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The temperature dependence of the Raman spectra of silicon nanocrystals (nc-Si) in a SiOx

matrix has been studied. The temperature evolution of the phonon spectra is considered as a
result of the combined influence of the phonon-confinement effect, anharmonic phonon cou-
pling, thermal expansion, and thermoelastic strains. The gradual relaxation of thermoelastic
tensile strains in nc-Si with increase in the temperature is demonstrated. The effect of the laser
heating on the Raman spectrum is studied, and the linear dependence of a local temperature
in nc-Si on the power density of the exciting laser radiation is determined. The differences
between the temperature dependences of the Raman spectra obtained at the thermal and local
laser heatings of the nc-Si specimens are analyzed.
K e yw o r d s: silicon nanocrystallites, phonons, Raman microspectroscopy, laser heating.

1. Introduction

Silicon nanocrystals, when being located in mate-
rials with wider energy gaps, such as silicon ox-
ides and nitrides, reveal quantum-mechanical prop-
erties at temperatures extending up to room one,
which is promising for their application in silicon-
based opto- and nano-electronics as light-emitting
[1, 2], photodetecting [3], and photovoltaic elements
[4]. The spatial confinement of charge carriers in
silicon nanocrystallites (nc-Si) is responsible for the
quantum-mechanical electronic properties of nc-Si
and their dependence on the crystallite dimensions,
shape, and environment [5, 6]. The reduction of nc-Si
dimensions to magnitudes comparable with the exci-
ton Bohr radius gives rise to a growth of the nanocrys-
tallite energy gap width, shift of the photolumines-
cence spectrum toward the visible range, and a sub-
stantial enhancement of the photoluminescence quan-
tum efficiency [7].

Raman scattering spectroscopy (RSS) is a nonde-
structive express method for diagnosing the silicon
nanostructures, which allows one to obtain informa-
tion about their crystalline structure [8–11]. For
single-crystalline silicon, the corresponding Raman
spectra reveal a line near 521 cm−1 emerging due to
the process of inelastic scattering by the triply de-
generate optical vibration at the Brillouin zone cen-
ter (T2g). For nc-Si, the frequency position and the
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shape of the phonon band depend on the crystal-
lite size, which is associated with the spatial phonon
confinement effect. If the nc-Si dimensions are re-
duced to the nanoscale size, the vibration properties
of silicon nanocrystallites become considerably mod-
ified due to the manifestation of the spatial phonon
confinement effect. The phonon spectra of nanocrys-
tallites are often analyzed in the framework of the
model of strong spatial localization (confinement) of
optical phonons, which was developed for the first
time for spherical nc-Si [12] and extended further [13]
onto nanocrystallites with various shapes. According
to this model, the reduction of the nanocrystallite
size to a value less than 10 nm results in the viola-
tion of selection rules for the wave vector (q = 0).
Since the dispersion law for the TO-phonon branch
has a decay character in a vicinity of the Γ point, the
Raman spectrum demonstrates a low-frequency shift
and an asymmetric broadening of the nc-Si phonon
band with respect to that for single-crystalline Si. On
the other hand, the effects of vibration anharmonicity
and thermal expansion induced by the temperature
growth in nc-Si – e.g., as a result of laser heating –
also give rise to the low-frequency shift and broaden-
ing of the phonon band. This circumstance leads to
an error while estimating the nanocrystallite size in
the framework of the phonon confinement model [14].
In the present work, a somewhat different problem is
put forward. To analyze the experimental Raman
spectra of nanocrystalline silicon embedded into a di-
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electric matrix with a wide energy gap with the use of
the phonon confinement model, it is very important
that temperature-dependent deformations that arise
in the system as a result of the mismatch between the
coefficients of thermal expansion in nanocrystallites,
matrix, and substrate should be taken into account.
It is so, because this procedure allows the error in
the determination of nanocrystallite dimensions from
nc-Si Raman spectra to be substantially reduced.

