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The structural properties and lattice dynamics of Ga1−xMnxN were studied for Mn concentrations
from 0.0% to 1.5%. Ga1−xMnxN layers were fabricated by either Mn incorporation during the
metal-organic chemical vapor deposition �MOCVD� growth process or by postgrowth ion
implantation into MOCVD-grown GaN epilayers. The crystalline integrity and the absence of major
second phase contributions were confirmed by high-resolution x-ray diffraction analysis. Raman
spectroscopy showed that increased Mn incorporation in the epilayers significantly affected
long-range lattice ordering, revealing a disorder-induced mode at 300 cm−1 and a local vibrational
mode at 669 cm−1. The low intensities of both modes were shown to scale with Mn concentration.
These observations support the formation of nitrogen vacancies, even under optimized MOCVD
growth conditions. The slight excess of metal components in the growth process compared to
undoped GaN growth and the incorporation of Mn deep acceptor levels favors the formation of
nitrogen vacancies relative to undoped GaN. Such vacancies form shallow donor complexes and
thus contribute to self-compensation. Electronic defects such as these may be detrimental to the
ferromagnetic ordering process. © 2006 American Vacuum Society. �DOI: 10.1116/1.2201052�
The ability to control both flow of charge and spin of
charges in electronic devices has been a focus of ferromag-
netic research over the past decade. Dilute magnetic semi-
conductors �DMS� have been studied in pursuit of this goal
for use in spintronic devices because of their unique electri-
cal and magnetic properties.1–3 Their similarity to existing
semiconductors also shows promise for monolithic integra-
tion with existing semiconductor technology. Potential appli-
cations include nonvolatile memory, spin-polarized light
emitting diodes �spin LEDs�, electronic devices with faster
switching times and lower power consumption, and elements
for solid state quantum computing.4,5 However, room tem-
perature operation of spintronic devices has proven elusive.

Ga1−xMnxN films that exhibit ferromagnetism at and
above room temperature �RT� have recently been realized
due to improvements in materials growth technology. RT fer-
romagnetism has been observed in Ga1−xMnxN films grown
by metal-oxide chemical vapor deposition �MOCVD�,6 mo-
lecular beam epitaxy �MBE�,7 and Mn-implanted GaN
epilayers.8 However, the origin of ferromagnetic behavior is
still highly controversial, with several competing theoretical
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models that explain the experimental findings.1,9–11 More-
over, the possibility of ferromagnetic second phases and/or
nanoclusters leads to an increase in the complexity of the
study of ferromagnetism in this material system.2,12 A ferro-
magnetic behavior that is closely coupled with the free car-
riers in the system would be advantageous for most room
temperature spintronic devices.1,9,10,13

Hence, a better understanding of the structural properties
and the lattice dynamics of Mn-doped GaN epilayers is cru-
cial for understanding the ferromagnetic behavior in this ma-
terial system and developing a device technology. This ar-
ticle reports the effect of Mn incorporation in Ga1−xMnxN
epilayers. The long-range and local lattice ordering is inves-
tigated for MOCVD-grown Ga1−xMnxN and ion-implanted
MOCVD-grown GaN. The data show that Mn incorporation
into the GaN host lattice reduces long-range lattice ordering
and leads to an increase in the formation of nitrogen vacan-
cies. The reduction in long-range lattice ordering can be
minimized by MOCVD growth as compared to ion implan-
tation, and the formation of nitrogen vacancies can be re-
duced with donor-type �e.g., Si� codoping.

Ga1−xMnxN layers were produced by MOCVD. Mn ions

were also implanted into MOCVD-grown undoped, p-
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and n-type GaN epilayers with an energy of 200 keV at
400 °C. A Mn ion dose of 3�1016 cm−2 was used. Base line
samples consisted of undoped MOCVD-grown GaN epilay-
ers. The epilayers were grown using a highly modified ver-
tical MOCVD system. Ga1−xMnxN layers fabricated via Mn
ion implantation were held at 400 °C during the implanta-
tion process in order to promote dynamic lattice recovery.
The implanted samples were subsequently annealed for
4 min at temperatures up to 900 °C for complete lattice re-
covery. A Renishaw micro-Raman system with a 488 nm ex-
citation source was used for Raman measurements. The
x-ray diffraction �XRD� analysis was performed using a Phil-
lips X’Pert Pro diffractometer.

