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Abstract—The Raman spectra of SiO2 films containing InSb spherical nanocrystals produced by ion-beam
synthesis are studied. TO- and LO-like modes in the spectra of the InSb nanocrystals are detected at frequen-
cies of 187 and 195 cm–1, respectively. The shift of these modes to high frequencies with respect to the corre-
sponding frequencies in InSb bulk crystals is analyzed from the viewpoint of the influence of the quantum-
confinement effect, strains in nanocrystals, the surface phonon frequency, and scattering at the frequency
corresponding to stretched anion–cation modes at the surface of polar spherical nanocrystals. The position
of the 195-cm–1 mode corresponds to LO phonons in InSb nanocrystals hydrostatically compressed in the
SiO2 matrix at pressures of about 10 kbar. The 187-cm–1 mode corresponds to resonance at the Fröhlich fre-
quency.
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1. INTRODUCTION

One of the aspects of the increased interest in stud-
ies of optical phonons localized in low-dimensional
polar crystals is related to emerging opportunities for
the use of such crystals in current silicon technology
for the purpose of developing silicon-based optical
communications. This will make it possible to increase
the operating speed of microprocessors and to reduce
heat generation by lowering the power consumption.
As hybrid integrated circuits are designed and their
active regions are reduced to a few nanometers, the
role of optical phonons becomes more important. The
localization of optical phonons in low-dimensional
crystals can influence both the optical and electrical
properties of these crystals. The localization of pho-
nons influences also the Raman-scattering effect,
which forms the basis of a method widely used for
characterizing semiconductor structures in practice.
In polar nanocrystals, along with the quantum-con-
finement effect, which is different for the longitudinal
and transverse optical modes, the contribution of scat-
tering at surface phonons appearing at the interface
between the nanocrystal and the surrounding matrix
and at the Fröhlich frequency increases [1]. For exam-
ple, for large-size nanocrystals, a single surface mode,
whose frequency is intermediate between the frequen-
cies of the longitudinal optical (LO) and transverse
optical (TO) modes, is often observed. The total con-
tribution of the above-mentioned effects often gives
rise to difficulties in interpreting the results and leads

to corresponding problems in characterizing nano-
crystalline objects.

In InSb polar nanocrystals which offer a number of
advantages over other direct-gap semiconductors, the
optical-phonon spectrum depends to a large extent on
both the properties of the matrix surrounding the
nanocrystals and the method of their production. In
the Raman spectra of InSb quantum dots (QDs)
grown by molecular-beam epitaxy on InP substrates,
two peaks were observed at frequencies of 181 and
192 cm–1. These peaks corresponded to the TO and
LO phonon modes in the InSb matrix, but were
shifted to higher frequencies, which was attributed to
the presence of uniaxial and hydrostatic strains [2]. If
the QDs were covered with an InP layer, only the
high-frequency optical mode was observed, with a
maximum at a frequency close to 195 cm–1. The
absence of the TO mode was attributed to the shift of
the optical-phonon frequency to higher frequencies
because of residual strains and changing conditions of
scattering in this case. In contrast, in the case of InSb
nanocrystals synthesized in a silicon-oxide matrix
during radio-frequency sputtering and subsequent fast
thermal annealing at a temperature of 900°C for
1 min, a broad peak at the frequency 180 cm–1 was
dominant and assumed to be a superposition of the TO
and LO phonon modes in the InSb matrix [3]. In the
spectra of InSb nanocrystals synthesized in the SiO2
matrix by magnetron-assisted sputtering, a low-fre-
quency peak at 178 cm–1 corresponding to the TO
phonon mode in the InSb crystal matrix was dominant
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as well [4]. A peak corresponding to the LO phonon
mode was observed at a frequency of 188 cm–1 as well,
but its intensity was substantially lower. In [4], it was
shown that the In–Sb bond length and the coordina-
tion number in nanocrystals at the InSb/SiO2 inter-
face differed from the corresponding quantities in the
bulk. Specifically, the bond length in InSb QDs was
0.02 Å shorter than the bond length in bulk InSb. This
can make the quantum-confinement effect less pro-
nounced.

