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ABSTRACT
Raman microprobe studies of long crystalline Si nanowires reveal for the first time the evolution of phonon confinement with wire diameter.
The Raman band at ∼520 cm-1 in bulk Si is found to downshift and asymmetrically broaden to lower frequency with decreasing wire diameter
D
h , in good agreement with a phenomenological model first proposed by Richter et al. An adjustable parameter (r) is added to the theory that
defines the width of the Gaussian phonon confinement function. We find that this parameter is not sensitive to diameter over the range 4−25
nm.

Several Raman scattering studies of long wavelength phonons
in crystalline Si nanowires have appeared in the literature
over the past several years.1-7 The authors have fitted the
first-order experimental Raman band near 520 cm-1 to an
asymmetric line shape first proposed by Richter et al.8 In
this model, the confined phonon participating in the Raman
scattering event is expressed as a wave packet using bulk
phonon states. The range of bulk wavevector δq needed to
form the packet is given by δq ∼ 1/D, where D is the
filament diameter. In limit of infinite D, the symmetric
Lorentzian line shape representing the first order scattering
from the degenerate LO-TO q ) 0 phonons of bulk Si is
recovered from the model expressions. None of the previous
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experimental studies have looked systematically at the effect
of the wire diameter on the Raman line shape, i.e., the effects
of the most important physical parameter has not been
investigated. Here, we present the results of such a study
made on a series of four crystalline Si nanowire samples
whose most probable diameter D
h spans the range from 4 e
D
h e 25 nm. All other optical parameters, e.g., laser flux
wavelength and optics, are the same for each Raman
spectrum collected; the wire diameter is the only variable.
Silicon, as a well-understood elemental semiconductor, is
chosen to explore the basic phenomenon of phonon confinement.
Usually there is insufficient signal to study the Raman
scattering from a single semiconducting nanowire, and
therefore ensembles of nanowires are measured. Since the
diameter of the nanowire produces the confinement parameter, it is important to be able to either rule out significant

