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This paper focuses on the magnetic properties of wide bandgap III-N semiconductors doped with rare earth elements. Such materials
form a novel class of dilute magnetic semiconductors that have an important potential impact on future information processing
devices. In particular, rare earth doped III-N thin films may lead to integration of electronic, optical, and magnetic functionality for
computation, sensing, and communication applications. The main aspects of this paper concern the efficient incorporation of rare
earth ions in III-N thin films and the demonstration of magnetic effects at room temperature. While early studies were based on
ion implantation and solid-state diffusion, major advances have been achieved through molecular beam epitaxy and metal-organic
chemical vapor deposition. Measurements of room temperature magnetic effects from III-N films doped with rare earth elements,
including erbium, gadolinium, europium, neodymium, and thulium, are presented. The dependence of measured magnetic properties
on the synthesis method, co-doping, and material defects are addressed.
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The group III-Nitride (III-N) semiconductors constitute one of the
most important material systems to be developed in the past 50 years.!
This material system includes the binary compounds InN, GaN, and
AIN as well as their ternary and quaternary alloys. These crystalline
compounds are direct bandgap semiconductors that have a bandgap
energy (Eg) ranging from 0.7 eV for InN to 3.42 eV for GaN and
6.2 eV for AIN. The large Eg range and the direct bandgap nature have
made these materials attractive for optoelectronic devices. While these
compounds typically form a wurtzite crystal lattice, cubic structures
are also possible. In general, as Eg increases, the bond length in the
crystal lattice decreases. The large bonding energy of these materials
requires higher growth and processing temperatures that have hindered
their earlier development.

It was not until advanced growth techniques, including molecular
beam epitaxy (MBE) and metal-organic chemical vapor deposition
(MOCVD), became available that practical devices based on these
materials were realized. The development of light emitting diodes
(LEDs) and laser diodes (LDs), operating from the ultra-violet (UV)
to the visible, has had a tremendous technological impact. Since there
has historically been no native substrate for the growth of the III-N
semiconductors, epitaxy has taken place primarily on sapphire (Al,O3)
or silicon carbide (SiC) substrates. Recently, bulk GaN wafers have
become commercially available, but widespred use of these substrates
is still in the early stages.

The elements having atomic numbers from 57 to 71 are known
as the lanthanide rare earth (RE) elements. While these elements are
known as “rare earths”, they are actually metals. Their name derives
from the difficulty in extracting them from naturally occurring ox-
ide “earths”, such as lime and alumina. With increasing atomic num-
ber, electrons enter into the underlying 4f subshell rather than fill-
ing the external 5d shell of these elements. Consequently, the elec-
tronic configuration of each lanthanide RE element is often denoted as
[Xe] 41", where [Xe] is the electronic configuration of xenon and n is
the number of electrons in the inner 4f subshell.

When incorporated into a host material, the RE atom tends to form
a trivalent ion (RE*"). In this state, the electronic structure of RE3*
ion consists of completely filled outer 5s> and 5p°® subshells and a
partially filled inner 4f subshell. Electron transitions between the 4f
energy levels give rise to very sharp spectral emissions that range
from the UV to the infrared (IR) region depending upon the specific
RE element.” RE elements are the basis of many optical components,
including the solid-state Nd:YAG laser and the erbium doped fiber
amplifier.
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The magnetic properties of the RE elements have also received a
great deal of scientific attention. In general, the magnetic characteris-
tics are due to the spin and orbital motion of the unpaired 4felectrons.’
All of the RE** ions except the La** and Lu®*, are paramagnetic, i.e.
the electron spins try to align themselves with an applied magnetic
field (H,). The La** and Lu** ions are diamagnetic, i.e. the orbiting
electrons oppose the H, field, since La** has no 4f electrons and all
of the 4f electrons in Lu’* are paired. An important feature is that
the RE** ions from Gd** to Tm** become ferromagnetic at very low
temperatures, i.e. their magnetic response is non-linear and depends
on the history of the applied field. Above a certain temperature, the
Néel temperature (Ty), these ions become paramagnetic. Based on
quantum mechanics calculations, Van Vleck developed a theoretical
model describing the magnetic susceptibilities for the lanthanide RE**+
ions.* Results of these calculations indicated that the effective mag-
netic moment (JLesr) is larger for the heavier RE** ions, those from
Gd** to Tm?*, than for the lighter ones, from Ce** to Eu**. Table I
contains the calculated magnetic moments of the RE elements that we
have investigated, along with their atomic, covalent, and ionic radii
data’

Numerous approaches have been used to incorporate RE elements
in III-N semiconductor materials. Early research efforts involved ion
RE implantation of thin films, solid-state diffusion, and pulsed laser de-
position. Eventually, synthesis methods, based on MBE and MOCVD,
were developed for in situ doping of III-N films with a wide variety
of RE elements.®”'! In comparison with earlier techniques, in situ RE
doping during epitaxial growth has several important advantages in-
cluding higher crystallinity of the thin films and a more homogeneous
RE depth profile. Furthermore, epitaxial growth allows the RE ions
to be incorporated into quantum well structures and isolated quantum
dots for device applications.

