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The One Phonon Raman Spectrum of
Silicon Nanostructures
Pedro Alfaro, Miguel Cruz, and Chumin Wang

Abstract—Porous silicon is a structurally complex material, in
which effects of the pore topology on its physical properties are
even controversial. We use the Born potential and the Green’s
function, both applied to a supercell model, in order to analyze the
Raman response and the phonon band structure of porous silicon.
In this model, the pores are simulated by empty columns of atoms,
in direction [001], produced in a crystalline silicon structure. An
advantage of this model is the interconnection between silicon
nanocrystals, then, all the states are extended. The results show
that the Raman spectra are sensitive to the pore topology. More-
over, a shift of the main Raman peak towards lower frequencies is
found, in agreement with experimental data.

Index Terms—Phonons, Raman scattering, silicon
nanostructures.

I. INTRODUCTION

THE luminescence observed in nanostructured semiconduc-
tors has motivated a great quantity of theoretical and exper-

imental investigations [1], [2], because it has many potential ap-
plications in optoelectronics devices [3]. In particular, a uniform
layer of porous silicon (PSi) can be obtained from a substrate
of crystalline silicon (c-Si) when it is anodized in a solution
of hydrofluoric acid with an appropriate current density. This
PSi layer consists of a skeleton of c-Si whose typical thickness
is of nanometer order. The size, morphology, and distribution
of pores vary with the preparation conditions of PSi samples.
During the last decade, the scientific community has devoted a
great effort to understanding the pore formation mechanism and
the origin of its luminescence. However, little attention has been
paid to the study of elementary excitations in PSi. For example,
the effects of the pore topology on the phonon behavior are still
unclear.

Raman scattering is a tool broadly used to investigate vibra-
tional properties of semiconductors. In the particular case of
PSi, it has been used to determine the structure type, size, and
morphology of the pores, as well as the surface effects on the
acoustic bands [4]. In all cases, the experimental data show a
shift and a broadening of the main Raman peak toward lower
frequency [5]. In this paper, we analyze phonon band structures
and Raman response of PSi by means of the Green’s function,
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the Born potential, including central and not central forces, and
a supercell model, in which the pores are dug by removing Si
atoms.

II. MODEL

Let us consider an interaction potential between nearest
neighbor atoms and , as given in the Born model [6]

(1)
where is the displacement of atom with respect to its
equilibrium position, and and are, respectively, central and
noncentral restoring force constants. The unitary vector in-
dicates the bond direction between and atoms. The Dyson
equation for the Green’s function can be written as [7]

(2)

where is the atomic mass of Si, stands the matrix identity,
and is the dynamic matrix, whose elements are given by

(3)

with , or .
If axis is chosen along , the Born interaction matrix

has a simple form

(4)

However, should be expressed in coordinates of the solid, i.e.,
it is necessary to make proper rotations of . For tetrahedral
structures, the positions of four nearest neighbor atoms around
a central atom located at (0,0,0) are ,

, , and
. Hence, the four corresponding in-

teraction matrices can be written as

(5)

(6)

(7)
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Fig. 1. Supercell of eight-atom Si viewed in [001] direction, used to model
crystalline silicon. Force constants of tetrahedral connections are given by ma-
trix, � , � , � , and � .

and

(8)

For the tetrahedral symmetry, it is easy to prove that

(9)

The Fourier transform of can be written as in the equation
shown at the bottom of the page, where the equilibrium positions
of atoms and are, respectively, written as and ,
where , are the unit cells and , the positions inside these
cells. The changes of phase related to the phonon wave vector

are given by , , , and
.

Fig. 1 shows a cubic supercell with sides of ,
containing eight Si atoms, where the four interaction matrices

, , , and are indicated. The pores can be produced
when we remove columns of atoms in the supercell of c-Si along
the [001] crystalline direction. The pore topology is determined
by eliminating different atoms in the supercell. In this paper, we
use supercells of 32-atoms built by putting in the plane X-Y four

eight-atom supercells illustrated in Fig. 1. Hence, 32-atom su-
percells have a tetragonal structure with parameters

and .
On the other hand, the Raman scattering in solids is a complex

process that involves photons, electrons, and phonons. There-
fore, any microscopic theory should consider the dynamic cor-
relation between atomic movements and changes in the local
polarization of the bonds around each atom [8].

