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Abstract—The Raman spectra of the (GaN) 59, (SiO;)gq, and (GaN)s4(SiO,)sq nanoparticles were calcu-
lated using the molecular dynamics method. The spectrum of (SiO,)g¢ had three broad bands only, whereas
the Raman spectrum of (GaN);,9 contained a large number of overlapping bands. The form of the Raman
spectrum of (GalN)s4(SiO,)s, was determined by the arrangement of the GaN and SiO, components in it.
The nanoparticle with a GaN nucleus had a continuous fairly smooth spectrum over the frequency range
0<® < 600 cm™!, whereas the spectrum of the nanoparticle with a SiO, nucleus contained well-defined
bands caused by vibrations of groups of atoms of different kinds and atoms of the same kind.
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INTRODUCTION

The totality of microcrystalline quartz kinds are
traditionally divided into two types on the basis of
crystalline habitus determined using optical micros-
copy [1]. Granular diversities include chert and fine-
grained sandstone, whereas fibrous varieties of fine-
crystalline quartz are combined under a name of chal-
cedonies. The 7 axis in chalcedonies is most often per-
pendicular to the long fiber axis. Although the major-
ity of chalcedonies grow with just this orientation, spe-
cial chalcedonies with the 7 axis parallel to fibers or
directed at an angle of 30° to them are also numerous.
Raman scattering is a powerful and widely used
method for studying admixtures and defects in materi-
als. This technique is used to rapidly identify materi-
als. Because of high sensitivity of vibrational frequen-
cies and scattering intensities to small differences in
crystal structure, this method is successfully used to
reveal polymorphism of materials. Raman spectros-
copy cannot however be used to determine the type of
vibrations (longitudinal or transverse) to which a band
is related. Micro-Raman measurements over the fre-
quency range 50 < ® < 1250 cm~! revealed the presence
of several intense bands characteristic of pure SiO,
samples. The most intense peaks are situated at 129,
220, and 501 cm~! [3]. Less intense bands at 250—480,
650—850, and 1040—1210 cm~! were, however, also
observed. Asymmetric and less intense bands and also
apeak at 220 cm~! likely appear because of mode over-
lapping [4].

The presence of low-energy Raman lines localized
between 95 and 250 cm~! in GaN grown by molecular
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beam epitaxy was for the first time observed in [5].
According to [6], these peaks are only present in the
spectra of GaN and GaAs. It was reported in [7] that
these peaks were also characteristic of GaN layers
grown by molecular beam epitaxy on sapphire and
GaAs substrates. Their intensity decreased as the tem-
perature increased, and they completely disappeared
at room temperature. They were therefore assigned to
electronic excitation of donors [5]. More recent mea-
surements in a magnetic field at a high pressure how-
ever showed that all the lines were caused by vibra-
tional Raman scattering, and their temperature
dependence was caused by a resonance process [8].
Theoretical calculations showed that these lines were
related to As admixtures in GaN [9]. Semiconductors
contain many electronic excitations thanks to free and
bound charges. Electronic excitations can be related
to lattice vibrations. The influence of free charge car-
riers on Raman spectra and their relation to longitudi-
nal optical phonons was considered in [10] for the
example of N-type GaN films.

It was shown experimentally that, because of epi-
taxial growth of GaN at 293—1373 K brought in con-
tact with SiO,, compression and shear stresses
appeared close to bases of growing GaN pyramids
[11]. These stresses had maximum values of 3 and
0.9 GPa, respectively. They were caused by different
thermal expansion coefficients of GaN and SiO,. An
analysis of the field of stresses using the method of
finite elements allowed the geometric conditions of
experiment necessary for the obtainment of the
required morphology characteristics of GaN crystals
to be predicted and optimized.
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Parameters of the Tersoff optimized potential
Element A, eV B, eV Ay, A Ay, A7 R A D, A
Silicon 1803.79 471.195 2.62392 1.88891 2.76581 0.31772
Oxygen 3331.06 260.476 3.78336 3.34402 2.78681 0.52612
Gallium 993.88 136.123 2.50842 1.49082 3.5 0.1
Nitrogen 6368.21 511.205 5.60181 3.16170 2.08389 0.33133
Element B n h c d X
Silicon 1.0999 x 10~ 0.78766 —0.56239 1.0039 x 10° 16.21701 1
Oxygen 1.00270 3.98638 —0.52909 0 1 1
Gallium 0.23586 3.47290 0.71459 0.07630 19.79647 1
Nitrogen 4.4422 x 1073 2.42635 —0.52909 2.2955 x 10* 24.78674 1

Note: Parameter values for silicon, oxygen, and nitrogen were obtained in [14]; parameters for gallium were taken from [15].