Initial research into RE-doped III-N (III-N:RE) layers focused on
the optical emission, at room temperature (RT), in the visible and
IR regions.'>!* Subsequently, research studies of the magnetic prop-
erties of such materials ensued. This research was motivated by ef-
forts to develop a dilute magnetic semiconductor (DMS) through
doping of III-V semiconductors with transition metal (TM) atoms.
In spite of many experimental efforts RT operation could not be
demonstrated. However, theoretical calculations indicated that a wide
bandgap material such as GaN or ZnO, doped with Mn could lead
to a DMS material at RT.'* Following initial experimental confir-
mation, research also began concerning doping III-N layers with
RE elements as another DMS material with RT effects. Since then,
many experimental and theoretical studies have been reported the RT
magnetic behavior of different RE elements incorporated into III-N
layers.'?
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Table I. Summary of atomic, covalent, and ionic radii; and, magnetic moments of the rare earth elements treated in this manuscript. Here g is the
Landé factor, J is the total angular momentum, and pp is the Bohr magneton. (after 5).

Tonic radii (pm)
coordination number = §

Magnetic moment (jup)

Meft = v/ J(J + Dpp

Atomic radii (pm) Covalent radii (pm) RE?t RE3* RE* RE** RE3* RE*
Er 175.7 189 100 9.58
Gd 180.1 196 106 7.94
Eu 204.2 198 125 107 7.94 0(3.4)
Nd 182.1 201 112 3.62
Tm 174.6 190 108 99 4.54 7.56

The focus of the next section is on reports of the synthesis of
RE-doped III-N thin films and measurements at RT of magnetic ef-
fects of five RE elements (Er, Gd, Eu, Nd, and Tm) introduced into
binary and ternary III-N compounds. These RE elements were se-
lected because of their importance in optical device applications and
also because of the wide range of magnetic properties that they cover.

Magnetic Properties of III-N:RE

Erbium.—The trivalent Erbium ion (Er**) has the electron config-
uration of [Xe] 4f!! and intra-4f transitions lead to optical emissions
at ~1.54 wm. In addition, Er’** has a relatively small ionic radius,
~100 pm, and a large g ~ 9.58 g, see Table 1. These properties
have made Er an important constituent of optical and magnetic com-
ponents.

Mackenzie et al. used gas source MBE (GS-MBE) for in situ dop-
ing of Er into AIN and GaN epilayers.® Er concentration (Cg,) was
~3 x 10" cm™3, as measured by secondary ion mass spectrome-
try (SIMS). High levels of impurity elements, O and C, were also
observed in the Er-doped films. Later Bang et al. studied the mag-
netic properties of Er-doped GaN (GaN:Er) films grown on sapphire
(0001) substrates also using GS-MBE.'® Rutherford backscattering
(RBS) measurements indicated that Cg, was ~ 3 at.%. Sharp lumi-
nescence peaks in the visible (green) and IR spectral regions were
observed. Magnetization vs applied H field (M vs H,) measurements
were made using a Super Conducting Quantum Interference Device
(SQUID) magnetometer and data indicated mainly paramagnetic or-
dering of Er ions, with only a small portion being ferromagnetic.

A major advance was made by Ugolini et al. with the synthesis of
GaN:Er films by MOCVD.? In order to achieve sufficiently high Er
doping levels in the epilayers, adaptations were made to the MOCVD
system. SIMS analysis indicated Cg; levelsup to ~ 2 x 10*' cm~> were
achieved. Impurity concentrations of C and H were ~ 5 x 10'® cm™3,
and <107 cm™3 for O. X-ray diffraction (XRD) rocking curve mea-
surements indicated that the FWHM was nearly the same as that for
undoped GaN films. Magnetic properties of these GaN:Er films were
measured by Zavada et al.'” Results of M vs H, measurements, us-
ing Alternating Gradient Magnetometry (AGM), for a sample having
Cgr ~ 10*' cm™3 are shown in Figure 1a. Hysteretic behavior and sat-
uration magnetization (Ms) were observed at 10K and 300K. SQUID
magnetization vs temperature (M vs T) measurements, shown in Fig-
ure 1b, indicated that the temperature at which the field-cooled (FC)
and zero-field-cooled (ZFC) curves coincide was >300K. Measure-
ments that were performed on an undoped GaN sample did not show
any magnetic hysteresis.