The results from the x-ray diffraction analysis, electron
spin paramagnetic resonance,14 and the magnetization mea-
surements rule out a high concentration of precipitates in the
samples.6,15–19 No asymmetrical broadening in the MOCVD-
grown GaN peaks was observed in XRD studies.14 Second
phases in the epilayers were below the detection limit as seen
in the �-2� scans for the MOCVD-grown samples �Fig. 1�,
even at the highest Mn concentration of 1.5%. No statisti-
cally significant deviation in the a-or c-axis lattice param-
eters was observed in the as-grown samples. Figure 1 also
shows the pre- and postannealing XRD scans of the im-
planted samples. The dominant feature in these scans is the
pronounced low angle asymmetry in the GaN �0002� peak
indicating a remaining lattice damage or a Mn phase.

A more detailed study of the local and long-range lattice
properties was performed by Raman spectroscopy. Figure 2
shows Raman spectra for the as-grown Ga1−xMnxN samples
and the ion-implanted samples. The spectra are dominated by
the GaN E2 �high� mode at 569 cm−1. This peak is shifted by
2 cm−1 from the relaxed value of 567 cm−1, most likely due
to tensile strain as a result of the growth on sapphire sub-
strates. Comparison of the measured Raman spectra with
phonon-dispersion curves for hexagonal GaN shows that the
broad peak at 300 cm−1 is a disorder-activated mode attrib-
uted to the highest acoustic phonon branch.20,21 Other Raman

FIG. 2. Raman spectra of MOCVD-grown �left� and
ion-implanted GaN:Mn epilayers �right�. In both cases,
the spectrum is dominated by the GaN E2 �high� mode.
This makes the shift in the A1�TO� mode that is appar-
ent in FIR spectra much harder to detect in the Raman
spectrum. The modes around 160, 300, and 670 cm−1

are disorder activated. The Mn ions were implanted into
n-type, p-type, and nominally undoped MOCVD-grown
GaN epilayers �a�. The carrier concentrations are indi-
cated labeling the spectra �shifted vertically for clarity�.
Raman spectra were also recorded after a 5 min RTA
treatment at 700 °C in nitrogen atmosphere �b�. The
same base lines were chosen for the spectra of the as-
implanted and the annealed samples, respectively.
FIG. 1. �a� XRD spectra of the sample series from 0% to 1.5%. Note that no
second phases are seen within the resolution of the technique. The small
peak at 53° is a � /2 remnant of the GaN �0006� reflection. �b� shows a
nominally undoped implanted GaN sample before and after annealing. Note
the considerable low angle peak asymmetry due to implantation damage and
Mn-interstitial introduction.
r copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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modes detected at 735, 560, and 533 cm−1 �A1�LO�, E1�TO�,
and A1�TO�, respectively� were assigned to the GaN host
lattice. The presence of a strong A1�LO� mode confirms the
absence of free carriers within this system due to the large
binding energy of the Mn acceptors.22 A slight blueshift
�hardening� of the E1�TO� mode was observed with increas-
ing Mn concentration. However, low Raman scattering inten-
sity prevented further studies. Far infrared �FIR� reflection
studies that are more sensitive to the E1�TO� phonon than
Raman backscattering confirmed the observed tendency of
lattice hardening with increasing Mn concentration.23

This study focuses on the Raman modes around 300 and
669 cm−1, which appeared to be more sensitive to Mn incor-
poration. The intensities of these modes increase with Mn
concentration, but no significant shift in their mode energies
was observed, and similar behavior was detected for a shoul-
der near 710 cm−1. The 300 cm−1 Mn disorder-activated
mode results from defect densities that cause a loss of wave
vector conservation in the scattering process.20,21 This mode
was also observed with significantly higher intensity in the
ion-implanted GaN epilayes. Annealing at 700 °C reduced
its intensity, and the Raman spectra became similar to those
of the MOCVD-grown Ga1−xMnxN epilayers. However, the
anneal could not completely remove this lattice disorder. It
should be noted that in this work the intensity of these modes
is significantly lower �normalized to the E2 �high� mode�
compared to other reports, suggesting that MOCVD growth
results in the generation of less lattice disorder due to Mn
incorporation.20,21,24,25

