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Study on the Raman scattering measurements of Mn ion implanted GaN
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Abstract

We investigate the temperature dependent Raman spectra of Mn implanted (Ga,Mn)N samples with five Mn implantation doses. A small shoulder
at 572.4 cm−1 on the high energy side of the main Raman peak EH

2 has been attributed to the Mn-related local vibrational mode (LVM). It is found
that with the increase of Mn implantation dose the intensity ratio of LVM to that of the EH

2 (ILVM/IEH
2

) increases at first and tends to saturate at
high implantation dose. In addition, at high temperature or after rapid thermal anneal treatment, the value of ILVM/IEH

2
decreases significantly,

explaining the reason why it is difficult to observe Mn-related LVM reported in the literature.
© 2006 Elsevier B.V. All rights reserved.
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After the realization of (In,Mn)As and (Ga,Mn)As [1,2],
ore and more efforts have been devoted to (Ga,Mn)N diluted
agnetic semiconductors (DMS) that exploit the charge and the

pin of electrons [3] because of the following two important
easons. Firstly, GaN-based III–V semiconductors have poten-
ial applications in electronic and optoelectronic device, such as
lue-ultraviolet light-emitting diodes, and laser diodes [4–6].
econdly, from the viewpoint of applications of DMS, it is
esirable to find materials with Curie temperature as high as
ossible and one of the recent theoretical works [7] has shown
hat wide band gap semiconductors, GaN and ZnO, may be pos-
ible to realize ferromagnetism at room temperature or higher.
lthough some experimental studies on the magnetic charac-

eristics of GaN-based DMS have been reported [8–12], there
re many fundamental properties, especially the magnetic ion
elated properties, about (Ga,Mn)N still not clear and need to be
nvestigated deliberately.

Raman scattering is a standard optical characterization tech-
ique for studying various fundamental aspects of solids such
s lattice and electronic properties. First Raman scattering study
f (Ga,Mn)N alloy with Mn concentration lower than 2% was
erformed by Gebicki et al. [13]. A very weak Raman band

however, the detailed behavior of LVM has not been demon-
strated yet. Other investigations about the Raman spectra of ion
implanted (Ga,Mn)N system only presented some conventional
bands, which could also be observed in GaN-based semicon-
ductor doped with non-magnetic ion species and was certainly
independent of the specific Mn ion [9]. In fact, study on the
(Ga,Mn)N system with high Mn concentration is more interest-
ing and preferred, because the high magnetic ion concentration is
desired in DMS material. Nevertheless, detailed Raman scatter-
ing studies on the (Ga,Mn)N system with high Mn concentration
are seldom available in the literature up to now, especially the
magnetic Mn ion related Raman behavior has not been studied in
detail yet. In this paper, the temperature dependent micro-Raman
spectra of Mn implanted (Ga,Mn)N samples with both low and
high Mn concentrations were investigated. The Mn-related LVM
was observed and investigated in detail.

The Si-doped GaN film was grown on (0 0 0 1) sapphire
substrates by hydride vapor phase epitaxy (HVPE). The GaN
epilayer shows n-type conductivity and the thickness is 3.8 �m.
The as-grown sample was then cut into 10 equivalent pieces.
Every two pieces were uniformly implanted with same Mn dose
at a constant energy of 190 keV. Totally, we get 10 pieces of
n the high energy side of EH
2 was observed, which they con-

idered to be the Mn-related local vibrational mode (LVM),
(Ga,Mn)N samples with five Mn implantation doses of 1, 3, 5,
7, and 9 × 1016 cm−2, respectively, corresponding to approxi-
mately 1, 3, 5, 7, and 9% Mn concentration at the peak of the
implant profile. To avoid amorphization during the implantation
s
i

∗ Corresponding author. Tel.: +86 21 54743242; fax: +86 21 54741040.
E-mail address: yuehzhang@sjtu.edu.cn (Y.H. Zhang).

921-5107/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.mseb.2006.03.014
tep, the samples were held at a temperature of 350 ◦C. After
mplantation, one piece of each implantation dose was selected
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Fig. 1. The first-order Raman spectra of (a) as-implanted and (b) RTA samples
with five different implantation doses at room temperature. The ion implantation
dose from top to the bottom is 1, 3, 5, 7, and 9 × 1016 cm−2, respectively. The
Raman spectra of the GaN epilayer and the sapphire substrate are also displayed.
The spectra have been shifted for clarity.

to deal with rapid thermal anneal (RTA) at 900 ◦C for 1 min,
under flowing N2 gas with implanted area face down. The quality
of samples was studied by means of X-ray diffraction measure-
ments. Only the peaks corresponding to GaN and sapphire were
observed and no second phases of GaxMny were detected. The
temperature dependent Raman measurements were carried out
from 83 to 293 K using the 514.5 nm line of an Ar+ laser as an
excitation source. The laser beam was focused yielding a spot
size of 1 �m. The scattered light was recorded in backscattering
geometry using a Jobin Yvon LabRaman HR 800 UV micro-
Raman spectrometer.

