin-film ferromagnetic/non-
magnetic layer sandwich is strongly magnetic field
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dependent [8] is used in most computer hard
drives. In recent years, attention has also focused
on spin-dependent phenomena in semiconduc-
tors. A potential device embodiment is the spin
field effect transistor (FET) in which the drain
and source of a conventional FET are ferromag-
netic [9]. If the two ferromagnets are aligned, a
spin-polarized current will behave like a normal
FET current. If the ferromagnets are anti-aligned,
the transistor will be shut off. This could be done
dynamically, allowing for microprocessors that
reconfigure their hardware in real time.

A major hindrance for the practical implemen-
tation of the above concepts is that they require
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efficient spin-polarized carrier injection and trans-
port. Conventional ferromagnetic metals are often
incompatible with existing semiconductor technol-
ogy. Moreover, the spin injection efficiency is often
very low due to resistivity differences and to the
formation of Schottky barriers [10,11]. A key
materials aspect to overcoming this problem is the
use of dilute magnetic semiconductors (DMSs).
These materials are alloys where a stoichiometric
fraction of the constituent atoms has been replaced
by transition metal atoms. Such alloys are
semiconducting, but can possess well-defined
magnetic properties (e.g., paramagnetic, anti-
ferromagnetic, ferromagnetic) that conventional
semiconductors do not have [1,6,7]. Thus, they can
potentially serve as a means to inject spin to and
control spin properties in adjacent non-magnetic
semiconducting layers.

Most of the initial work in this area has been
performed on II-VI semiconductors of the form
A;_"Mn,BY!, in which a fraction of the group II
sub-lattice is randomly replaced by Mn atoms. The
presence of magnetic ions in such systems affects
the free carrier behavior through the sp—d ex-
change interaction between the localized magnetic
moments and the spins of the itinerant carriers.
These interactions have resulted in the discovery of
numerous magneto-electrical and magneto-optical
phenomena, including GMR, large Faraday rota-
tion and magnetic polaron formation [11].

The use of molecular beam epitaxy (MBE) to
grow Mn,Ga;_,As has allowed incorporation of
Mn fractions up to 0.1, well in excess of the
miscibility limit of Mn in this material [12]. The
resulting alloy was found to be ferromagnetic with
a Curie temperature of ~110 K. Numerous
phenomena related to DMS/semiconductor het-
erostructures have been reported including spin-
injection from MnGaAs to GaAs and electrically
controlled magnetism in MnInAs [12-14].

2. Ferromagnetism in semiconductors

Magnetism in semiconductor materials has been
studied for many years, and includes spin glass and
antiferromagnetic behavior in Mn-doped I1I-VI
compounds, as well as ferromagnetism in euro-

pium chalcogenides and Cr-based spinels [15,16].
Strong ferromagnetic interaction between loca-
lized spins has been observed in Mn-doped 11-VI
compounds with high carrier densities. In
Pb;_,_,Sn,Mn,Te (y>0.6) possessing a hole
concentration of the order of 10%°-10*' cm~3,
ferromagnetism has been achieved [17]. In addi-
tion, it has been shown that free holes in low-
dimensional structures of II-VI DMSs can induce
ferromagnetic order [18]. For many semiconductor
materials, the bulk solid solubility for magnetic
and/or electronic dopants is not conducive with
the coexistence of carriers and spins in high
densities. However, the low solubility for transi-
tion metals in semiconductors can often be over-
come via low temperature epitaxial growth.
Behavior indicative of ferromagnetism at tempera-
tures above 300 K has recently been reported for
GaN and chalcopyrite semiconductors doped with
transition metals, illustrating the potential of
achieving room temperature spintronics technolo-
gies [19,20].