Nepal et al. studied the influence of light on the magnetic proper-
ties of GaN:Er epilayers grown by MOCVD.'® AGM measurements
of GaN:Er samples were made at RT with, and without illumination,
from a commercially available LED operating at 371 nm. Diamag-
netic properties of the substrate and holder were subtracted out and
the data was normalized to sample volume. In Figure 2a, hysteretic
data taken at RT, with and without illumination, are presented for a
GaN:Er sample with Cg, ~ 2 x 10?° cm™3. While the coercivity (H.)
remained constant, there was an increase of ~ 0.8 pemu in Mg when

the sample was illuminated. The largest increase in Ms was observed
for the sample with the lowest Er concentration. When the LED was
turned off, Mg for the sample returned to its original level. Magneto-
resistance Hall measurements were performed on the GaN:Er samples
and compared to a GaN:Si film also grown by MOCVD. As shown in
Figure 2b, the resistance of the GaN:Si film had a linear dependence
on H,, indicating the ordinary Hall effect (OHE). However, the resis-
tance of the GaN:Er sample had a nonlinear dependence, characteristic
of the anomalous Hall effect (AHE). The additional voltage compo-
nent was due to the magnetization of the GaN:Er sample providing
evidence of RT ferromagnetic behavior.
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Figure 1. Magnetization data for a GaN:Er sample having Cg; ~ 102! cm~3:

(a) AGM measurements showing hysteretic behavior at 10K and 300 K; (b) FC
and ZFC curves measured with H, field of 200 Oe.!”
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Figure 2. (a) AGM measurements made at RT showing hysteretic behavior un-
der LED on/off illumination for a GaN:Er sample with Cg; ~ 2 x 1020 cm—3.18
(b) Magneto-resistance ARy, data measured at 300K for a GaN:Er epilayer
indicating Anomalous Hall behavior.'”

Er-doping of InGaN was also pursued since this ternary compound
was critical in the development of the blue laser.! Ugolini succeeded
in growing In,Ga; \N:Er films on (0001) sapphire substrates using
MOCVD.? Growth temperature (Tg) was 760°C and the epilayers
had Cg; ~ 1.3 x 10" cm™3. The In content (x) range was from 0.11 to
0.18. Magnetic characterization of these films was made using AGM.?!
In Figure 3, the results of M vs H, measurements made at RT for
InGaN:Er epilayers having different In content are shown. Hysteresis
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Figure 3. M vs H, measurements made at RT for InsGa; «N:Er epilayers
grown on sapphire substrates and having different In content x.2!

curves and magnetic saturation were observed for all samples and Ms
was found to increase linearly with In content.

Gadolinium.—The trivalent Gadolinium ion (Gd**) has an elec-
tron configuration of [Xe] 4f 7 and an ionic radius ~ 106 pm. Its 4f
electrons produce a relatively large pLegr ~ 7.94 g, see Table 1. This
RE element has found widespread use as a green phosphor.

Teraguchi et al. were the first to study the magnetic properties of
Gd-doped GaN (GaN:Gd).??> The semiconductor layers were grown
using plasma-assisted MBE (PA-MBE) on SiC substrates. Elemental
Ga and Gd sources were used together with plasma-enhanced N,. The
Gd concentration (Cgg) was ~ 6 at. % based on X-ray photoemis-
sion spectroscopy (XPS). M vs H, measurements were taken using
SQUID at temperatures from 7 K to 300 K for the GaN:Gd sample
and hysteresis curves were observed at both temperatures indicating
ferromagnetic behavior. The saturation field was about 2 Tesla and the
H. was ~ 70 Oe at 300 K. The Curie temperature (T.) was estimated
to be higher than 400 K.

In 2005, Dhar et al. reported a “colossal” effective magnetic mo-
ment for GaN:Gd epilayers grown by reactive MBE (R-MBE) on
6H-SiC (0001) substrates.”* The Cgq ranged from 7 x 10" cm™ to
2 x 10" cm~ as measured by SIMS. M vs H, measurements of these
layers indicated that the average value of the pey per Gd atom was as
high as 4000 . Since the GaN:Gd samples were electrically highly
resistive, long-range coupling via a version of carrier-mediated RKKY
(Ruderman-Kittel-Kasuya- Yosida) mechanism did not seem to apply.