Fig. 1 shows the first-order Raman spectra of (a) as-implanted
and (b) RTA (Ga,Mn)N samples with five different Mn implan-
tation doses at room temperature. For comparison the Raman
spectra of the as-grown GaN eplilayer and the sapphire sub-
strate are also displayed. For the as-grown GaN eplilayer, the
characteristic features of EL

2 , EH
2 and A1(LO) peaks were clearly

observed. In comparison with the spectrum of the sapphire sub-
strate, we can distinguish the Raman signals from the sapphire
substrate in the Raman spectrum of the as-grown GaN eplilayer
[marked by asterisks at 379, 418, 431, 449, 577, and 750 cm−1

in Fig. 1(b)] due to the large penetrating depth of the 514.5 nm
excitation laser. A small shoulder at 560 cm−1 on the low energy
side of EH

2 is the E1(TO) phonon, which is enlarged in the insert
of Fig. 1(a). It is known that the E1(TO) should be forbidden for
a backscattering geometry. Its appearance stems from the small
d
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supposed to be vacancy complexes or dislocations, whereas the
structure at 426 cm−1 results from two phonons difference mode
and the band at 669 cm−1 is due to less complex defect. Though
not reported in the literature, the band at 715 cm−1 agrees well
with the phonon density of state of (Ga,Mn)N calculated with a
rigid ion model by Gebicki et al. [17]. The corresponding Raman
spectra after RTA process show that the intensity of these bands
and the amorphous background decrease greatly in contrast to
the increase of EH

2 , whereas the signals related with host GaN
lattice increase obviously, indicating that RTA process recovers
the crystalline structure significantly.

So far, only signals related to the host lattice have been
described. In fact, we could also observe foreign signals induced
by impurities. If impurity atom replaces host lattice atoms heav-
ier than the impurities, atomic oscillation may be induced in a
limited range around the impurities, which is so-called LVM. Its
frequency appears in the energy gap between the acoustic and
optical branches of phonon, or above the optical branch. Though
it is recognized that in ion implantation system the implanted ion
mainly occupy interstitial site at first, however, due to the fact
that the samples were held at a temperature of 350 ◦C during
fabrication and the implantation dose is high, it is possible that
a certain amount of Mn ion occupy the Ga sites even before the
RTA process. Therefore, Mn-related LVM should be considered.
Assuming that Mn occupied a gallium site, the frequency of Mn
in GaN matrix can be estimated with the simple mass defect
a
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eviation from the backscattering configuration in the micro-
aman system.

After implantation, the Raman spectra differ considerably
rom the original as-grown GaN material. In addition to a strong
morphous background, some new bands centered around 298,
66, 426, 669, and 715 cm−1 occurred. According to the previ-
us investigations about the GaN material implanted with other
on species [14–16], the band at 298 cm−1 is assigned to the
ighest acoustic phonon branch at zone boundary, 366 cm−1 is
pproximation [18]:

= ωTO
GaN

√
µGaN

µMnN

LVM at 572.5 cm−1 is expected using ω = ω[E1(TO)] =
60 cm−1. We note that the LVM is very close to the EH

2 , and
t is difficult for us to observe such a LVM mode. Therefore,
he Mn-related LVM was seldom studied in detail up to now.
o investigate the behavior of Mn-related LVM more clearly,
e will concentrate on the spectra range 550–590 cm−1 in the

ollowing.
In Fig. 2(a), the experimental Raman spectra of as-implanted

Ga,Mn)N with different Mn implantation doses at 83 K are dis-
layed as solid circles. The small shift of EH

2 with implantation
ose may result from strain. It is known that lattice structure
ay be distorted in the neighborhood of native defects or by

ncorporated impurities. These point defects will induce a three-
imension strain such as hydrostatic stress if the defects are
niformly distributed. A small shoulder at ∼572.4 cm−1 on the
igh energy side of EH

2 can be clearly observed at each kind of
mplantation dose, which coincides exactly with the frequency
f the calculated Mn LVM. Because this shoulder cannot be
ound in the Raman spectrum of the as-grown GaN epilayer at
ny temperature, it results from Mn implantation. Furthermore,
he relative ratio of the intensity of this structure to that of the EH

2
hanges with the Mn implantation dose. Therefore, we assign
his structure to the Mn-related LVM. To investigate the behav-
or of the LVM quantitatively, we fitted the Raman spectra with
orentz model. As stated above, E1(TO) phonon occurs close

o the low energy side of EH
2 .So three Raman peaks should be
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Fig. 2. (a) Experimental (solid circles) Raman spectra of as-implanted
(Ga,Mn)N for different Mn implantation doses at 83 K. The solid curves are
Raman spectra fitted with Lorentz model with the dotted curves for E1(TO),
EH

2 and the LVM mode. Dependence of the relative intensity ratio of the LVM
(b) and E1(TO) (c) to that of the EH

2 on the Mn implantation dose. (d) Depen-
dence of the c-plane lattice constant derived by XRD measurement on the Mn
implantation dose.

considered simultaneously, i.e. E1(TO), EH
2 and the LVM mode,

in this spectra range. Through fitting, we can obtain the Raman
shift, the intensity and width of the three peaks. It is clear that
the fitted results (solid curves) agree well with the experimental
data.

