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Abstract. Raman scattering of samples, representing n- and p-type Si matrix
with unburied Mg2Si nanolayers, formed by ion-beam synthesis, are studied.
Despite the features in the Raman spectra attributed to the polariton modes with
frequencies between those of the TO and LO phonons, additional features out-
side this interval are detected. The frequencies of these features are very sensi-
tive to the plasma frequency, being different in the n- and p-type Si matrix and
to the annealing time. The latter implies the generation of interface plasmon-
phonons modes. The frequencies of the interface plasmon-phonon modes are
calculated and compared with the experimental results. The order of the carrier
concentration in Mg2Si, the data of which are not available in the literature, is
evaluated.

PACS number: 78.30.Am, 71.36.+c, 73.20.Mf

1 Introduction

The compound Mg2Si is among the dozen semiconducting metal silicides. The
interest in studying these materials, Mg2Si in particular, stems mainly from the
fact that they are non-toxic and low cost. The Raman scattering of samples, rep-
resentingSimatrix with unburried Mg2Si nano-layers, formed by ion-beam syn-
thesis are studied. Nano-formations possess specific properties that differ from
those of bulk materials. The nano-crystallites surfaces and interfaces lead to ap-
pearing of new energy states in the electron and phonon spectra as well as in the
spectra of the other quasiparticles. The intense development of nano-materials
and nanotechnologies in the last years enforced the interest to the surface and
interface excitations, due to the interaction of the excitations in the contacting
media. The investigation of these excitations opens the possibility to find new
method for the characterization of materials.

In our previous investigations [1, 2] of Raman scattering of Mg 2Si nano-layers,
formed on Si substrates, the asymmetry in the Raman mode peaks has been
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associated with the appearance of surface-phonon polariton (SPP) and interface-
phonon polariton (IPP) modes.

Despite the features in the Raman spectra attributed to the polariton modes with
frequencies between those of the transverse optical (TO) and longitudinal op-
tical (LO) phonons, additional features outside this interval are detected. The
frequencies of these features are very sensitive to the annealing duration. The
latter implies the generation of interface plasmon-phonons modes, generated as
a result of the interaction between the plasmons and phonons of the two contact-
ing media – Mg2Si and Si. The frequencies of the interface Mg2Si/Si plasmon-
phonon modes are calculated and compared with the experimental results.

2 Samples and Characterization

The samples were prepared by ion beam synthesis (IBS), followed by rapid ther-
mal annealing. The process of IBS was chosen for the following reasons: (i) The
oxidation of the implanted into Si matrix Mg can be avoided to a great extent;
ii The formation of thin Mg2Si films by conventional preparation techniques is
restricted because of the low condensation coefficient and high vapour pressure
of Mg. The limitations of the standard thin film preparation techniques can be
avoided if IBS method is used and we succeed in growing layers as thick as about
several hundred nanometers. Here the results of the investigations of samples,
implanted with the same dose, 4×1017 cm−2 and energy,Ei = 40 keV in n- (s.
41, 42, 43) and p-type (s. 91, 92, 93) Si wafers, are given. After the implantation
the samples were annealed at the same temperature, 500◦C, for 30 s (s. 41, 91),
60 s (s. 42, 92) and 300 s (s. 43, 93).

The formation of Mg2Si in our IBS prepared samples has been proved by in-
frared (IR) transmittance and Raman scattering. The characteristic infrared ac-
tive phonon mode at 276 cm−1 alone has been detected in the IR transmittance
spectra [10]. The Raman peak due to the triply degenerated allowed F 2g Raman
mode at 256 cm−1 as well as the sharp line assigned to Fröhlich-interaction-
induced scattering by Raman-inactive LO mode (split from the F 1u mode) at
345 cm−1 have been observed in the Raman spectra of the samples [6]. The
morphology of the samples was studied by cross-sectional transmission electron
microscopy (XTEM). The TEM observations were performed on a JEM 100CX
TEM working at 100 kV. The overview pattern of s. 43 is shown in Figure 1.
The surface roughness height is of the order of 70 nm and it is followed by a
region of dense layer with a thickness of the order of 160 nm.

