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We present a study of the influence of gallium vacancy (Vg,) point defects on the ferromagnetic
properties of GaN:Mn and GaN:Mn,O micro- and nanostructures. Results demonstrate that the
generation of these point defects enhances the ferromagnetic signal of GaN:Mn microstructures,
while incorporation of oxygen as an impurity inhibits this property. XPS measurements revealed
that Mn impurities in ferromagnetic GaN:Mn samples mainly exhibit a valence state of 2+-.
Cathodoluminescence (CL) spectra from Mn-doped GaN samples displayed emissions centered at
about 1.97 eV, attributed to transitions between the 4T 1-6A states of the Mn2* d orbitals, and emis-
sions centered at 2.45 and 2.9eV, associated with the presence of Vg,. CL measurements also
revealed a blue shift of the GaN band-edge emission generated by the expansion of the wurtzite lat-
tice due to Mn incorporation, which was confirmed by XRD measurements. These latter measure-
ments also revealed an amorphization of GaN:Mn due to the incorporation of oxygen as impurities.
The GaN:Mn samples were synthesized by thermal evaporation of GaN and MnCO; powders onto
Nig gCry »/Si(100) in a horizontal furnace operated at low vacuum. The residual air inside the system
was used as a source of oxygen during the synthesis of Mn and O co-doped GaN nanostructures. Mn
and O impurities were incorporated into the nanostructures at different concentrations by varying
the growth temperature. Energy Dispersive Spectroscopy, XRD, and XPS measurements confirmed

that the obtained samples predominantly consisted of GaN. Published by AIP Publishing.

https://doi.org/10.1063/1.5006698

I. INTRODUCTION

Gallium oxide is a wide bandgap semiconductor (3.4eV
at room temperature) used to fabricate efficient laser and
light-emitting diodes.'™ In recent years, this material has
also received attention in spintronic applications. Since Dietl
et al. proposed that GaN and ZnO doped with magnetic impu-
rities at low concentration can exhibit ferromagnetism at
room temperature,’ several authors have reported evidence of
this property using Mn as a magnetic impurity in GaN.%
However, the origin of ferromagnetism in GaN and other
dilute magnetic semiconductors (DMS) is not clear because
conventional super-exchange or double-exchange interactions
do not adequately explain the long-range magnetic order
observed for magnetic impurities at low concentrations.'®"?
Some reports have proposed that ferromagnetism in DMS is
generated by exchange interactions mediated by the point-
defects present in semiconductors; consequently, much effort
has been devoted to achieving precise control in point-defect
generation during the synthesis of GaN:Mn.'*"'” On the other
hand, adequate control of the valence configuration of mag-
netic impurity ions in GaN is essential, particularly because
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the incorporation of Mn*" ions into GaN atoms, as acceptor
impurities, has been reported to generate holes that act mediat-
ing the generation of ferromagnetism.'? Therefore, as the gen-
eration of ferromagnetism by exchange interactions mediated
by point defects and impurities is very probable in DMS, their
identification in GaN produced by doping it with Mn can cer-
tainly help in the study of these spin interactions. In this work,
we used the Cathodoluminescence (CL) technique to study the
defect structure in GaN micro- and nanostructures generated
by the incorporation of Mn and O at different concentrations.
Besides, we used a SQUID system to measure the ferromag-
netic response of GaN:Mn samples. Results suggest that the
incorporation of Mn impurities generates type Vg, point
defects, which enhance the ferromagnetic signal of GaN:Mn
microstructures, while the incorporation of oxygen inhibits this
property. In addition, XPS measurements revealed that Mn
impurities in GaN mainly exhibited a valence state of 2+.