The development of technologies for the produc-
tion of optoelectronic devices and high-power devices
working at a high frequency requires the size of active
material blocks to be decreased even to separate nano-
particles. The structure of materials is usually deter-
mined from Bragg peaks in their diffraction patterns.
Fine powders, however, do not possess extended struc-
tural coherence of usual crystals and give diffraction
patterns with a well-defined diffusion component and
several broad Bragg-like special features. For this rea-
son, the traditional diffraction technique is very diffi-
cult to use for structure determination. Raman scat-
tering from nanoparticles whose size is smaller than
5 nm has not been studied as yet. Such studies can,
however, be performed using computer experiments.

The purpose of this work was to use the molecular
dynamics method for obtaining the Raman spectra of
the (GaNlN) 5, (Si0,)g6, and (GalN)s,(SiO,)s, nanopar-
ticles. The (GaN)s,(SiO,)s, nanoparticle was repre-
sented by species of two types: a GaN particle covered
by a SiO, layer and a SiO, particle with a GaN layer
deposited on it.

COMPUTER MODEL

The Tersoff potential extensively used in simulation
of atomic semiconducting systems is an empirical
function determined by two-particle interactions,
which depend on local environment.

The potential energy of the system U is written as

U= ZU 1Zcp,j,

i#]
CDU = fc(rzj) [fr(ru) + b[jfa(rij)] >
1) = Agexp(-Ai'ry),

fulry) = Byexp(-hiry),
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where the ‘7,7 and “k” indices determine atoms,
5 is the bond length between atoms / and j, and 0 is
the angle between the jj- and ik-bonds. The y; param-
eterin (1) is used to reduce the strength of heteropolar
bonds. Here, x; = 1 and y; = ;;, and only one inde-
pendent parameter is therefore necessary to describe a
pair of atomic types. The w; parameter in (2) can vary
substantially when different types of atoms are consid-

ered, but it is mostly assumed that w; = 1. The kfjk), Ay
B, Ry, and §;; potential parameters describing interac-
tion between atoms of kinds / and j were calculated
using arithmetical and geometrical means (Eq. (3)).
The procedure for fitting the other parameters when
the original Tersoff potential [12] is used is described
in [13].

The Tersoff potential parameters for silicon, oxy-
gen, gallium, and nitrogen are listed in the table
[14, 15]. Potentials for Si, O, and N contain optimized
parameters. The procedure selected for the optimiza-
tion of potential parameters involved simultaneous fit-
ting of energy and forces to the values obtained in cal-
culations by the density functional theory method
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rather than the use of traditional potential fitting to
physical properties [14].

The initial configurations of nanoparticles were
created by cutting spheres and spherical layers from
the GaN crystal with the wurtzite structure and the o-
quartz crystal. In GaN and SiO, spheres, the necessary
stoichiometry was retained. When nanoparticles con-
taining both GaN and SiO, were created, a sphere
with either of these components was surrounded by a
spherical layer of the other component. The prelimi-
narily constructed GaN crystal had the following lat-
tice parameters: @, b = 0.3181 nm and ¢ = 0.5184 nm
[16]. Packing of SiO, tetrahedra for obtaining an o.-
quartz crystal with the parameters @, b = 0.5082 nm
and ¢ = 0.55278 nm [17] was obtained using the
GRINSP program for the generation of inorganic
crystal structures [18]. To prepare a nanoparticle with
a GaN nucleus, a sphere formed by GaN was put into
a spherical SiO, layer with providing coincidence of
their centers. The preparation of nanoparticles with a
SiO, nucleus included similar addition of a sphere
formed by SiO, to a GaN spherical layer. In both cases,
spherical layer atoms situated at a distance smaller
than some selected r,, value from any sphere atom were
removed from the region including the surface of the
sphere and the lower spherical layer boundary. As a
result, after assembly of nanoparticles, we obtained
the following minimum distances between atoms of
different kinds: 3.23 (Ga—Si), 2.67 (Ga—0), 2.22 (N—
Si), and 2.00 (N—O). The size of a sphere was suffi-
cient for the accommodation of 50 SiO, structural
units or 54 GaN atomic units. The environment con-
tained a similar number of structural units of each
type. Atoms farthest from the center of mass of the
created nanoparticle were removed. Calculations of
physical properties were performed using a classic
molecular dynamics ensemble, which was a particular
case of a microcanonical ensemble. Equations of
motion were integrated following the fourth-order
Runge—Kutta method with a A= 10~'® s time step. At
the preliminary stage of calculations 100000 Af long,
atom velocities were corrected to balance system at a
300 K temperature. The main stage of calculations was
performed without any corrections; it was 1000000
time steps long. As a result, the following temperatures
were obtained for nanoparticles: 303.2 ((SiO,)g),
314.5 ((GaN) ), 303.3 ((GaN)s4(Si0,)s, with a SiO,
nucleus), and 304.5 K ((GaN)s,(Si0,)s, with a GaN
nucleus).