In a further report, Dhar et al. stated that the GaN:Gd layers con-
stituted a very dilute, ferromagnetic semiconductor with a T, > RT.?*
SIMS measurements for different GaN:Gd layers showed that Cgqg
was nearly uniform throughout the layer at levels from ~10'7 cm™3
to 10" cm™3. Dhar et al. also investigated the magnetic properties of
Gd-doped GaN layers produced using a focused ion beam.>> M vs H,
SQUID measurements, made 2K and 300K, indicated ferromagnetic
behavior with T, > RT. Furthermore, the |L.¢ per Gd atom in these
samples was an order of magnitude larger than values observed in
epitaxially grown layers with similar Gd concentrations. The authors
concluded that defects due to ion implantation were involved with
producing this higher magnetic moment.

Zhou et al. reported GaN:Gd layers, grown by PA-MBE at tem-
peratures below 300°C on sapphire substrates, with Cgq4 levels as high
as 12.5%.%° The samples exhibited hysteresis behavior at RT with Ms
values increasing with higher Cgq levels. The large Ms values were at-
tributed to defects, introduced during growth that enhanced magnetic
properties. To investigate this effect, Si was introduced in situ during
growth in order to directly increase carrier density. While hysteresis
and Ms was observed for all samples, Ms for the Si-doped samples
was ~ 7x higher than those non-doped with Si.

Magnetic properties of GaN:Gd layers grown by PA-MBE were
examined by Hite et al.”’ Crystal quality and Cgq levels were varied
by control of the Gd cell temperature (Tgq) during growth. The Cgq
level was estimated to be less than 10'7 atom/cm®. Magnetic SQUID
measurements showed hysteretic behavior at RT, with the Ms depen-
dent on both Cgy and the crystalline quality of the layer. Samples
grown at Tgg = 1050°C had the highest crystal quality. In Figure 4a
data from M vs H, measurements, made at 10K and 300K, are shown
indicating ferromagnetic behavior with T, above RT. Data from M vs
T measurements are shown in Figure 4b. The lack of closure of the
FC and ZFC curves at 300 K also indicated T, > RT.

Hite et al. also investigated co-doping of GaN:Gd layers with Si
to determine whether additional shallow donors in the layer would
affect the ferromagnetic behavior.?”?® The films were grown using
solid Ga, Gd, and Si sources. The Si cell temperature (Ts;) was varied
between 1000 and 1200°C while maintaining Tgg = 1050°C. Car-
rier concentrations reaching 1.45 x 10'® cm~ were achieved and the
co-doped GaN:Gd,Si films were n-type conducting with resistivity
~0.04 Q-cm. In Figure 5, magnetic data from M vs H, measurements,
and from M vs T measurements, are shown. Hysteretic behavior at RT
was observed for the co-doped GaN:Gd,Si layers, with higher Ms val-
ues than that the non-Si-doped films.
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Figure 4. Magnetic measurements for a GaN:Gd film grown by PA-MBE at
Tgq = 1050°C: (a) M vs H, data made at 10K and 300K; (b) M vs T data, with
Ha ~ 200 Oe, showing closure of FC and ZFC curves at ~ 300 K27

Gupta et al. succeeded in growing GaN:Gd layers by MOCVD and
investigated the relationship of the chemical, magnetic, and electrical
properties of these films.!! These layers were found to be ferromag-
netic and electrically conducting at RT. The effect of co-doping was
studied and GaN:Gd films were grown with either Si or with Mg co-
dopants. Data from M vs H, measurements, taken at RT, indicated that
co-doping the films, with either Si or Mg, resulted in an increase in
the Ms as compared with the non-co-doped layers.

The effects of proton irradiation on the magnetic properties of
GaN:Gd layers were investigated by Hite et al.”” The layers were
grown by PA-MBE on GaN substrates. The Cgq level was on the or-
der of 10'® atom/cm?. The films were irradiated with 10 and 40 MeV
protons at a fluence of 5 x 10° cm~2. The projected range of the pro-
tons was > 40 pwm, which was much greater than the thickness of the
epitaxial films, ~ 1500 A. After irradiation, the optical and magnetic
properties of the films were measured. The PL band edge emission,
following irradiation at 10 MeV, was reduced by more than 50%.
SQUID measurements also showed a decrease in magnetic properties
with a reduction up to 83% in Ms. However, following a 30 minute
anneal at 500°C under N plasma, the irradiated films showed a com-
plete recovery of magnetic behavior. In Figure 6, M vs T data, taken at
H, = 200 Oe, are shown for a GaN:Gd layer before proton irradiation
at 10 MeV, and after annealing. The authors concluded that irradiation
damage, in the form of deep traps, produced the changes in the optical
and magnetic properties and that these effects were reversible.
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Figure 5. (a) M vs H, data at 300 K for a co-doped GaN:Gd,Si film grown
with Si cell Ts; = 1200°C; (b) M vs T data, with Hy ~ 200 Oe, showing closure
of FC and ZFC curves at ~ 300 K.?8
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Figure 6. M vs T data for a GaN:Gd sample exposed to 10 MeV proton irra-
diation, before and after annealing. Irradiated data points are shown as circles,
and those from the annealed sample are denoted as squares. Error bars are
shown on all points.?°
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Figure 7. (a) Magnetization vs H, field curve shown for Tp; = 1025°C
(26% Al). These measurements were taken at 300K. The 10K traces over-
lap those shown at 300K. (b) Magnetization vs T curves show both ZFC and
FC traces at an applied field of 200 Oe.>