inhomogeneous broadening of the Raman band from the
experimental diameter distribution or to include the distribution in the line shape analysis. To date, all of the previous
studies of the first-order Raman band in Si nanowires, except
one,7 have used an estimated mean nanowire diameter in
their data analysis. We also show here that for quantitative
anlaysis the distribution should be included. There also have
been other complicating factors slowing progress in understanding the Raman line asymmetry encountered in the firstorder band in Si nanowires and other nanosystems, e.g.,
possible complications from the effects of compressive strain9
and laser flux-induced changes in the line shape asymmetry.4-6
For example Piscanec et al.4,5 argued that the Raman band
asymmetry in Si nanowires has a contribution from inhomogeneous laser heating, whereas Gupta et al. presented
evidence for a photo/thermal-driven Fano resonance.6 Adu
et al., on the other hand, have found that the SiOx covering
the Si wire can produce a compressive strain on the
crystalline core, upshifting the band position but not changing
the band asymmetry.9
According to a phenomenological theory,8,10 phonon
confinement in a small nanosystem (e.g.,particle, nanowire)
leads to an asymmetric broadening of the Raman bands. The
theory for this confinement predicts a specific evolution with
decreasing diameter D. The effect becomes very important
when the diameter of the particle or wire is d ∼ 10ao, where
ao is the lattice constant. This report is the first, to our
knowledge, to look at the systematics of how the first-order
Raman band changes with decreasing diameter.
All experiments were carried out in the same way (exactly
the same collection optics) and at very low laser flux (< 10
µW/µm2). At a factor of 2 or so greater than this flux, we
observed the 520 cm-1 band line shape changing in small
diameter wires. More importantly, we also observed this
effect in much larger diameter wires, i.e., those with D
h ∼
23 nm, where no phonon confinement is expected. This
indicates that both confinement and unrelated high flux
phenomena can occur together. We will present these high
flux results elsewhere.11
Here, we concentrate on Raman scattering data collected
in the region of low laser flux Φ e 10 µW/µm2 where the
shape of the 520 cm-1 band is independent of Φ. Previously,
we have also published results of a Raman study on ∼9 nm
diameter Si wires that showed growing asymmetry to lower
frequency in the ∼520 cm-1 band with increasing laser flux.
A broadened line shape was observed and well fit by a Fano
resonance.6 However, we have revisited that work and we
have repeated it for very small and very large diameter Si
wires. Our new experimental evidence also suggests that a
more likely mechanism for the increased asymmetry in the
high flux regime is inhomogeneous laser heating, in agreement with Piscanec et al.4
The Si nanowires studied here were prepared by pulsed
Nd:YAG laser vaporization (PLV) of a Si target (99.999%,
Alfa Aesar) containing ∼10 at. % Fe(99.9+%, Aldrich). The
target was maintained at 1200 °C in a flow of 100 sccm of
argon gas. Details of our synthesis approach have been given
elsewhere.12 Our TEM analysis clearly indicates that the wire
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growth process occurs via the vapor-liquid-solid (VLS)
mechanism12,13 in which an Fe/Si nanodroplet (liquid alloy)
or nanoparticles acting as “seeds” form in the laser-generated
plume, adsorb Si vapor, and become Si-saturated. The Si
filaments grow from the Fe/Si nanoparticle surface. Our PLV
approach tends to make wires with a broad diameter
distribution in the 8-40 nm diameter range. To produce
smaller diameter wires for this study, we developed a postsynthesis approach involving oxidation in pure O2 at 900
°C as a first step and centrifugal separation as the second
step. The idea is to diffuse oxygen radially inward, shrinking
the Si crystalline core, and then to separate fractions
according to diameter via centrifugation. Details of this
approach to smaller diameter Si (and other semiconducting)
wires will appear elsewhere.9
The oxidized Si wires were first harvested from a cool
furnace and then suspended in ethanol using ultrasound. A
centrifugal separation technique was then used to divide the
original as-grown wires into four distinct diameter distributions. After short intervals of centrifugation, the centrifuge
was stopped, the precipitate was removed, and the supernatant containing smaller diameter wires in solution was saved
and centrifuged further; the largest diameter wires and
particles are driven from the suspension at the earliest times.
Each time, the supernatant fluid was put back into a clean
centrifuge tube and spun again. In this way, precipitates were
obtained at 5 min (5000 rpm), 10 min (5000 rpm), 40 min
(5000 rpm), 70 min (5000 rpm), and 100 min (13500 rpm)
of centrifugation. This last step produced the smallest
diameter wires, i.e., D
h ) 4.5 nm. The first precipitate (after
5 min) was found to contain Si particles and therefore was
rejected.
High-resolution transmission electron microscopy (HRTEM) using a JEOL (JEM 2010F) microscope with a 200
kV accelerating voltage was used to observe the nanowires’
crystallinity, growth direction, oxide coating, morphology
and the Si core diameter distribution. The TEM and Raman
samples were prepared by dropping a small amount of the
ethanol-nanowire suspension onto either a carbon filmcoated Cu grid (TEM) or on indium foil (Raman). The
Raman experiments were found to be best conducted by
creating a thin, i.e., e 1, monolayer areal density of wires
that were in good contact with a thermally conducting
substrate (i.e., indium). Raman spectra were collected at room
temperature in the backscattering configuration using a JY
Horiba T64000 spectrometer equipped with cooled CCD
detection and an Olympus BX40 confocal microscope with
a 100× objective (spot size at the sample was ∼1µ).
Excitation was provided by an argon ion laser under ambient
conditions using 514.5 nm radiation at a flux of ∼8 µW/
µm2, as measured using a miniature hand-held radiometer
at the sample. Low excitation power is particularly important,
as will be discussed below. No polarizer was used in
collecting the backscattered light.
A low resolution TEM image of Si nanowires is shown
in Figure 1a. This particular typical image was taken on wires
harvested (in the precipitate) from the second centrifugation
cycle. This ensemble was found to have a most probable
Nano Lett., Vol. 5, No. 3, 2005

Figure 1. (a) Low magnification TEM showing the Si nanowires
ensemble for the sample with 10 min of centrifugation. (b, c, d)
High-resolution TEM images of the crystalline core for nanowires
with diameter of 16, 7, and 4 nm, respectively.