As a rule, the exciting laser radiation of about
several milliwatts is focused in Raman microspec-
troscopy researches on an area several microns in di-
ameter, which gives rise to high densities of the opti-
cal excitation power and stimulates the laser heating,
i.e. the local temperature elevation in strongly ab-
sorbing materials [14]. In the case of nc-Si embedded
into an oxide matrix, the effect of temperature growth
induced by the laser heating is especially strong, be-
cause those nanocrystallites are characterized by a
low thermal conductivity owing to the phonon scat-
tering at their grain boundaries and structural de-
fects. Moreover, the oxide matrix also possesses a low
thermal conductivity (approximately several orders of
magnitude lower in comparison with that in silicon
single crystals) [14, 15]. This work is aimed at study-
ing the combined action of the effects of strong spatial
phonon localization, the temperature, laser heating,
and thermoelastic strains on the Raman spectra of
nc-Si in an oxide matrix in wide intervals of temper-
ature and exciting radiation power.

2. Experimental Part

Films with silicon nanocrystallites in a SiOx ma-
trix are studied. The films were deposited onto
quartz substrates, by simultaneously sputtering Si
and SiO2 targets in a magnetron, and then ther-
mally annealed in an inert atmosphere at a tempera-
ture of 1400 K. The micro-Raman spectra were mea-
sured in the Stokes and anti-Stokes regions at room
temperature in the inverse-scattering setup and with
the help of a Horiba Jobin Yvon T64000 spectrome-
ter equipped with an Olympus BX41 confocal micro-
scope and a thermo-electrically cooled CCD detec-
tor. In order to measure the Stokes and anti-Stokes
components in the Raman spectrum simultaneously,
the triple mode of a spectrometer with subtraction of
the dispersion was applied. The spectral resolution
amounted to about 0.15 cm−1. The Raman spectra

Fig. 1. Raman spectra of nc-Si measured at various specimen
temperatures. λexc = 488 nm, P = 0.5 kW/cm2

were excited using the line of an Ar–Kr laser with
the wavelength λexc = 488.0 nm. Exciting radiation
was focused on an area of about 5 µm2 on the sur-
face of a studied specimen with the help of an Olym-
pus 10x/0.25 objective. The corresponding density
of exciting radiation power on the specimen surface
varied within the interval P = 0.5 ÷ 100 kW/cm2.
The specimen temperature in the measurement re-
gion was monitored, by using the ratio between the
Stokes and anti-Stokes components in the nc-Si Ra-
man spectrum. The temperature-dependent mea-
surements of the nc-Si Raman spectra were carried
out with the help of a thermo-electric cell Linkam
THMS600 and varying the specimen temperature in
the interval T = 300÷ 750 K.

3. Results and Their Discussion

3.1. Temperature dependence of nc-Si
Raman spectra and thermoelastic strains

The temperature dependences of nc-Si Raman spec-
tra were studied in the temperature interval of the
thermally heated specimen from 300 to 750 K and at
the exciting radiation power density of 0.5 kW/cm2

(Fig. 1). In the nc-Si Raman spectra, a phonon band
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Fig. 2. Raman spectrum of nc-Si measured at room tempera-
ture and an excitation-radiation power density of 0.5 kW/cm2.
λexc = 488 nm, T = 300 K

at about 520 cm−1, which is connected with the pro-
cess of inelastic scattering by LO-TO (T2g) phonons
in nc-Si, was registered.

Figure 2 exhibits the detailed shape of the Raman
spectrum for nc-Si measured at room temperature.
From this figure, one can see that the LO–TO phonon
band of nc-Si at ω = 518.6 cm−1 undergoes a low-
frequency shift and a broadening (Γ = 5.4 cm−1) with
a strongly pronounced low-frequency asymmetry in
comparison with that for Si single crystals, which is
a characteristic attribute of the phonon Raman spec-
trum in nc-Si. Note that the broadening of the nc-
Si LO–TO phonon band is associated with both the
vibration anharmonicity enhancement in nanocrys-
tallites, which results in a decrease of the optical
phonon lifetime, and a dispersion of the nanocrys-
tallite over sizes.