RAMAN SPECTRA

The Raman spectra of clusters can be calculated via
the autocorrelation function of polarizability fluctua-
tions. Each atom in a model can be treated as a polar-
izable point dipole situated in the nucleus of the atom.
As a result of interactions with neighboring atoms,
induced dipole moment d; and polarizability a, are cre-
ated in an atom with permanent polarizability a; , [19],
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J#i
a,=a; +a; ) T,
J#i
Here, T is the dipole—dipole interaction tensor,
T, = 1). “4)

In (4), 1 is the unit vector in the r,—r; direction, where
r; and r; are the positions of the nuclel of atoms i and,
and 1 denotes a unit 3 x 3 tensor. We used the following
atomic polarizability values: 3.75 (Si), 0.793 (O),
8.1 (Ga), and 1.1 A% (N). The electric charges were (in
elementary electric charge units) 4 (Si), —2 (0), 3 (Ga),
and —3 (N) [20]. The standard iteration procedure
[21] was used at each time step to calculate induced
dipole moments d;. The accuracy of d; calculations was
10°—10~*D

The static dielectric constant g, was calculated
from total dipole moment d fluctuations [22],

e A N eV
g =1 +3VkT[<d )—(d) }
where Vis the nanoparticle volume and k& is the Boltz-
mann constant.

Permittivity €(w) as a function of frequency ® was
represented by the e(®) = €'(®w) — ie"(®) complex value,
which was determined using the equation [22, 23]

a(oa) -1
-1
Iexp(—lmt) dt =1-io J.exp(—lcot)F(t)dt
0

where the F(7) function is the normahzed autocorrela-
tion function of the total dipole moment of a nanopar-
ticle,

(d(t)d(O))

o)

The J(w) Raman spectrum excited by not polarized
light is given by the equation [19] (if ® < 0, we have
Stokes and, if ® > 0, anti-Stokes spectrum lines)

Ft) =

o2l 2]

x Re [dre™ (I1,.(011,,(0)),
0
where
N

I = ) [a,0)—(a,))

j=1
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Fig. 1. Configurations of (GaN)s4(SiO,)5, nanoparticles corresponding to time 100 ps; nanoparticle nucleus is (a) GaN and

(b) SiO,.

oy is the exciting laser frequency, 11, is the xz compo-
nent of the I'l(¢) value, the x axis is directed along the
bisectrix of the O—Si—O angle of the SiO, structural
unit or along the Ga—N bond determining the
induced dipole direction. Simulation was performed
using @, = 194363 cm™! (argon laser green line,
A =514.5 nm).

