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Abstract The J(x) Raman spectra of the ðGaN)129,

ðSiO2Þ86, and ðGaN)54ðSiO2Þ50 nanoparticles as well

as the optical properties of silicon dioxide and gallium

arsenide nanoparticles and the four-component parti-

cles based on them were calculated using the molec-

ular dynamics method. The spectrum of ðSiO2Þ86 had

three broad bands only, whereas the Raman spectrum

of ðGaN)129 contained a large number of overlapping

bands. The shape of Raman spectra for four-compo-

nent particles depends strongly on the way the GaN-,

GaAs-, and SiO2-components are located in the

nanoparticle. Increasing the temperature (from

300 K upto 1500 K) of nanoparticles causes a signif-

icant rise in the intensity of the Raman spectrum. Thus,

the odd J(x)-spectrum peaks for the nanoparticle with

the SiO2-core shift in opposite directions, but this

heating does not lead to the shift of J(x)-spectrum

peaks for the ðGaAs)54ðSiO2Þ50 nanoparticle with

SiO2-coating. The refractive index and absorption

coefficient as well as the number of optically active

electrons depend weakly on the arrangement of the

conductor (GaAs) and isolator (SiO2) in the

nanoparticle.

Keywords Gallium arsenide �Gallium nitride �
IR and Raman spectra � Nanoparticle � Silicon

dioxide � Modeling and simulation

Introduction

Silicon dioxide is an essential material for technical

application (Metin et al. 2011). It is used in optical and

fiber devices and in microelectronics (e.g., metal-

oxide semiconductor transistors). Silicon dioxide has

many crystal forms: quartz, cristobalite, tridymite, and

stishovite. But the best-known form is amorphous

silicon dioxide. This form can be produced in the

purest state. These forms of SiO2 have SiO4 as a base

unit, where every Si atom is coordinated with four O

atoms forming a tetrahedron, and every atom of

oxygen serves as a bridge bonding two tetrahedrons. In

various forms of SiO2, the tetrahedrons are bonded in a

variety of ways. This binding in a-quartz and amor-

phous silicon dioxide is almost identical. In a-quartz,

the length of the bond Si–O is estimated at 1.61 Å and

the angle Si–O–Si is estimated at 144�. In amorphous

SiO2, the Si–O–Si– bonds range from 1.55 to 1.65 Å

as the angle varies from 136� to 180�. Experimental

data of the SiO2 nanoparticles with different sizes

(diameters from 40 to 7 nm) show that the variability

of the spectral features of the matrix related Raman

and IR bands in the nanoparticles is above the one

observed for the bulk systems before any treatments

(Agnello et al. 2013). The peaks at 440, 605, 800, and
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1,060 cm-1 in the Raman spectra of the nanoparticles

at room temperature are detected (Alessi et al. 2013).

The higher is the specific surface, the larger is the

differences between the Raman activities of the

nanoparticle and of the bulk systems.

Raman scattering is a powerful and widely used

method for studying admixtures and defects in mate-

rials. This technique is used to rapidly identify

materials. Because of high sensitivity of vibrational

frequencies and scattering intensities to small differ-

ences in crystal structure, this method is successfully

used to reveal polymorphism of materials (Bhattach-

arya et al. 2011). Raman spectroscopy cannot, how-

ever, be used to determine the type of vibrations

(longitudinal or transverse) to which a band is related.

Micro-Raman measurements over the frequency range

50 B x B 1,250 cm-1 revealed the presence of sev-

eral intense bands characteristic of pure SiO2 samples.

The most intense peaks are situated at 129, 220, and

501 cm-1 (McMillan and Hess 1990). Less intense

bands at 250–480, 650–850, and 1,040–1,210 cm-1

were, however, also observed. Asymmetric and less

intense bands and also a peak at 220 cm-1 likely

appear because of mode overlapping (Jayaraman et al.

1987). The presence of low energy Raman lines

localized between 95 and 250 cm-1 in GaN grown by

molecular beam epitaxy was for the first time observed

in (Ramsteiner et al. 1996). According to (Siegle et al.

1997a), these peaks are only present in the spectra of

GaN and GaAs. It was reported in (Jiang et al. 1998)

that these peaks were also characteristic of GaN layers

grown by molecular beam epitaxy on sapphire and

GaAs substrates. Their intensity decreased as the

temperature increased, and they completely disap-

peared at room temperature. They were therefore

assigned to electronic excitation of donors. More

recent measurements in a magnetic field at a high

pressure, however, showed that all the lines were

caused by vibrational Raman scattering, and their

temperature dependence was caused by a resonance

process (Siegle et al. 1998). Theoretical calculations

showed that these lines were related to as admixtures

in GaN (Kaczmarczyk et al. 2000). Semiconductors

contain many electronic excitations thanks to free and

bound charges. Electronic excitations can be related to

lattice vibrations. The influence of free charge carriers

on Raman spectra and their relation to longitudinal

optical phonons was considered in (Kozawa et al.

1994) for the example of N-type GaN films.

It was shown experimentally that, because of epitaxial

growth of GaN at 293–1,373 K brought in contact with

SiO2, compression and shear stresses appeared close

to bases of growing GaN pyramids (Zheleva et al.

1999). These stresses had maximum values of 3 and

0.9 GPa, respectively. They were caused by different

thermal expansion coefficients of GaN and SiO2. 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.

The structure of materials is usually determined

from Bragg peaks in their diffraction patterns. Fine

powders, however, do not possess extended structural

coherence of usual crystals and give diffraction

patterns with a well-defined diffusion component and

several broad Bragg-like special features. For this

reason, the traditional diffraction technique is very

difficult to use for structure determination. Raman

scattering from nanoparticles whose size is smaller

than 5 nm has not been studied as yet. Such studies can,

however, be performed using computer experiments.

Nanoparticles have typical colloidal properties. The

most characteristic one is the high percentage of atoms

occupying the nanoparticle surface. The surface atoms

have unsaturated bonds, and hence can bind to the other

atoms; i.e., they have high chemical activity. The

particle size, surface condition, and interatomic inter-

action specify the unique properties of nanoparticles

and make potential application of them in many fields

possible (Okuyama and Lenggoro 2003; Vassileva and

Furuta 2001).

The amorphous GaAs has good optical and elec-

tronic properties. Considerable efforts go into produc-

ing the crystal GaAs. Nano-GaAs acquires new

properties, opening up of fresh opportunities for

technical applications and widespread use of these

materials. GaAs nanocrystals (having sizes in the

range of 7–15 nm) have been synthesized by an

electrochemical route from the acidic solutions of

metallic gallium and arsenic oxide (Nayak et al. 2004).

Structural analysis by transmission electron micros-

copy reveals the presence of orthorhombic phase, in

contrast to the usual cubic phase of bulk GaAs. Micro-

Raman analysis shows a phonon mode centered at

250 cm-1 associated with a point defect. On the

spectra from the wires, two peaks can be clearly

observed. The peak positioned at 268.7 cm-1 is due to
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scattering from the transverse-optical (TO) phonon

and the peak positioned at 292.2 cm-1 is due to

scattering from the longitudinal-optical (LO) phonon

(Mooradian and Wright 1966). The Raman phonon

modes of nanowires to the known bulk GaAs (1 0 0)

phonon modes have been compared. In general, the

phonon modes showed down shift, asymmetrical

broadening, and intensity ratio of LO/TO less than 1.