Since the wave vector of the visible light is much smaller than
the first Brillouin zone, the momentum conservation law only
allows the participation of vibrational modes around the point

.
Within the local polarization model of bonds and the linear

response theory, the Raman spectrum can be calculated
by [8], [9]

(10)

where and are the atoms index, and the Green’s function
is defined in (2).

Once we have chosen the supercell and the interaction model,
we are ready to calculate the phonon band structure and the
Raman response for pores with different morphology.

III. RESULTS

Fig. 2(a) and (b) shows the c-Si phonon band structure and
Raman response, obtained from a base of 2 Si atoms in an fcc
unit cell, as illustrated in the inset of Fig. 2(b). The numeric
calculations were done by using the Born model parameters

Nm and Nm , which are obtained by
comparing the theoretical phonon dispersion relationship with
the inelastic neutron scattering data [10]. In Fig. 2, it can be ob-
served that the Raman response of c-Si is located at 519.3 cm ,
which corresponds to the highest frequency of optical modes.

In Fig. 3(a) and (b), we show, respectively, the phonon band
structure and Raman response of PSi with a porosity of 12.5%,
and its atomic configuration is schematically drawn in the inset.
The pores are produced by removing columns of Si atoms along
[001] crystalline direction. Observe that there are several peaks
in the Raman response spectrum and the highest frequency peak
has a shift toward lower energy in comparison with the c-Si case.
This increased number of active Raman modes at the point,
as shown in Fig. 3(a), is directly related to the employment of
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Fig. 2. (a) Phonon bands structure and (b) Raman response of c-Si obtained from fcc lattice with base of two Si atoms, as illustrated in inset.

Fig. 3. (a) Phonon band structure and (b) Raman response for PSi with 12.5% porosity, when Si atom is removed from eight-atom supercell.

the supercell technique and its consequent folding of the first
Brillouin zone in the reciprocal space. But, in a real PSi sample,
there is no supercell periodicity. Therefore, it is not expected
that we have such a large number of active Raman modes in
real PSi. On the other hand, there is a shift of the highest fre-
quency Raman peak, from 519.3 cm for c-Si to 497.9 cm
for PSi, as shown in Fig. 3(b). This shift can be interpreted as a
smoother curvature of optical phonon wavefunctions due to the
absence of certain atoms when the pores are introduced. Also,
such a shift can be understood within the quantum confinement
theory as the following. The highest frequency optical mode is
reached when the wave length of the modulation is infinity and
the presence of pores introduce extra nodes, located at pore sur-
faces, which determine the available longest phonon modula-
tion wave length. For the case of 12.5% porosity, the separation
of these nodes is about 5.76 (see inset of Fig. 3). Within the
fully confined phonon model, this separation of nodes leads to

a new highest frequency optical mode at 495.7 cm , obtained
from the band structure of Fig. 2(a). However, in our case, such
confinement is only partial, since there are interconnections be-
tween quantum wires [11], which produce a slight higher fre-
quency optical mode.

In Fig. 4(a) and (b), numerical results of the phonon band
structure and the Raman response are, respectively, shown for a
PSi sample with the same porosity as in Fig. 3, except that in this
case we remove four neighbor Si atoms in a 32-atom supercell,
as schematically illustrated in the inset of Fig. 4. Notice that the
highest frequency Raman peak is located at 512.2 cm , which
is produced by a less intense quantum confinement caused by
a pore separation of 11.52 instead of 5.76 for the case of
Fig. 3. Again, there is an even larger number of Raman peaks
in Fig. 4(b), which is a consequence of a larger supercell. They
would be eliminated if a random pore structure were introduced,
as discussed.
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Fig. 4. (a) Phonon band structure and (b) Raman response for PSi with same porosity as in Fig. 3 and different pore distribution.

IV. CONCLUSION

The results show a relocation of the highest frequency Raman
peak toward lower energies when the pores are introduced, in
qualitative agreement with experimental data. The origin of this
relocation could be thought as a consequence of the extra nodes
found at the pore surface, an effect similar to the quantum con-
finement, although the phonon wave functions are extended.
Also, the results have clearly shown that the Raman response de-
pends not only on the porosity but also on the pore distribution.
It is important to mention that the calculations have been per-
formed within a supercell model, which has an inherent defect
of emphasizing the periodicity in the pore distribution, which is
a lack in real PSi samples. Therefore, a random pore distribu-
tion factor should be introduced to improve the supercell model
[12], such as was done by means of the coherent potential ap-
proximation. This improvement is currently in progress.
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