Doping of ternary InGaN compounds with Gd has also been
achieved. Tawil et al. grew InGaN:Gd layers using PA-MBE on GaN
(0001) templates.’*3* Growth at 400°C produced an In content up to
28% and 35% and Cgq levels ~1 at. %. Data from M vs H, measure-
ments made at RT exhibited clear hysteretic behavior with Mg levels
increasing with higher Cgq levels. Co-doping the InGaN:Gd layers
with Si was also investigated and an increase in magnetization was
observed with higher Si cell temperatures. Electrical properties were
measured and indicated a correlation between the film conductivity
and Ms. The authors concluded that the results provided evidence of
carrier-mediated ferromagnetism.

Doping of AlGaN with Gd has also been accomplished using
PA-MBE on GaN (0001) templates by Hite.>> These samples were
also found to be ferromagnetic. In samples with Al content ranging
from 40-62%, the Mg increased with Al content, but at overall levels
that were lower than similarly grown binary doped samples. However,
for Aly26Gag74N:Gd, Mg was much higher than the binary values. In
Figures 7a and 7b show the M vs. H and M vs. T measurements, sup-
porting room temperature ferromagnetic behavior. Correspondingly,
at this composition, the films showed the highest conductivity and
the highest crystal quality. Annealing under N, plasma at 700C for
30 minutes showed a drastic degradation of the magnetization.

Additionally, multiquantum wells with Gd-doped binaries and
ternaries were investigated by Hite.?> These included structures of
GaN:Gd/AIN, GaN:Gd,Si/AIN, and A1GaN:Gd/GaN. In all the cases,
thinning the Gd-doped layers reduced the magnetic saturation of the
layers relative to that of bulk Gd-doped films of equivalent thicknesses.

P531

Major disagreements remain concerning the magnetic proper-
ties of GaN:Gd samples with very low concentrations of Gd. Wang
et al. characterized the magnetization of GaN thin films implanted
with Gd ions at very low doses.’® They found that the ¢ per Gd ion
was ~ 1800 g, which is comparable to the values reported by Dhar
et al. However, they observed that the ferromagnetic response was
metastable and that after ~ 50 days values for . returned to those
of the un-implanted samples. Their conclusion was that the magnetic
effects found in Gd-implanted GaN specimens were defect-related.

Bedoya-Pinto et al. investigated GaN:Gd samples grown by MBE
with low Gd concentrations. The samples were grown on highly insu-
lating SiC substrates to avoid parallel conduction through the substrate
or in the interface layer. Hysteretic behavior at RT was observed with
values for L. per Gd ion comparable to those reported by Dhar et al.
However, in some samples there was a decrease in Ms over extended
time periods and an overall poor reproducibility of magnetic results.
The authors reported that variable range hopping in electrical transport
could have influenced the ferromagnetism.?!-3

Europium.—The trivalent Europium ion (Eu®*) has the elec-
tron configuration of [Xe] 4f ¢ and a relatively large ionic radius of
~107 pm, making it difficult for doping III-nitride materials, see Ta-
ble I. In addition, the ground state of Eu** ("F;) nominally indicates
absence of a magnetic moment. However, various studies have re-
ported magnetic properties of Eu-doped GaN (GaN:Eu) layers. Due
to interactions of Eu ions with defects in the host GaN material, Eu>*
can possess remnant magnetization with a finite magnetic moment,
with W per Eu atom ~ 3.4 pg.

Using solid source MBE (SS-MBE), Heikenfeld et al. demon-
strated in situ doping GaN films with Eu.3® The films were grown on
Si substrates and SIMS analysis indicated low levels of O and other
impurities. The films exhibited strong photoluminescence (PL) emis-
sion with a spectrum that was consistent with Eu** ions occupying Ga
sites. Electroluminescence (EL), based on electron impact excitation,
yielded bright red emission from the GaN:Eu films.

Magnetic properties of GaN:Eu layers were first studied by
Hashimoto et al.*’ The films were grown by grown by GS-MBE using
NHj; on (0001) sapphire substrates. Results of M vs H, measurements
showed magnetic saturation and slight hysteresis indicating the pres-
ence of both paramagnetic and ferromagnetic phases. To explain the
experimental results, the authors proposed a theoretical model based
on the presence of Eu?* ions and Eu** ions interacting through a type
of RKKY interaction.