diameter D
h ) 23 nm. The image shows that the wires are
long (>2 µ), most have long straight sections. However, large
angle bends and kinks can be found in some of the wires.
After only one cycle of centrifugal separation, the sample
was found by TEM to consist primarily of Si wires. In Figure
1b-d, we display HRTEM images of Si nanowires from
subsequent centrifuge separations, ranging in diameter from
∼16 nm (b) to ∼4 nm (d). In general, the Si wires were
found to be highly crystalline with a thick 4-10 nm SiOx
coating. The HRTEM images are also included here to make
the point that we did not observe a dominant growth direction
upon inspection of many wires. As seen in Figure 1b-d,
examples can be found for wires growing along the (011),
(100), or (111) directions, in contrast to a previous report
on Si nanowires grown by CVD with gold nanoparticles,14
we did not observe any relationship between the wire
diameter and growth direction. The growth directions
indicated in Figure 1 were determined by correlating the
electron diffraction pattern, the Fourier transform of the
image, and the lattice fringe spacing.
In Figure 2 we display the diameter distribution (histogram) of the crystalline Si cores in each of the four ensembles
studied here; they were obtained by HRTEM. Each distribuNano Lett., Vol. 5, No. 3, 2005

Figure 2. Diameter distributions for the four different samples
with the most probable diameters shown in the figure. The
distributions were obtained by measuring the crystalline core from
HRTEM images of the Si nanowires. The solid lines represent the
least-squares fits using the log-normal function F(D) (eq 1).

tion was fitted to a log-normal function F(D) (solid line)
using the method of least squares; F(D) is given by15
F(D) )

[

]

(log D - log D
h )2
1
exp σ
2σ2

(1)

where D
h and σ are, respectively, the most probable value
and width of the diameter distribution (the full width at halfmaximum (FWHM) is x2σ). The parameter values for D
h ,σ
obtained from the fits are displayed in the figure along with
the computed errors. A log-normal diameter distribution is
often found in nanosystems and stems from the relative
importance of the surface and volume energies of the wire
(or particle).15,16
In Figure 3, we display the first-order 520 cm-1 Raman
bands we obtained at low laser power and at room temperature for the four ensembles of nanowires whose diameter
distributions appear in Figure 2. The micro-Raman spectra,
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calculated via a Fourier analysis of the localization function
W(r,D).8,10 The Raman line shape for scattering from the
confined phonon is then written as the sum of the Raman
scattering contributions from ψ(q,r). In our case, we consider
the scattering from the 520 cm-1 optical mode at qo ) 0.
The line shape function for scattering from this confined
phonon8,10 in nanowires (NW) is given by
INW ) Ao

Figure 3. Raman spectra showing the evolution of the first-order
Raman band in the four ensembles of Si nanowires of Figure 2.
The spectrum corresponding to that of bulk Si (001) is also shown.
Open circles represent the experimental data and solid lines
represent the least-squares fits using eq 5, in which both the
Richter’s line shape and the diameter distribution F(D) are taken
into account.

all collected under the same optical conditions (see the
experimental details section) are stacked in the figure
according to most probable diameter D
h , with the smallest
diameter wire ensemble spectrum on top. For comparison
we show the result for bulk Si (001) at the bottom of the
figure. The data are represented by open circles and the solid
lines are the results from a least squares line shape analysis
using the Richter model discussed below. It is clear from
Figure 3 that, with decreasing D
h , the first-order Raman band
at ∼520 cm-1 develops a noticeable asymmetry to lower
frequency and the peak position downshifts. On the other
hand, the line shape for bulk Si (bottom band) is well fitted
by a symmetric function. The line shape is actually a Voigt
function, which is a convolution of a Gaussian spectrometer
function (FWHM ) 1.5 cm-1) and a Lorentzian (Raman)
line shape. The symmetric band we observe for bulk Si at
520 cm-1 has a measured FWHM ) 4.7 cm-1 and a natural
FWHM 4 cm-1, in good agreement with the literature.8,17
We now analyze the line shape of the asymmetric Raman
bands in Figure 3 with the model originally proposed by
Richter et al.8 for spherical particles and extended by
Campbell and Fauchet10 to cylindrical particles. The starting
point of their model is to approximate the form of the
confined phonon wave function as a simple product of a
localization function W(r,D) and the related infinite crystal
phonon wave function; the variables r and D are, respectively, the radial coordinate and the physical diameter of the
nanoparticle or nanowire. Therefore, the introduction of
W(r,D) attenuates the wave function in the confined system
near the particle boundary. The confined phonon wave
function φ(q0,r) can be written as a superposition of infinite
crystal phonon wave functions ψ(q,r), with each ψ(q,r)
weighted by the coefficient C(q0,q). The C(q0,q) are
412

∫o

qmax

|C(0,q⊥)|2
[ω - ωo(q⊥)]2 + (Γ/2)2

2πq⊥ dq⊥

(2)

