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Raman investigation of silicon nanocrystals:
quantum confinement and laser-induced
thermal effects

Y. Duan,® J. F. Kong® and W. Z. Shen®*

We present a detailed experimental and theoretical Raman investigation of quantum confinement and laser-induced local thermal
effects on hydrogenated nanocrystalline silicon with different nanocrystal sizes (3.6-6.2nm). The local temperature was
monitored by measuring the Stokes/anti-Stokes peak ratio with the laser power density range from ~120 to 960 kW/cm?. In
combination with the three-dimensional phonon confinement model and the anharmonic effect, which incorporates the three-
phonon and four-phonon decay processes, we revealed an asymmetrical decay process with wavenumbers ~170 and 350 cm™,
an increasing anharmonic effect with nanocrystal sizes, and a shortening lifetime with enhanced temperature and decreasing
nanocrystal dimension. Furthermore, we demonstrated experimentally that for Si nanocrystals smaller than 6 nm, the quantum

confinement effect is dominant for the peak shift and line broadening. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

Raman spectroscopy, as a fast, convenient, nondestructive, and
highly sensitive probe of local atomic arrangements and
vibrations, has been widely used to characterize the properties
of nanomaterials including nanocrystals,”" ' nanowires,” and
microcrystalline structures.” The localization and lattice vi-
bration properties of various low-dimensional semiconductor
nanomaterials have been successfully yielded by the aid of
detailed analyses of significant size-dependent red-shift and
asymmetric broadening when the nanocrystal size is reduced to
nanometer scalel"*® Many theoretical models have been
established, such as the microscopic force model, bond
polarizable model,""®'" and three-dimensional phonon confine-
ment model"? to obtain a better interpretation of the
experimental data. However, the local temperature of the nano-
structured samples on the illuminated spot will increase even
if the laser power is very low,"® which can therefore affect
significantly the vibrational properties.”” Recently, Faraci et al.
B have analyzed experimentally the quantum confinement and
thermal effects of a 10-nm semiconductor nanocrystal as the
laser power increases, and predicted theoretically the quantum
confinement effect mainly for sizes smaller than ~6 nm.

It should be noted that there is no detailed study on the
relationship between the Raman spectra related to the nanocrys-
tal size and the thermal effect because of the laser irradiation. In
fact, nanostructures are embedded in an environment medium,
which can have poor thermal conductivity.'* This establishes
the base for the experimental determination of the local temper-
ature through monitoring the Raman band shift"> and the
Stokes/anti-Stokes intensity ratio (Is//,)!'® under different laser
power densities. Therefore, the relationship between lattice
vibration and thermal effect can be achieved straightforwardly.

Moreover, a comprehensive investigation of the three-phonon
and four-phonon decay processes'’” under laser irradiation is
very important for the understanding of the phonon dynamic
behavior in semiconductor nanostructures.

On the other hand, silicon nanostructures have attracted much
attention in recent years because of their importance in the
fundamental understanding of physics and potential applications
in silicon optoelectronics.'®2° In this paper, we present a
detailed micro-Raman investigation of different silicon nanocrystal
dimensions (3.6, 4.2, 5.0, and 6.2 nm) prepared by plasma enhanced
chemical vapor deposition (PECVD) under the laser power density
range from ~120 to 960 kW/cm?. The average silicon nanocrystal
dimensions were determined by the three-dimensional phonon
confinement of Raman spectrum analysis. In combination with
the effects of phonon confinement and anharmonic phonon
processes, we clearly illustrate the temperature effect on the
Raman peak shifts and linewidths. We demonstrate experimentally
that for Si nanocrystals smaller than 6 nm, the quantum confine-
ment effect is dominant for the Raman peak shift and line

* Correspondence to: W. Z. Shen, Laboratory of Condensed Matter Spectroscopy
and Opto-Electronic Physics, Key Laboratory of Artificial Structures and
Quantum Control (Minister of Education), Department of Physics, Shanghai Jiao
Tong University, 800 Dong Chuan Road, Shanghai 200240, China.

E-mail: wzshen@sjtu.edu.cn

j

Laboratory of Condensed Matter Spectroscopy and Opto-Electronic Physics, Key
Laboratory of Artificial Structures and Quantum Control (Minister of Education),
Department of Physics, Shanghai Jiao Tong University, 800 Dong Chuan Road,
Shanghai 200240, China

b Department of Physics, Shanghai Institute of Technology, 100 Hai Quan Road,
Shanghai 201418, China

J. Raman Spectrosc. (2011)

Copyright © 2011 John Wiley & Sons, Ltd.