For spherical nc-Si of diameter L, we write
down the phonon damping parameter in the form
exp(−q2L2/16π2) and neglect the size dispersion of
nanocrystallites. Then the intensity of the phonon
band in the Raman spectrum can be expressed as fol-
lows in the framework of the model of strong phonon
confinement [12, 13]:

I(ω) =

2π/a∫
0

exp(−q2L2/16π2)
[ω − ω(q)]2 + (Γ0/2)2

d3q. (1)

Here, q is the wave vector, a = 0.543 nm is the lattice
constant for silicon [16], ω(q) is the dispersion law
for the phonon branch of TO vibrations (it can be

presented in the form ω2(q) = A+B cos(aq/4), where
A = 1.714 × 105 cm−2 and B = 105 cm−2), and
Γ = 3.6 cm−1 is the inherent halfwidth of the phonon
band for single-crystalline silicon.

The fitting of the experimental nc-Si Raman spec-
trum (Fig. 2) by formula (1) allowed the average size
of nc-Si to be determined: L = 9 nm. However, a shift
of the nc-Si LO–TO phonon band by 1.3 cm−1 toward
low frequencies in comparison with the theoretically
calculated value was obtained. This additional low-
frequency shift of the nc-Si phonon band can arise
owing to tensile strains that emerge at the interfaces
nc-Si/SiOx matrix and nc-Si/quartz substrate as a
result of the different thermal expansion coefficients
for heterostructure components [18]. In the case of
biaxial elastic strains, the shift of the silicon phonon
band is written down in the form [19, 20]

Δω(σ) =
σ

ω0
[(pS12 + q(S11 + S12)], (2)

where ω0 is the LO–TO phonon band frequency in
unstressed silicon, the elastic constants are S11 =
= 7.68× 10−12 Pa−1 and S12 = −2.14× 10−12 Pa−1,
and the phonon deformation potentials are p =
= −1.43ω2

0 and q = −1.89ω2
0 [20]. According to ex-

pression (2), the magnitude of tensile elastic strains
that result in the low-frequency shift of the nc-Si
phonon band Δω = 1.1 cm−1 equals 0.285 GPa.

As the temperature increases, the nc-Si phonon
band gradually shifts toward low frequencies and
broadens (Fig. 1). This temperature behavior of the
phonon spectrum is typical of single-crystalline sili-
con and, as a rule, is associated with the anharmonic
phonon–phonon interaction and the thermal expan-
sion of the crystal as the temperature grows. The
temperature dependence of the frequency shift of the
nc-Si optical phonon band at the Brillouin zone cen-
ter is described, in the general case, by the relation
[21, 22]

Δω =
[
dω

dT

]
V

ΔT +
[
dω

dV

]
T

[
dV

dT

]
P

ΔT =

= Δω1(T ) + Δω2(T ). (3)

The first term in expression (3) corresponds to the
phonon band shift under the action of a phonon vi-
bration anharmonicity at elevated temperatures. The
effect of a phonon anharmonicity is well described
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in a wide temperature interval if the anharmonic
terms of the third and fourth orders are taken into
cosideration. They describe the effect of the decay of
long-wave optical phonons into low-frequency acous-
tic phonons in the course of three- and four-phonon
scattering processes [23],

Δω1(T ) = A

(
1 +

2
ex − 1

)
+

+B

(
1 +

3
ey − 1

+
3

(ey − 1)2

)
, (4)

where x = hω0/2kT , y = hω0/3kT , and A and B
are anharmonicity constants. Note that the anhar-
monicity of phonon vibrations must undoubtedly be
taken into account at temperatures higher than the
Debye one, TD (for silicon, TD = 645 K [24]), when all
phonon vibrations are excited, and the further tem-
perature elevation is accompanied by the growth of
vibration amplitudes.

