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Results of a systematic set of micro-Raman experiments on the changes in the line shape of the �520 cm−1

one-phonon band in Si nanowires with laser flux � are presented. A complicated dependence of the 520 cm−1

Raman band asymmetry �A� with � is observed that depends both on the nanowire diameter and on the thermal
anchoring of the wires to an indium foil substrate. With increasing power density in a �1 � focal spot common
to micro-Raman spectroscopy, we see a clear growth in A that has nothing to do with phonon confinement. In
fact, we can explain the complex changes in A��� by extending the model �H. Richter, Z. P. Wang, and Y. Ley,
Solid State Commun. 39, 625 �1981�� to include an inhomogeneous heating in the Raman volume. The effects
we observe in Si nanowires should be common to all semiconducting nanostructures and underscores the
importance of demonstrating a flux-independent line shape when studying pure phonon confinement effects by
Raman scattering.
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INTRODUCTION

Small diameter crystalline semiconducting nanowires pro-
vide an interesting laboratory to study quantum confinement
phenomena in quasi one-dimensional systems.1,2 For ex-
ample, their electronic states can be tuned via the wire diam-
eter d, as the band gap should scale approximately as 1/d
�Ref. 3�. The phonon spectrum, or phonon dispersion, and
how it depends on d, is no less important. At room tempera-
ture, for example, the phonons are expected to scatter the
charge carriers. As the nanowire becomes smaller in diam-
eter and becomes more “one dimensional,” these “confined”
phonons will be involved in dissipating the momentum in the
charge carriers generated by the applied electric field. There-
fore, a fundamental understanding of confined phonon states
is essential to a complete understanding of charge and heat
transport in small diameter nanowires.

So far, Raman scattering studies of phonon confinement
in semiconducting nanowires have failed to produce a con-
sistent prediction for the effective nanowire diameter at
which phonon confinement becomes important. An asymme-
try in the phonon Raman band�s� is predicted by the model
of Richter, Wang and Ley for nanoparticles4 and this method
has been extended by Campbell and Fauchet to nanowires.5

This model has been applied by many experimental groups
to explain the observed asymmetry of the phonon bands in
their nanowire Raman spectra. Silicon is the perfect testing
ground for the physics of phonon confinement. Yet in this
nanowire system alone, the results connecting nanowire di-
ameter and asymmetric broadening of the 520 cm−1 LO-TO
phonon band are not consistent.6–18 Only recently has a sys-
tematic study of the line asymmetry vs nanowire diameter
been reported.19 We believe that the quantitative differences
between this recent work in Si nanowires19 and other Si
nanowire results6–18 indicate that a second mechanism, be-
yond phonon confinement, is responsible for the discrepan-
cies in the literature. From two previously published papers,

there indeed is a clear case for a laser-flux-induced second
mechanism. One work attributed the increase in A with flux
to Fano interference scattering from photogenerated free
carriers,18 and the other to thermal effects and inhomoge-
neous heating.11 In previous work on the laser flux-induced
Raman line asymmetry in Si nanowires,18 we noted that a
Breit-Wigner-Fano line shape provided a reasonably good fit
to the data. This success led us to propose that we were
observing a photoexcitation rather than a thermal phenom-
enon. Subsequent experiments were then designed to further
test the photoexcitation hypothesis. The results are presented
here. In these experiments, the same intensity beam was pre-
sented to Si nanowires with differing thermal coupling to the
underlying substrate. The results of these studies, to be pre-
sented below, showed that the asymmetric line broadening
with increasing laser flux is a thermal phenomenon. We show
below that the additional asymmetry is not due to homog-
enous heating, but to inhomogeneous heating.