The down shift in Raman modes can been attributed to

lattice defects (Bailon-Somintac et al. 2011).

The GaAs films are deposited on various substrates,

e.g., on Si. But for practical application, in many cases,

SiO2 is more preferable as a substrate. For nanopar-

ticles, the SiO2 coating is more commonly deposited

outside the particle. This considerably increases the

thermal stability of the nanoparticle, due to the fact

that the melting temperature of SiO2 ranges from

1,873 to 1,998 K. The energy structure of the InAs/

GaAs and InAs/InGaAs/GaAs systems is considered

in (Bouzaı̈ene et al. 2011; Kim et al. 2006). The

process of generating point and cluster defects both in

the volume system of GaAs and in the thin films of

GaAs was investigated in (Nordlund et al. 2000) by the

molecular dynamics method. While irradiating GaAs

with high-speed ions, most of the defects were shown

to be generated near the ions, but the biggest cluster

defects can be generated along the route of the

bombarding ions. The optical and dielectric properties

of the nanoparticles of GaAs covered with SiO2 have

not been investigated to date, and the nanoparticles

ðSiO2Þn and ðGaAs)m with inverted placement of

components (GaAs is outside) were not produced. The

molecular dynamic calculations (Tersoff 1986, 1989;

Munetoh et al. 2007; Nishidate and Nikishkov 2008;

Billeter et al. 2006) suggest that the Tersoff potential

can adequately reproduce the physical properties of a

multicomponent system.

The purpose of this work was to use the molecular

dynamics method for obtaining the Raman spectra of the

ðGaN)129, ðSiO2Þ86, and ðGaN)54ðSiO2Þ50 nanoparti-

cles. The ðGaN)54ðSiO2Þ50 nanoparticle was repre-

sented by species of two types: a GaN particle covered

by a SiO2 layer and a SiO2 particle with a GaN layer

deposited on it. Our main concern also is investigating

the infrared and Raman spectra of the nanoparticles

ðSiO2Þn and ðGaAs)m, the SiO2-base being both inside

and outside the nanoparticle, and specifying the

frequency dependence of the refraction index g and

the absorption coefficient j of such nanoparticles in

the temperature range of 300 B T B 1,500 K.

Model

The potential of the Tersoff type has limited ability to

reveal the differences in chemical interaction, but it

defines the chemical differences of the valency s and p

electron properties. This potential is an effective

instrument for modeling new materials. The Tersoff

potential is based on the concept of bond order. The

interatomic potential energy of two neighboring atoms

i and j is written as (Tersoff 1989)

Vij ¼ fCðrijÞ Aaij expð�kð1ÞrijÞ � vBbij expð�kð2ÞrijÞ
h i

;

ð1Þ
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1;
1
2

0

8><
>:
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2
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where bij is the many-particle parameter of bond order

(3), specifying the creation of bonding energy (the

attractive part of Vij) in the case of local atom

distribution in the presence of other neighboring

atoms (k-atoms). The potential energy is a many-

particle function of positions of the atoms i, j, and k,

and it is influenced by the parameters

bij ¼ ð1þ nni
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where n is the effective coordination number; g(h) is

the function of the angle between rij and rik that

stabilizes the tetrahedral structure; and k3 and c are set

equal to zero.

The potential defined by Eqs. (1)–(7) is differenti-

ated from the corresponding potential of the single-

component system (Tersoff 1986) by introducing one

additional parameter v. This parameter amplifies or

attenuates the heteropolar bonds with respect to the

value obtained by simple interpolation. Thus, the

‘‘chemistry’’ is involved in this parameter or it is taken

into account on choosing the interpolation formula.

Here, vii = 1 and vij = vji, so only one independent

parameter is required for a pair of two atom types. The

parameter b in Eq. (4) is involved for getting

additional flexibility, which is typical for the pair

made up of the atoms of essentially different types.

The parameters of the Tersoff potentials for silicon,

oxygen, gallium, nitrogen, and arsenic are tabulated in

the Table 1 (Munetoh et al. 2007; Nishidate and

Nikishkov 2008; Billeter et al. 2006). Here, the

deficiently physically justified parameter vij is assumed

equal to one. The procedure of adjusting parameters

with using the original Tersoff potential is presented in

(Yasukawa 1996). The Tersoff potential is well trans-

ferable for the bond orbitals; the parameters fitted for

sp3-hybridization can be used for the description of

interaction in the materials with sp2-hybridization

(Galashev 2010; Benkabou et al. 2003).

The initial configurations of nanoparticles were made

by cutting the spheres and spherical layers out of the

crystals of GaN (GaAs) with the wurtzite (zinc blende)

crystal structure and the crystal of a-quartz. The

previously built crystal of GaN (GaAs) was speci-

fied by the parameters: a = b = 0.386 nm and

c = 0.5186 nm (a = 0.5653 nm) (Goldman et al.

1996). The packing of SiO4-tetrahedrons for obtaining

the crystal of a-quartz with the parameters a,

b = 0.5082 nm, c = 0.55278 nm (Tersoff 1986)

was generated by the program generator of mineral

crystal structures GRINSP (Le Bail 2005). The four-

component particle was built by surrounding a sphere

consisting of one type of base units by a layer of the

other atomic units. In order to obtain the nanoparticles

of the first type, a sphere of SiO2 was inserted into the

spherical layer of GaN (GaAs), aligning their centers.

Producing the nanoparticle of the second type

included analogous attachment of the sphere of GaN

(GaAs) to the spherical layer of SiO2. In both cases, in

the region of interfacing the sphere and the layer

surrounding it, the base units of the spherical layer, the

atoms of which were closer to any atom of the sphere

than a certain selected value rm, were removed. As a

result, after assembling the nanoparticles, the minimal

spacing between the atoms of different types ranged

between 0.33 and 0.36 nm. The required quantity of

base units of each type remained outside in the

vicinity, while the atoms located farther than the

Table 1 Tersoff potential parameters

Parameter Silicona Oxygena Galliumb Nitrogenc Arsenicb

A, eV 1803.79 1882.55 2543.2972 6368.21 1571.86084

B, eV 471.195 218.787 314.45966 511.205 546.4316579

k1, Å-1 2.4799 4.17108 2.50842747 5.60181 2.384132239

k2, Å-1 1.7322 2.35692 1.490824 3.16170 1.7287263

R(1), Å 2.5 2.7 3.4 1.75256 3.4

R(2), Å 2.8 3.0 3.6 2.41523 3.6

b 1.1 9 10-6 1.1632 9 10-7 0.23586237 4.4422 9 10-3 0.00748809

n 0.78734 1.04968 3.4729041 2.42635 0.60879133

h -0.59825 -0.845922 7.1459174 -0.52909 0.15292354

c 1.0039 9 105 6.46921 9 104 0.07629773 2.2955 9 104 5.273131

d 16.217 4.11127 19.796474 24.78674 0.75102662

v 1 1 1 1 1

a (Munetoh et al. 2007)
b (Nishidate and Nikishkov 2008)
c (Billeter et al. 2006)
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others from the center of mass of the created

nanoparticle were removed. Finally, depending on its

composition, the nanoparticle contained 86 base units

of SiO2, or 129 base units of GaN (GaAs), or 50 base

units of SiO2 and 54 base units of GaN (GaAs). Thus,

simulations were done in a spherical model containing

258 atoms under non-periodic boundary conditions.