The second term, Δω2(T ), in expression (3) de-
scribes the thermal expansion effect and, with regard
for the Grüneisen parameter γ (for silicon, γ = 0.98
[25]), looks like [26]

Δω2(T ) = ω0

exp

−3γ

T∫
0

α(T )dT

− 1

, (5)

where ω0 is the frequency of the phonon band loca-
tion at T = 0 K, and α(T ) is the temperature de-
pendence of the thermal expansion coefficient. For
silicon, the latter can be described by the empirical
dependence [27]

α(T ) = (3.725(1− exp(−5.88× 10−3(T − 124)))+

+5.548× 10−4T )× 10−6(K−1). (6)

In Fig. 3, the temperature dependence of the fre-
quency position of the nc-Si phonon band is depicted,
as well as the data of theoretical calculations carried
out with regard for the anharmonicity of phonon vi-
brations and the thermally induced band broaden-
ing, Δω1 + Δω2 (dash-dotted curve) and using the
coefficients of anharmonicity for single-crystalline sil-
icon (A = −3.45 cm−1 and B = −0.050 cm−1 [28])
and the coefficient of thermal expansion in the form
(6). Additionally, Fig. 3 shows the contributions of
the anharmonic interaction, Δω1 (dotted curve), and

Fig. 3. Temperature dependence of the frequency position of
the nc-Si LO–TO phonon band (solid curve), the contributions
associated with the anharmonicity of phonon vibrations Δω1

(dotted curve) and the thermal expansion Δω2 (dashed curve),
and the result of calculation making allowance for both mech-
anisms Δω1 + Δω2 and the results of work [28] (dash-dotted
curve)

thermal expansion, Δω2 (dashed curve), separately.
One can see that the curve theoretically calculated
making allowance for both contributions, Δω1+Δω2,
agrees well with the experimental data obtained at
room temperature. As the temperature grows, a
gradual shift of the calculated curve into the low-
frequency region is observed. The approximation of
experimental data by expression (3) brought about
the anharmonicity coefficient values A = −3.44 cm−1

and B = −0.0015 cm−1. The coefficient A is close to
the corresponding value for single-crystalline silicon,
whereas the value of coefficient B is much smaller
than its counterpart. The latter circumstance can be
associated with the fact that, when fitting the exper-
imental data, the above-mentioned temperature de-
pendence of tensile strains in nc-Si was not taken
into account. The difference between the temperature
dependences of the thermal expansion coefficients for
the nc-Si film, matrix, and quartz substrate can give
rise to thermally induced strain changes in the ex-
amined heterosystem. Since elastic strains in the an-
alyzed system “nc-Si in an oxide matrix” can sub-
stantially depend on the mismatch between the coeffi-
cients of thermal expansion in the nc-Si, SiOx matrix,
and quartz substrate, the calculation of the contribu-
tion made by temperature-dependent elastic strains
is a rather complicated problem. However, in our
case, thermoelastic strains can be estimated from the
difference between the experimental temperature de-
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Fig. 4. Temperature dependence of the frequency shift of
the nc-Si LO–TO phonon band stimulated by thermoelastic
strains, Δωstrain, and estimation of a strain magnitude

Fig. 5. Raman spectra of nc-Si measured at various laser
excitation power densities. λexc = 488 nm

pendence of the phonon band frequency (solid curve
in Fig. 3) and the theoretically calculated one taking
the contributions of anharmonicity and thermal ex-
pansion (dash-dotted curve in Fig. 3) into account.
In Fig. 4, the calculated temperature dependence of
the nc-Si phonon band frequency shift associated with
thermoelastic strains in the examined heterosystem,
Δωstrain, is depicted, and the magnitudes of those

strains are estimated in accordance with expression
(2). One can see that the temperature growth is ac-
companied by a gradual relaxation of tensile strains
in nc-Si. This result is reasonable because the strains
concerned stem from the discrepancy between the
thermal expansion coefficients of the structure com-
ponents when the structure is cooled down after its
thermal annealing at T = 1400 K.

3.2. Laser heating effect

To study the laser heating effect in nc-Si, the nc-Si
Raman spectra were measured for various densities
of exciting radiation power within the interval 0.5–
100 kW/cm2 (Fig. 5). When this parameter grows, a
gradual low-frequency shift and a broadening of the
nc-Si phonon band were observed, which can be asso-
ciated with the growth of the local temperature owing
to the heating of nanocrystallites by laser radiation.