The relative intensity ratios of the LVM and E1(TO) to that
of the EH

2 (ILVM/IEH
2

and ITO/IEH
2

) have been shown in Fig. 2(b)
and (c). We observe that both ILVM/IEH

2
and ITO/IEH

2
have sim-

ilar behavior with the Mn implantation dose. The ratios increase
monotonically with Mn implantation dose at first and gradu-
ally saturate at high dose (5 × 1016 cm−2). The dependence of
ILVM/IEH

2
on Mn implantation dose is easy to be understood.

With the increase of Mn dose, more and more Mn replaces
the gallium site, resulting in the enhancement of Mn-related
LVM Raman signal. Further increase of the dose, however, Mn
may incorporate as interstitially, leading to the saturation of
ILVM/IEH

2
. This result suggests that the maximum solubility

for substitution Mn in (Ga,Mn)N is about 5%, which agrees
well with result of the c-plane lattice constants determined from
XRD measurement, as shown in Fig. 2(d). The lattice constant
decreases with the increase of Mn implantation dose and reaches
the smallest at Mn implantation dose of 5 × 1016 cm−2, corre-
sponding to 5% Mn concentration. Similar results were also
reported by Thaler et al. [19], Dhar et al. [20] and Chang et
al. [21]. They considered that the decrease of the lattice con-
s
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Fig. 3. (a) Experimental (solid circles) Raman spectra of as-implanted
(Ga,Mn)N with Mn implantation dose of 5 × 1016 cm−2 at different temper-
atures. The solid curves are Raman spectra fitted with Lorentz model with the
dotted curves for E1(TO), EH

2 and the LVM mode. (b) Dependence of the relative
intensity ratio ILVM/IEH

2
on temperature in all the as-implanted samples. The

solid curves are guide for eyes.

of 5 × 1016 cm−2 under different temperatures. All the spectra
are again fitted with Lorentz model as solid curves. It is found
that ILVM/IEH

2
decreases with increasing temperature. We have

shown in Fig. 3(b) the results of ILVM/IEH
2

as a function of tem-
perature in all the as-implanted samples. The data of ILVM/IEH

2
at different implantation doses follow the similar linear depen-
dence on temperature. When the implantation dose is larger
than 5 × 1016 cm−2, the values of ILVM/IEH

2
at a fixed tempera-

ture almost merge together, which is consistent with the results
of Fig. 2(b). It is known that Mn only partially replaces the
gallium site. With temperature increasing, the intensity of the
Mn-related LVM mode is enhanced not as obviously as that of
EH

2 , which is closely related to the total host lattice. We there-
fore expect a decrease in ILVM/IEH

2
. It may be the similar reason

that ILVM/IEH
2

of the RTA samples is smaller than that of the as-
implanted samples. Take the sample with Mn implantation dose
of 5 × 1016 cm−2 as an example, the ILVM/IEH

2
value of RTA

sample at 83 K is only 0.07, which is much smaller than that
of the corresponding as-implanted sample (0.49). After RTA
treatment, the crystalline structure is recovered significantly,
resulting in the enhancement of EH

2 and LVM. However, due
to the fact that Mn only partially substitutes the gallium site, the
enhancement of the Mn-related LVM mode resulted from the
structure recovery is less significant compared with EH

2 , leading
t
t
c

t
fi
t
t
a

tants is due to incorporation of Mn substitutionally on the Ga
ites. Therefore, Fig. 2(d) also suggests the maximum for com-
lete Mn substitutionality is 5%. As for the dependence of Mn
mplantation dose on ITO/IEH

2
, it is expected that more residual

amage exists in the implanted material with increasing implan-
ation dose. This phenomenon has also been reported by many
uthors in investigating Mn implanted GaAs [22], where the
ntensity ratio of ITO/ILO was used as a measure of the damage
egree.

Fig. 3(a) displays experimental Raman spectra (solid cir-
les) of the as-implanted sample with Mn implantation dose
o the smaller ILVM/IEH
2

. These results explain why it is difficult
o observe the Mn-related LVM for the RTA samples or in the
ase of high temperature in the literature.

In summary, the temperature dependent micro-Raman spec-
ra were performed on Mn implanted (Ga,Mn)N samples with
ve different implantation doses. In addition to some conven-

ional bands that were also observed in GaN-based semiconduc-
or doped with other non-magnetic ion species, a small shoulder
t 572.4 cm−1 was observed which we assign to LVM of Mn. The
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intensity ratio ILVM/IEH
2

increases monotonically with increas-
ing Mn implantation dose at first and then tends to saturate at high
dose (>5 × 1016 cm−2), suggesting the 5% maximum solubility
for substitution Mn in (Ga,Mn)N. With temperature increas-
ing or after RTA process, the value of ILVM/IEH

2
decreases,

explaining the difficulty in observing the Mn-related LVM in
the literature.
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