Under the conditions of ion-beam synthesis,
during which the formation and growth of InSb nuclei
occur in the liquid phase, with subsequent crystalliza-
tion upon cooling, In–Sb bonds also undergo strains
[5]. These strains, as a rule, are hydrostatic and can be
responsible for shifts in the optical-phonon frequen-
cies. The straining of bonds can be accompanied also
by redistribution of the static ion charge and by the
corresponding change in the transverse electric field,
which can also influence the scattering of light. A con-
tribution to the optical-phonon spectrum can also be
made by vibrations at the interface between the InSb
nanocrystal and the surrounding matrix. In this con-
text, the purpose of this study is to analyze the optical-
phonon spectrum of InSb nanocrystals produced by
ion-beam synthesis in a silicon-oxide matrix. The
analysis is performed with consideration for the con-
tributions of different mechanisms of scattering.

2. EXPERIMENTAL

The method of producing InSb nanocrystals in
SiO2 films is described in detail elsewhere [5]. With
that in mind, the 300-nm-thick SiO2 films thermally
grown on Si substrates were implanted with In+ and
Sb+ ions with an energy of 200 keV and a dose of 8 ×
1015 cm–2. The parameters of irradiation allowed us to
provide Gaussian profiles of the incorporated atoms,
with a maximum at a depth of 110 nm from the SiO2
film surface; the concentration of atoms in the profile
was ~1.2 × 1021 cm–3. In order to prevent the escape of
In atoms from the SiO2 films upon annealing, the SiO2
films were coated with a single-crystal Si layer pro-
duced by the hydrogen-induced transfer technique. To
do this, another Si wafer was first irradiated with 
ions with an energy of 140 keV and a dose of 2.0 ×
1016 cm–2. Then the implanted sides of the first and
second wafers were joined, and within the layer
implanted with hydrogen ions, a Si layer was exfoliated
and transferred from the second wafer to the first one.
The irradiated samples were subsequently subjected to
high-temperature annealing at a temperature of 500–
1100°C in a nitrogen atmosphere for 30 min.

The Raman spectra were excited by argon laser
radiation at a wavelength of ~514.5 nm at room tem-
perature. The size of the spot of the probe beam was
10 μm. The power of the laser beam on the sample sur-

+
2H
face was 2 mW. We used a T64000 (Horiba Jobin-
Yvon) spectrometer with a triple monochromator; the
spectral resolution was no worse than 2 cm–1. The
detector was a silicon matrix of photodetectors cooled
with liquid nitrogen. Studies were conducted in the
backscattering layout of measurements; the polariza-
tion vector of incident radiation was directed along the
011 crystallographic direction in silicon. The scat-
tered light signal was detected for the 01  polariza-
tion. The forbidden geometric layout used in the mea-
surements provided a means for maximally suppress-
ing the scattered signal from the silicon substrate. To
intensify the Raman signal from InSb nanocrystals,
before the measurements, we removed the upper Si
layer in a 25% solution of ammonium at a temperature
of 40°C with continuous stirring.

3. RESULTS AND DISCUSSION
Figure 1 shows the Raman spectra recorded in the

frequency range 150–550 cm–1 for the single-crystal Si
wafer and for the wafer coated with a SiO2 layer imme-
diately after implantation and after postimplantation
annealing at a temperature of 800°C. For all of these
samples, the principal Raman peak is at the frequency
520.5 cm–1 and corresponds to the TO phonon mode
in a single-crystal Si matrix. However, in the spectra of
samples covered with a SiO2 film implanted with In+

and Sb+ ions, the intensity of this peak is 1.8 times
higher than that in the spectrum of the single-crystal
Si wafer. Annealing at the temperature 800°C barely
influences the intensity of this peak. In the three cases,
the full width at half-maximum (FWHM) of the
Raman peak is 4.5 cm–1. The results suggest that the
SiO2 film implanted with In+ and Sb+ ions is equally
transparent before and after annealing. At the same
time, the increase in the intensity of the Raman peak
at the frequency 520.5 cm–1 can be due to the fact that
a SiO2 layer with a suitable thickness acts as an antire-
flection coating.

In the Raman spectrum shown in Fig. 1, we
observe a 300 cm–1 low-intensity peak, whose nature
is associated with the doubled frequency of acoustic
phonons in the single-crystal Si substrate. A detailed
analysis of the Raman spectra shows that annealing of
the samples at the temperature 800°C after implanta-
tion with In+ and Sb+ ions is accompanied by the
appearance of a Raman band in the frequency range
from ~180 to ~200 cm–1 (see inset in Fig. 1). The
nature of this band can be caused by scattering at the
optical vibrations of In–Sb bonds in the crystalline
InSb matrix.