The Raman matrix element |Mq| for scattering from the
infinite crystal phonon with frequency ω(q) is absent in the
integrand. This amounts to the approximation that |Mq| is
independent of q. |Mq|2 has therefore been factored out of
the integrand and appears in front of the integral in the
intensity factor Ao. Γ represents the natural FWHM of the
bulk Si phonon convoluted with the spectrometer function.
To fit our data, we will use Γ ) 4.7 cm-1, which is the value
we obtain under identical optical conditions for the FWHM
of the bulk Si ∼520 cm-1 phonon at room temperature. The
natural width of this phonon is known to be ∼4 cm-1 at
room temperature.8,17
There seems to be a consensus in the literature that a
Gaussian form for the confinement envelope function W(r,D)
best describes the Raman observations.2-5,7,8,10,18 However,
there seems to be some discussion as to what the exponent
should be. Therefore, to be most general, we write W as
W(r,D) ∼ exp[-(Rr/D)2]

(3)

where R is the constant we introduce to be determined by
experiment. A wide range of values for R have appeared in
the literature.2-5,7,8,10,18 The value of R, of course, directly
impacts the attenuation of the phonon amplitude at the real
boundary of the nanosystem, i.e., at r ) D/2. For example,
Richter et al., in their seminal paper on Raman scattering
from small Si particles, proposed that R ) 1.4 provided the
best description for their spectra. Campbell and Fauchet, on
the other hand, found that a much larger value R ) 8.9
provided the stronger localization necessary to explain their
data on spherical Si and GaAs particles.
For the case of an infinite cylindrical wire, C(0,q⊥) can
be written in terms of R, the nanowire diameter D, and the
wavevector transverse to the wire axis (q⊥)10

[ ( )]

|C(0,q⊥|2 ∼ exp -

1 q⊥ D
2 R

2

(4)

To analyze our Raman data for Si nanowires, we use an
isotropic form for the optical phonon dispersion of the bulk
Si, i.e., ωo(0,q⊥) ) [A + Bcos(q⊥a)]1/2 (A ) 1.714 × 105
cm-2 and B ) 1.0 × 105 cm-2). A and B were determined
from neutron scattering data for the TO branch.19 In the ideal
case, where all wires would grow along the same direction
(e.g., (111)), we would use the optical phonon dispersion
averaged in a plane perpendicular to the (111) axis. However,
we have observed several growth directions in our ensembles
(e.g., (111), (100), (011)). Therefore, an isotropic dispersion
is a reasonable approximation in our case.
Nano Lett., Vol. 5, No. 3, 2005

Table 1. Comparison of Different R Values for the
Confinement Parameters in the Localization Function
exp[-(Rr/D)2] for Wires and Spherical Particles (c.f., eq (3))
Obtained from the 520 cm-1 Raman Band Analysis
R
8.9
8.9
4.4
1.4
8.9
4.4
8.9
10.4
4.4
6.3

confinement
geometry
cylinder
sphere, cylinder
cylinder
sphere
cylinder
sphere
cylinder
cylinder
cylinder
cylinder

estimated mean
material diameter D
h (nm)
Si
nc-Si,a Si
Si
nc-Sia
Si
nc-Sia
Si
Si
Si
Si

10,15,21b
10b
10,15b
10b
< 20b
2.8-7b
15b
10c
60b
4-25c

ref
3
10
2(a)
8
2(b)
18
4,5
7
2(c)
present work

a Nanocrystalline material. b Line shape calculations use estimated mean
diameter. c Diameter distribution is used in line shape calculations.

A careful analysis of the line shape must also include the
diameter distribution of the nanowire sample.7 This is done
by including in the analysis the log-normal function F(D)
that fits the measured diameter distribution in the analysis
(cf., Figure 2). That is,
INWD(ω,D
h) )