Il. EXPERIMENTAL

Undoped GaN and Mn-doped GaN micro- and nanorods
were synthesized by thermal evaporation of GaN powder
(Alfa Aesar, 99.9%) or GaN mixed with MnCO5; powders
(Alfa Aesar, 99.9%) onto Nig gCr,/Si(100) substrates in a
homemade horizontal quartz tube furnace operated at 900

Published by AIP Publishing.
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mTorr. The non-magnetic nichrome NiygCrq, buffer layer
deposited by thermal evaporation onto Si(100) allowed opti-
mal adherence of the GaN structures with the substrates. As
shown in Table I, four samples were synthesized at tempera-
tures and growth times in accordance with previous stud-
ies,"®!” using NH; (Infra 99.9%) as carrier gas at flows
between 12 and 16 sccm. The powder mix was placed in an
alumina boat at the center of the furnace, evaporated at
1200°C, and diffused upstream of the ammonia flow toward
four aligned NiCr/Si(100) substrates along the quartz tube. A
thermocouple measured the growth temperature, recording
values of about 900 °C (sample 2), 850 °C (sample 3), 800 °C
(sample 4), and 750°C (sample 5). The selected growth tem-
perature was within the interval of the previously determined
optimal temperatures to obtain the desired morphology and
size of the structures in our furnace. In addition, we had con-
trol of the atomic percentage of the impurity (O or/and Mn).
In previous work, we found that at temperatures from 850 to
600°C, O is incorporated as an impurity at atomic percen-
tages that range from 5% to 18%. The higher the growth tem-
perature, the lower the atomic percentage of O, and at growth
temperatures lower than 600 °C, oxides like Ga,0O5 tended to
form.2® Incorporation of oxygen originating from the residual
air in the furnace was found only in samples 4 and 5 (Table
I). An undoped GaN sample (sample 1) was also synthesized
onto a NiCr/Si(100) substrate, at 950 °C, to compare its prop-
erties with the Mn-doped samples.

The crystal structure was characterized with a Philips
X’pert X-ray diffractometer with a CuKo (4 =0.154nm) line
excitation source with a tension of 45kV and current of 40 mA.
Detector condition oslits were S1 (divergence slit) %A and S2
(anti-scatter slit) 1 A that correspond to a resolution of 0.08°
(Degree) equivalent to 0.008 A in accordance with that reported
by the User Manual Philips X’pert X-ray Diffractometer. The
relative atomic composition of the samples was characterized
by Energy Dispersive Spectroscopy (EDS) using an Oxford X-
Max analyzer equipped with silicon drift detector X-Max and
INCA X-Stream 2 and MICS 2 Software (Oxford Instruments).
The uncertainty in the atomic percentage of each element cor-
responded to the standard deviation (sigma) of the calculation
done by the INCA software, operated with a standard-based
sequence. The energy of the EDS electron beam was 15keV
with a current of 3.1 x 10"® A. The measurements in samples
S1, S3, and S5 were taken at magnification of 3000, S2 in an
area of approximately 1 um?” due to the size of sample and the
microstructures, and the measurement in sample S4 was taken
at a magnification of 8000x (see supplementary material).
Correct calibration of the EDS system was confirmed by mea-
suring the relative concentration of a GaN epitaxial film
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(MTI Corp., Stock No. GaNTsiS0D05C1-N), which yielded
values of Ga and N of 50.2 (=0.7) and 49.7 (+0.4) at. %,
respectively. For Transmission Electron Microscopy (TEM)
and Selected Area Electron Diffraction (SAED) measurements,
a JEOL JEM 2100 which was operated at 200keV and
equipped with an EDS X-Max Oxford-Instrument was used to
obtain high resolution images of the nanowires of samples S4
and S5 and study the defects in the atomic layers induced by
the incorporation of Mn and O in the GaN lattice. SAED in
TEM was used to confirm and quantify the presence of Mn an
O as impurities in the nanowires. A SPECS system equipped
with a PHOIBOS WAL analyzer using an Al anode was used
to measure the X-ray photoelectron (XPS) signals emitted from
the samples. High-resolved spectra for each element present in
the samples were obtained after 300 accumulative measure-
ments. The obtained XPS spectra were calibrated using the C
(1s) signal (284.6eV) as reference. Sample morphology was
studied using a JEOL FIB-4500 SEM and a field emission
JEOL JSM-7800F equipped with a STEM system. A Mono-
CLA4 Gatan system adapted to the JEOL FIB-4500 SEM system
measured the cathodoluminescence (CL) signal from samples
at room temperature and in the UV-visible spectral range. A
SQUID (MPMS-5S) Quantum Design magnetometer (from
[IM-UNAM, Mexico City) with a resolution of 1x 10™T
operated in Reciprocating Sample Option (RSO) mode was
used to detect the magnetic response of the samples by apply-
ing a magnetic field from *1T parallel to the surface of the
samples at 100 K.