In this paper, we present results of a systematic study of
the observed changes in line asymmetry A with laser flux �
in Si nanowires of known diameter. We also have investi-
gated how these changes in A��� relate to the thermal con-
nection of the nanowire to the underlying substrate. Here we
present convincing theoretical arguments that show that sig-
nificant temperature gradients in the Raman scattering vol-
ume induced by the excitation laser can contribute to the line
asymmetry. The gradients are the result of a thermal bottle-
neck that prevents energy deposited by the laser in the Ra-
man volume from diffusing away. Recent thermal conductiv-
ity studies by Li et al.20 show that the thermal conductivity
of Si nanowires is significantly suppressed relative to the
bulk. This suppression was identified20 with the importance
of surface scattering of the long wavelength acoustic
phonons.

An inhomogeneous heating effect was proposed earlier by
Piscanec et al. to explain their observed growth in A with
increasing laser flux � in Si nanowires.11 However, they did
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not present a line shape analysis to support their proposal,
nor did they investigate the role of the thermal connection of
the nanowires to the substrate. By using the Richter line
shape function extended to include the effects of a tempera-
ture distribution, we can obtain a semiquantitative under-
standing of inhomogeneous laser heating phenomena and
Raman scattering in nanowires.

EXPERIMENTAL DETAILS

Crystalline Si nanowires were synthesized by a pulsed
laser vaporization of Si:Fe target in flowing Ar:H2.13,21 De-
tails of our synthesis procedure have already been
published.18 Briefly, a target of Si:10% Fe in a quartz tube
maintained at 1200 °C in flowing Ar/10%H2 was ablated
with a pulsed Nd:YAG laser �Spectron Laser systems� that
was focused to a �2 mm spot on the target �simultaneously
present: 1064 nm at 950 mJ/pulse, and 532 nm at
320 mJ/pulse�. To make smaller diameter nanowires, the
nanowires were oxidized in situ at 500–700 °C in a pure
�and dry� oxygen flow. Oxygen then diffuses through the
cylindrical boundary of the nanowire and “shrinks” the di-
ameter of the crystalline core. Details of this technique will
appear elsewhere.22

To make a sample for Raman scattering studies, a suspen-
sion of the nanowires in isopropanol was prepared by agita-
tion in an ultrasonic bath for 30 min �VWR, model P250HT�
followed by an ultrasonic horn for 5 min �Misinix Inc. model
No. XL 2010� operated at 100 W. This suspension was al-
lowed to settle; large Si particles and large diameter Si nano-
wires formed a sediment. The supernatant was then decanted
and separated into samples, or “cuts,” with differing mean
diameter using a centrifugal separation method described in
detail elsewhere.22 In this way, Si nanowire samples with
very different and reasonably narrow diameter distributions
were prepared. One of these samples studied here has a

population of primarily large diameter wires �d̄=23 nm� so
that very weak phonon confinement effects are expected in
this sample on the basis of the Richter model. At high flux,
the one-phonon Raman band from this sample departs no-
ticeably from a symmetric �Lorentzian� line shape.

Samples were prepared for micro-Raman experiments in
air �under ambient conditions� by placing 2–3 drops of solu-
tion containing the suspended Si nanowires onto a 5�5
�0.1 mm3 piece of indium foil. The isopropanol was then
allowed to evaporate at room temperature. Indium foil was
chosen because it is a good thermal conductor, does not ab-
sorb much of the laser radiation, and does not exhibit a Ra-
man spectrum. Raman scattering spectra were collected from
regions with high and low wire density on the indium sub-
strate, as determined by optical microscope observations
with the incident laser light. Low wire density, or low cov-
erage on the substrate, promoted good thermal anchoring of
the wires to the substrate, whereas high coverage means that
wires are suspended by other wires above the indium foil
and, as such, many are in poor thermal contact with the sub-
strate. These self-suspended wires are much more easily
heated in the intense radiation present in the micro-Raman
apparatus.

The Raman spectra were collected in air using an argon
ion laser in the backscattering geometry using a JY-ISA
T64000 spectrometer equipped with an Olympus BX40 con-
focal microscope and 100X objective ��1 � diameter focal
spot size�. The laser power at the sample was measured using
a miniature hand-held radiometer.