The size of nanoparticles containing SiO2 was within

the range of 3.0–3.6 nm. The calculation of physical

properties was performed by the classical molecular-

dynamic ensemble representing the special case of a

microcanonical ensemble. Integration of the equations

of motion was performed by the Runge–Kutta method

of the 4th order with the time step Dt = 10-16 s. In the

preliminary stage of calculation with duration of

1,00,000 Dt, the correction of the velocities of atoms

was performed in order to balance the systems at a

given temperature. The major calculation was made

without any correction and lasted for 106 time steps.

The molecular-dynamic (MD) calculations for every

nanoparticle, I ðSiO2Þ86, II ðGaN)129, III ðGaAs)129,

ðSiO2Þ50ðGaN)54 and ðSiO2Þ50ðGaAs)54 with interior

(IV, VI) and surface (V, VII) placement of SiO2, were

performed at temperature 300 K. Besides spectral

properties of nanoparticles I, III, VI, and VII were

investigated at temperatures of 900 and 1,500 K. The

configurations of the nanoparticles, produced at low

temperatures, were used in the calculations at higher

temperatures.

Dielectric properties

The calculation of the dielectric properties of two- and

four-component particles based on them differs from

the calculation of the corresponding characteristics of

oxygen- and ozone-containing water clusters in the

presence of the ions Cl�, Br�, and NO�3 (Galashev

2011, 2012; Galashev et al. 2011a, b). The water or

ozone (oxygen) molecule invariant in composition

acts as a base unit for the water systems. Each

molecule has its own electrical characteristics: per-

manent dipole moment dper, polarizability a(p), and

calculated induced dipole moment dind. The compo-

sitionally stable molecules can be found neither in

silicon dioxide nor in gallium nitride or gallium

arsenide nor in the nanoparticle based on them.

Consequently, in this case, the exact characteristics

of molecules (dper, a(p), and dind) cannot be used for

calculating the dielectric properties of nanoparticles.

But the presence of covalent bonds in SiO2, GaN, and

GaAs or their combinations makes it possible to

isolate the local units from some atom, surrounded by

any other atoms of a nanoparticle, at each instant of

time. The number of neighbors of every atom is

chosen according to the assumed parameters of the

interaction potential and does not exceed four, as a

rule. The experimental values of polarizability were

taken as 3.75, 0.793, 8.1, 1.1, and 4.3 Å3 (Lide 1996)

for the atoms of Si, O, Ga, N, and As, respectively. The

permanent dipole moments of these atoms were

assumed equal to zero. Considering the individual

characteristics of atoms dper
atom and aðpÞatom , one can

determine the effective values of these quantities and

dind for the local groups of atoms. Precisely, these

effective characteristics of the local groups of atoms

were used for calculating the dielectric properties

of the nanoparticles ðSiO2Þ86, ðGaX)129, and

ðSiO2Þ50ðGaX)54, where X= N or As.

The dielectric permittivity e(x) as a frequency x
function was presented by the complex value

e(x) = e0(x) - ie00(x). For determining this value,

the following equation was used (Galashev 2011, 2012):

eðxÞ � 1

e0 � 1
¼ �

Z1

0

expð�ixtÞ dF

dt
dt

¼ 1� ix
Z1

0

expð�ixtÞFðtÞdt; ð9Þ

where e0 is the static dielectric permittivity, F(t) is the

normalized autocorrelation function of the total dipole

moment of a nanoparticle:

FðtÞ ¼ MðtÞ �Mð0Þh i
M2
� � ; ð10Þ

where

MðtÞ ¼
XN

j¼1

djðtÞ ð11Þ

is the sum of the total dipole moments of the atoms.

Calculating the values dj ¼ dper
j þ dind

j , for each atom,

only those neighbors that interacted with this atom

according to the potentials in use were taken into

account.
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The Raman and infrared (IR) spectra of nanopar-

ticles were calculated by the autocorrelation functions

of fluctuations of the polarizability and dipole

moment, respectively. The dipole moment di and

polarizability ai of i-th atom are formed due to the

interaction with the surrounding atoms, and as a result,

we get (Galashev et al. 2011a, b)

di ¼ di;0 þ ai;0

X
j 6¼i

Tijdj; ð12Þ

ai ¼ ai;0 þ ai;0

X
j 6¼i

Tijaj;

where di;0 and ai;0 are the dipole moment and

polarizability gained by an atom i before interaction

with the renewed (as a result of thermal motion)

surroundings.

Here, Tij is the tensor of dipole–dipole interaction

Tij ¼
1

rij

�� ��3 3r̂ijr̂ij � 1
� �

; ð13Þ

where rij is the unit vector having the direction ri �
rj and ri b rj are the positions of the centers of atoms

i and j, and 1 is the unit tensor of rank 3 9 3. The

system of Eqs. (12) was solved by the iteration method.

The scattering cross section of infrared emission

was defined by the equation (Bosma et al. 1993)

rðxÞ ¼ 2

evc�hg

	 

x tanhð �hx

2kT
Þ

� Re

Z1

0

dteixt MðtÞ �Mð0Þh i;
ð14Þ

where g is the refractive index independent of

frequency, ev is the dielectric permittivity of a vacuum,

and c is the speed of light.

The light being depolarized, the Raman spectrum is

defined by the following equation (Bosma et al. 1993):

JðxÞ ¼ x

ðxL � xÞ4
1� e��hx=kT
� �

� Re

Z1

0

dteixt PxzðtÞPxzð0Þh i;
ð15Þ

where

PðtÞ �
XN

j¼1

ajðtÞ � aj

� � �
; ð16Þ

xL is the exciting laser frequency, Pxz is the xz-

component of P(t), and the axis x is directed along the

dipole of the group of directly interacting atoms (atom

j and the neighbors interacting with it).

The refraction index g and the absorption coeffi-

cient n are defined by the equations (Landau and

Lifshitz 1984)

g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e02 þ e002
p

2

s
; n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�e0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e02 þ e002
p

2

s
:

ð17Þ
The coefficient n determines the rate of wave

attenuation as it propagates in the medium.

The total number of electrons nel interacting with

the external electromagnetic field in a unit volume of

the nanoparticle is defined by the following equation

(Landau and Lifshitz 1984):

nel ¼
m

2p2e2

Z1

0

xe00ðxÞdx; ð18Þ

where e and m are the electron charge and mass.

The particles containing SiO2 and GaN

Bond energies in ðSiO2Þ86 and ðGaN)129 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 (Stampfl and van de Walle 1999)

and -4.529 (Serrano et al. 2000). The configurations

of nanoparticles containing both SiO2 and GaN and

obtained at time 100 ps are shown in Fig. 1. Packing

of SiO2, especially when these structural units are

arranged externally in a nanoparticle, is closer to the

amorphous state rather than a-quartz. In both cases,

separate oxygen atoms become detached from Si

atoms and closely approach Ga atoms. If GaN is

situated in the central part of a nanoparticle, the

surface layer consisting of SiO2 is strongly inhomo-

geneous and contains breaks. The GaN nucleus

remains sphere shaped during whole calculations.

The N and Ga atoms are strongly bound with each

other. During calculations, 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
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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 SiO2 is retained. The inside

SiO2 nucleus has dense and loose regions. Ga atoms

fairly closely approach this nucleus.