lll. RESULTS AND DISCUSSION

Table I shows that all synthesized samples contained a
higher concentration of nitrogen than gallium, apparently
due to the N-rich conditions generated by placing the sub-
strates at the upstream of the NH; flow in the furnace. This
gallium deficiency could promote the formation of gallium
vacancies (Vg,), since these point defects exhibit the lower
formation energy for GaN grown under N-rich conditions.*'
Table I also shows, for samples 2 and 3, that a lower amount
of manganese was incorporated into GaN as the growth tem-
perature increased. EDS measurements from samples 4 and
5 similarly revealed that, by lowering the growth tempera-
ture, the Mn and O concentrations increased. EDS measure-
ments did not reveal Ni or Cr signals.

As stated in the Experimental section, the conditions to
obtain the atomic percentage were not the same for all sam-
ples. Nevertheless, our purpose was to obtain a representative
quantification of the elements contained in each sample. For
this, several EDS measurements were taken for each sample

TABLE I. Growth conditions and elemental composition of GaN samples measured by EDS in SEM.

Sample No. Growth Temp. (°C) Ga (at. %) = 0.7 N (at. %) = 0.4 Mn (at. %) = 0.03 O (at. %) = 0.3 NH;flow (sccm) Time (h)
1 950 45 55 12.15 4.6

2 900 43.1 52.7 4.2 16.05 5

3 850 37.2 539 8.9 12 4.6

4 800 39.7 47.8 2.6 9.9 12.3 35

5 750 36.2 40.1 5.7 18.0 12 4.6
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from different areas, and the representative percentage of all
measures is presented in this paper. For samples S4 and S5,
SAED measurements were made to confirm the presence of
Mn and O impurities in the nanowires, not only their detection
in the bulk. The most relevant result revealed by these mea-
surements is that the atomic percentage of Mn and O as impu-
rities in the nanowires is in fact the same as in the bulk and
that their distribution along the nanowires is homogeneous.
These results, however, are not presented in this paper.

Figure 1 shows normalized XRD patterns of the samples
with diffracting peaks that correspond with the wurtzite-type
crystal structure of the GaN. Sample 1 shows similar relative
intensities for the main (100), (002), and (101) diffraction
peaks, with Bragg angles that correspond to lattice parameter
values of a=bh=3.18 A and ¢ =5.18 A, calculated by using
Carine Crystallography software. Samples 2—5 show a grad-
ual shift of the (100) and (101) diffraction peaks —relative to
the (002) peak, because its measured value was the same for
all samples to lower Bragg angles as Mn concentration
increased within them, revealing a gradual expansion of the
lattice parameters a and b. For samples 2 and 3, we calcu-
lated that these parameters increased by 0.01 and 0.027 A,
respectively, with respect to the reference values measured
for sample 1. This result demonstrates that Mn incorporates
as substitutional impurity (Mng,) in the wurtzite basal plane
(001), defined by the a and b unit cell vectors, generating its
expansion, apparently because Mn ions have higher ionic
radius than Ga ions. We propose that Mn*" ions substitute
Ga>" ions because 2+ is the most stable oxidation state of
Mn and because Mn”" has a larger ionic radius than the ionic
radius of Ga®>" (67 and 62 pm, respectively). Figure 1 also
shows that sample 2 exhibited higher relative intensity of
the (002) diffraction peak than other samples, which corre-
sponds to the formation of hexagonal prismatic structures, as
revealed by SEM measurements (Fig. 4). Sample 3, in con-
trast, shows a low relative intensity of the (002) peak and
high relative intensities of the (100) and (101) diffraction
peaks, suggesting alternated growth of the [100] and [001]
directions of the wurtzite structure. XRD patterns from sam-
ples 4 and 5 show diffraction peaks with lower intensities and
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FIG. 1. XRD patterns of samples (1-black, 2-red, 3-blue, 4-magenta, and 5-
green lines, respectively) show the hexagonal crystalline structure of GaN.
*Peak associated with the substrate. Reference JCPDS 76-0703.
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wider than other samples, revealing that oxygen incorporation
reduces the GaN:Mn crystalline quality. XRD measurements
do not show diffraction peaks corresponding to [-Ga,Os
monoclinic, GazO3N spinel-type, GaNO sphalerite-type, or
manganese oxide (MnQO) as residual phases.