3 Experimental Results and Calculations

The unpolarized Raman scattering spectra were obtained with a SPEX 1403 dou-
ble spectrometer equipped with photomultiplier, working in a photon counting
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Figure 1. Overview pattern of s. 43.

mode. The spectra were excited with laser line λ = 488 nm and accumulated
with scan parameters 4 cm−1 spatial slit width, 1 cm−1 frequency step and inte-
gration time 10 s. The angle of the incident light was about 45 ◦ and the scattered
light was collected in a cone with a plane angle at the top of about 30 ◦. The scat-
tering angle, the angle between the incident and the scattered light, thus varies
from 65◦ to 90◦. The corresponding range of the excitations wave-vector, cal-
culated according to the relation k = ki sin θ (ki = 12.9 × 104 cm−1), where
ki is the incident light wave-vector, varies from 11.7 to 12.8×10 4 cm−1. The
Raman spectra, taken in this configuration, are shown in Figure 2 (s. 91, 92, 93)
and Figure 3 (s. 41, 42, 43).

Along with the Raman peaks, due to the F2g and the LO modes, a number of
features are seen in the spectra. In the samples with nanolayers, where the trans-
lation symmetry is broken up, the generation of surface and interface excitations
takes place. The dispersion relations of the surface and interface excitations in
the system air/Mg2Si/Si, reported in previous papers [1, 2], were calculated in
the following assumptions: (i) electrostatic field, corresponding to the formal
tendency of the light velocity towards infinity, c → ∞; (ii) isotropic media.
In order to obtain the energy spectrum of the interface excitations in these low
dimensional structures, boundary condition for a continuity of the excitations
electric field was used.

Sets of dispersion relations for different thickness of the Mg2Si layers were cal-
culated numerically for the polariton modes of the Mg 2Si optical phonons when
the dielectric functions εi(ω), with i = 1 for Si and i = 2 for Mg2Si, were
written in the form

εi(ω) = εi∞(ω)
ω2

iLO − ω2
iTO

ω2
iTO − ω2

, (1)

where εi∞(ω) is the optical dielectric function, and ωiLO and ωiTO are the LO
and TO frequencies and ω – the frequency. The density of states were calculated
from the dispersion relations for the thickness of the continuous Mg 2Si layer
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Figure 2. Raman specta of s. 41,42 and 43. The density of states of the polariton mode
is given under the spectra. The positions of the interface plasmon-polariton modes, due
to the interaction of the Si plasmons with Mg2Si TO and LO modes (ω−

1 and ω+
1 ) are

marked above the spectra. The notation ω−
2 means the plasmon-polariton mode, due to

the interaction of the Mg2Si plasmons with Si phonon modes.

and for an effective thickness of the rough surface in the corresponding range
of the excitations wave-vector range. These densities of states are shown on the
bottom in Figure 2 and Figure 3.

It is seen from the experimental Raman spectra that along the features, attributed
to the generation of phonon-polariton modes with frequencies, lying between
those of the TO and LO phonons, features outside this interval can be noticed.
Moreover the position of these features is sensitive to the annealing duration.
The mode denoted as ω−

2 , for example, in both samples obviously shifts to lower
frequencies on the increase of the annealing time. On the other hand the left wing
of the Raman peak, due to theF2g mode, in the spectra of samples with p-type Si
matrix changes significantly on the annealing time, while the one in the spectra
of samples with n-type Si, it stays unchangeable. Then one may think about
the generation of the interface plasmon-polariton modes. In order to obtain the
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Figure 3. Raman specta of s. 91, 92 and 93. The density of states of the polariton mode
are given under the spectra. The positions of the interface plasmon-polariton modes, due
to the interaction of the Si plasmons with Mg2Si TO and LO modes (ω−

1 and ω+
1 ) are

marked above the spectra. The notation 2 means the plasmon-polariton mode, due to the
interaction of the Mg2Si plasmons with Si phonon modes.

interface plasmon-polariton modes, the dielectric function is written in the form

εi(ω) = εi∞(ω)−
ω2

pi

ω2
, (2)

where ω2
pi is the plasma frequency.