Despite recent experimental success, a funda-
mental description of ferromagnetism in semicon-
ductors remains incomplete. Recent theoretical
treatments have yielded useful insight into funda-
mental mechanisms. Dietl et al. [21] have applied
Zener’'s model for ferromagnetism, driven by
exchange interaction between carriers and loca-
lized spins, to explain the ferromagnetic transition
temperature in III-V and II-VI compound semi-
conductors. The theory assumes ferromagnetic
correlations mediated by holes from shallow
acceptors in a matrix of localized spins in a
magnetically doped semiconductor. Specifically,
Mn ions substituted on the group II or III site
provide the local spin. In the case of III-V
semiconductors, Mn also provides the acceptor
dopant. High concentrations of holes are believed
to mediate the ferromagnetic interactions among
Mn ions. Direct exchange among Mn is anti-
ferromagnetic as observed in fully compensated
(Ga,Mn)As that is donor-doped. In the case of
electron doped or heavily Mn doped materials, no
ferromagnetism is detected. Theoretical results
suggest that carrier-mediated ferromagnetism in
n-type material is relegated to low temperatures, if
it occurs at all, while it is predicted at higher
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temperatures for p-type materials [22]. In p-type
GaAs grown by low temperature MBE, Mn
doping in the concentration range 0.04<x<0.06
results in ferromagnetism in GaAs. The model
described has been reasonably successful in ex-
plaining the relatively high transition temperature
observed for (Ga,Mn)As.

Carrier-mediated ferromagnetism in semicon-
ductors is dependent on the magnetic dopant
concentration as well as on the carrier type and
carrier density. As these systems can be envisioned
as approaching a metal-insulator transition when
carrier density is increased and ferromagnetism is
observed, it is useful to consider the effect of
localization on the onset of ferromagnetism. As
carrier density is increased, the progression from
localized states to itinerant electrons is gradual. On
the metallic side of the transition, some electrons
populate extended states while others reside at
singly occupied impurity states. On crossing the
metal-insulator boundary, the extended states
become localized, although the localization radius
gradually decreases from infinity. For interactions
on a length scale smaller that the localization
length, the electron wave function remains ex-
tended. In theory, holes in extended or weakly
localized states could mediate the long-range
interactions between localized spins. This suggests
that for materials that are marginally semicon-
ducting, such as in heavily doped semiconducting
oxides, carrier-mediated ferromagnetic interac-
tions may be possible. This theoretical treatment
presents several interesting trends and predictions.
For the materials considered in detail (semicon-
ductors with zinc-blende structure), magnetic
interactions are favored in hole-doped materials
due to the interaction of Mn'? ions with the
valence band. This is consistent with previous
calculations for the exchange interaction between
Mn*? ions in II-VI compounds [11,22] showing
that the dominant contribution is from two-hole
processes. This superexchange mechanism can be
viewed as an indirect exchange interaction
mediated by the anions, thus involving the valence
band. Note that valence band properties are
primarily determined by anions in II-VI com-
pounds. The model by Dietl et al. predicts that the
transition temperature will scale with a reduction

in the atomic mass of the constituent elements due
to an increase in p—d hybridization and a reduction
in spin—orbit coupling. Most importantly, the
theory predicts a T, greater than 300 K for p-type
GaN and ZnO, with 7, dependent on the
concentration of magnetic ions and holes. Recent
experimental evidence for ferromagnetism in GaN
appears to substantiate the theoretical arguments
[23-31].

3. Computational approaches

The initial theories were based on spin-polarized
density functional theory, in which the N-electron
problem is mapped into an effective one-electron
problem. All non-classical electron interactions,
exchange and correlation, are subsumed into an
additive one-electron potential that is a functional
of the charge density. The exchange potentials
include the spin-up and spin-down contributions,
which lump all non-classical electron interaction
into an additive potential term that depends only
on the spin-up and spin-down charge densities.
A schematic of some possible mechanisms for
carrier-induced ferromagnetism is shown in Fig. 1,
which contrast the mean-field approach with the
bound magnetic polaron approach. An additional
class of theories suggests that microscopic metallic
clusters are responsible for the observed magnetic
properties. The initial predictions from mean-field
theory suggested that wide band gap semiconduc-
tors would have the potential for room tempera-
ture ferromagnetism when doped with a few
percent of transition metal ions such as Mn. A

Scenario | : Delocalized holes form a Fermi
liquid. Coulomb effects are approximated.
Effective medium theory.

e A

J J().50)
(Dietl, Konig/Schliemann/MacDonald, ...)
Site i Site j

Scenario 2 : Holes form an almost localized

w L o tight-bhinding band. Fluctuation effects due
,a i::i to randomness and hole-hole correlations
are approximated.

(Berciw/Bhatt, Kaminski/Das Sarma, Dagotto, ...)
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Fig. 1. Schematic of role of carriers (holes) in the various
theories for carrier-induced ferromagnetism in dilute magnetic
II1-V semiconductors.
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Fig. 2. Predicted Curie temperatures as a function of band gap
(after Ref. [80]), along with some experimentally reported
values in the literature.
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Fig. 3. Computed band structure diagrams of wurtzite
Mny 063Gago37N along selected high symmetry directions in
the Brillouin zone.

compilation of these predictions with some experi-
mental data is shown in Fig. 2.