The chemical state of the elements present on the sur-
face of samples was determined by XPS measurements.
Figure 2(a) shows the XPS spectra of the N 1s signal
obtained from GaN sample 1 centered at about 397eV,
which correspond to the N-Ga bonding. Similarly, all sam-
ples revealed the Ga 2p3, and Ga 2p;, signals centered
about at 1117.4 and 1144.2 eV, respectively, matching with
those reported for epitaxial GaN.?* Figure 2(c) shows the O
Is signal from the samples centered at 531.5eV that corre-
sponds to the C=0O bond of the adsorbed residual atmo-
spheric gases.”> This XPS signal also shows one shoulder at
about 529.8 eV for samples 3—5, which could correspond to
the binding energy of Ga-O or Mn-O bonds.** Nevertheless,
EDS in SEM did not detect an O signal in sample 3. Figure
2(d) shows the Mn 2p signal as two peaks produced by its
splitting due to spin-orbit coupling effects. These Mn 2p;)»
and 2ps;, signals exhibited binding energies of 653 and
641 eV, respectively, matching with the reported values for
the Mn-N bond.>>2¢ Figure 2(d) also shows a shoulder at
about 646 eV that we assign to the well-known satellite sig-
nal observed for Mn>" ions.?

Figure 3 shows the deconvoluted 2p;3,, signal peak cal-
culated for sample 3 with two Gaussian curves centered at
641 and 642eV, which correspond to the Mn®" and Mn>"
signals, respectively.?”?® This result reveals that the Mn 2p
signal detected at the surface of the sample is produced
mainly by divalent Mn ions, in agreement with other reports.
Hwang et al. previously reported for Ga, _Mn,N thin films
that Mn ions incorporate into the tetrahedral sites of the wurt-
zite structure as substitutional impurities and that their valence
is divalent.”® Other authors, besides, have found that the
valence of the Mn ions depends on the growth temperature of
their host material during synthesis. Mn™ incorporates at
growth temperatures above 980 °C, both Mn™> and Mn™*? at
temperatures between 980 and 900 °C, and Mn " at tempera-
tures below 900°C.?*° Since growth temperature of most of
the samples was lower than 900 °C, a high concentration of
Mn”" was expected in them, correlating with XPS results.

SEM images from sample 1 show formation of elon-
gated microplates of several microns in length, 1 um in
width, and about 500nm in thickness [Fig. 4(a)]. These
structures showed triangular ends apparently due to the
growth of GaN along the [1120] directions. Figures 4(b) and
4(c) show that Mn-doped GaN samples grew forming hexag-
onal prismatic microstructures. Sample 2 revealed the forma-
tion of embedded prisms of about 7 um in length and radius
between 1 and 2.5 um, while sample 3 exhibited the forma-
tion of both regular hexagonal prisms [red rectangles in
Fig. 4(c)] and prismatic structures elongated along the
[1120] directions [white rectangle inset in Fig. 4(c)]. SEM
images of the Mn and O co-doped samples show the forma-
tion of GaN nanowires of several microns in length and
diameters smaller than 500 nm, as shown Figs. 4(d) and 4(e)
for samples 4 and 5, respectively. Sample 5 also shows the
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FIG. 2. High resolution XPS spectra of
the elements (a) N (1s), (b) Ga (2p),
(c) O (1s), and (d) Mn (2p) present on
the surface of the samples (1-black, 2-
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formation of bent microwires of about 1 um in diameter and
several microns in length, exhibiting a rough surface, possi-
bly generated by the stacking of circular plates.