Optical and magnetic properties of GaN:Eu films, grown on c-plane
sapphire substrates by SS-MBE, were measured by Hite et al.* Results
of M vs H, SQUID measurements were made at RT. Hysteresis and
magnetic saturation were observed in as shown in Figure 8a. Data from
M vs T measurements are shown in Figure 8b. The lack of closure of the
FC and ZFC curves at 300 K indicated T, ~ RT. An inverse correlation
was found between the PL emission intensity from Eu** ions and Ms
levels in these samples.

Electric and magnetic properties of Eu and Si co-doped GaN films
(GaN:Eu,Si), grown by SS-MBE, were investigated by Wang et al.*
The Si concentration was found to depend monotonically on the Si
cell temperature (Ts;). Incorporation of Si changed the GaN:Eu films
from highly resistive to n-type conductive. Magnetic properties of
the GaN:Eu,Si films were measured using AGM. While all samples
exhibited hysteresis behavior at RT, there was a marked dependence on
the Si co-doping. In Figure 9a data from M vs H, measurements at RT
are shown for the samples grown with Tg; = 1050°C and Ts; = 1100°C.
At low-to-moderate Si levels, an increase up to approximately nine
times in Ms was realized. The Ms reached a maximum with growth at
Tsi ~1100°C and then decreased for higher temperatures.

Magneto-resistance Hall measurements were performed on the
GaN:Eu,Si film, grown with Tg; ~1150°C, and on a GaN:Si film grown
by MOCVD. As shown in Figure 9b the resistance of the GaN:Si film
had a linear dependence on H, (OHE) whereas the GaN:Eu,Si film
had a nonlinear dependence (AHE). The nonlinear behavior provided
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Figure 8. Magnetic measurements for a GaN:Eu sample grown by SS-MBE:
(a) M vs H, data taken at RT showing hysteretic behavior; (b) M vs T data,
with H, ~ 200 Oe, with closure of FC and ZFC curves at ~ 300 K.3#

further evidence of ferromagnetic behavior for the co-doped
GaN:(Eu,Si) samples.

Neodymium.—The trivalent Neodymium ion (Nd3*) has the elec-
tron configuration [Xe] 4f>. Intra-4f transitions in Nd** give rise to IR
emissions centered at ~1.04 wm. These transitions form the basis of
a number of important solid state lasers, in particular Nd: YAG.*® The
Nd** ion has an ionic radius of ~ 112 pm, and its 4f electrons lead to
Wegr per Nd atom ~ 3.62 g, see Table I. While the optical properties
of Nd doped materials have been widely studied, only a few reports
deal with magnetic properties of Nd in semiconductors.

Two methods have been used use to introduce Nd ions into GaN
films: solid-state diffusion, and MBE. Luen et al. investigated the ther-
mal diffusion of several different RE elements into GaN thin films in-
cluding Nd.*'*> GaN layers, including undoped GaN, p-GaN:Mg, and
n-GaN:Si, were grown by MOCVD on sapphire substrates to serve as
templates for the Nd diffusion experiments. Optimization of the dif-
fusion conditions led to successful incorporation of Nd into the GaN
films as evidenced by SIMS. M vs H, measurements at RT were made
using AGM. The H, field strength varied from —5kOe to +5kOe for
both in-plane and out-of-plane orientations. Hysteretic behavior was
observed for all samples, see Figure 10. While the measured H, was
~100 Oe for all samples, the highest Ms was found for Nd diffused
into the p-GaN:Mg template.

Magneto-resistance measurements were performed at RT on a
Nd-diffused GaN:Si sample and on an as-grown GaN:Si template.
The Nd-diffused GaN:Si sample had a nonlinear relationship, indicat-
ing an anomalous Hall effect (AHE), see Figure 11. In addition, the
as-grown GaN:Si template did not show magnetic hysteresis in AGM
measurements.

Readinger et al. reported in situ Nd doping of GaN epilayers grown
on c-plane sapphire substrates using PA-MBE.**** Based on RBS and
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Figure 9. (a) M vs H, hysteresis curves measured at 300 K for the co-doped
GaN:Eu,Si sample. Data for a non-Si doped GaN:Eu film are also shown;
(b) Magneto-resistance ARpyy) data measured at RT for the co-doped sample
grown with Ts; ~ 1150°C. Data for a GaN:Si film grown by MOCVD are also
shown.?