Figure 2 shows the Raman spectra recorded in the
frequency range 170–210 cm–1 for implanted SiO2
films after annealing at temperatures of 800, 900,
1000, and 1100°C. From Fig. 2, it can be seen that an
increase in the annealing temperature from 800 to
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Fig. 1. Raman spectra recorded in the frequency range
150–550 cm–1 for (1) single-crystal silicon, (2, 3) silicon
covered with a SiO2 layer (2) immediately after the
implantation of In+ and Sb+ ions and (3) after implanta-
tion and annealing at a temperature of 800°C. The inset
shows regions of the spectra in the frequency range 170–
210 cm–1.
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Fig. 2. Raman spectra recorded in the frequency range
170–210 cm–1 for implanted SiO2 films after annealing at the
temperatures (a) 800, (b) 900, (c) 1000, and (d) 1100°C.

R
a

m
a

n
 i

n
te

n
si

ty
, 

a
rb

. 
u

n
it

s

Raman shift, cm�1

170 180 190 200 210

12

14

10

20

16

12

12

16

10

12
(a)

(b)

(c)

(d)
900°C yields an increase in the intensity of the Raman
band. In addition, we can see well-pronounced peaks
at frequencies of about 187 and 195 cm–1, which are
close to the frequencies of the TO and LO optical pho-
non modes in the InSb matrix, but shifted to higher
frequencies by 7.3 and 4.3 cm–1, respectively [6]. An
increase in the annealing temperature to 1000°C
results in a further increase in the intensity of the
Raman peaks. As the annealing temperature is ele-
vated to 1100°C, the Raman intensity at the above-
indicated frequencies noticeably decreases. However,
in this case, the peaks become sharper. To analyze the
parameters of the observed Raman peaks, we decom-
posed the experimental spectra into two Gaussian
components with maxima at 187 and 195 cm–1. The
analysis shows that, in the spectra of the samples
annealed at a temperature below 1000°C, the low-fre-
quency TO-like mode is dominant. In this case, as the
annealing temperature is elevated from 800 to 1000°C,
SEMICONDUCTORS  Vol. 53  No. 4  2019
the FWHM of this mode decreases from 13 to ~7 cm–1.
At annealing temperatures of 1000–1100°C, the inten-
sities of the TO- and LO-like modes become compa-
rable. It should be noted that the FWHM of the LO-like
mode varies with temperature only slightly and corre-
sponds to 4.5–5 cm–1.

The variations in the intensities of the Raman
peaks with increasing annealing temperature correlate
with variations in the density of nanocrystals formed



496 TYSCHENKO et al.
in the SiO2 matrix during annealing [5]. Therefore, the

Raman peaks observed at the frequencies 187 and

195 cm–1 can be naturally attributed to the TO and LO
phonon modes in InSb nanocrystals. A decrease in the
splitting of the optical phonon is observed in parallel
with the shift of the TO and LO modes in the spectra
of InSb nanocrystals to higher frequencies with
respect to the TO and LO modes in the spectrum of
the single-crystal bulk material. In the experiments

performed in this study, this splitting is 8 cm–1,
whereas in the single-crystal InSb bulk, the splitting is

11 cm–1. It should be emphasized that the difference of

3 cm–1 is independent of the annealing temperature;
i.e., the difference is independent of the nanocrystal
dimensions. The experimentally observed shifts of the
TO and LO modes to higher frequencies are effective
quantities dependent on a number of factors, such as
the quantum-confinement effect, strains, and the
state of the interface between the nanocrystal and the
surrounding SiO2 matrix. The contribution of each of

these factors to the shift of the TO and LO phonon
lines is estimated below.

To take into account the contribution of the quan-
tum-confinement effect to the shift of the optical-
phonon frequency in InSb nanocrystals, we calculated
the Raman spectra in relation to the nanocrystal size
in the context of the model of the spatial localization
of phonons [7–9]. Because of an increase in the qua-
simomentum uncertainty, the spectrum of a phonon
localized in a nanocrystal can be represented as a
superposition of plane modes with the wave vector q in
the vicinity of the wave vector q0 in an infinite crystal

[9]. In this case, the wave function of a spatially con-
fined phonon, Ψ(q0, r), is the product of the Bloch

function Φ(q0, r), which describes a phonon in an

infinite crystal, and some envelope function W(r, L)
with a characteristic size equal to that of the crystal L:

(1)

Here Φ(q0, r) = u(r)exp(iq0r) is the phonon wave func-
tion in an infinite crystal, u(r) is a periodic function
with a period equal to the InSb lattice period, and r is
the coordinate in the lattice. In relation (1), we have

(2)