The diameter distribution of the crystalline Si core in our
wire samples was measured by high-resolution transmission
electron microscopy �HRTEM� using a JEOL �JEM 2010F�
microscope at 200 kV. The wires were observed to be cov-
ered with an amorphous SiOx coating. The diameter distribu-
tion we report here refers to that of the central crystalline Si
core. Scanning electron microscopy �SEM� images of the
nanowires were taken with an Hitachi S3500N microscope.

RESULTS AND DISCUSSION

In Figs. 1�a� and 1�c� we show the diameter distribution
of the crystalline Si core of two sets of silicon nanowires
used in this micro-Raman study. The solid curve in the figure
is a fit to the measured diameter distribution by a log-normal

function F�d�= 1
� exp− ��log d−log d̄�2 /2�2� �Ref. 23� with

�d̄=6 nm,�=1.38� and �d̄=23 nm,�=2.85�. From HRTEM
images �see Figs. 1�b� and 1�d��, we observed a highly crys-
talline core in the center of our nanowires, surrounded by a
several-nm-thick amorphous SiOx shell. No dominant growth
direction was observed �i.e., growth occurs along �111�,
�100� and �011� directions�.

We collected Raman spectra from regions on the indium
foil where Si wires were found in either a “high” or “low”
coverage state �i.e., coverage refers to the density of nano-
wires per unit area on the indium foil substrate�. By high
coverage, we mean a distribution similar to �or denser than�
that shown in the �SEM� image in Fig. 1�a� �inset�. At high
coverage, many of the nanowires are essentially suspended
by each other. As a result, they are not in good thermal
contact with the substrate and are more easily heated by the

FIG. 1. �Color online� �a,c� The diameter distribution of the Si

crystalline core for d̄=6 nm �a� and d̄=23 nm �c� nanowires. The
solid curve in �a,c� is a log-normal fit to the distribution. The inset
in �a� is the SEM image of the wires on In foil substrate. �b,d� The
HRTEM image of a 7 nm wire and 16 nm wire, respectively.
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micro-Raman laser beam. By low coverage, we mean a sub-
monolayer coverage, where most wires are in direct contact
with the substrate.

In Fig. 2, we display the evolution of the 520 cm−1 one-
phonon Raman band with increasing laser flux � for

d̄=23 nm wires �Figs. 2�a� and 2�b�� and for d̄=6 nm wires
�Figs. 2�c� and 2�d��. The spectra are stacked from bottom to
top with increasing laser flux; the spectrum of bulk Si �taken
at low laser flux� is on the bottom for comparison. For a
visual guide, a vertical reference line is drawn at 520 cm−1,
so that the shift in the Raman peak with laser flux is more
apparent. Spectra from regions of low and high coverage are
displayed. In Figs. 2�b� and 2�d�, the evolution of the
520 cm−1 Raman band with increasing � from wires with
submonolayer coverage �good thermal contact� is presented:

d̄=23 nm �Fig. 2�b�� and d̄=6 nm �Fig. 2�d��. The shifting
and broadening of the spectra with increasing laser flux is
evident in the figure. However, a careful line shape asymme-
try analysis is required to identify the more subtle changes in
line shape that are occurring with increasing laser flux. This
analysis is described below after we discuss the Richter

model. Figures 2�a,c� present results for d̄=23 nm �a� and

d̄=6 nm �b� that makes poor thermal contact with the sub-
strate. In this case, the spectral changes with increasing �
are much more evident.