The temperature of studied nanocrystallites is es-
timated from the following relation between the inte-
gral intensities of Stokes and anti-Stokes components
in the nc-Si Raman spectrum [29]:

IS
IAS

= C

(
ωl + ωS(T )
ωl − ωS(T )

)4
exp

(
~ωS(T )
kT

)
, (7)

where ωl, ωS, and ωAS are the frequencies of excit-
ing laser radiation, and the Stokes and anti-Stokes
components in the nc-Si phonon Raman spectrum,
respectively. The coefficient C depends on experi-
mental conditions and is governed by the efficiency
of light scattering and the experimental conditions
of Raman spectrum registration in the Stokes and
anti-Stokes ranges (such as the light absorption co-
efficients, scattering cross-sections, resonance condi-
tions, spectral sensitivity, and so forth). This coef-
ficient was determined from the ratio between the
Stokes and anti-Stokes component intensities in the
nc-Si Raman spectrum measured under the given ex-
perimental conditions and at the thermal heating of
the examined specimen. In order to determine the
coefficient C numerically, it is convenient to rewrite
expression (7) in the form of the logarithmic depen-
dence of the ratio IS/IAS on the reciprocal tempera-
ture, namely,

ln
IS
IAS

= ln(C) + 4 ln
(
ωl + ωS(T )
ωl − ωS(T )

)
+

1
T

~ωS(T )
k

. (8)

The approximation of experimental data (Fig. 6) ob-
tained at the thermal heating of the specimen (Fig. 1),
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which was made using expression (8), gave the value
C = 0.875.

In Fig. 7, the dependence of the local tempera-
ture in nc-Si on the density of exciting laser radia-
tion power is depicted. The temperature values were
determined from expression (7) describing the ratio
between the intensities of Stokes and anti-Stokes com-
ponents in the nc-Si Raman spectrum, in which the
value of the coefficient C quoted above was used.
From Fig. 7, one can see that a growth of the ex-
citation power density to 100 kW/cm2 results in a
linear growth of the local temperature in the studied
nc-Si from room temperature to 850 K at a rate of
5.12 K×cm2/kW. The obtained value of local tem-
perature in nc-Si turned out rather high at relatively
low intensities of laser excitation, which can be associ-
ated with the low thermal conductivities of heterosys-
tem’s components (nc-Si in the oxide matrix). More
specifically, these are the low thermal conductivity of
the SiOx matrix (at room temperature, the thermal
conductivity of SiO2 amounts to 1.4 W/(m×K) in
contrast to a value of 156 W/(m×K) for bulk Si [30])
and a decrease of the thermal conductivity of the sys-
tem owing to the phonon scattering at nanocrystallite
boundaries, interfaces, and structural defects [14, 15].
It should also be noted that, at the excitation power
densities P ≤ 5 kW/cm2, the influence of the laser
heating effect in nc-Si is insignificant.

In Fig. 8, the temperature dependence of the LO–
TO phonon band frequency in nc-Si at its laser heat-
ing is exhibited. For the sake of comparison, the re-
sults obtained at the direct heating of a specimen
are also presented. One can see that the tempera-
ture growth induced by the laser heating gives rise to
a gradual frequency shift of the nc-Si phonon band
into the low-frequency range that is larger in com-
parison with the shift obtained at the direct heating.
At temperatures T > 750 K, the phonon band shifts
toward lower frequencies much more strongly.

One of the reasons why the observed difference be-
tween the rates of frequency changes at temperatures
below and above 750 K may originate from differ-
ent characters of thermoelastic strains. In particular,
if the local laser heating is applied to an nc-Si film,
the macroscopic deformations stemming from the in-
equality of the thermal expansion coefficients in the
quartz substrate and nc-Si do not relax.