The totality of microcrystalline quartz kinds is

traditionally divided into two types on the basis of

crystalline habitus determined using optical micros-

copy (Klein and Hurlbut 1985). Granular diversities

include chert and fine-grained sandstone, whereas

fibrous varieties of fine-crystalline quartz are com-

bined under a name of chalcedonies. The axis in

chalcedonies is most often perpendicular to the long

fiber axis. Although the majority of chalcedonies grow

with just this orientation, special chalcedonies with the

axis parallel to fibers or directed at an angle of 30� to

them are also numerous (Folk and Pittman 1971).

The Raman spectra of the ðSiO2Þ86 (a-quartz)

nanoparticle, natural chalcedony from Arizona (King-

ma and Hemley 1994), and a SiO2 film (Berezhinsky

et al. 2005) grown on sapphire are shown in Fig. 2.

The spectra of crystalline quartz were measured at

297 ± 3 K. The low frequency region with

x\ 50 cm-1 was not considered in (Berezhinsky

et al. 2005) because, according to the authors, strong

spurious scattering was observed at these frequencies.

The strongest bands of crystalline SiO2 were situated

at 128, 206, and 464 cm-1. In addition, two bands at

696 and 808 cm-1 were observed. The strongest band

situated at 400–530 cm-1 corresponds to O–Si–O

symmetrical stretching-bending modes. The bands at

128 and 206 cm-1 correspond to torsional and O–Si–

O bending modes. Recent measurements of Raman

scattering from a silicon dioxide cell showed the

presence of bands at 495.8 and 748.5 cm-1 (Schon-

bachler and Luthy 2010). The bands at 128 and

206 cm-1 are strongest in the Raman spectrum of

chalcedony. Weak peaks of the same origin were

observed in the J spectrum of chalcedony at 262 and

355 cm-1. The SiO2 film at T = 293 K consisted of

the amorphous phase, but crystalline fragments were

also present. The structure of SiO2 glass is an

amorphous network of Si atoms tetrahedrally sur-

rounded by O atoms. Tetrahedra are linked with each

other through oxygen atoms, and O–Si–O bridges with

interbond angles close to 150� are formed. In other

words, each Si atom in the amorphous network is

surrounded by four O atoms, and, in turn, each oxygen

atom is linked with two silicon atoms. The Raman

spectrum of a SiO2 film grown on a sapphire substrate

is shown in Fig. 2, curve 4. A broad band at about

400 cm-1 corresponds to Si–O tetrahedron rocking

vibrations. A peak at 800 cm-1 was also observed.

This peak was related to periodic bends of chemical

bonds in O–Si–O bridges. According to (Chligui et al.

2010), an intense narrow peak at 378 cm-1 corre-

sponds to plasma radiation in an Ar-laser gas dis-

charge tube. The stoichiometry of SiO2 is disturbed at

elevated temperatures. Nonstoichiometric SiO2 films

were obtained after annealing at 773 K for 15 min.

The Raman spectrum of such a film had a broad band

centered at approximately 490 cm-1 which corre-

sponded 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-1 was a wing of the Raleigh line.

A well-defined low frequency peak at 34 cm-1 was

also observed in the Raman spectrum of the ðSiO2Þ86

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-1 frequency.

This band is caused by torsional vibrations and O–Si–

O bending modes. As distinct from crystalline SiO2, a

large number of vibrations close in energy are

observed in the ðSiO2Þ86 nanoparticle in the vicinity

of the 248 cm-1 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-1 frequency. This burst is an

overtone of modes responsible for the intense Raman

spectrum band at 248 cm-1. The positions of the main

Raman spectrum bands of the ðSiO2Þ86 nanoparticle,

a-quartz, and SiO2 film are limited by the frequency

range 0 B x B 500 cm-1. Two new Raman lines at

(a) (b)

Fig. 1 Configurations of ðGaN)54ðSiO2Þ50 nanoparticles cor-

responding to time 100 ps; nanoparticle nucleus is a GaN and b
SiO2
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295 and 380 cm-1 and a weak mode at 605 cm-1 were

recently observed in the Raman spectrum of amor-

phous silicon dioxide (Chligui et al. 2010). The

authors relate the origin of the new branches to

vibrations in five- and more-membered SiO2 rings.

Because of thermal instability of gallium nitride

crystals, GaN semiconductors are mainly produced

and used in the form of thin films. The Raman

spectrum of the GaN film grown on sapphire substrate

and on GaAs is shown in Fig. 3 as well as the

calculated J spectrum of the ðGaN)129 nanoparticle.

The spectrum of the GaN film grown on sapphire has a

noticeable peak at 247 cm-1 (Wang et al. 2006). In

(Siegle et al. 1998), the origin of this peak was related

to As impurities in GaN films.

This mode is present at 293 K and does not

disappear upto 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

peak at 558 cm-1, which appears in the Raman

spectrum, corresponds to the existence of stresses in

GaN films with the wurtzite structure. The E2 addi-

tional 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-1 was mentioned. The longitudinal asym-

metric vibration mode is observed at 733 cm-1. This

mode has an obvious ‘‘tail’’ extended toward high

frequencies. It is present in the form of a prominent

signal at low temperatures. The coalescing lines at 410

and 420 cm-1 are acoustic overtones (Wang et al.

2006). The lines at 417 and 750 cm-1 related to

sapphire were excluded from the spectrum. The most

striking observation in (Siegle et al. 1997b) was that

the additional peaks were present only in spectra taken

from samples grown on GaAs. Samples grown on

sapphire did not exhibit these features. For example,

quite pronounced mode at 95 cm-1 as well as modes at

60, 102.5, 125, and 250 cm-1 was found in the Raman

spectrum of a GaN layer grown on GaAs. The theory

cannot explain all additional Raman peaks observed at

low energies in GaN grown on GaAs. Either N

impurities in GaAs or As defects in GaN are likely to

be their origin.

The Raman spectrum of the ðGaN)129 nanoparticle

is continuous and contains several bands localized at

0 B x B 650 cm-1. The calculated Raman spectrum

of the ðGaN)129 nanoparticle has a noticeable peak of

bosons (at 131 cm-1) and two accompanying subpe-

aks at 98 and 164 cm-1 (Fig. 3). The boson peak is a

universal special feature of the Raman spectra of most

of the glasses. This peak is equally strong in many

glasses and weakly changes as glass connectedness

decreases. This observation was used in (McIntosh

et al. 1997) 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 B x B 650 cm-1. The Raman spectrum of the

film has a smoother relief. The mean frequency value

of nanoparticle spectrum peaks at 210, 260, and

283 cm-1 is 251 cm-1, which closely agrees with the

position of the Raman peak observed in a GaN film

(247 cm-1). The most intense band in the J spectrum

of the nanoparticle at 408 cm-1 can be treated as an

Fig. 2 Raman spectra of 1 ðSiO2Þ86 nanoparticle, 2 a-quartz, 3

natural chalcedony from Arizona (Kingma and Hemley 1994),

and 4 SiO2 film grown on sapphire (Berezhinsky et al. 2005)

Fig. 3 Raman spectra of 1 ðGaN)129 nanoparticle and 2 GaN

film grown on a sapphire substrate (Wang et al. 2006)
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acoustic overtone. Taking anharmonicity into account,

the peaks at 464, 510, 599, and 635 cm-1 can be

assigned to overtones of modes with a 251 cm-1 mean

frequency. The continuous spectrum of the ðGaN)129

nanoparticle extends to *694 cm-1, whereas the J

spectrum of the ðSiO2Þ86 nanoparticle extends to a

415 cm-1 frequency only; at 415 cm-1, a break of the

spectrum is observed. A large number of active

frequencies in the Raman spectrum of the ðGaN)129

nanoparticle are caused by its small size and a small

time interval during which observations were made.