We now briefly introduce the phonon confinement model
proposed by Richter, Wang, and Ley4 to interpret the asym-
metric Raman line shape observed in small semiconducting
particles. The work was extended to wires and films by
Campbell and Fauchet.5 For the case of Si nanowires, the
Raman scattering intensity I��� at photon frequency � mea-
sured relative to the laser frequency is given by4,5

I��� = Io�
o

1

2�q�dq�

�C�q���2

�� − �o�q�,T��2 + ���T�/2�2 . �1�

�C�q���2 = Coexp�− �1/2��q�d/�ao�2	 , �2�

where d and a0 are, respectively, the wire diameter and the
lattice constant for Si. The line shape function I��� in Eq. �1�
involves an integral over the confined phonons of the infinite
solid �bulk Si� with normalized wave vector q� perpendicu-
lar to the wire axis, i.e., q� runs over the range 0	q�	1 in
the Brillouin zone. Equation �1� is then seen to be a sum of
Lorentzian contributions from each bulk phonon with wave
vector q= �q�, q��=0�, where q�� is the component of the pho-
non wave vector parallel to the nanowire axis. Therefore,
using bulk states for the description of the q=0 confined
phonon in the nanowires, the Richter model requires that a
superposition of bulk phonons over a range of q� be used.
This is similar in form to the result which can be derived for
wave packets, i.e., 
q�
x=d��1, where 
q is the range of
wave vector required to describe the localization of a particle
to a region of width d. Note that both the phonon frequency
�o�q�� and lifetime 1/� in Eq. �1� are given an explicit
temperature �T� dependence. This will be shown to be im-
portant later, when we consider inhomogeneous laser heating
phenomena.

The Gaussian confinement function �C�q���2 �shown in
Eq. �2�� is the result of the Richter model assumption that a
Gaussian envelope in real space attenuates the phonon am-
plitude with increasing distance r from the nanowire axis.
The quantity � �Eq. �2�� did not appear as a physical variable
in the paper by Richter, Wang, and Ley and there does not
appear to be a reason for their choice of �=1.4. Therefore, in
subsequent work19 we introduced � as a parameter to be
determined by experiment �it sets the scale for the confine-
ment relative to the wire diameter d�.

To carry out the integration in Eq. �1�, we use an isotropic
form for �o�q�� determined from neutron scattering experi-
ments on bulk Si; it is given by24

��q�� = 
A + B cos��q�

2
� 1

2
, �3�

where A=1.714�105 cm−2 and B=1.0�105 cm−2. In cases
where the Raman scattering intensity is simultaneously col-
lected from many wires, the measured diameter distribution
of the nanowires can be used to further refine the analysis
of the Raman line shape.19 Using the measured nanowire
diameter distributions �obtained by statistical analysis of
TEM images�, we found earlier19 that the universal value
�=6.3±0.2 in Eq. �1� was needed to fit the Richter model
line shape to data collected for four wire ensembles with

mean diameter that spanned the range 4.5 nm� d̄�23 nm.
Ignoring the diameter distribution �i.e., using only the mean

diameter d̄ in the Richter analysis�, leads to a somewhat
larger value for �.19 For our Si nanowires, the diameter dis-
tribution is reasonably narrow, and as such it is relatively
unimportant in the analysis here. We have discussed the ef-
fect of the diameter distribution on the line shape of Si
520 cm−1 line in a previous publication.19 In Fig. 3, we show
the Raman line shape predicted for the q��=0 optical phonons
in Si nanowires �Eq. �1�� for �=6.3, omitting the diameter
distribution. A value for the inverse phonon lifetime of

FIG. 2. Flux dependent-Raman spectra of Si nanowires on in-
dium substrate collected under poor thermal anchorage �a,c� and
good thermal anchorage �b,d� for 23 nm wires �a,b� and 6 nm wire
�c,d�. Spectra were collected using 514.5 nm radiation.
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�=4.7 cm−1 �full width at half maximum� was used in
Eq. �1� which includes the effects of our instrumental
broadening.25 It can be seen that with decreasing wire diam-
eter d �i.e., increasing confinement�, the one-phonon
�520 cm−1 Raman band in Si asymmetrically broadens to
lower frequency; the band maximum also downshifts in fre-
quency. It is also clear that a d=20 nm nanowire exhibits a
weak signature of phonon confinement, i.e., the line shape is
almost Lorentzian.