A considerable low-frequency shift of the phonon
band (up to 494 cm−1) at a low temperature

Fig. 6. Dependence of the intensity ratio between the Stokes
and anti-Stokes components in the nc-Si Raman spectrum on
the temperature

Fig. 7. Dependence of the nc-Si temperature on the density
of exciting laser radiation power

Fig. 8. Temperature dependences of the frequency position of
the nc-Si LO–TO phonon band obtained at the direct heating
of the studied structure (dashed curve) and at the laser heating
in the course of measurement (solid curve)
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(T = 830 K) is unusual. For comparison, the same
shift in single-crystalline silicon is observed at tem-
peratures of about 1200 K [23]. This effect can be
explained only if additional physical mechanisms giv-
ing rise to a modification of the nc-Si phonon spec-
tra and becoming active at high exciting radiation
power densities are supposed to take place. An en-
hancement of the anharmonic interaction between
phonons owing to a strong excitation of the phonon
subsystem in nc-Si can be one of them. In this case,
the anharmonic phonon–phonon interaction can re-
sult in additional violations of selection rules with
respect to the wave vector and to the involvement of
phonons with nonzero wave vectors into light scatter-
ing processes, which leads to an extra low-frequency
shift of the nc-Si phonon band. The anharmonicity
of low-frequency acoustic phonons [11] and surface
phonon modes [15] can be another channel of the op-
tical phonon damping. In addition, at high exciting
radiation powers, the probability for the Fano reso-
nance between optical phonons and the continuum of
states of photo-induced charge carriers to manifest it-
self grows [31, 32]. A more detailed analysis of this
unusual temperature behavior of the nc-Si phonon
band needs to be researched further.

4. Conclusions

In this work, the temperature dependence of the Ra-
man spectra for silicon nanocrystallites is studied. It
is shown that the temperature-induced low-frequency
shift of the nc-Si phonon band is caused by a com-
bined action of such phenomena as the spatial con-
finement of phonons, the anharmonic interaction be-
tween them, and thermoelastic strains. The charac-
ter of the temperature dependence of thermoelastic
strains is established. The low-frequency shift and
the broadening of the nc-Si phonon band observed
as the density of laser excitation power grows is con-
nected with the laser heating effect. The linear de-
pendence of the attained nc-Si temperature on the
laser excitation power density is obtained with a pro-
portionality coefficient of 5.12 K·cm2/kW. The dis-
crepancy between the temperature dependences of
the nc-Si phonon band frequency at the thermal and
local laser heatings of the specimen in the temper-
ature interval T < 750 K is explained by different
characters of thermoelastic strains. The substan-
tial low-frequency shift of the nc-Si phonon band

at temperatures T > 750 K can result from the
influence of other physical mechanisms of phonon
scattering that manifest themselves at high densi-
ties of laser excitation power (the enhancement of
the phonon anharmonicity and the violation of se-
lection rules at Raman scattering, the anharmonic-
ity of low-frequency acoustic phonons, and the Fano
resonance).
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engineering program “Nanotechnologies and nanoma-
terials” for 2010–2014 (project 3.5.2.6 “Elaboration
and development of submicron topographic techniques
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tion of mechanical stresses in electronic and optoelec-
tronic nanostructures”).
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Translated from Ukrainian by O.I. Voitenko
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ТЕМПЕРАТУРНА ЗАЛЕЖНIСТЬ
СПЕКТРIВ КОМБIНАЦIЙНОГО РОЗСIЯННЯ
СВIТЛА КРЕМНIЄВИХ НАНОКРИСТАЛIТIВ
В ОКСИДНIЙ МАТРИЦI

Р е з ю м е

Дослiджено температурну залежнiсть спектрiв комбiнацiй-
ного розсiяння свiтла (КРС) кремнiєвих нанокристалiтiв
(nc-Si) в матрицi SiOx. Змiну фононного спектра з темпера-
турою проаналiзовано з врахуванням комбiнованого впли-
ву ефектiв просторового обмеження фононiв, ангармонiчної
взаємодiї, термiчного розширення та термопружних дефор-
мацiй. Показано поступову релаксацiю термопружних де-
формацiй розтягу nc-Si при зростаннi температури. До-
слiджено вплив ефекту лазерного розiгрiву на фононний
спектр nc-Si та встановлено лiнiйну залежнiсть локальної
температури nc-Si вiд густини потужностi збуджуючого ла-
зерного випромiнювання. Проаналiзовано вiдмiнностi тем-
пературних залежностей спектрiв КРС nc-Si при термiчно-
му нагрiваннi зразка та локальному лазерному розiгрiвi.

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 10 987