Journal of

RAMAN
SPECTROSCOPY

Y. Duan J. F. Kong and W. Z. Shen

broadening. We further show that phonon dynamic behavior
correlates with the phonon vibrational properties in nanoparticles.

Experimental Details

The hydrogenated nanocrystalline Si (nc-Si:H) thin films employed for
the current study were deposited on undoped crystalline Si (111)
substrates at a temperature of 250 °C in a capacitive coupled PECVD
system. During the growth, the total pressure of reactive gases was
maintained at 0.7 Torr and the hydrogen dilution ratio [H,/(SiH, + Hy)]
at 99%, while the radio frequency (13.56 MHz) power changes from
30 to 90 W to achieve different nanocrystalline sizes. The nc-Si:H thin
film is a mixed-phase material consisting of Si quantum dots embed-
ded in amorphous Si tissue and has a layer thickness of around a
few micrometers. The room-temperature electron mobility and
dark conductivity of the nc-Si:H films reach in the order of 10> cm?/
Vs and 10 Scm™', respectively.*"! The room-temperature Raman
spectra were obtained by using a Jobin Yvon LabRam HR 800UV
micro-Raman spectrometer with the 514.5 nm line of an Ar' laser.
The employment of a 50x optical microscope objective with a
numerical aperture of 0.75 will yield a laser spot size of ~2 um. The
scattered light was detected in a backscattering geometry of
z(x, —)z configuration using an Andor DU420 classic charge-coupled
device detector. The optical output power can be read from the me-
ter of the laser system, and there is 25% power loss when it spreads
in the light path. In this paper, the Raman spectra were recorded with
the laser power in the range of 3.75 to 30.00 mW, corresponding to
the laser power density between ~120 and 960 kW/cm?.

Results and Discussion

Figure 1 shows the typical Stokes and anti-Stokes Raman spectra
taken from a nc-Si:H thin film with an average Si quantum dot
size d of 3.6 nm under five different laser power densities. It can
be noted that the Raman spectra of nc-Si:H downshifts and
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Figure 1. Stokes and anti-Stokes Raman spectra taken from a nc-Si:H

thin film with an average Si quantum dot size d of 3.6 nm under five
different laser power densities.

asymmetrically broadens with increasing laser excitation power.
In contrast to bulk Si,*? the Raman spectra of nc-Si:H thin films
are sensitive to the laser power density, which can be understood
because of the poor thermal conductivity of nc-Si:H compared
with the bulk Si. Because Si nanocrystals were embedded in an
environment medium (amorphous Si matrix) as mentioned previ-
ously, the poor heat transfer between nanoparticles and weak
thermal contact with the substrate result in low lattice thermal
conductivity. Further evidence of the laser-induced thermal effect
in the local area comes from the fact that the observed ratio of
Stokes to anti-Stokes intensity I/, decreases obviously with the
increase of laser power density. As we know, Is/Ix occexp(haw/kgT),
with @ the local wavenumber and T the local temperature, the
significant decrease of Is/l5, together with the red-shift of the
Stokes Raman peak, demonstrates the temperature rise of
the local area with increasing laser power density. In addition,
compared with the symmetric Lorentzian profile of the Raman
lineshape in the bulk Si, the degree of asymmetry in the phonon
peak of nc-Si:H increases with the decrease of dimension. The
decreasing dimension causes lattice defect and structural disor-
der, which result in the breakdown of the translational symmetry
at wave vector g =0, and the contribution of Brillouin zone edge
phonons to participate in an inelastic Raman scattering process, i.
e. greatly drives the lineshape asymmetry.