In order to study the effects of the incident laser flux on
the asymmetry in the �520 cm−1 band without using Rich-
ter’s line shape function �Eq. �1��, we have constructed a
phenomenological measure of the Raman band asymmetry A
that is commonly used in liquid chromatography.26 Later we
will fit the spectra in Fig. 2 using the Richter line shape
function suitably modified to include inhomogeneous heat-
ing. We define the band asymmetry A as the ratio of the
widths �
�� at 10% of maximum intensity measured relative
to the band maximum �cf., Fig. 4�. Specifically, A is given by

A =

�L


�R
=

�m − �−

�+ − �m
, �4�

where the subscripts L, R refer to the left and right widths at
10% intensity, respectively. The frequencies �− and �+ lo-
cate the positions at 10% intensity on the low and high fre-
quency sides of the band maximum �m. We use this defini-
tion for A because it is sensitive to the subtle changes in the
Raman band asymmetry and, furthermore, does not require a
fit of the line shape to a specific function. It should be noted
that A=1 is obtained for a symmetric line shape, e.g., a
Lorentzian.

Values for the asymmetry parameter A for spectra that
appear in Figs. 2�a�–2�d� �and others� were obtained accord-
ing to the criterion given in Eq. �4�, and the behavior of A vs
�, where � is the laser power per unit area in the focal plane
of the micro-Raman instrument, was obtained. These results
are shown in Fig. 5. The laser power was measured at the
position of the sample using a small �hand-held� radiometer
inserted between the objective and the microscope stage; the
100x objective that we used illuminates an area of �1 �2. In

Fig. 5�a�, we display our A��� data for the d̄=23 nm wires;
the open squares and the solid circles refer to low and high
coverage of these nanowires on the indium foil, respectively.
At low �, the data for high wire coverage on the substrate
�poor thermal contact� exhibits a monatonic increase in A vs
�. Conversely, data from low coverage regions at low �
exhibits a �-independent A �for �	70 �W/�m2�. The

value A�1 obtained at low � for d̄=23 nm Si nanowires is
consistent with the Richter model ��=6.3� and indicates that

FIG. 3. �Color online� Calculated Raman line shapes for differ-
ent diameters of Si nanowires as predicted by the phonon confine-
ment model of Richter �Eq. �1�� �see Ref. 4�. The line shapes de-
velop asymmetrically and downshift with decreasing diameter.

FIG. 4. Definition of the asymmetry parameter A �Eq. �4�� �see
Ref. 26� used in our analysis.

FIG. 5. Flux ��� dependence of the asymmetry parameter for Si
nanowires under poor thermal contact �solid circles� and good ther-
mal contact �open squares� for �a� 23 nm, �b� 6 nm Si nanowires.
Raman spectra were collected using 514.5 nm radiation.
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these wires are too large to observe a significant phonon
confinement distortion of the 520 cm−1 band. Furthermore,
for ��70 �W/�m2, A in these large diameter wires begins
to increase with increasing �. This increase in A with �
cannot be related to phonon confinement, and must be attrib-
uted to some other mechanism �as we discuss below�.

In Fig. 5�b�, we display A vs � for low and high Si
nanowire coverage on the indium foil substrate, but for the

smaller diameter �d̄=6 nm� wires. As in Fig. 5�a�, the open
squares and the solid circles refer, respectively, to low and
high coverage on the indium foil. As can be seen in Fig. 5 by
comparing the behavior of A��� for large and small diameter
wires at a specific coverage, or by comparing A��� for a
given mean wire diameter and low coverage vs high cover-
age, interesting and contrasting behavior is observed.