Figure 5(a) shows a typical TEM image of a nanowire of
sample 4, which displays the characteristic dark fringes trans-
verse to its growth direction. We had previously identified
these line defects as edge dislocations®' generated by atomic
stacking faults (planar defects®?) that promote the incorpora-
tion of oxygen into the GaN lattice at high concentrations."’
HRTEM images obtained near the end of one of these nano-
wires show atomic planes spaced by approximately 5 A corre-
sponding to the wurtzite (0001) planes [inset in Fig. 5(b)].
Figure 5(c) shows a region of the nanowire with atomic faults

Mn 2p1/2 Sample 3

Mn3+

satelite M 2Ps;

Normalized Intensity (arb. units)

T T T T T
630 635 640 645 650 655 660

Binding Energy (eV)

FIG. 3. A deconvolution of peak Mn 2p;,, of sample 3 suggests a major
presence of Mn>" and a minor possible presence of the Mn** ion, but the
clear presence of the component associated with the satellite confirms the
divalent state of the Mn ion.

645 650 655 660

Binding Energy (eV)

in the stacking sequence of the basal planes (0001) (dashed
orange lines that are misaligned with the blue lines). Similar
stacking faults we had previously observed in oxygen-doped
GaN nanowires and attributed their origin to the formation of
extended defects such as dislocations or twinning defects.'®
TEM images from nanowires of the sample 5 show similar
stacking fault defects as observed in sample 4.

Figure 6(a) shows the normalized CL spectra obtained
from samples 1 and 2, revealing emissions centered at 3.19
and 3.35eV that correspond to the GaN band-edge signals,
respectively. The blue shift of this emission observed for
sample 2 is attributed to the expansion of the wurtzite lattice
due to Mn incorporation, such as has been previously
reported for Mn-doped GaN epitaxial films.>* Figure 6(a)
also shows that sample 1 reveals a broad and weak emission
in the range 1.7-2.8eV [arrows in Fig. 6(a)], composed by
two emissions centered at about 2.0 and 2.5eV as shown in
the inset in Fig. 6(a). The first band corresponds to the well-
known yellow emission of GaN, the origin of which is still
subject of controversy; however, it has been associated with
native point-defects of the nitrogen vacancies type (Vy) by
several authors.'®**% The second band, centered at around
2.5eV, could correspond to the green emission of GaN pre-
viously reported by Reshchikov and Morkog¢ in undoped
GaN films, therein assigned to gallium vacancies (Vga).>®
Figure 6(b) shows the CL spectrum for sample 3, which
reveals a broad emission covering the complete visible elec-
tromagnetic range with a maximum at 1.97 eV. A deconvolu-
tion of this spectrum is also shown in Fig. 6(b), calculated by
using four Gaussian curves centered at 1.97, 2.45, 2.9, and
3.3eV, with FWHM of 0.4 eV for the first three components
and 0.2eV for the last. The predominant component of
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1.97eV could corresponds to the emission of 2.03eV
reported by Joshi et al. for Mn-doped GaN monocrystals
assigning an origin to transitions between the 4T,-6A states
of the d orbitals of Mn®".?>” However, Graf et al. previously
reported that Mn doping of GaN epitaxial films generates
Mn® 2" acceptor levels at 1.8eV above the valence band,

10 nm

FIG. 5. (a) TEM image of a typical nanowire from sample 4, showing line
defects. (b) HRTEM image from the tip of the nanowire; yellow inset indi-
cates wire growth in the c-direction. (¢c) Zoom of the blue rectangle from
(b), showing dislocations of the atomic lines; dashed orange atomic lines are
misaligned with the blue atomic lines.

J. Appl. Phys. 123, 161578 (2018)

FIG. 4. Secondary electron images of
micro-nanostructures of: pure GaN (a)
sample 1; Mn-doped GaN (b) sample 2
and (c) sample 3; GaN codoped with
Mn and O (d) sample 4 and (e) sample
5. Inset in (b) shows hexagonal micro-
rods present in sample 2. In sample 3,
red rectangles mark hexagonal micro-
rods, and inset in (c¢) shows a wire
grown in the [1120] direction. Inset
in (d) shows nanocrystals below the
nanowires in sample 4. Inset in (e)
shows a granular surface of the nano-
wires of sample 5.