The features near 669 cm−1 were studied in more detail,

FIG. 3. Sensitivity of the vacancy-induced local vibrational mode �LVM� at
669 cm−1 on codoping. Magnesium was used for acceptor codoping, and
Silicon was applied to create shallow donors in Ga0.985Mn0.015N. Intensity of
the vacancy-induced LVMs and the disorder-activated mode near 670 and at
710 cm−1 are shown as a function of the Mn concentration in the inset. The
intensity of the A1�LO� mode does not depend on the Mn concentration and
is shown for comparison. Note the semilogarithmical plot for the modes at
664, 669, and 710 cm−1. The lines are guide to the eye only.
as shown in Fig. 3. An asymmetric broadening of this mode
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revealed a substructure that can be fitted with an additional
mode at 664 cm−1. These modes have previously been attrib-
uted to local vibrational modes �LVM� due to
vacancies.20,21,24,25 This mode is assigned to nitrogen vacan-
cies and depends on the growth conditions. The increase in
metal components �e.g., Mn�relative to undoped GaN
MOCVD growth conditions preferentially supports the gen-
eration of nitrogen vacancies and Mn interstitials in the ep-
ilayers. Doping considerations outlined by Zunger26 pro-
vided a further argument for this assignment. Most GaN
films are intrinsically n type because of native defects in the
material. With a high concentration of a deep acceptor level
dopant, as is the case for Mn concentrations up to 1.5%, the
Fermi level shifts toward the Mn deep acceptor level and
valence band. The addition of a deep acceptor level �e.g.,
Mn� during GaN growth causes the formation of donorlike
defects such as gallium interstitials and nitrogen vacancies to
self-compensate the acceptor-type defects as the Fermi level
shifts toward the valence band. First principles calculations
have shown that Ga interstitials have a higher formation en-
ergy in p-type GaN than nitrogen vacancies, making nitrogen
vacancies a probable compensation center under acceptor
doping conditions.27 This is supported by the Hall character-
ization of these samples determining them as either residu-
ally n type or highly resistive. Vacancy formation is also
suggested by the infrared reflection data which shows a
weakening of the GaN lattice with heavy Mn
incorporation,23 and has been suggested as the predominant
self-compensation mechanism in ion-implanted p-GaN.28 A
high vacancy concentration could also result in the observed
decrease in lattice parameter with Mn doping via MBE,29

whereas based on strictly atomic radii considerations an in-
crease in lattice parameter would be expected.

Si codoping produces shallow donor states in GaN that
can suppress the formation of nitrogen vacancies by compen-
sating the p-type deep level defects introduced by substitu-
tional Mn. Figure 3 shows that Si incorporation during GaN
growth suppresses the LVM at 669 cm−1. The importance of
the donor presence during the growth process is underscored
by a comparison to the ion-implanted samples �see Fig. 2�,
where no suppression of the vacancy-induced LVM was ob-
served for the n-type sample.

The intensities of the modes at 664, 669, and 710 cm−1

were found to be strongly dependent on Mn concentration
�inset of Fig. 3�. The A1�LO� mode is shown for comparison
since its intensity does not change with Mn concentration.
While the 710 cm−1 mode scales even more with Mn con-
centration, a direct assignment to a Mn-related vibrational
mode is not likely since this mode is also observed in, for
example, Cu-doped GaN.30 According to theoretical consid-
erations, this mode is due to the mixing of Raman modes
from different points of the Brillouin zone.31

No feature around 580 cm−1 was observed in the Raman
spectra that could be assigned to Mn substitution in GaN,
unlike the report by Harima.25 However, substitutional Mn
incorporation has been confirmed by further studies on these

6,16,17,19
samples, and several observations are inconsistent
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1643 Fenwick et al.: Manganese-induced long-range lattice disorder 1643
with RT ferromagnetism due to clustering mechanisms. The
paramagnetic nature of the Mn sample in Ref. 25 could eas-
ily result from substitutional Mn in the d5 configuration, as is
observed in MOCVD-grown material with high Si
concentration.16 Nitrogen vacancies, in particular, like shal-
low donor complexes such as Si, help to drive the Fermi
level above the Mn2+/3+ deep acceptor level. The increase in
vacancy concentration with Mn doping explains the much
larger observed drop in the Bohr-magneton moment per atom
�B /Mn than would be expected from increased random
Mn–Mn antiferromagnetic superexchange interactions.6,29

This further demonstrates the need for understanding the
electronic as well as structural configuration when reporting
the magnetic behavior in these materials.

In conclusion, Raman spectroscopy studies confirmed that
the effect of Mn incorporation on the long-range lattice or-
dering of Ga1−xMnxN films �x�0.015� can be minimized by
MOCVD growth compared to ion implantation. The forma-
tion of nitrogen vacancies as self-compensating centers was
evidenced by the behavior of the LVM at 669 cm−1, whose
intensity was found to scale with Mn concentration.
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