Just after the introduction of high power Ar ion lasers,
strong deviations from a symmetric Lorentzian line shape
were reported for the one-phonon Raman band in bulk Si.27

Using a tightly focused laser beam, an asymmetric broaden-
ing to lower frequency was reported for the 520 cm−1 band
and attributed to inhomogeneous heating within the Raman
volume. However, no analysis of the asymmetric line shape
was provided in that work. Similarly, in the case of Si nano-
wires, a growing asymmetry of the 520 cm−1 Raman band
with increasing laser flux has also been reported.11,18 Pis-
canec et al.11 identified the asymmetry with inhomogeneous
laser heating, but did not provide a quantitative analysis of
their asymmetric line shape, nor were they able to separate
out the individual contributions that might come from pho-
non confinement and inhomogeneous heating effects. Below,
we show that the proposal of Piscanec et al. is probably
correct, and that all the interesting behavior we observe for
A��� in Si nanowires �shown in Fig. 5� can be understood on
the basis of the Richter model if a spatial temperature depen-
dence T�z� along the wire axis is introduced.

To extend the Richter model calculation to handle a T�z�,
we need to introduce the temperature dependence of the rel-
evant Si phonon parameters obtained from careful studies of
the bulk. With increasing T, the inverse optical phonon life-
time � for q=0 increases due to anharmonic interactions.28

��T� = C1�1 +
2

exp��o/2kBT� − 1
�

+ C2�1 +
3

exp��o/3kBT� − 1

+
3

�exp��o/3kBT� − 1�2� , �5�

where C1=1.295 cm−1 and C2=0.105 cm−1. The Si phonon
frequencies, on the other hand, decrease due to thermal
expansion.28 For the optic phonons at q=0, the T dependence
is given by28


�o = C3�1 +
2

exp��o/2kBT� − 1
�

+ C4�1 +
3

exp��o/3kBT� − 1

+
3

�exp��o/3kBT� − 1�2� , �6�

where C3=−2.96 cm−1 and C4=−0.174 cm−1. As an approxi-
mation, we take the temperature dependence of Eqs. �5� and
�6� to be typical of the behavior of other phonons throughout
the Brillouin zone and introduce it into the Richter model
�Eq. �1��. If the heating is uniform, the effect of temperature
in Eqs. �5� and �6� can be shown to homogeneously broaden
the Raman line. However, if temperature gradients exist
along the wire, we must carry out an additional integration
along the wire axis �z�. We take the intensity distribution of
the laser beam along a wire in the focal spot to be a Gaussian
described by29

I�z� = Ioexp�−
z

a
�2

, �7�

where a is related to the focal spot size in the Raman experi-
ment �a�1 � and a�wire length�. We also assume that a
Gaussian temperature distribution T�z� is induced along the
wires via the competition between laser heating and thermal
cooling due to the coupling of the nanowire to the substrate
and the ambient

T�z� = 
T exp�−
z

b
�2

+ Ta, �8�

where 
T describes the maximum temperature rise above the
ambient temperature background �i.e., Ta�300 K�, and the
parameter b describes the width of the induced temperature
profile along the nanowire axis �z�. Including both the laser
intensity distribution I�z� and the induced temperature re-
sponse T�z� in the Richter model �Eq. �1�� leads to the fol-
lowing line shape function:

I��� = �
−c

+c

dzIoe−�z/a�2�
o

1

2�q�dq�

�
�C�q���2

�� − �o�q�,T�z���2 + ���T�z��/2�2 . �9�

The integral in z is calculated over the average length of a
nanowire �l=2c� from which Raman scattered radiation can
be imaged through the slit of the spectrometer ��1 ��, the
integral over q� is the same as in Eq. �1�. As we show below,
Eq. �9� and the T-dependent phonon properties of bulk Si can
explain qualitatively the A��� behavior shown in Fig. 5.
Plotting calculated results from Eq. �9� shows that the in-
crease in the band asymmetry A due to inhomogeneous heat-
ing is identified with the contribution from the spatial depen-
dence of the phonon frequency in the integral. The spatial
dependence of � actually offsets some of this line shape
asymmetry.
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Before examining the particular A��� behavior that stems
from inhomogeneous heating, we need experimental esti-
mates for the maximum temperature rise due to laser heating
�
T�. We have measured the Stokes-AntiStoke scattering ra-
tio �IS / IAS� that is related to the temperature Tef f in the Ra-
man scattering volume by