which produces an absorption band at this same energy.”®
Radiative electronic transitions between this acceptor level are
not identified in Fig. 6(b) although we do not discard their
presence. The band of 2.45eV, as commented before, was
attributed to the presence of Vg, in GaN .36 The blue band cen-
tered at 2.9 eV was studied by Xu et al. in epitaxial GaN films,
and its origin was ascribed to metastable defects type Vg,.”
Other authors have attributed this blue emission to electronic
transitions from either a shallow donor or conduction band to
deep acceptors located at 0.4 eV above the valence band.*’
Calculations using the local-density functional method
reported by Elsner et al. for Vg, trapped in threading dislo-
cations in GaN exhibit different energy level values as a
function of the atomic position of vacancies close to a dislo-
cation.*! At the nearest atomic position in the stress field
close to the dislocation core, they reported a value of 0.4eV
above the valence band for the energy transition level 3-/2-.
In a previous CL study, we reported that the 2.9 eV emission
of GaN is generated by decorating dislocations caused by
point defects.*> We propose that the blue band of 2.9 eV cor-
responds to electronic transitions between acceptor levels
produced by Vg, trapped in threading dislocations. Gallium
vacancy generation in sample 3 apparently obeys to the
excessive distortion of the GaN lattice due to the high Mn
incorporation, as shown Fig. 1. The band of 3.3eV in Fig.
6(b) corresponds to the GaN band edge emission. The CL
spectrum from sample 4, shown in Fig. 6(c), also exhibited a
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broad emission with components at 1.98, 2.43, 2.9, and
3.33eV, which correspond to those observed in sample 3
[Fig. 6(b)]. Since the 2.43eV emission dominated the CL
spectrum, a high concentration of Vg, point defects is
expected in this sample. Sample 5 revealed a CL spectrum
similar to that observed for sample 3 although with lower
intensity for the emissions related to Vg, and the absence of
the GaN band edge emission due to the lack of crystallinity
of the sample, as shown in Fig. 1. For spatial distribution of
the defects attributed to the blue, green, and red emission,
CL images were taken and are shown in Fig. 7 for sample 3.

Figure 7 shows secondary and the corresponding mono-
chromatic CL images of sample 3, obtained by using band-
pass filters with center wavelengths of 620nm [2.0eV, Fig.
7(b)], 470nm [2.6eV, Fig. 7(c)], and 400nm [3.1eV, Fig.
7(d)]. The red emission shows an almost homogeneous dis-
tribution at the microstructures, suggesting uniform incorpo-
ration of Mn>" into GaN. In contrast, the green and blue
bands show high CL intensity at the edges, revealing an
inhomogeneous distribution of Vg, in sample 3.

For magnetic characterization of samples, we first stud-
ied the magnetic response of the NiCr/Si substrates to dis-
criminate in the magnetization generated by the Mn-doped
GaN. Figure 8(a) shows a typical magnetization vs. magnetic
field (M-H) curve obtained from a NiCr/Si substrate, reveal-
ing a clear diamagnetic behavior under applied magnetic
fields greater than £0.25 T. Besides, at magnetic intensities
lower than =0.2 T, the substrate exhibited a residual ferro-
magnetic signal, whose origin is not clear because neither
the Si(100) nor the NiCr alloy has magnetic response,
according to the manufacturer’s data.

On the other hand, the H-M curve from sample 1
revealed a similar magnetic response as the NiCr/Si substrate,

shown in Fig. 8(b), although with a better defined ferromag-
netic signal. Weak ferromagnetism in undoped GaN has been
reported by other authors attributing its origin to the polariza-
tion of unpaired 2p electrons of N surrounding Ga vacan-
cies.?’ However, since the NiCr/Si substrates exhibited
residual ferromagnetism, a clear ferromagnetic signal associ-
ated only with pure GaN cannot be confirmed (sample 1).
In contrast, M-H curves from Mn-doped samples 2 and 3
revealed a clear ferromagnetic signal overlaying the diamag-
netic response of the substrate [Figs. 9(a) and 9(b)]. The coer-
civity and the saturation magnetization values for sample 2
were 0.030 T and 8.1 x 10~ emu, while for sample 3 the val-
ues were 0.048 T and 6.5 x 10~ emu, respectively. Although
sample 3 does not seem to have a saturation point, this can be
due to the strong paramagnetic response of GaN at high val-
ues of the applied magnetic fields, above/below £0.25T.