The ðGaN)54ðSiO2Þ50 nanoparticle with a GaN

nucleus has a fairly smooth continuous Raman spec-

trum over the frequency range 0 B x B 600 cm-1

(Fig. 4). The band in the vicinity of a 400 cm-1

frequency is not most intense, as with the ðGaN)129

nanoparticle. The band situated close to a 254 cm-1

frequency is most intense. The intensity of the

J spectrum linearly decreases as the frequency

increases from 425 to 600 cm-1. The Raman spectrum

of the ðGaN)54ðSiO2Þ50 nanoparticle with a SiO2

nucleus is characterized by a substantially cut relief.

This spectrum has a somewhat higher extension

compared with the J spectrum of the

ðGaN)54ðSiO2Þ50 particle with a GaN nucleus. At

x[ 559 cm-1, the Raman spectrum of the particle

with a SiO2 nucleus is not continuous. Over the

frequency range 0 B x B 700 cm-1, the J spectrum

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-1 should

be treated as boson peaks. The position of a broad peak

at 139 cm-1 is in agreement with the low frequency

additional active Raman mode E2 = 144 cm-1 exper-

imentally observed in GaN films (Siegle et al. 1998).

The bands at 212, 241, and 291 cm-1, which have the

mean frequency value 248 cm-1, on the one hand,

correspond to the main mode (248 cm-1) of the

Raman spectrum of the ðSiO2Þ86 nanoparticle and, on

the other hand, are close to modes with the mean

frequency 251 cm-1 observed in the J spectrum of the

ðGaN)129 nanoparticle. The band at 291 cm-1 is also

close to a 295 cm-1 frequency mode in amorphous

silicon (Chligui et al. 2010). In the same way, the

bands at 452 and 516 cm-1 correspond to 464 and

510 cm-1 modes in the spectrum of the ðGaN)129

nanoparticle. In addition, the position of the band at

516 cm-1 coincides with the localization of the

Raman spectrum band for a GaN nanocrystal with

size 50 nm grown on a SiO2 substrate (Konenkova

et al. 2003). The Raman spectrum of this nanocrystal

contains only one peak (516 cm-1) caused by Si atom

vibrations. The position of a well-defined peak at

372 cm-1 is close to that of a sharp Raman spectrum

peak of a SiO2 film (378 cm-1) (Berezhinsky et al.

2005) and amorphous SiO2 (380 cm-1) (Chligui et al.

2010). The other peaks at 615 and 664 cm-1 appear

because of splitting of the peak at 620 cm-1 in the

Raman spectrum of the ðSiO2Þ86 nanoparticle. A peak

close in its position (605 cm-1) is also observed in

amorphous SiO2 (Chligui et al. 2010). It follows that

the positions of peaks in the J spectrum of the

ðGaN)54ðSiO2Þ50 nanoparticle with a SiO2 nucleus are

caused not only by collective vibrations in the GaN

subsystem but also by group vibrations in the SiO2

subsystem.

The size of the nanoparticle as well as the number

of layers in the super thin films may have some

influence on the Raman spectra of samples of identical

composition. The primary change is an increase in

intensity of the spectra with increasing particle size

and number of layers in the film. Reducing the number

of layers in the film may also cause negligible (a few

cm-1) red or blue shift of the peaks of Raman

spectrum. In the presence of strong coupling of the

film to the substrate, the reduction of the film layer

number can sometimes lead to the emergence of a new

peak in the Raman spectrum of the bulk material.

Analysis of the size dependence of the spectral

Fig. 4 Raman spectra of ðGaN)54ðSiO2Þ50 nanoparticles with 1

GaN and 2 SiO2 nuclei and 3 Raman spectrum of GaN/SiO2/Si

nanocrystals with a mean size of h = 50 nm (Konenkova et al.

2003)
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characteristics in the case of nanoparticle is compli-

cated, as its structure with decreasing particle size

changes and eventually becomes non crystal. In

addition, the contribution of surface phonons is

enhanced with respect to that of the bulk phonons.

The particles containing SiO2 and GaAs

Structure

Potential energy of the ðGaAs)129 particle (at

T = 300 K) calculated in this work was -5.4 eV.

The magnitude of the cohesion energy of bulk crystal

GaAs simulated by the Abell–Tersoff potential was

found to be -5.78 eV (Hammerschmidt et al. 2008).

The configurations of four nanoparticles obtained at

T = 1500 K after 106 time steps are presented in

Fig. 5. The island of oxygen atoms appeared in the top

piece of nanoparticle ðSiO2Þ86 at the surface. The

surface of nanoparticle ðGaAs)129 is slightly disor-

dered. The four-component nanoparticle with the core

of SiO2 still remains sufficiently compact, but the

delamination of atoms Ga and As is observed at the

surface. The nanoparticle with inverted arrangement

of the SiO2-component at the surface is characterized

by the most loose, heterogeneous structure. In the

dense central part of this nanoparticle, the bigger

atoms of As dominate at the surface. The partially

delaminated shell of SiO2 is unequal in thickness and

does not cover the GaAs core completely. The base

units of SiO2 do not persist. In the surface region, there

are single atoms of Si and O and the base units, which

are not connected to the frame: SiO, SiO2, and SiO4.

According to our result, crystalline ðSiO2Þ86 nano-

particle has the structure of a tetrahedral network with

the mean coordination number ZSi–O & 4 and

ZSi–O & 2. The structural element of the network is

a slightly distorted SiO4 (i.e. four O atoms surround

one Si atom) and the adjacent tetrahedral are linked

each to other through the shared vertices. Mean O–Si–

O angle is equal to 110.0� agreeing with the ideal

tetrahedral structure (109.47�). This means that sur-

face almost does not change the local order insight

structural units. Oxygen atoms have a tendency to

concentrate at the surface of the SiO2 nanoparticle.

Because of the excess of O atoms at the surface, Si

atoms have a tendency to concentrate in the shell close

to the surface. At high temperature, the ðSiO2Þ86

nanoparticle acquires considerable amount of struc-

tural defects such as SiO2 (ZSi–O = 2), SiO3

(ZSi–O = 3) for Si atoms and ZSi–O = 1 for O atoms,

particularly at the surface shell.

The transition from solid to liquid phase and vice

versa can be identified by a simple jump in the total

potential energy curve. Equilibrium melting temper-

ature of pure GaAs is about 1,513 K and of SiO2 is

even higher. Our calculations show that the structure

of the ðGaAs)129 nanoparticle has no larger distortion

caused by temperature increase. There is no evidence

of the liquid state formation or mixing of atoms upto

1,500 K. Study of the detailed structure of the

nanoparticles was carried out by constructing Voronoi

polyhedra (VP) for its central part containing 200

atoms (Ga and As). At the temperature increase from

300 K to 1,500 K, a slight broadening of the peaks in

the angular distribution of the nearest geometric

neighbors was observed without displacements of

their locations. As the temperature increases, the

distribution of VP by the number of faces shows an

increase in the number of pentahedra. And at

T = 1,500 K, the share of these polyhedra is higher

than the share of tetrahedra or hexahedra. However,

the dominance of pentahedra is achieved solely by

small-scale thermal fluctuations leading to formation

of additional small faces in the tetrahedra.