SIMS measurements, the GaN:Nd films had Nd concentrations (Cynq)
ranging from 0.004% to 6.0%. PL measurements were made at RT
using a pump laser at 266 nm and IR spectra with the characteristic
peaks from the 4f transitions for Nd** ions were observed. Bandedge
luminescence was also measured in the region of ~ 360 nm for each
of the GaN:Nd samples. As the sample Cyq increased, a significant de-
crease in the PL bandedge emission intensity (I.m;) was observed. For
samples with Cng > 1.0 at. % nearly all of the bandedge luminescence
was suppressed.

Magnetic properties of the GaN:Nd samples were measured at RT
using AGM for both in-plane and out-of-plane orientations. The out-
of-plane orientation yielded only weak magnetic signals. Typical mag-
netization curves for in-plane orientation, with hysteretic behavior, are
shown in Figure 12a. It can be seen that the Ms was largest for the
GaN:Nd sample with Cyg ~ 6.0% Nd. However, when both the Ms and
the I.,; are normalized to Nd atom density, then a strong correlation
appears, see Figure 12b. Two main features are noticeable. First, the
shape of the curve for the bandedge L.,;; and that for the peg per Nd
atom is nearly the same; they can almost be superimposed. Second,
for the lowest Cng, e per Nd atom is very high, ~ 55 ug. While this
value is not as high as estimates reported for Gd, it is much higher
than the theoretical value. Furthermore, as the Cyq was increased, the
Werr per Nd atom decreased to values consistent with predicted value
of ~ 3.62 pp per Nd atom.
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Thulium.—The trivalent Thulium ion (Tm?*) has the electron con-
figuration of [Xe] 4f '2. It has a small ionic radius of ~ 99 pm, and
a relatively large (e ~ 7.56 g, see Table 1. Intra-4f transitions in
Tm** give rise to IR emissions centered at ~ 2.08 pm that transitions
form the basis of an important class of tunable lasers.*’

Steckl et al. were able to grow Tm-doped GaN films on p-type
Si (111) substrates using solid-source MBE with a rf-plasma source
to supply atomic N. Light emitting devices were prepared and strong
blue EL emission, centered at ~ 477 nm, was observed.* In order
to enhance the EL of these devices, Lee and Steckl grew a set of
AlGaN:Tm thin films also on p-type Si (111) substrates. The Al con-
tent (x) covered the entire compositional range of 0<x<{1. The Tm
concentration (Cry,) was ~ 0.2-0.5 at. % and all films were capped
with an un-doped Al,Ga;_«N layer. The intensity of blue EL emis-
sion increased monotonically with Al composition, from x = O for to
x ~ 0.8.46 Using a laser source at 250 nm, Hommerich et al. measured
the PL spectra of the same set of samples and found a similar increase
in the blue emission intensity as a function of Al composition.*’” The
emission intensity reached a maximum for the alloy with x = 0.62.
Since the bandgap of the AlyGa;_«N alloys increased with higher Al
content, they were able to observe additional emission lines in the UV
region.

Magnetization of the A1GaN:Tm samples was measured at RT us-
ing AGM with both in-plane and out-of-plane field orientations.*®
The easy axis of magnetization for these alloys was along the in-
plane direction. Results of the AGM measurements showed hysteretic

Magnetoresistance: GaN:Si and Nd-diffused in GaN:Si
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Figure 11. Magneto-resistance data, ARp,y, measured at RT, for the Nd-
diffused GaN:Si sample and for the as-grown GaN:Si template. The solid lines
serve as a guide for the eyes.*?
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Figure 12. (a) M vs H curves measured at RT with in-plane orientation for
GaN:Nd samples having different Cng values; (b) Comparison of the nor-

malized Ms and the bandedge emission intensity ey, measured at RT for the
GaN:Nd samples.**

behavior at RT for each sample except for x = 0, see Figure 13a. The
hysteresis curve for the GaN:Tm sample was nearly flat, indicating
paramagnetic behavior. In addition, the measured magnetization was
strongly dependent upon the Al content and reached a maximum for
x = 0.62 alloy, Figure 13b.

Summary and Discussion

While several methods have been developed for doping RE ele-
ments into III-N semiconductors, MBE and MOCVD appear to be the
most successful. Every lanthanide RE element has been successfully
introduced into a III-N semiconductor host. While thin films of GaN
have been the primary host material, other III-N hosts have included
AIN, InGaN, and AlGaN alloys. In spite of the large mismatch between
the RE ionic radius and that of either Ga or Al or In, high quality layers
of III-N:RE have been produced.

Initial work centered on the optical properties of RE-doped III-
N materials. Many issues concerning synthesis and processing of
III-N:RE layers have been studied and resolved. The optical stud-
ies focused on developing new materials for efficient light emission at
different wavelengths for full-color displays. Results of these studies
have proved useful for the subsequent magnetic investigations.