In the Raman scattering geometry, which was used, k i > 11×104 cm−1. In this

range the conditions k2 >
ω2

c2
εi and k2d � 1 are fulfilled (the film thickness

d = 200 nm), the frequencies of the interface plasmon-phonon modes, ω + and
ω− can be calculated from the relation ε1 + ε2 = 0 [5]. The replacement of the
dielectric functions with relation (1) with i = 2 and relation (2) with i = 1 gives
the following relation for the interface plasmon-phonon frequencies, due to the
interaction of the plasmons in Si with the Mg2Si phonon modes,

ω2 =
1
2

[ε1∞
ε2∞

ω2
2LO + ω2

pi +
ε2∞ − ε1∞

ε2∞
ω2

2TO

]

± 1
2

[√(ε1∞
ε2∞

ω2
2LO + ωpi2 +

ε2∞ − ε1∞
ε2∞

ω2
2TO

)2

− 4ω2
piω

2
2TO

]
. (3)
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The plasma frequencies are calculated according to the formulae ω 2
pi =

e2Ni

miε0
,

where e is the electron charge, Ni is the carrier concentration, mi is the holes
or electrons effective mass and ε0 – the dielectric function of the vacuum. The
plasma frequency of the n-type Si substrate, ωp2 = 96÷98.7 cm−1, is calculated
with electron effective mass m = 0.86m0 [6] (m0 is the free electron effective
mass) and with the carrier concentration of the used Si wafers – N = 9.5 ÷
8.9 × 1014 cm−3 and the plasma frequency of the p-type Si wafers, ω p2 =
461 ÷ 680 cm−1 – with the hole effective mass m = 0.12m0 [6] and with the
carrier concentration of the used Si wafers – N = 6 ÷ 2.8 × 1015 cm−3. In
Figure 2, n-type Si, the calculated from Eq. (3) value of ω1+ = 363 cm−1 is
marked with a vertical bar. The calculated value ω−

1 = 74 cm−1 is out of the
investigated region. The corresponding values for the Si matrix of p-type are
marked in Figure 3 – ω−

1 = 237 ÷ 258 cm−1 and ω+
1 = 533 ÷ 724 cm−1.

One can see that in the spectra of the samples, prepared at the longest annealing
duration, s. 43 and s. 93, features with frequencies close to those of the plasmon
phonon modes, calculated with the carrier concentrations of the unimplanted
substrates, can be noticed. The latter indicates that an annealing time of about
300 s is sufficient the defects involved into the substrates during the implantation
to be erased.

Comparatively broad feature at about 400÷450 cm−1, denoted ω−
2 , which shifts

towards the lower frequencies on the increase of the annealing duration, is inter-
preted as a plasmon-phonon mode, due to the interaction of the Mg 2Si plasmons
with the Si phonons. The calculations from equation (3) with substitution of
the index 1 with index 2 and vice versa give for the plasma frequency of Mg 2Si
the value ω2p = 1206 cm−1 for ω−

2 = 400 cm−1 and ω2p = 2084 cm−1 for
ω−

2 = 400 cm−1. From these quantities the ratio of the carrier concentration
and the carriers effective mass, N2/m2 can be calculated and it is found to vary
from 4.76 × 1017 cm−3 to 1.58 × 1017 cm−3 on the increase of the annealing
duration from 30 to 300 s. The semiconducting material Mg 2Si is purely studied
and data about the carrier concentration are not available in the literature.

4 Conclusion

The investigation of the interface plasmon-phonon modes allow to conclude:

1. An annealing duration of 300 s is sufficient the Si substrate concentration to
reach that of the unimplanted one.

2. The order of the carrier concentration in Mg 2Si, the data of which are not
available in the literature, is evaluated.
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