Numerous calculations of the properties of
DMSs in their ordered ferromagnetic phase have
been reported. An example is given in Fig. 3,
which shows band structure diagrams for wurtzite
Mnyg g63Gago37N [32,33]. The material is found to
be half-metallic in that the majority spin possesses
a Fermi surface whereas the minority spin does

not. This is an ideal situation for use in spin-
tronics, since in this case charge carriers injected
from the vicinity of the Fermi level will have a
well-defined spin. The nature of the spin-polarized
feature is very different from that of GaMnAs
with the same concentration of Mn. In that case,
the spin polarized feature is narrow and corres-
ponds to a spin-split valence band, whereas in
Mny 063Gag937N it is wide and corresponds to a
hybridized impurity band. The GaMnN is pre-
dicted to be half-metallic and an ideal spin
injector. The ferromagnetic states are predicted
to be stable over the spin-glass states and
ferromagnetism is expected to be attainable even
at low carrier concentrations. We have measured
the Mn acceptor level as being at Ey + 1.4 eV, so
that it is ineffective at contributing holes and to
obtain p-type doping it will be necessary to co-
dope with Mn.

4. Methods of transition metal incorporation

Both ion implantation and doping during
epitaxial growth can be used successfully to
incorporate the magnetic ions. Ion implantation
is particularly useful for surveying the properties
of many different transition metal dopants in
semiconductors because of the ease of incorpora-
tion. Fig. 4 shows the status of the available
elements in the Periodic Table that can be
implanted into semiconductors. We have used
Mn, Cr, V, Fe, Ni and Co to date, and the results
can be a useful check on theories that suggest only
some of these elements will stabilize in the
ferromagnetic state in particular semiconductors.

5. GaMnN

Numerous groups have demonstrated room
temperature ferromagnetism in n-type and p-type
GaN doped with Mn by diffusion, ion implanta-
tion or during epitaxial growth [23-31], as
summarized in Table 1. This table also shows a
compilation of other semiconductors that have
exhibited room temperature ferromagnetism. The
advantages of using GaMnN include compatibility
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Table 1
Compilation of semiconductors showing room temperature ferromagnetism
Material Band gap of host Comments Ordering Ref.
(eV) Temperature (K)
Cd|_Mn,GeP, 1.72 Solid-phase reaction of > 300 [36]
evap. Mn
(Ga,Mn)N 34 Mn incorporated by diffusion 228-370 [23]
(Ga,Mn)N 34 Mn incorporated during MBE; > 300 [25]
n-type
(Ga,Mn)N 3.4 Mn incorporated during MBE 940* [26]
(Ga,Cr)N 3.4 Cr incorporated during > 400 [37]
MBE or bulk growth
(Zn0O):Co 3.1-3.6 Co incorporated during > 300 [38]
PLD; ~15% Co
(Al,Cr)N 6.2 Cr incorporated during MBE, > 300 [39]
sputtering or implantation
(Ga,Mn)P:C 2.2 Mn incorporated by implant > 330 [40,41]
or MBE; p~10% cm™3
(Zn|_xMn,)GeP, 1.83-2.8 Sealed ampule growth; 312 [42]
insulating; 5.6% Mn
(ZnMn)GeP, <28 Mn incorporated by 350 [43]
diffusion
ZnSnAs, 0.65 bulk growth 329 [44]
ZnSiGeN, 3.52 Mn-implanted epi ~300 [45]
SiC 3.2 Mn or Fe implantation ~300 (by hysteresis) [46]

#Extrapolated from measurements up to ~750 K.
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with current III-N applications such as high
temperature/high power electronics and blue/
green/UV lasers and light-emitting diodes. Ex-
tended X-ray absorption fine structure (EXAFS)
measurements finds that the Mn is primarily
substitutional on the Ga site and that post-growth
annealing can increase the concentration of Mn in
clustered form [34]. In growth by MBE, we have
found that as the growth temperature increases,
the maximum concentration of Mn that be
incorporated while retaining a single-phase de-
creases. For example, for growth at 900°C, second
phases form for Mn concentrations above
~3 at%, while at 700°C, the solubility limit is
~9 at%. For lower concentrations, no clusters can
be detected by high resolution TEM, SADP or
XRD. Fig. 5 shows that for growth at 700°C, the
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Fig. 5. Effect of Mn concentration on lattice constant, XRD
FWHM and moment per Mn for GaMnN grown by MBE.