While most RE-doped MBE and MOCVD growth has taken place
either on sapphire or SiC substrates, there have been a few reports
of growth on Si substrates. The use of different substrates for III-
N:RE synthesis affects both the resulting thin film crystal quality as
well as the optical properties. Magnetic properties are also influenced
by the stress in the GaN:Er film induced by lattice mismatch be-
tween the epilayer and the substrate.*’ At low rare earth doping levels,
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~ 1 at. %, XRD measurements have shown that the III-N:RE epilayers
have good crystal quality without evidence of second phases.

A wide range of experimental techniques, including M vs H,, M
vs T, and magneto-resistance Hall measurements, have been used to
characterize the magnetic properties of the III-N:RE layers. Based on
these studies, anumber of research groups have reported ferromagnetic
properties of such layers. While the observed magnetization has been
weak, most investigations have reported hysteresis curves at RT, non-
closure of FC/ZFC data in SQUID measurements, and anomalous Hall
behavior. These experimental reports, prepared by different groups
using different synthesis methods and different substrates, provide
strong evidence of III-N:RE layers being ferromagnetic materials.

A number of questions still remain concerning the magnetic prop-
erties of III-N:RE materials. In particular, the percentage of active
magnetic complexes in such materials and their stability at RT are
largely unknown. The role and function of co-doping the III-N host
material with both a RE and another element needs to be better un-
derstood. Several research groups have reported that co-doping the
III-N:RE layer, with either Si or Mg, improves the measured mag-
netization. It is not clear whether this enhancement is due to higher
conductivity in the co-doped layer or to better RE ion incorporation
in the III-N lattice producing a higher percentage of active magnetic
complexes.™®

Of all the III-N:RE semiconductors that have been investigated,
GaN:Gd has received the most attention in both experimental and
theoretical studies. This has been due to the reports that L. per Gd
atom could take on “colossal” values at very low concentrations.?*=>

While these reports involved very thorough experimental studies, sub-
sequent results on GaN:Gd, from other research groups, have called
into question such large values of p.r. Defects and impurities intro-
duced during synthesis or processing may be responsible for reports
of extreme values of the L. per Gd ion.>! Concentration levels for
impurities, including C, O, and H, have seldomly been reported.

As discussed above, there is controversy concerning the magnetic
properties of RE ions in the III-V nitride semiconductor host materi-
als. The same is true with TM ions doped into these semiconductors.
These reports have claimed that the ferromagnetic behavior of
GaN:TM thin films is due to nanophases in the GaN host material
that may also be responsible for some of the GaN:RE behavior.>*%*
While there are similarities between these two material systems, the
behavior of RE ions in III-V semiconductors is very different than
that of TM ions. Most importantly, the RE ions in GaN tend to form
a 3+ charge state and reside on the Ga crystal sub-lattice. The 4f
transitions of the RE3* ions give rise to a set of very characteristic
optical emissions. In the experiments described above, samples were
examined using PL and those measurements confirmed the presence
of RE*" ions in the GaN host. In contrast, the charge state of TM
ions in III-V semiconductors can assume several different values. For
GaAs, TM ions usually form a 2+ valency leading to p-type conduc-
tivity. However, in GaN, the charge state situation of TM ions is less
well understood. Consequently, generalizations concerning these two
material systems must be made cautiously.

In our RE-doping experiments, optical, magnetic, and electrical
measurements have been performed on various III-N samples, includ-
ing un-intentionally doped films and those co-doped with either Si or
Mg ions. None of undoped samples displayed either 4f optical emis-
sions, or magnetic behavior, or the anomalous Hall effect. Co-doping
GaN:RE films with Si, or Mg did enhance the magnetic behavior, as
was also found in GaN:TM samples. Furthermore, several of our ex-
periments indicated that the magnetic properties of the GaN:RE films
can be altered by either the intentional introduction of defects or by
LED illumination. These magnetic changes were reversable, as shown
in Figures 2a and 6. It is difficult to reconcile such experimental results
with a conceptual model for magnetization based solely on the pres-
ence of nanophases. Additionally, nanophases or clustering has not
been experimentally observed in GaN:RE films; however, the struc-
tural characterization, with TEM or atom probe tomography, of these
films has not been as widely investigated as with GaN:TM films.

Another issue that has not received sufficient attention is the control
of magnetic behavior of III-N:RE materials with an applied electri-
cal field. Nepal et al. fabricated GaN:Mn i-p-n device structures that
demonstrated functional control of magnetic behavior at RT using an
applied voltage to the GaN p-n junction.>® No such electrical control
of magnetic behavior for a device based on III-N:RE materials has
been reported as yet. Nevertheless, doping of wide bandgap semicon-
ductor materials with RE ions is a promising research area with a
large potential technological impact for photonic and magnetic device
applications.
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