CALCULATION RESULTS

Bond energies in (SiO,)g and (GalN),,y particles
calculated in this work were —9.6 and —4.7 eV/atom,
respectively. The corresponding experimental values
for a-quartz and gallium nitride with the wurtzite
structure are —9.058 [24] and —4.529 [25]. The config-
urations of nanoparticles containing both SiO, and
GaN and obtained at time 100 ps are shown in Fig. 1.
Packing of SiO,, especially when these structural units

J, arb. units 7

Fig. 2. Raman spectra of (/) (SiO,)gs nanoparticle,
(2) a-quartz, (3) natural chalcedony from Arizona [26],
and (4) SiO, film grown on sapphire [27].
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are arranged externally in a nanoparticle, is closer to
the amorphous state rather than o-quartz. In both
cases, separate oxygen atoms become detached from
Siatoms and closely approach Ga atoms. If GaN is sit-
uated in the central part of a nanoparticle, the surface
layer consisting of SiO, is strongly inhomogeneous and
contains breaks. The GaN nucleus remains sphere-
shaped during whole calculations. The N and Ga
atoms are strongly bound with each other. During cal-
culations, these bonds remain intact, but N atoms shift
inside the GaN nucleus, and Ga atoms, outside it. If
GaN is situated on the surface of a cluster, N atoms
closely approach Ga atoms and do not penetrate
inside the cluster. Ga atoms can be in contact with
both Si and O atoms. Except loss of separate O atoms,
the framework of SiO, is retained. The inside SiO,
nucleus has dense and loose regions. Ga atoms fairly
closely approach this nucleus.

The Raman spectra of the (SiO,)g (o-quartz)
nanoparticle, natural chalcedony from Arizona [26],
and a SiO, film [27] grown on sapphire are shown in
Fig. 2. The spectra of crystalline quartz were measured
at 297 + 3 K. The low-frequency region with ® <
50 cm~! was not considered in [27] because, according
to the authors, strong spurious scattering was observed
at these frequencies. The strongest bands of crystalline
Si0, were situated at 128, 206, and 464 cm~'. In addi-
tion, two bands at 696 and 808 cm~' were observed.
The strongest band situated at 400—530 cm™! corre-
sponds to Si—O-—Si symmetrical stretching-bending
modes. The bands at 128 and 206 cm~! correspond to
torsional and O—Si—O bending modes. Recent mea-
surements of Raman scattering from a silicon dioxide
cell showed the presence of bands at 495.8 and
748.5 cm~! [28]. The bands at 128 and 206 cm~! are
strongest in the Raman spectrum of chalcedony. Weak
peaks of the same origin were observed in the J spec-
trum of chalcedony at 262 and 355 cm~!. The SiO,
film at 7= 293 K consisted of the amorphous phase,
but crystalline fragments were also present. The struc-
Vol. 6
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ture of Si0O, glass is an amorphous network of Si atoms
tetrahedrally surrounded by O atoms. Tetrahedra are
linked with each other through oxygen atoms, and
Si—O-Si bridges with interbond angles close to 150°
are formed. In other words, each Si atom in the amor-
phous network is surrounded by four O atoms, and, in
turn, each oxygen atom is linked with two silicon
atoms. The Raman spectrum of a SiO, film grown on
a sapphire substrate is shown in Fig. 2, curve 4. A
broad band at about 400 cm~! corresponds to Si—O
tetrahedron rocking vibrations. A peak at 800 cm™!
was also observed. This peak was related to periodic
bends of chemical bonds in Si—O—Si bridges. Accord-
ing to [27], an intense narrow peak at 378 cm™! corre-
sponds to plasma radiation in an Ar laser gas discharge
tube. The stoichiometry of SiO, is disturbed at ele-
vated temperatures. Nonstoichiometric SiO, films
were obtained after annealing at 773 K for 15 min. The
Raman spectrum of such a film had a broad band cen-
tered at approximately 490 cm~! which corresponded
to Si—Si bond vibrations. This means that amorphous
silicon clusters formed in the film. The first peak in the J
spectrum of a low-temperature film situated at ~50 cm™!
was a wing of the Raleigh line. A well-defined low-fre-
quency peak at 34 cm~! was also observed in the
Raman spectrum of the (SiO,)gs nanoparticle. Its
appearance can also be related to the presence of
Raleigh scattering. The most intense broad band
appears in the vicinity of a 248 cm~! frequency. This
band is caused by torsional vibrations and O—Si—O
bending modes. As distinct from crystalline SiO,, a
large number of vibrations close in energy is observed
in the (SiO,)g¢ nanoparticle in the vicinity of the
248 cm~! band. Their superposition forms a broad
intense Raman spectrum band. A weak burst in the J
spectrum of the nanoparticle is also observed close to
the 620 cm™! frequency. This burst is an overtone of
modes responsible for the intense Raman spectrum
band at 248 cm~'. The positions of the main Raman
spectrum bands of the (Si0O,)g; nanoparticle, o.-quartz,
and SiO, film are limited by the frequency range
0<®< 500 cm~!. Two new Raman lines at 295 and
380 cm~' and a weak mode at 605 cm~! were recently
observed in the Raman spectrum of amorphous silicon
dioxide [29]. The authors relate the origin of the new
branches to vibrations in five- and more-membered
SiO, rings.