The average Si dot size d can be yielded by calculating the
Stokes and anti-Stokes Raman spectra. As an example in Fig. 2,
we take the nc-Si:H sample for Fig. 1 with the laser power density
of 120 kW/cm?. The Raman scattering spectra can be interpreted
by the combination of three Gaussian phonon bands [i.e. longitu-
dinal acoustic (LA) band centered at 300cm™’, longitudinal
optical (LO) band at 380cm ™', and transverse optical (TO;) band
at 480cm '] from the amorphous Si contribution, and one
asymmetric transverse optical (TO,) band related to the Si nano-
crystals.”®! To identify the asymmetry TO, peak of the Si nano-
crystals, we employ the three-dimensional phonon confinement
model"? to detect the detailed temperature and size depen-
dences of the phonon wavenumber and line broadening. Accord-
ing to the three-dimensional phonon confinement model, which
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Figure 2. Experimental (open circles) and fitted (solid curves) Raman
spectra for the nc-Si:H sample with grain size d of 3.6 nm under the laser
power density of 120 kW/cm?. The dashed curves peaked at ~300, 380,
and 480 cm™' correspond to LA, LO, and TO; modes of the amorphous
Si, respectively. The dotted curve peaked at ~520cm™ is related to the
TO, mode of Si nanocrystals.
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takes into account both the phonon confinement and the effect
of strain, the TO, band Raman spectrum can be described as

21/ao
ho, () = lognas /
o |

with Ip,,.. the prefactor, |C(q)|>=exp(-g°d°/8) for spherical shape
grain, g the wave vector of phonon, d the correlation length
related to the average size of the Si nanocrystals, [ the Raman
intrinsic linewidth of crystalline silicon, and a,=0.543nm the
lattice constant of the bulk Si. The form of the phonon dispersion
relation w(q) is given by™?¥

|C(q)|*4nq?-dq
o — (@) +(r/2)?

m

o(q) = wp —120(9/q0)’ b))

where m,, is the wavenumber of the first order Raman band in the
absence of disorder effects and gy = 21/a,.

We show in Fig. 2 the dotted curves for the calculated TO,
peak of the Si nanocrystals and the dashed curves for the three
Gaussian phonon bands from the amorphous Si contribution.
Good agreement has been achieved in Fig. 2 between the calcu-
lated (solid curves) and experimental Raman spectra (circles).
From the fitting, we can obtain the corresponding Si nanocrystal
sizes and the strain of our nc-Si:H samples. As shown in Fig. 3 for
the four nc-Si:H samples, there is some small variation for the
yielded Si nanocrystal sizes under different laser power densities.
In the present study, we have taken the mean values of 3.6, 4.2,
5.0, and 6.2nm as the average Si dot sizes for the four samples
within an accuracy of +0.1 nm, which are in agreement with
our observation from X-ray diffraction measurements and high-
resolution transmission electron microscopy. In addition, the
inhomogenetity of nanocrystal sizes are revealed by the three-
dimensional phonon confinement model of the micro-Raman
mapping spectra.”®! The strain is simply deduced from ~(wg-w)/
3&wyq, with wg the wavenumber of the first-order Raman band in
the absence of both disorder and stress effects (520.5cm™)
and & the Griineisen constant (~1.0).%*! The calculated intrinsic
compressive strain with the laser power of 120 kW/cm? are listed
in Table 1. Moreover, the local temperature was evaluated from
the ratio of Stokes to anti-Stokes Raman intensity of the TO,
mode under the laser power density in the range of ~120 to
960 kW/cm?, with an estimated error of £2K. In the following,
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Figure 3. Yielded grain sizes from Raman spectra under different laser
power densities.

Table 1. Parameters for fitting the Raman peak shift (Egn (3)) and line-
widths (Egn (4)) of the TO, mode in Si nanocrystals, together with the
yielded intrinsic compressive strain under the laser power of 120 kW/cm?

Grain size g A B Mo C D Strain
d (nm) (em™ (ecm) em™) (™) (™) (m™) (x1073Pa)
36 52130 —173 —022 686 034 0045 2.07
42 52491 —175 —023 583 036 0047 2.32
5.0 52675 —1.80 —024 486 039 0051 284
6.2 52808 —1.82 —025 331 042 0.054 3.16

we will concentrate on the temperature dependence of the
Raman peak shift and line broadening of different Si dot sizes
in terms of the model developed by Klemens,* Hart et al,!®
and extended by Balkanski et al. ®® for anharmonic decay of
optical phonons.