∫o∞ F(D) INW(ω,D) dD

(5)

and INW(ω,D) is the line shape function for scattering from
a single nanowire of diameter D (eq 2). Equation 5 therefore
amounts to evaluating a double integral to fit the Raman
band; one integral is for the diameter distribution, and the
other for the phonon confinement transverse to the wire axis
of a specific wire of diameter D.
The results of a nonlinear least-squares fit to the experimental spectra via optimal adjustment of (Ao,R) in eq 5 are
shown in Figure 3 as the solid line. As can be seen in the
figure, the agreement with experiment is very good. It is
important to note that the least squares value for R does not
vary much from ensemble to ensemble, whose mean
diameters cover a range of D
h ) 4.5, 6.5, 9.5, and 23.1 nm.
Also, the systematics in the evolution in the line shape data
with decreasing wire diameter and the universal value for R
extracted from the line shape analyses convince us that kinks
or defects in nanowires (c.f., Figure 1a) are not the central
issue. This yields the physical result that the scale of the
confinement function (R) does not depend on nanowire
diameter eq 3. From the quality of the fits, it is clear that
the phonon confinement model of Richter et al.8 describes
very well the shape of the ∼520 cm-1 Raman bands for our
Si nanowire ensembles with diameters down to ∼4 nm. This
is somewhat surprising because D ) 4 nm is equivalent to
only ∼8 lattice constants (R(Si) ) 0.543 nm). One might
expect that good agreement with experiment might require
that the real boundary of the sample be included in a “first
principles” lattice dynamics calculation, as has been recently
performed by Mahan and co-workers.20
In Table 1, we compare our experimental value for R
against those we can find in the literature (we computed them
according to eq 3). Table 1 shows that a significant range of
R has been reported for Si particles and nanowires, i.e., 1.4
< R < 10.4. In support of our value (R ) 6.3), we note that
Nano Lett., Vol. 5, No. 3, 2005

Figure 4. Comparison between the line shape of the first-order
Raman band calculated by eq 5 taking into account the diameter
distribution (solid line) and by eq 2 without diameter distribution
(dashed line). Open circles represent the experimental data for the
ensemble with most probable diameter 4.5 nm.

our four Si nanowire samples, which exhibit significantly
different diameter distributions, all produce the same value
for R ) 6.3 ( 0.2. We suspect that the large range of reported
experimental values might stem from a variety of unknown
conditions, as we alluded to earlier: compressive strain,
inhomogeneous laser heating, disordered (less crystalline)
material, failure to incorporate the diameter distribution or
the proper value for the natural bulk phonon line width
(including the spectrometer resolution). However, the nature
of the phonon confinement might also be impacted by the
thickness and nature of the oxide coating on the wire (even
without compressive strain). That is, the phonon in the
crystalline core of the nanowire (or nanoparticle) has to decay
into phonons in the oxide shell. Therefore, future experiments
on hydrogen-terminated Si nanowires should be carried out
to see how the hydrogen termination affects the value of the
confinement parameter R.
Finally, we would like to make some quantitative remarks
about the necessity of including the nanowire diameter
distribution in the line shape analysis. If the data were fit
with eq 2 using a mean diameter D
h and not integrating over
the range of diameter found in the ensemble, one would
obtain an artificially enhanced value for R. For example,
fitting the four Raman bands in Figure 3 as if each
corresponded to a monodisperse sample represented by the
mean (or most probable) wire diameter, we find R ) 7.3 (D
) 4.5 nm), R ) 7.8 (D ) 6.5 nm), R ) 8.2 (D ) 9.5 nm)
and R ) 10.9 (D ) 23.1 nm). Of course, the error in R made
by ignoring the diameter distribution is largest when the
diameter distribution is broad. Another way of appreciating
the need for including the diameter distribution is to fix R
) 6.3 and compute the band shape with, and without, the
experimental diameter distribution. This is shown in Figure
4 for the D
h ) 4.5 nm sample. As can be seen there, we find
that including the diameter distribution increases the apparent
FWHM by 30%, a significant increase.
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In conclusion, we have found that the phenomenological
phonon confinement model of Richter et al. describes very
well our experimental Raman line shape for long, smalldiameter crystalline Si nanowires. If the measured diameter
distribution is taken explicitly into account, we find that an
adjustable parameter R introduced to fix the confinement
length has a value R ) 6.3 ( 0.2, independent of the wire
diameter over the range 4-25 nm. At the low diameter limit
of this study, i.e., D
h ∼4 nm, which amounts to ∼8 lattice
constants, first principles lattice dynamics studies can be
carried out and bond polarizability calculations for the Raman
scattering from the optical phonons of these wires could be
made.21 It would be interesting, indeed, to push the present
experimental studies to diameters in the range 2-4 nm and
to compare the experimental results with both the firstprincipal calculations/bond polarizability scattering and also
the Raman line shape predicted by the phenomenological
Richter model.
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