Because of thermal instability of gallium nitride
crystals, GaN semiconductors are mainly produced
and used in the form of thin films. The Raman spec-
trum of a GaN film grown on a sapphire substrate and
the calculated J spectrum of the (GaN),,9 nanoparti-
cle are shown in Fig. 3. The spectrum of a GaN film
has a noticeable peak at 247 cm~' [30]. In [8], the ori-
gin of this peak was related to As impurities in GaN
films. This mode is present at 293 K and does not dis-
appear up to 500 K. This is the temperature at which
the beginning of the electronic transition with an
increase in the number of donors is expected. The
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Fig. 3. Raman spectra of (/) (GaN);,9 nanoparticle and
(2) GaN film grown on a sapphire substrate [30].

peak at 558 cm~!, which appears in the Raman spec-

trum, corresponds to the existence of stresses in GaN
films with the wurtzite structure. The FE, additional
active Raman mode is responsible for the appearance
of this peak. When stresses appear, the peak shifts
toward higher frequencies; its localization at 566 cm™!
was mentioned. The longitudinal asymmetric vibra-
tion mode is observed at 733 cm~!. This mode has an
obvious “tail” extended toward high frequencies. It is
present in the form of a prominent signal at low tem-
peratures. The coalescing lines at 410 and 420 cm™! are
acoustic overtones [30]. The lines at 417 and 750 cm™!
related to sapphire were excluded from the spectrum.
The Raman spectrum of the (GaN),,9 nanoparticle is
continuous and contains several bands localized at
0 < ® <650 cm™!. The calculated Raman spectrum of
the (GaN),,y nanoparticle has a noticeable peak of
bosons (at 131 cm~') and two accompanying subpeaks
at 98 and 164 cm~! (Fig. 3). The boson peak is a uni-
versal special feature of the Raman spectra of most of
glasses. This peak is equally strong in many glasses and
weakly changes as glass connectedness decreases. This
observation was used in [31] to draw the conclusion
that the boson peak appeared because of vibrations
local in character. These vibrations can be represented
by a harmonic oscillator. On the whole, the form of the
spectrum of the nanoparticle corresponds to the form
of the spectrum of a GaN film over the frequency
range 100 <® <650 cm~'. The Raman spectrum of the
film has a smoother relief. The mean frequency value
of nanoparticle spectrum peaks at 210, 260, and
283 cm~! is 251 cm™!, which closely agrees with the
position of the Raman peak observed in a GaN film
(247 cm™'). The most intense band in the J spectrum
of the nanoparticle at 408 cm™! can be treated as an
acoustic overtone. Taking anharmonicity into
account, the peaks at 464, 510, 599, and 635 cm~! can
be assigned to overtones of modes with a 251 cm™!
mean frequency. The continuous spectrum of the
(GaN),,g nanoparticle extends to ~694 cm~!, whereas
the J spectrum of the (SiO,)s nanoparticle extends to
a415 cm~! frequency only; at 415 cm™!, a break of the

No. 3 2012
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Fig. 4. Raman spectra of (GaN)s4(SiO,)s, nanoparticles
with (/) GaN and (2) SiO, nuclei and (3) Raman spectrum
of GaN/SiO,/Si nanocrystals with a mean size of & =
50 nm [32].

spectrum is observed. A large number of active fre-
quencies in the Raman spectrum of the (GaN)yg
nanoparticle is caused by its small size and a small time
interval during which observations were made.

