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With a high surface-to-volume ratio, Ga-polar GaN nanorod array
was designed and realized as the precursor to grow ferromagnetic
enhanced GaN:Mn film by MOCVD. HRXRD and Raman scattering
results might imply a correlation between the ferromagnetism in
GaN:Mn and the built-in defects in intrinsic GaN lattice induced
when Mn doping was applied.

Nanorod, as a one-dimensional nanostructure, has the
uniqueness of large surface-to-volume ratio, dislocation
reducing, strain relieving, and it is commonly recognised that
nanorod array produced on standard size substrate is
applicable for industrial use. Therefore, many theoretical and
applied research have been done based on this kind of
material and its derivatives.’® However, much of the attention
is thrown to the aspect of high crystal quality or low dimension,
and many other interesting nanorod-induced features remain
to be investigated.

Under the spintronic idea of simultaneously manipulating
both the spin and charge of carriers in devices, diluted
magnetic semiconductors (DMSs) have entered people’s vision
as a fundamental spin injection material.® And DMSs like
GaMnAs and InMnAs have been made and applied in many
spintronic research.” However, an industrial use of DMSs
requests a high transition temperature and a distinct magnetic
feature. Based on GaN:Mn’s promising high transition
temperature in the spin part and, moreover,
application of GaN in the charge part, GaN:Mn becomes
appealing in the pursuit of practical spintronic devices.®*’” And
high-temperature ferromagnetic GaN:Mn has been reported in
both films®?* and nano structures**. Therefore, the idea of
nanorod array based ferromagnetic GaN:Mn begins to catch
the attention of researchers. And recently, Lin et al. have, for
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the first time, successfully produced above room-temperature
ferromagnetic GaN:Mn nanorod array with MBE."?

On the other hand, the new features induced by nano
structure in itself are also new subjects for DMS theory. As the
guidance on finding DMSs with high transition temperature
and strong ferromagnetism, the theoretical understanding of
the ferromagnetism in DMSs is in great demand. However, this
problem, which was always based on conventional DMS film
structure in previous research, has been a subject of lengthy
debate.™* Against this background, a new structure may
provide us a new perspective on this problem.

In this work, we suggested that GaN nanorod array has the
potential to be a good precursor in producing GaN:Mn with
enhanced ferromagnetism, and used Ga-polar GaN nanorod
array to grow high-temperature ferromagnetic GaN:Mn film.
As was hoped, the saturation magnetization and residual
magnetization in this structure were distinctly enhanced,
compared to conventional GaN:Mn films. High-resolution X-ray
diffraction (HRXRD) and Raman scattering excluded the
possibility of micro-precipitates or clusters. They also implied a
correlation between the ferromagnetism in GaN:Mn films and
the built-in defects in intrinsic GaN lattice induced with Mn
doping.

The strategy of nano-precursor showed a way to enhance
ferromagnetism in DMS by the control of defects. And the
material itself supported the idea that the defect caused by
the process of growth plays an important role in the
magnetism in DMS system. Moreover, the ferromagnetic
enhancement caused by nanorod precursor also showed a
new train of thought that, not just a nano structure itself has
interesting phenomena, when acting as a precursor, it can also
bring the marvels of nano world into macroscopic bulk
materials.

As indicated in many works, defects like Vg,, Vy, or N split
may play an important role in the ferromagnetism of GaN:Mn
film.1%1° Though their views on the defect type are diverse,
point defect is a consensus. According to this philosophy, we
suppose, if we intentionally induce more point defects in a
GaN:Mn structure, we might be able to get a magnetic
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Fig. 1 (coloured online) The process of producing our nano-precursor GaN:Mn film.

enhanced GaN:Mn material.

With a large surface to volume ratio, nanorod array can
provide a large amount of coalescence boundary when grown
into a film. These boundaries usually cause a high density of
threading dislocations; and a lot of point defects can be
induced along with the threading dislocations. Therefore,
nanorod array has the potential to be a good precursor in
producing GaN:Mn with enhanced ferromagnetism.

The whole process of our sample preparation is shown in
Fig. 1. The substrate for GaN nanorod growth was a layer of 3
um c-plane GaN on sapphire capped with 50 nm SiO, mask
layer; this substrate was prepared by nano-imprinting
lithography (NIL) with an Obducat Eitre3 instrument and by
inductively coupled plasma (ICP) dry etching with a Samco RIE-
200ip etcher. The process of preparing this substrate is similar
to previous works in our group.20

The SiO, mask provided a pitch 500 nm and diameter 200
nm hexagonal arranged hole pattern for nanorod selective
area growth (SAG),1 and then GaN nanorod array was grown in
a Thomas Swan close coupled showerhead reactor metal
organic chemical vapor deposition (MOCVD) system. The GaN
nanorod array was grown 300 nm high with a direct nanorod
growth with 136 pumol/min TMGa, 160 sccm NH;3 and 1 sccm
SiH,. The substrate temperature was 1068°C and the reactor
pressure was 300 mbar.