(a) (b)

(c) (d)

Fig. 5 Configurations of nanoparticles. a ðSiO2Þ86;

b ðGaAs)129; c, d ðSiO2Þ50ðGaAs)54: c SiO2 inside, d SiO2

outside the nanoparticle. The coordinates of atoms are given in

Å
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When SiO2 is represented as a nanoparticle core,

the pressure of the GaAs shell increases with increase

in temperature. Structural transformations in SiO2

occur without atomic diffusion in the sense that no

isolated atoms or disordered states appear at the

transformation. The Si–O coordination number

increases smoothly by neither breaking any Si–O

bonds nor introducing global atomic diffusion. This

mechanism for compression is essentially the same as

that suggested by Stolper and Ahrens (1987) for

amorphous silicate and is thought to occur in silica

glass (Williams and Jeanloz 1988). In this case, the

shell rearrangement is observed, which starts at

temperature of 900 K. Note that in the temperature

range of 770 B T B 970 K, the reconstruction of the

GaAs (001) surface takes place in the physical

experiment (LaBella et al. 2005). The Ga–As bond is

less strong (the bond energy Eb & 1.0 eV) than the

Si–O bond (Eb & 11.5 eV). More mobile atoms Ga

rush into the space between the core and the shell and

fill it. We can distinguish two ways to organize atoms

Ga in the VI nanoparticle at high temperature. Most

atoms Ga are near the SiO2 complexes and the

minority are in the vicinity of As atoms. The Ga–O

and Ga–Si bonds are still poorly understood (Hinkle

et al. 2009). In turn, the As atoms are grouped together

(in the lower part of the VI nanoparticle). As a result,

surface segregation occurs. All the atoms in the

volume of nanoparticle are distributed more evenly

than at the inverse geometric arrangement of the SiO2

and GaAs components.

The temperature increase and later the dynamic

atom effect of the GaAs core lead to a slight

disordering of the SiO2 structure which is a shell of

the VII nanoparticle. When the SiO2 is transformed to

the slight disordering structure, the framework of the

corner-shared SiO4 is topologically rearranged,

although no isolated atoms appear during the process.

The coordination of silicon atoms changes. Note that

the diffusion considered here does not accompany

isolated atoms but is regarded as continuous changes

of Si–O coordination numbers, which will require

much less energy than that needed for stripping an

oxygen atom from a fourfold coordinated silicon atom.

In the case where GaAs consists of the nanoparticle

core, there is an interlayer mixing wherein Ga atom of

one layer is replaced by As atom of another layer. This

leads to a collection of Ga atoms in the core interior,

whereas As atoms concentrate on the core surface.

Exit of As atoms to the surface is supported by the

establishment of bonds with the atoms of the shell. The

binding energy between O and As falls in the range of

*0.10–0.20 eV (Lu et al. 2007). Consequently, O can

be trapped by the As atom due to the formation of the –

Si–O–Si–As complexes. This may effectively lead to a

retardation of O diffusion, because O has to overcome

a barrier that is equal to its binding energy in the

complex in order to escape from As. The most

intensive process of the As atom pushing to the

surface of the core begins with the temperature of

900 K. The amplitude of vibrations of Ga and As

atoms increases greater than the amplitude of Si and O

atoms with temperature increase. As a result, the

nanoparticle core expands more than the shell. How-

ever, even at T = 1,500 K, no one of the core atoms

diffuses to the nanoparticle surface.

IR optical properties

Let us consider the general properties of the nanopar-

ticles at the temperature of 300 K, at which the

spectral characteristics of GaAs and SiO2 films and

crystals are usually obtained. In most of the frequency

range, the functions e0(x) and e 00(x) are increasing,

i.e., the dielectric response is enhanced with the

increase in the outer radiation frequency (Fig. 6). For

the nanoparticles ðSiO2Þ50ðGaAs)54 of like composi-

tion but with different component placement (1, VI; 2,

VII), the behavior of the frequency dependence of the

real e0 and imaginary e00 components of the dielectric

permittivity at T = 300 K is rather identical. The

values of function e0(x) for nanoparticles VI and VII

are enclosed by the experimentally obtained values of

the corresponding functions for amorphous SiO2

(curve 3) (Tan et al. 2003) and the crystal of GaAs

with the structure of zinc blende (curve 4) (Philipp and

Ehrenreich 1963). At high frequencies, the smoothing

of oscillations of function for particle VI is observed.

The infrared absorption spectra of nanoparticles VI

and VII essentially differ in their intensity (1, VI, 2,

VII, Fig. 7). The intensity of the infrared spectra of the

nanoparticles under consideration is mostly caused by

oscillations of atoms along the ion-covalent Si–O

bonds. The experimental infrared spectrum of the

GaAs film (Vilcarromero et al. 2006) has fundamental

peaks in the low frequency half of the range under

consideration (0 B x B 1,600 cm-1), and the major

peak of the infrared spectrum of a-quartz (Ocafia et al.

J Nanopart Res (2014) 16:2351 Page 11 of 18 2351

123



1987) is located in the second (more high-frequency)

half of this range. The intensity of the r(x) spectrum

significantly increases when the surface of the nano-

particles is presented by GaAs because the hard SiO2

shell crushes vibrations in the frequency range

x B 1,500 cm -1 and it becomes difficult to analyze

such spectrum. Surface modes which exist on the

crystal (100) surfaces at x B 200 cm-1 with both

(1 9 1) and (2 9 1) reconstruction (Alves et al. 2004)

are extremely mild in the spectrum of the nanoparticle

VI. However, the first two (left), well-defined peaks

corresponding to the frequencies of 245 and

290 cm-1, are in good agreement with the modes

(for the A irreducible representation of the point group

symmetry) generated by GaAs (110) surface and

localized at 250 and 288 cm-1. Modes in the fre-

quency range 300 B x B 1,000 cm-1 are created not

only by Ga–As dimers but also by metal-excess

triatomic Ga–As–Ga clusters (Kandalam et al. 2000;

Lou et al. 1992). These modes correspond to stretching

symmetric (A1) and asymmetric (B1) Ga–As bonds.

One of the stretching modes of triatomic cluster

frequency is lower and the other is higher than the

frequency of Ga–As monomer. Specified frequency

range can be extended up to frequencies of

*1,300 cm-1, if we take into consideration vibrations

occurring in the rings formed by two dimers (Ga–As).

This increases the number of active vibration modes.

And mostly B-modes show quasi-degeneration.

Increase of oscillation frequency with respect to

dimers and triatomic cluster occurs due to the

reduction in the As–As distance of the As–As/As–Ga

ring. However, the greater part of the IR spectrum at

x[ 1,000 cm-1 is filled by modes occurring of the

SiO2 subsystem having stronger than Ga–As bonds.

For the same reason, the maximum of the r(x)

spectrum for a-quartz (curve 4) is in the higher

frequency range than the maximum for amorphous

gallium (curve 3).

As shown in Fig. 8, the infrared absorption spectra

of nanoparticles VI and VII smoothed by the polyno-

mial of the ninth degree and calculated for three

temperatures. For nanoparticle VI with the SiO2-core,

the intensity Itot of r(x) spectra decreases as the

temperature rises (Fig. 8a). The relationship between

the values of Itot for temperatures 300, 900, and

1,500 K is 1:0.85:0.49. Temperature variation does

not lead to shifting of the fundamental peak (on

1,380 cm-1) of the r(x)-spectra. The decrease in the

infrared spectrum intensity with increasing tempera-

ture is caused by intensification of attenuation of the

autocorrelation function of the total dipole moment.