The (GaN)s4(SiO,)s, nanoparticle with a GaN
nucleus has a fairly smooth continuous Raman spec-
trum over the frequency range 0 < o < 600 cm™!
(Fig. 4). The band in the vicinity of a 400 cm™! fre-
quency is not most intense, as with the (GaN),
nanoparticle. The band situated close to a 204 cm™!
frequency is most intense. The intensity of the J spec-
trum linearly decreases as the frequency increases
from 425 to 600 cm~!. The Raman spectrum of the
(GaN)s4(Si0O,)s, nanoparticle with a SiO, nucleus is
characterized by a substantially cut relief. This spec-
trum has a somewhat higher extension compared with
the J spectrum of the (GaN)s,(Si0,)s, particle with a
GaN nucleus. At ® > 559 cm™!, the Raman spectrum
of the particle with a SiO, nucleus is not continuous.
Over the frequency range 0 < <700 cm™!, the J spec-
trum of this particle has 11 bands. Some of these peaks
(3—5) are split. The fourth peak has two subpeaks, and
the third and fifth peaks have subpeaks and shoulders
on the right. The first two peaks at 47 and 79 cm™!
should be treated as boson peaks. The position of a broad
peak at 139 cm™! is in agreement with the low-frequency
additional active Raman mode E, = 144 cm™' experi-
mentally observed in GaN films [8]. The bands at 212,
241, and 291 cm~!, which have the mean frequency
value 248 cm~!, on the one hand, correspond to the
main mode (248 cm™") of the Raman spectrum of the
(Si0,)g¢ nanoparticle and, on the other hand, are close
to modes with the mean frequency 251 cm~' observed
in the J spectrum of the (GalN),,y nanoparticle. The
band at 291 cm~! is also close to a 295 cm™! frequency
mode in amorphous silicon [29]. In exactly the same
way, the bands at 452 and 516 cm~! correspond to 464
and 510 cm~! modes in the spectrum of the (GaN),,
nanoparticle. In addition, the position of the band at
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516 cm~! coincides with the localization of the Raman
spectrum band for a GaN nanocrystal with size 50 nm
grown on a SiO, substrate [32]. The Raman spectrum
of this nanocrystal contains only one peak (516 cm™')
caused by Si atom vibrations. The position of a well-
defined peak at 372 cm™! is close to that of a sharp
Raman spectrum peak of a SiO, film (378 cm™!) [27]
and amorphous SiO, (380 cm~') [29]. The other peaks
at 615 and 664 cm~! appear because of splitting of the
peak at 620 cm~! in the Raman spectrum of the
(Si0,)g¢ nanoparticle. A peak close in its position
(605 cm™!) is also observed in amorphous SiO, [29]. It
follows that the positions of peaks in the J spectrum of the
(GaN);4(Si0,)5, nanoparticle with a SiO, nucleus are
caused not only by collective vibrations in the GaN sub-
system but also by group vibrations in the SiO, subsystem.

CONCLUSIONS

The calculation results show that, over the larger
part of the 0 < ® < 700 cm™' frequency range, the
Raman spectra of nanoparticles consisting of SiO, and
GaN are continuous. The Raman spectrum of the
(Si0,)4¢ nanoparticle is smooth and contains a wing of
Raleigh scattering. Over the frequency range 420—
530 cm™!, a break of the spectrum is observed. Over
the frequency range covered, the Raman spectrum of
the (Si0,)¢s nanoparticle is closer to the J spectrum of
a SiO, amorphous-crystalline film than to the corre-
sponding spectrum of crystalline or microcrystalline
SiO,. Broad Raman spectrum bands of the (SiO,)ss
nanoparticle are formed because of overlapping of
vibrational bands close in energy. The (GaN),,¢ nano-
particle also has a continuous Raman spectrum. How-
ever, as distinct from the J spectrum of the (SiO,)g
nanoparticle, the Raman spectrum of the (GaN),,
nanoparticle has a large number of well defined bands.
Over the frequency range 100 < o < 700 cm™!, the
Jspectrum of a GaN film with the wurtzite structure
on the whole fits in with the Raman spectrum of the
(GaN),,9 nanoparticle. The form of the Raman spec-
trum of the (GaN);,(Si0O,)5, nanoparticle depends to
a substantial extent on the arrangement of compo-
nents in the volume of this nanoparticle. If GaN forms
its nucleus, the J spectrum has a smooth shape, and if
SiO, occupies its center, the Raman spectrum has a
large number of bands. These bands correspond to
vibration of groups of atoms of different kinds and
atoms of the same kind. The Raman spectrum of the
nanoparticle with a SiO, nucleus has a larger exten-
sion, but its “tail” is not a continuous spectrum con-
tinuation.
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