The function Ψ(q0, r) can be written as the Fourier

transform:

(3)

where C(q0, q) is the Fourier coefficient, which is the
Fourier transform of the function Ψ'(q0, r). The prob-
ability that a phonon with the momentum ℏq will be
detected in this superposition of waves is |C(q, q0)|2. In
the approximation of a spherical Brillouin zone for a

Ψ = Φ = Ψ0 0 0( , ) ( , ) ( , ) '( , ) ( ).q r W r L q r q r u r

Ψ =0 0'( , ) ( , )exp( ).q r W r L iq r

Ψ = 
3

0 0 0'( , ) ( , )exp( ) ,q r C q q iq r d r
continuous mechanical medium, the intensity of the
Raman signal can be expressed as

(4)

Here, ω(q) is the phonon dispersion relation and Γ0 =
8 cm–1 is the FWHM of a single phonon mode in the
single-crystal InSb bulk [4], and |C(0, q)|2 is a decreas-
ing function that describes the degree of phonon
localization in the crystal. The function |C(0, q)|2 can
be represented as [9]

(5)

Taking into account expression (5), we obtain the
frequency dependence of the Raman intensity as

(6)

In (6), integration with respect to q is performed
between the limits q = 0 and q = q1, where q1 = π/a is

the wave vector at the boundary of the Brillouin zone
and a = 0.648 nm is the lattice constant of InSb. The
dispersion relation for phonons ω(q) corresponds to
the dispersion relation for a linear chain consisting of
two kinds of atoms with the masses m1 and m2. The

expression for the dispersion of phonons, ω(q), was
derived from the Lagrange equation for an infinite lin-
ear chain:

(7)

Here m1 = 114.8 amu is the In atomic mass, m2 =
121.7 amu is the Sb atomic mass, and β is the coeffi-
cient of elasticity dependent on the vibrational-mode
frequency as

(8)

where ωLO = 190.7 cm–1 and ωTO = 179.7 cm–1 are,
correspondingly, the frequencies of the LO and TO
modes in the InSb single crystal [7].

The frequencies of the TO and LO modes were cal-
culated as functions of the radius of the InSb spherical
crystal. The results of the calculations are shown in
Fig. 3. According to the results, for nanocrystals with
a radius of <10 nm, the optical-phonon lines exhibit
asymmetric broadening and a shift of the maxima to
lower frequencies. For nanocrystals with a radius of
>10 nm, the frequencies of the LO and TO modes are
practically the same as those in the bulk single-crystal
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Fig. 3. TO and LO mode frequencies calculated in the con-
text of the model of phonon spatial localization versus the
radius of an InSb spherical nanocrystal.
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InSb matrix. It should be emphasized that no influ-

ence of the nanocrystal size on the splitting of the opti-

cal phonon mode is detected. Irrespective of the

nanocrystal size, the splitting is always 11 cm–1 and

corresponds to the splitting in bulk single-crystal InSb.

Thus, the calculations show that there is no confine-

ment effect in the optical-phonon spectrum of InSb

nanocrystals, whose dimensions are >10 nm.

The effect of strains on the optical-phonon fre-

quency can be taken into consideration on the basis of

the dependences obtained in [7]. In [7], it was experi-

mentally shown that the optical-phonon frequencies

increased nearly linearly with increasing pressure P.

In this case, the lattice constant changed almost pro-

portionally to the applied pressure as well. The exper-

imentally obtained dependences were approximated

by the expressions

(9)

(10)

where the frequency ω is expressed in cm–1 and the

pressure P in GPa. The strain Δa/a can be estimated

from the shift of the line at the highest frequency in the

optical-phonon spectrum, i.e., from the LO phonon

frequency ωLO. The point is that the LO phonon fre-

quency is least distorted by other vibrations, whereas

the observed shift of the TO mode can be distorted, for

example, by scattering at surface phonons. From

expression (10), it follows that the strain corre-

sponding to the LO phonon frequency 195 cm–1

(Fig. 2) is –0.0064. In turn, this strain is bound to be

attained at pressures of about 10 kbar [7]. According to

expression (9), such a pressure corresponds to the TO

phonon frequency ~184.5 cm–1, which is ~2.5 cm–1

lower than the frequency observed experimentally.