The faster attenuation of this function at high temper-

ature is provided both by decreasing the value of Mj j
and faster change of the vector M direction. But the

(a)

(b)

Fig. 6 The frequency dependence of real (a) and imaginary (b)

components of dielectric permittivity for nanoparticles

ðSiO2Þ50ðGaAs)54: 1 VI; 2 VII; 3 amorphous SiO2, experiment

(Tan et al. 2003); 4 crystal GaAs, experiment (Philipp and

Ehrenreich 1963)

Fig. 7 The infrared absorption spectra for various systems: 1

nanoparticle VI; 2 nanoparticle VII; 3 amorphous gallium,

experiment (Vilcarromero et al. 2006); 4 a-quartz, experiment

(Ocafia et al. 1987)
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continuity of decreasing the r(x)-spectrum intensity

with increasing temperature is broken in the case of

nanoparticle VII with external placement of the SiO2

component. This is due to the weak impact of the

GaAs-core on the outer shell of SiO2 at T = 300 K. At

900 K, the loose structure of SiO2 consolidates

because the atoms of Si and O approach the GaAs-

core consisting of heavier atoms. As this takes place,

the distance between Si and O atoms reduces. This

amplifies the Si- and O-atom oscillations. As a result,

the r(x)-spectrum intensity significantly increases. As

temperature further rises (upto 1,500 K), the nanopar-

ticle with a more homogenous structure behaves

naturally: the infrared spectrum intensity decreases

due to reducing the correlation time of the total dipole

moment. The relationship between the Itot values for

nanoparticle VII when passing from 300 K to 900 and

1500 K is 1:1.80:0.76.

The anti-Stokes Raman spectra J(x) for nanopar-

ticles VI and VII essentially differ from each other not

in intensity but in the number and location of peaks. In

the frequency range being studied, there are observed

five Raman shifts (peaks at x[ 0) for nanoparticle

VII and four distinguished frequency shifts for particle

VI (Fig. 9). A well-resolved boson peak is observed in

the low frequency portion of the Raman spectrum. In

the spectrum of particles VI, the boson peak is

localized at 72 cm-1, whereas in the spectrum of

particles VII it is at 37 cm-1. Studies of reduced boson

peaks in the Raman spectra of ðGaAs)54ðSiO2Þ50

nanoparticle confirm the theoretical assumption that

the shape of the peak is independent of temperature.

Raman peaks of the bulk material appear when the

atoms are collected in a limited amount of space, in

this case, in the core of the nanoparticle. The location

of the peak centered at 422 cm-1 in the Raman

spectrum of the VI nanoparticle is close to the location

of the SiO2 nanoparticle peak (440 cm-1) (Alessi et al.

2013) and that of the VII nanoparticle (240 cm-1) can

be correlated with the experimental peak localization

(250 cm-1) of the defective GaAs. The Raman peaks

centered at 974 cm-1 (nanoparticle VI) and 650,

1,086 cm-1 (VII) can be correlated with experimental

peaks of the SiO2 nanoparticles at 605, and

1,060 cm-1. The broadening of peaks and the low

wavenumber shift of the phonon frequency of the first

after boson peaks on the Raman spectra is a result of

nano-sized effects. The ratio of surface area to the

volume of nanoparticle is high. For this reason, it is

difficult to divide the LO and TO phonons of the

nanoparticle in its Raman spectrum. The experimental

Raman spectrum of GaAs film at T = 300 K (curve 3)

was obtained up to x\ 700 cm-1 and had two

fundamental bands on the frequencies of *60 and

230 cm-1 (Vilcarromero et al. 2006). These bands

characterize the acoustic and optical vibrational

modes of amorphous GaAs, respectively. The Raman

spectrum of nanoparticle VII differs significantly from

the corresponding spectrum of nanoparticle VI. Recall

that in this case, GaAs in the nanoparticle is a compact

nanocrystal. The peak with weak intensity on

x = 1,450 cm-1 in the J(x)-spectrum of nanoparticle

VI can be considered as an overtone of the second

mode (422 cm-1) to a precision of 13 %. The

fundamental peaks of the Raman spectrum of a-quartz

(curve 4) (Ocafia et al. 1987) and molten quartz (curve

5) (Bruckner 1970) are located at the frequencies of

437 and 463 cm-1, respectively. The Raman shift on

422 cm-1 is observed for nanoparticle VI with the

center of the monolithic nanoparticle of SiO2.

A Raman spectrum gives a set of peaks that

correspond to the characteristic vibrational frequen-

cies of the material, which can be used as a

(a)

(b)

Fig. 8 The smoothed infrared absorption spectra for nanopar-

ticles ðSiO2Þ50ðGaAs)54 with SiO2-core (a) GaAs-core (b) at

temperatures of 1 300 K; 2 900 K; 3 1,500 K
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signature for identification of various materials.

Each Raman emission line arises from a specific

molecular bond. Experimental Raman spectra for

nanoparticles (VI and VII) of such composition, i.e.,

is consisting of strongly binding components, is

currently absent. However, new methods of the

spectrum deciphering continue to evolve. For exam-

ple, a detection method using the upper bound of the

correlation between the target and mixing compo-

nents has been presented in (Wang et al. 2012). A

direct method of calculating this correlation bound

is derived using observed data. The correlation

bound can be used to help the independent compo-

nent analysis (ICA) for detection by providing a

reasonable threshold in correlation constraints. The

limitation of ICA is that the mixing components

have to be independent from each other, otherwise,

components are split into multiple ones, decreasing

the correlation with the target—if it exists in the

mixture.

The temperature distinctions of the anti-Stokes

Raman spectra of nanoparticles VI and VII are obvious

from Fig. 10. For both nanoparticles, the Raman

spectrum intensity considerably increases as the tem-

perature rises. This is due to retarding the attenuation of

the autocorrelation function of fluctuations of atomic

polarizability. As the temperature rises, the polariz-

ability deviation from the mean and the correlation

time of these functions increases. The first peak of the

J(x)-spectrum of nanoparticles VI and VII at T =

300 K is located in the range of 30 B x B 600 cm-1.

At T = 1,500 K, the first peak of nanoparticle VII

keeps its location, while for nanoparticle VI, this peak

has a blue shift by*50 cm-1. In (Berg et al. 1990), the

Raman peak at the frequency of 47 cm-1 was gener-

ated due to the buffer layer of GaAs, obtained by the

low-temperature molecular beam epitaxy. Such a low

oscillation frequency was assigned to the presence of

point defects (vacancies and interstitial atoms). Such

defects can be generated, for example, as a result of

excess of arsenic atoms and deficiency of gallium

atoms. The intensity ratio (J1500K
(2) /J300K

(2) ) of the second

peaks of J(x)-spectrum is 10.9 for nanoparticle VI and

9.5 for nanoparticle VII. The location of the second

peak (422 cm-1) of J(x)-spectrum of nanoparticle VI

is almost unchanged as the temperature rises

(Fig. 10a). However, the third peak has a red shift by

86 cm-1 at 1,500 K. Peaks 2–5 of the J(x)-spectrum

of particle VII do not shift significantly under heating

from 300 to 1,500 K (Fig. 10b). The more dense SiO2-

structure of nanoparticle VI as compared with the

structure of nanoparticle VII leads to shifting of the

Raman spectrum peaks towards higher frequencies.