Both N-polar (grown directly from sapphire under the SiO,
mask) and Ga-polar nanorod arrays were made, and used as
the precursor for GaN:Mn film. It turned out that, only the
nanorod array from Ga-polar growth could be used as the
precursor for successive GaN:Mn growth, while the N-polar
nanorod array could not. This difference could be clarified by
the SEM (Nova Nano SEM 430) observation of morphology
shown in Fig. 2(a) and (b). Nanorod array from Ga-polar
growth resulted in a pyramidal top, while that from N-polar
growth formed a top part having the shape of a truncated
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pyramid or even just a flat top, which means a closed r-plane
in N-polar nanorod array.21

After the Ga-polar nanorod array was made, it was grown
into a 450nm thick GaN:Mn film in 5.64 umol/min TMGa, 0.87
pmol/min (MCP),Mn, 25 sccm NH; and 1 sccm SiH,4, as shown
in Fig. 2(c). This time, the substrate temperature was 1020°C
and the pressure was 100 mbar. As for the
conventional ferromagnetic GaN:Mn film which is used for

reactor

comparison here, it was grown directly from c-plane GaN film
on sapphire. This was performed under 1060°C, 100 mbar and
a source flow of 11.28 pmol/min TMGa, 1.73 umol/min
((MCP),Mn) and 4.8 slm NH;. All the GaN:Mn growth was done
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Fig. 2 SEM image of (a) Ga-polar GaN nanorod array (45°
tilted) (b) N-polar GaN nanorod array (45° tilted) (c) the
nano-precursor GaN:Mn film (cross section).
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in a low pressure horizontal reactor MOCVD system. The Mn
concentration of the GaN:Mn film was controlled by varying
the ratio of the molar flow of Mn and Ga going into the reactor
and, to freeze more Mn atoms in the GaN lattice, a high V /III
ratio and ultra-fast cooling was applied in GaN:Mn growth.8
The film with 2.8% Mn content was found to have the most
significant ferromagnetic feature in the nano-precursor
GaN:Mn film, so a 2.8% Mn doping conventional GaN:Mn film
was grown for comparison.

Hysteresis loops were measured to characterise the
magnetism of the GaN:Mn films. As the magnetic signals for
most magnetic semiconductors, including the GaN:Mn film,
are usually weak, a very careful operation and a measurement
as sensitive as possible were performed to obtain reliable
data.” The magnetization was measured in the most sensitive
RSO mode in a commercial superconducting quantum
interference device (SQUID) magnetometer MPMS XL from
Quantum Design, and the result is shown in Fig. 3.

In bare GaN nanorod array and GaN film, only diamagnetic
background assigned to sapphire substrate could be seen (not
shown in Fig. 3). The hysteresis loops of the nano-precursor
GaN:Mn film at 30K, 150K and 300K were measured with the
external magnetic field parallel to the surface of the film. The
result indicated an above room-temperature ferromagnetism
in the nano-precursor GaN:Mn film, which is similar to the
result in conventional GaN:Mn film.® The slowly decrease of
saturation magnetizations when temperature increases could
be explained by thermal motion of domains.

A comparison with conventional GaN:Mn film shows a 2.5
times increment from 0.86 emu/cm3 to 2.14 emu/cm3 in
saturation magnetization. The inset is an enlarged image of the
zero field part of the hysteresis loops; and it shows a
significant more-than-three-time increment from 0.08
emu/cm3 to 0.26 emu/cm3 in residual magnetization. Also, the
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Fig. 3 (coloured online) Hysteresis loops of the nano-

precursor GaN:Mn film at 30K (square), 150K (dot) and

300K (up triangle), and conventional GaN:Mn film at

300K (down triangle). Inset: enlarged image of the zero

field part of the hysteresis loops.
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Fig. 4 (coloured online) HRXRD w—20 scan curves for bare
GaN nanorod array, the nano-precursor GaN:Mn film and
conventional GaN:Mn film.

coercivity increases from 80 Oe to 115 Oe, which is not so
significant, but much larger than their nano counterparts of
about 35 Oe.***?
precursor hypothesis that a GaN:Mn structure with more point

These results favourably support our nano-

defects might result in magnetic enhancement.