Figure 4 presents the Raman peak shift (scatters) of the TO,
band as a function of the yielded local temperature for the four
different average nanocrystal sizes. The phonon peaks w(T) shift
towards lower wavenumber in the same way with the increase
in temperature, which can be expressed by taking into account
cubic and quartic terms in the anharmonic Hamiltonian as'?”}

o(T) = wg + Dog1 (T) + Awga (T)
Awd1 (T) =A |:1 =+

1 1
exp(fiwq /kgT) — 1 * exp(hwy/keT) — 1}

3 3
Ao (T) = 3{1 * explhe3keT) —1 [exp(ficoo /3ksT) — ”2]

(©)

with wg the harmonic wavenumber of the optical model, Awy,(T)
the decay of the zero-center phonons into two phonons of wave-
number @, and w, (three-phonon process), keeping the sum of
w1 + Wy =wg unchanged, Awy;(T) the decay into three phonons
(four-phonon process), assumed to be of equal wavenumber
/3 for simplicity, and kg the Boltzmann constant. A and B are
anharmonic constants selected as fitting parameters in the calcu-
lation and related to the relative probability of the occurrence of
each process. The solid curves in Fig. 4 are the calculated phonon
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Figure 4. Temperature-dependent Raman wavenumber of the TO,
mode in the Si nanocrystals with different grain sizes. The solid curves
are the theoretical results with Egn (3).
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wavenumber with temperature using Eqn 3 by varying para-
meters mg, mq, w,, A, and B (listed in Table 1) related to different
nanocrystal sizes. The agreement between the theoretical fitting
and the experimental data is found to be quite good.

It is well known that the presence of grain boundaries or sur-
faces leads to a locally lower atomic density and higher structural
disorder in comparison to the bulk material. As a result, the quan-
tum confinement effect affects the optical modes at the Brillouin
zone center (g = 0), because more phonons with g # 0 (away from
Brillouin zone center) contribute to the phonon density of states
(DOS) and lead to a red-shift in Raman spectra.l?® The variation of
wo With the decrease of grain sizes listed in Table 1, together with
the significant harmonic wavenumber shift at smaller sizes
shown in Fig. 4, clearly demonstrates the quantum confinement
effect where for the particles of larger sizes the wavenumber is
not shifted that much. We further present in Fig. 5 an analysis
of the Raman spectra using the phonon confinement model'®
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Figure 5. Normalized calculated Raman spectra of different grain sizes
from the phonon confinement model.
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for the different sizes of Si nanocrystals. It is clear that at smaller
sizes, there is a significant shift and broadening of the Raman
spectra, especially for sizes smaller than 6 nm, while for the
particles of larger sizes the peak is not shifted significantly and
approaches to the bulk value, which is well consistent with our
experimental observation. The asymmetric lineshape in the Raman
spectra has also been well reproduced for the Si nanocrystals.

Figure 6(a) shows the variation of linewidths with temperature
for the Si nanocrystals of different sizes. The phonon broadening
[(T) mainly comes from the quantum confinement effect and
anharmonic decay. Similar to the temperature dependence of
Raman peak shift, the phonon broadening can also be described
by assuming the decay into two phonons with wavenumber
1, @, and the symmetric decay into three phonons!'”?}

MT)=To+T +T;
r1=C{1+

1 1
exp(fiw, [kgT) — 1 + exp(hwy /ksT) — 1] 4)

M=D|1+

3 3
exp(hwo/3kgT) — 1 N [exp(fiwo/3ksT) — 1]2]

where [y is attributed to the inherent defect or impurity scatter-
ing and quantum confinement effect, ['; is the damping part
induced by the asymmetric decay of the three-phonon process,
while T, represents the four-phonon process, C and D are
constants. We have also illustrated in Table 1 the fitting
parameters [y, C, and D. It is found that [, of the TO, mode in
the Si nanocrystals decreases with increasing nanocrystal size,
and is close to the corresponding value of 2.8 cm™'3% in the bulk
silicon when the Si nanocrystal size is 6.2 nm. This line broaden-
ing characteristic agrees well with the peak shift observation in
Fig. 4, i.e. demonstrating experimentally that the quantum
confinement effect is significant for Si nanocrystals smaller than
6 nm. Furthermore, we notice that the values of w;~170cm™
and w,~350cm™" obtained from Raman peak shift are coinci-
dent with those from linewidths, which manifests the asymmetric
decay process for the TO, mode.
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Figure 6. (a) Temperature-dependent Raman linewidth (7) of the TO, mode in Si nanocrystals with different grain sizes. The solid curves are the theoretical
fitting to Eqn 4. (b) Calculated phonon DOS in Si nanocrystals for different grain sizes reported in [31], with the positions of w;, w,, and we/3 marked.
(c) Temperature-dependent lifetime 1(7) of the TO, mode in Si nanocrystals with different grain sizes. The solid curves are the theoretical fitting to Eqn (5).
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To exactly understand the decay mechanism, we resort to the
calculated (through the generalized Keating model) phonon DOS
published in [31] shown in Fig. 6(b) for different Si nanocrystal
sizes. We can find a sizable magnitude of the phonon DOS at
w; and ), for all these Si nanocrystals, indicating that the asym-
metric decay into phonons with wavenumbers near 170 and
350cm™ is reasonable. The anharmonic constants of A, B, C,
and D in Table 1 are found to increase with the nanocrystal size.
The enhancement of the anharmonic effect can also be observed
from the temperature-dependent changes in wavenumbers
(Fig. 4) and linewidths [Fig. 6(a)]. In Si nanocrystals, the phonon
DOS increases with the nanocrystal size [Fig. 6(b)],°" resulting
in an increase in the probability of inelastic (anharmonic) scatter-
ing between phonons. Large numbers of phonons will be
produced with increasing temperature, which also leads to the
enhanced probability of anharmonic decay of phonons.