Not all the distinct peaks in the J(x)-spectra, obtained

at 1,500 K for nanoparticles VI and VII, can reflect the

fundamental frequencies of normal oscillations of

atoms. For example, in the Raman spectrum of

nanoparticle VI, the third and fourth peaks can reflect

the overtones of the representative frequency, defined

by the second peak, to a locating accuracy of 4.3 and

0.3 %, respectively. In the J(x)-spectrum of nanopar-

ticle VII, the fifth peak can be determined accurate to

6.9 % as an overtone of the third peak frequency.

The temperature increase of the bulk materials

usually leads to a decrease in frequency localization

and intensity of the Raman peaks. In the case of

surface-enhanced Raman scattering (SERS), the inten-

sity of the spectrum increases significantly with

increase in temperature. The exact mechanism of the

enhancement effect of SERS is still a matter of debate

in the literature. A similar phenomenon was observed

for nanoparticles under consideration. A significant

increase in the intensity of the scattering for these

nanoparticles occurs through breaking of Ga-As bonds

with increase of the temperature and participation of

Ga atoms (and perhaps As atoms) in the vibratory

process of SiO2. The increase of the number of

synchronously oscillating atoms and their total mass

lead to a sharp increase in the intensity of the Raman

spectrum. As the temperature of 1,500 K is not

sufficiently high for SiO2, there is a slight broadening

of the Raman spectrum peaks. In this system,

Fig. 9 The Raman spectra for various systems: 1 nanoparticle

VI; 2 nanoparticle VII; 3 amorphous gallium, experiment

(Vilcarromero et al. 2006); 4 a-quartz, experiment (Ocafia et al.

1987); 5 molten quartz, experiment (Bruckner 1970)
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additionally acquired heat is eventually spent on

increase of peaks’ intensity.

The frequency dependences of the refraction index

g and the absorption coefficient j of nanoparticles VI

and VII are of the same type (Fig. 11). But the

oscillations of the g(x) and j(x) functions are usually

phase-shifted. The experimental values of the refrac-

tion index g of crystal GaAs (Bass 2010) (line 3) and

amorphous silicon dioxide SiO2 (Malitson 1965) (line

4) in the frequency range of 700 to 1,500 cm-1 form a

band where the index g values for nanoparticles VI and

VII lie. The high frequency oscillation of the j(x)

function for nanopartcle VI has a lower amplitude but

longer duration than the analogous feature for nano-

particle VII. The j(x) function for nanoparticles VI

and VII has values close to the appropriate function

of silica glass (Kitamura et al. 2007) only up to

x\ 550 cm-1 frequencies. At higher frequencies, the

values of the j coefficient of silica glass quickly

decrease as the frequency increases.

The number nel of electrons involved in creating

optical effects decreases as the nanoparticles heat

(Fig. 12). Nanoparticle VI (curve 1) has higher values

of nel than nanoparticle VII. This is due to the location

of Ga atoms near the nanoparticle surface. However,

as the temperature rises, the difference in nel values

for nanoparticles VI and VII smoothes and at

T = 1,500 K, it almost disappears. The number of

optically active electrons is distinctly higher for the

GaAs nanoparticle and lower for SiO2 particle than for

four-component nanoparticles. Nanoparticle III has a

descending convex plot nel(T) and nanoparticle I has a

concave plot like four-component nanoparticles.

(a)

(b)

Fig. 10 The anti-Stokes spectra of Raman scattering for

nanoparticles ðSiO2Þ50ðGaAs)54 with SiO2-core (a) and GaAs-

core (b) at temperatures of 1 300 K; 2 1,500 K

(a)

(b)

Fig. 11 The frequency dependence of refraction index (a) and

absorption coefficient (b) for various systems: 1 nanoparticle

VI; 2 nanoparticle VII; 3 crystal GaAs, experiment (Bass 2010);

4 amorphous SiO2, experiment (Malitson 1965); 5 imaginary j
parts of the complex refractive index of silica glass, experiment

(Kitamura et al. 2007)

Fig. 12 The number of optically active electrons in nanopar-

ticles: 1 VI; 2 VII; 3 I; 4 III
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Conclusions

Progress in the synthesis of high-quality nanomaterials

makes it possible to investigate one of the most

fundamental issues concerning the influence of the

size, structure, and surface of nanoparticles on their

dynamic properties including the infrared and Raman

spectra. Such investigations are necessary to gain

better understanding of the basic physics of control-

ling the parameters of nanoparticles in order to get the

required dynamic properties, including the cases of

thermal and mechanical load of nanoobjects.

The calculation results show that, over the larger

part of the 0 B x B 700 cm-1 frequency range, the

Raman spectra of nanoparticles consisting of SiO2 and

GaN are continuous. The Raman spectrum of the

ðSiO2Þ86 nanoparticle is smooth and contains a wing of

Raleigh scattering. Over the frequency range 420–

530 cm-1, a break of the spectrum is observed. Over

the frequency range covered, the Raman spectrum of

the ðSiO2Þ86 nanoparticle is closer to the J spectrum of

a SiO2 amorphous-crystalline film than to the corre-

sponding spectrum of crystalline or microcrystalline

SiO2. Broad Raman spectrum bands of the ðSiO2Þ86

nanoparticle are formed because of overlapping of

vibrational bands close in energy. The ðGaN)129

nanoparticle also has a continuous Raman spectrum.

However, as distinct from the J spectrum of the

ðSiO2Þ86 nanoparticle, the Raman spectrum of the

ðGaN)129 nanoparticle has a large number of well-

defined bands. Over the frequency range

100 B x B 700 cm-1, the J spectrum of a GaN film

with the wurtzite structure on the whole fits in with the

Raman spectrum of the ðGaN)129 nanoparticle. The

form of the Raman spectrum of the ðGaN)54ðSiO2Þ50

nanoparticle depends to a substantial extent on the

arrangement of components in the volume of this

nanoparticle. If GaN forms its nucleus, the J spectrum

has a smooth shape, and if SiO2 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 SiO2

nucleus has a larger extension, but its ‘‘tail’’ is not a

continuous spectrum continuation.

In this paper, the basic optical properties of two-

and four-component nanoparticles of silicon dioxide

and gallium arsenide at temperatures of 300–1,500 K

were studied. The integrated intensity of the infrared

absorption spectra of four-component nanoparticles

decreases as temperature rises. But the structural

relaxation of the SiO2-coating of the GaAs-core can

result in increasing the intensity of this part of the

infrared spectrum despite the temperature rise. The

shape of Raman spectra for these particles also

depends strongly on the way the GaAs- and SiO2-

components are located in the nanoparticle. Increasing

the temperature of ðSiO2Þ50ðGaAs)54 nanoparticles

causes a significant rise in the intensity of the anti-

Stokes part of the Raman spectrum. Heating the

nanoparticles to 1,500 K does not lead to the shift of

J(x)-spectrum peaks for the nanoparticle with SiO2-

coating, while the odd J(x)-spectrum peaks for the

nanoparticle with the SiO2-core shift in opposite

directions. The refractive index and absorption coef-

ficient depend weakly on the arrangement of the

conductor (GaAs) and isolator (SiO2) in the nanopar-

ticle. The number of optically active electrons is also

barely sensitive to the spatial inversion of a semicon-

ductor and isolator in the nanoparticle formed from

gallium arsenide and silicon dioxide.

Thus, using MD modeling, one can predict the

significant optical properties of semiconductor parti-

cles having widespread application.
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