As already noted above, the surface phonons at the

interface between the InSb nanocrystal and the sur-

rounding Si matrix can be one of the causes of the

experimentally observed splitting of the optical pho-

non mode. In the experiments of this study, the nano-

crystal diameter is comparable to the phonon correla-

tion length. Therefore, we can naturally assume that

there is a planar InSb/Si2 interface. The lack of shifts

of the low-frequency peak in the Raman spectrum can

also be an argument for the inference about the lack of

the size-dependent effect on the surface-phonon fre-

quency. The condition for the existence of the surface

mode can be written as

(11)
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Here,  = 3.9 is the static permittivity of SiO2 and

εInSb is the permittivity of the InSb polar crystal and

depends on the frequency [10]:

(12)

Upon the substitution of expression (12), expres-
sion (11) takes the form

(13)

where ωLO = 195 cm–1 is determined from the experi-
ment (Fig. 2) and ε∞ = 15.9. With consideration for
strains, the TO-like phonon frequency is 184 cm–1.
Substituting these values in (13), we determine the
surface phonon frequency ω = 192 cm–1. This value is
5 cm–1 larger than the experimentally observed TO-like
phonon frequency. We can conceive that the experi-
mentally observed low-frequency peak in the Raman
spectrum is a superposition of the TO phonon mode
and the surface phonon mode.

In the experiments performed in this study, the
SiO2 film contains InSb spherical crystals, whose

dimensions are much smaller than the wavelength of

ε
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2 2
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incident light. At the same time, the permittivities of
InSb and SiO2 are markedly different. In such media,

it is possible to observe scattering at the Fröhlich fre-
quency [11]. The Fröhlich resonance is observed at
frequencies corresponding to stretched anion–cation
modes at the surface of spherical nanocrystals and
does not depend on the size of nanoparticles, at which
scattering occurs [12]:

(14)

Substituting the permittivities of SiO2 and InSb and

the frequencies of the LO and TO modes in bulk sin-
gle-crystal InSb in expression (14), we obtain the

Fröhlich resonance frequency ωF = 187 cm–1. This

frequency exactly coincides with the experimentally
observed position of the low-frequency component in
the Raman spectrum (Fig. 2). At a qualitative level,
the temperature dependence of the intensity and width
of the low-frequency peak in the Raman spectrum
corresponds to the behavior of the Fröhlich mode as
well. Specifically, as the annealing temperature is ele-
vated and, consequently, the average nanocrystal
dimensions are increased, the intensity of scattering at
nanocrystals increases and, in parallel, the line width
decreases. At the same time, since the Fröhlich reso-
nance frequency depends on the frequencies of the TO
and LO modes, it can also be shifted to higher fre-
quencies in ion-synthesized strained nanocrystals.
According to estimations with consideration for

strains, the Fröhlich frequency ωF can be ~191 cm–1.

In order to establish whether or not the nature of the
observed peak is defined by resonance at the Fröhlich
frequency, it is necessary to conduct additional studies
by means of far-infrared absorption spectroscopy.

4. CONCLUSIONS

The Raman spectra of SiO2 films containing InSb

spherical nanocrystals are studied. The nanocrystals
are produced by ion-beam synthesis upon the implan-

tation of SiO2 films with In+ and Sb+ ions with an

energy of 200 keV and a dose of 8 × 1015 cm–2 followed
by annealing at temperatures of 800–1100°C. The TO-
and LO-like modes in the Raman spectra of InSb
nanocrystals are detected at the frequencies 187 and

195 cm–1, respectively. The shifts of these TO- and
LO-like modes with respect to their position in InSb
bulk nanocrystals are, correspondingly, 7.3 and

4.3 cm–1 and do not depend on the nanocrystal size.
It is found that the LO–TO splitting of optical pho-

nons is 8 cm–1. This value is 3 cm–1 smaller than the
splitting in the bulk crystal. An increase in the anneal-
ing temperature from 800 to 1000°C, which corre-
sponds to an increase in the average InSb nanocrystal
dimensions from ~10 to ~20 nm [5], results in a
decrease in the width of the TO-like mode and an

increase in its intensity. The LO-like mode increases
in intensity as well, but its width remains practically
unchanged. The results obtained in the study are ana-
lyzed from the viewpoint of the quantum-confine-
ment effect, strains in nanocrystals, optical-phonon
frequency, and scattering at the frequency corre-
sponding to stretched anion–cation modes at the sur-
face of polar spherical nanocrystals. From the analy-

sis, it is concluded that the 195 cm–1 mode corre-
sponds to LO phonons in InSb nanocrystals
hydrostatically compressed in the SiO2 matrix at pres-

sures of about 10 kbar. The 187-cm–1 mode corre-
sponds to resonance at the Fröhlich frequency.
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