From the ratios of A/B and C/D, the relative contributions of the
three-phonon and four-phonon processes to the total phonon
decay can be estimated. From Table 1, it is interesting to note
that the ratios of A/B and (/D remain almost constant
(7.54+0.4) with increasing grain sizes. Although the increasing
sizes lead to an enhancement of the phonon DOS, the ratios of
magnitude of the phonon DOS of w; (w,) to that of wy/3 are
found to be approximately 1.10 (1.30) for Si nanocrystals (see
Fig. 6(b)). As a result, the contribution of the three-phonon and
four-phonon processes to the total phonon decay does not
change apparently with the increase of the Si nanocrystal sizes.
However, the ratios of A/B and C/D are much larger than 1.0,
indicating that the decay into two phonons is the prevailing pro-
cess while the four-phonon process makes a minor contribution
in the anharmonic coupling of the TO, mode in Si nanocrystals.
This phenomenon is also consistent with the calculated phonon
DOS shown in Fig. 6(b), where the weak phonon DOS at w/3
(~174cm™") shows less probability of the four-phonon process.
We can therefore conclude the reliability of our theoretical fitting
through the consistency between the variations of A/B and C/D.

Finally, it is generally known that the linewidth broadening in
Raman scattering is usually related to the lifetime of the decay
process of the involved phonons, and we can simply estimate
the relaxation time t(7) for the decay processes by>?

M(T) =1/[2nct(T)] = 1/(2nCTelastic) + 1/(27CTinelastic)  (5)

with ¢ the velocity of light, 1/(2nctejastic) (=lo) from the contribu-
tion of elastic scattering, and 1/(2nCTinelasic) (=1 + 1) from the
anharmonic scattering. Figure 6(c) displays the lifetimes t(7) of
the TO, mode as a function of temperature under different nano-
crystal sizes, while the solid curves are the best theoretical fits.
We find a significant shortening of TO, mode lifetime with the
increase of the local temperature and decrease of nanocrystal
sizes. This is reasonable, because the thermal interaction
increases with temperature, which decreases the phonon mean
free path at high temperatures, while the decrease of grain size
is expected to further enhance the inherent boundary scattering
in nanocrystals, which reduces significantly the phonon lifetime."

Conclusion

The quantum confinement and laser-induced thermal effects
have been studied by Raman scattering of nc-Si:H thin films
grown by PECVD with different Si nanocrystal sizes (3.6-6.2 nm)
in the laser power density range from ~120 to 960 kW/cm?. The
observed temperature-dependent wavenumber and linewidth

characteristics in Si nanocrystals can be well described by the
three-dimensional phonon confinement model, which takes into ac-
count both the phonon confinement and the effect of strain, and by
the anharmonic effect, which incorporates the three-phonon and
four-phonon decay processes. The fitting results exhibit an
asymmetrical decay with wavenumbers near 170 and 350cm™
and the anharmonic effect because of temperature and quantum
confinement effect. We have demonstrated experimentally that
the quantum confinement effect is dominant for the Raman peak
shift and line broadening with Si nanocrystals smaller than 6 nm.
Furthermore, it is found that with the increase of the Si nanocrystal
sizes the contribution of the three-phonon and four-phonon
processes to the total phonon decay does not change apparently,
which can be well explained by the phonon DOS in Si nanocrystals.
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