High-resolution X-ray diffraction (HRXRD: Bruker D8) was
used to analyse the structure of the samples. As for the w—26
scan curves shown in Fig. 4, peaks at 31.1°, 34.5°, 64.8°, 72.9°
and 41.8°, responding to GaN (100), (002), (103), (004) face
and sapphire, occur in all the spectra.23 Peaks at 44.2°, 57.8°
and 77.5° occur only in the nano-precursor GaN:Mn film and
bare GaN nanorod array, which are induced by the amorphous
SiO, mask Iayer.24 No additional peak from Mn-related
secondary phases or impurities appears in either the Mn-
doped GaN films. This result indicated that this kind of
ferromagnetic GaN:Mn film is in a single phase, which is similar
to the results in our previous works on conventional GaN:Mn
films.®

Also,
conventional GaN:Mn film under the same level of Mn doping,

compared with bare GaN nanorod array and

the rocking curves of the nano-precursor GaN:Mn film were
measured on (002) and (102) planes. It was found that the full
width at half maximums (FWHM) on (002) plane were 281
arcsec for the nano-precursor GaN:Mn film, 314 arcsec for
conventional GaN:Mn film and 270 arcsec for bare GaN
nanorod array. This decrease in nanostructure and nano-
precursor could be understood as the result of strain releasing
in nanorod growth.25 As for the FWHMs on (102) plane, the
nano-precursor GaN:Mn film was 315 arcsec, the conventional
GaN:Mn film was 314 arcsec, and the bare GaN nanorod array
was 309 arcsec. There was not a distinct difference among
these three. Given that the (002) and (102) plane FWHM
always relate to screw dislocations and edge dislocations
respectively, the results implied the threading dislocation
might not be responsible to the ferromagnetic enhancement.”

J. Name., 2013, 00, 1-3 | 3
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We also carried out a preliminary hall test with the three
samples. The Ti/Al/Ni/Au (25/120/45/100nm) electrodes were
made at the four corners of a 1X 1 cm? square, followed by a
30s rapid thermal annealing at 830°C in N, atmosphere to
form ohmic contact. The measurement was performed with an
Accent HL5500 Hall measurement system. Compared with the
conventional GaN:Mn film, the nano-precursor GaN:Mn film
showed a smaller mobility and a significantly higher carrier
concentration. On one hand, the decrease in mobility could be
explained by more defect scattering. On the other, the
remarkable increase in carrier concentration might be caused
by the increase in donor-like point defects. Though further
works like deep-level transient spectroscopy (DLTS) need to be
done to identify the species of the point defect, these results
might imply more point defects in our nano-precursor GaN:Mn
film.

Fig. 5 shows the result of Raman scattering (Renishaw
Confocal Raman microscope) at room temperature. The
spectra of bare GaN nanorod array and conventional GaN:Mn
film are also shown for comparison. The peaks at 570 cm ™ and
735 cm™ are assigned to the EZH and A;(LO) phonon modes
respectively. Unlike previous works in room-temperature
ferromagnetic GaN:Mn in both films and nanostructures, we
did not find any shoulder peak of EZH peak at about 588 cm™,
which is always assigned to Mn-N pairs, micro-precipitates or
clusters in any of these Raman spectra.lg’zs'28 Considering the
small amount of Mn in both the ferromagnetic GaN:Mn films,
the Mn amount or other forms of cluster may not be the most
critical factor for the ferromagnetism in GaN:Mn material. This
is also a side evidence of uniform magnetization in the
GaN:Mn films.

A small Raman peak at 671 cm™ occurs in both
conventional GaN:Mn film and the nano-precursor GaN:Mn
film. But it doesn’t appear in bare GaN nanorod array or
conventional GaN film. This difference means that the 671cm™
Raman mode was induced with Mn doping. This behaviour in

—— bare GaN nanorod array
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—— conventional GaN:Mn film

Raman Intensity (a. u.)

588cm-! 67‘1 cm!

i ! ! 1 1

500 550 600 650 700

Raman Shift (cm™)

Fig. 5 (coloured online) Raman spectra of bare GaN
nanorod array, the nano-precursor GaN:Mn film and
conventional GaN film.
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Raman spectrum was also observed when implanting other
magnetic ions into GaN, and it has nothing to do with ionic
species.29 This result implied, not to the substituting impurities
themselves, this ferromagnetism related 671 cm™ Raman
mode is assigned to disorder activated Raman scattering of
built-in defects in intrinsic GaN lattice. Consistent with the
results from XRD and the Hall measurement, the results
implied that the high-temperature ferromagnetism of GaN:Mn
film may relate to the built-in defects in intrinsic GaN lattice.

Conclusions

In conclusion, we took the advantage of high surface-to-
volume ratio of nanorod array, and pointed out it has the
potential to be a precursor in producing GaN:Mn with
enhanced ferromagnetism with a defect control. Hereby, 2.8%
GaN:Mn film was grown from Ga-polar GaN nanorod array as
the precursor in MOCVD. And as was hoped, the film had a
high-temperature ferromagnetism, and a significant magnetic
enhancement compared with its conventional counterpart.
HRXRD and Raman results excluded the possibility of micro-
precipitates and clusters, and related the critical reason for
ferromagnetism in GaN:Mn to the built-in defects in intrinsic
GaN lattice induced with Mn doping. Moreover, the strategy of
nano-precursor showed a way to enhance ferromagnetism in
DMS, and provided a new train of thought for nano application
in macroscopic world.
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