The increase in coercivity with the Mn concentration in
samples S2 and S3 demonstrates that this impurity promotes
ferromagnetism in GaN as was expected. Previously, Hori
et al. reported that Mn impurities in GaN films at concentra-
tions between 3% and 5% increase the Curie temperature
above room temperature. These authors proposed a double-
exchange interaction between the t,, anti-bonding orbitals of
the Mn ions as the mechanism of ferromagnetism genera-
tion.*? On the other hand, the origin of ferromagnetism must
not necessarily be assigned only to changes in the concentra-
tion of magnetic impurities because, as other authors have
been commented, point defects in the semiconductor host
can mediate the exchange interactions of the magnetic
ions.'>!7 Correlating with the presence of defects shown in
the CL spectra in Fig. 6, the increase of Mn concentration in
GaN from 4.2 at. % (sample 2) to 8.9 at. % (sample 3) causes
V. point-defects that could participate in the generation of
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FIG. 7.(a) Secondary and (b)—(d)
monochromatic CL images from sam-
ple 3. (c) and (d) show a similar distri-
bution of the defects associated with
blue (2.9eV) and green (2.4eV) emis-
sion components. Meanwhile (b),
which corresponds to the emission cen-
tered at 1.9eV, shows a different dis-
tribution for the component associated
with the presence of Mn.
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ferromagnetism, as other authors have suggested. Ren et al.
and Jeganathan er al.*** recently reported ferromagnetism
in gallium-deficient GaN nanoparticles and nanowires,
respectively, in which both groups vary the Ga flux during
the synthesis of the nanostructures and correlate the gallium
deficiency, detected by EDS or XPS, to the generation of
V.. These measures were correlated with PL measurements
that confirmed the presence of gallium vacancies due to its
electronic transitions, similarly to the CL. measurements pre-
sent in this work, because the sensitivity of these techniques
to detect the characteristic defect-related optical transition
has been broadly demonstrated.>® Figures 9(c) and 9(d) show
the M-H curves of samples 4 and 5, respectively, revealing a
gradual loss of the ferromagnetic signal, which is noticeable
in the reduction of the magnetization range compared with
samples S2 and S3 (blue dotted lines). It is difficult to assign
a saturation point due to the poor crystallinity of sample S5,
but a weak FM signal is still observed. The reduction in the
FM signal is an effect of the incorporation of oxygen as an
impurity into both samples (Table I), which lowers the crys-
talline quality of GaN as seen in Fig. 1 and the interaction or
bonding of Mn with the elements on the GaN lattice that in
turn participates in the generation of FM in GaN:Mn systems.

IV. CONCLUSIONS

Mn-doped GaN microstructures were synthesized by
thermal evaporation of GaN and MnCOj; powders onto
Nig.gCrg»/Si(100) in a horizontal furnace operated at low
vacuum. Residual air inside the system was used as a source
of oxygen during the synthesis of Mn and O co-doped GaN
nanostructures. Mn and O impurities were incorporated into
the nanostructures at different concentrations by varying the
growth temperature. EDS, XRD, and XPS measurements
confirmed that the obtained samples predominantly consisted
of GaN. XRD results revealed that the nanostructures crys-
tallinity of the nanostructures diminished with increasing
oxygen concentrations. HRTEM images revealed that the
incorporation of oxygen generates stacking fault defects.
Sample CL spectra showed that Mn incorporation at a con-
centration of 8.9 at. % generates defect-related emissions of
2.45 and 2.9 attributed to gallium vacancies (Vg,), in addi-
tion to an emission of 1.97eV assigned to transitions
between the 4T;-6A, states of the Mn>" d orbitals. The mag-
netic response of the samples revealed a ferromagnetic signal
that correlated with the Mn concentration and with the gener-
ation of Vg, point defects.

SUPPLEMENTARY MATERIAL

See supplementary material for the secondary images of
the samples on the areas where EDS measurements were
acquired and their respective energy spectra with the detected
elements.
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