lattice constant is a minimum at 3 at% Mn and the
X-ray FWHM increases. At this concentration,
the band gap is increased by about 20 meV and the
magnetic moment per Mn is ~ lug. As the Mn
concentration is increased, the lattice constant
increases, FWHM decreases, the band gap remains
unchanged and the moment per Mn decreases, all
of which suggests that the concentration of
substitutional Mn saturates at 3 at% and the
additional Mn is probably in interstitial form.
The type of buffer employed also has a strong
influence on the resulting magnetic properties. For
growth directly on sapphire, there is little or no
magnetization detected, for growth on thin MBE
low temperature buffers the magnetization is
modest, while the best results are found for growth
of the GaMnN on thick (3 um) MOCVD buffers
on sapphire. The field-cooled and zero-field-cooled
magnetization is shown for such a sample in Fig. 6.
The film morphology is also much smoother under
these conditions. The resisitivity of the GaMnN at
a given Mn concentration increases with decreas-
ing growth temperature, with all films being n-type
or resistive.

Co-doping with oxygen is also found to enhance
the strength of the magnetization. Fig. 7 shows
hysteresis loops at room temperature for films
prepared with and without § at% O incorporated
with 3 at% Mn. Without oxygen, the magnetic
moment is about 0.06uz/Mn while this increases
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Fig. 6. Field-cooled and zero-field-cooled magnetization as a
function of temperature for GaMnN with 3 at%. Mn grown by
MBE on an MOCVD GaN buffer on sapphire.



S.J. Pearton et al. | Physica B 340-342 (2003) 39-47 45

40 T T T T
an®
ol 300K " ]
m GaMnN:Oxygen gt
20} @ GaMnN .ll J
1
]
2 10} 1 1
e 0 .',.uo'“'””'
>
E ........ooooo
s -0} = -
L
L
-20 III T
"L
30 gt .
o Lhy
_40 1 1 1 1
-1000 -500 0 500 1000
H (Oe¢)

Fig. 7. Room temperature hysteresis loops from GaMnN
grown either with or without co-doping with O.

1E7 [ . T T T T T
GaMnN/AIN

1000000 - 40 period SL b
5 100000 |- b
8
2
‘@ 10000 | b
o
£

1000 |-

100

25 35 45
26 (deg.)

Fig. 8. XRD spectrum from 40 period GaMnN/AIN super-
lattice.

to 0.35uy with the oxygen co-doping. This is
consistent with theoretical predictions [35], but
more characterization is needed to determine if the
role of the oxygen is to enhance the Mn
substitutionality.

It is of particular interest to develop thin DMS
layers for device applications. Fig. 8 shows an
XRD spectrum from a 40 period 10 nm
AIN/10 nm GaMnN superlattice. The spectrum
is indicative of good interfacial quality. The
magnetic moment of the superlattice structure
was approximately half that of a single layer

GaMnN film of the same total thickness, demon-
strating that ordering in 10 nm layers remains
adequate for transport and device experiments.
Detailed examination of the origin of the ferro-
magnetism in AIMnN films has shown that second
phases of AIMn or Mn4N are not responsible,
through comparison with the magnetic properties
of those materials synthesized by MBE. Of
additional interest from the viewpoint of device
fabrication is the fact that GaMnN is unstable
against rapid thermal annealing at 800°C, so that
alloying of ohmic contacts must be done at lower
temperatures. There are still no convincing de-
monstrations of spin injection from GaMnN into
GaN based devices.

6. Summary

Many groups have now demonstrated room
temperature ferromagnetism in a variety of wide
band gap semiconductors, of which GaMnN
appears to have the best chance of utility in device
applications. The crystal quality of the material is
key to obtaining strong magnetization and lower
growth temperature and higher V/III ration during
MBE growth produce the highest concentrations
of substitutional Mn. The use of O or Mg co-
doping appears to be beneficial, while Si doping is
ineffective in increasing magnetization. The best
quality GaMnNn is still resistive and shows
thermal stabilities of <800°C. Future work needs
to focus on the achievement of p-type layers, the
origin of the ferromagnetism, spin injection
efficiencies and the utilization of this material in
device structures.
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