IS

IAS
= �e−

�o

kBTef f . �10�

In Fig. 6, for d̄=23 nm wires, we plot � vs Tef f from the
experimentally determined IS / IAS, where Tef f represents an
effective temperature in the Raman volume of the nanowires
as determined by application of Eq. �10�. As can be seen, an
approximately linear relationship between � and Tef f is ob-
tained. Furthermore, it is interesting that nanowire tempera-
tures exceeding 1000 K can be obtained, as reported previ-
ously by Gupta et al.18

We now present the results of our calculations for the
effects of inhomogeneous heating on the band asymmetry
parameter A. We have used Eqs �5�–�9� with �=6.3 to cal-
culate the effect of the induced temperature distribution T�z�
within the confines of our simple extension of Richter’s
model. The results of our analysis are plotted in Fig. 7 as A
vs log T*�T*=
T+Ta ,Ta=300 K, 
T is the maximum tem-
perature rise in the wire�. It is reasonable to believe that

T+Ta�Tef f, and we should recall that Tef f has been shown
experimentally �cf., Fig. 6� to be linear in the incident laser
flux �. So, for comparison with the A vs log � data in Fig. 5,

we have plotted the calculated results of A vs log T* in Fig.
7.

Shown in Fig. 7�a� are our calculated results for the
smaller diameter d=6 nm wires, and for four different values
of b that describe the Gaussian width of the temperature
distribution induced by the focused laser beam. At the lowest
values of 
T �i.e., consistent with low ��, we recover the
value of the asymmetry parameter A�2 which is due to
phonon confinement without heating. With increasing flux,
four distinct behaviors for A��� can be observed that depend
on the choice of b. In the limit of a very sharp T�z�, indicated
by the squares, A is found to be almost independent of 
T. A
very sharp T�z� is an unphysical situation, and is plotted here
only for completeness. In this case, only a small fraction of
the nanowire is significantly heated �and imaged onto the
spectrometer slit� and the remainder of the nanowire that can
be imaged into the slit is not found in much of a temperature
gradient. On the other hand, for larger values of b, either a
monatonic or a nonmonatonic behavior of A with increasing

T is observed for these 6 nm wires, in agreement with the
experimental data A��� shown in Fig. 5. It should be noted
that a relatively sharp T�z� should be identified with the ex-
perimental condition of high nanowire coverage on the in-
dium foil, and the concomitant poor thermal anchoring of the
wires to the substrate. A relatively broad T�z� should be iden-
tified with low coverage and better thermal contact to the
substrate. In Fig. 7�a�, one can observe the calculated �Eq.
�9�� nonmonatonic behavior for b=0.25 � similar to that ob-
served experimentally for 6 nm wires at low wire coverage

FIG. 6. �Color online� �a� Stokes-antiStokes spectra of 23 nm Si
nanowires collected at high wire coverage and, �b� flux vs Tef f in
Raman volume calculated using Eq. �10�. Spectra were collected
using 514.5 nm excitation.

FIG. 7. �Color online� Calculated asymmetry parameter of the
Raman line shape �Eq. �9�� vs temperature for: �a� 6 nm and �b�
23 nm Si nanowires for different temperature profiles: b=0.01 �
�solid squares�, 0.1 � �solid triangle�, 0.25 � �solid circles� and
1.0 � �solid diamonds�.
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on the indium foil. The inhomogeneous laser heating first
causes a decrease in A, followed by an increase. For 6 nm
diameter wires exposed to the broadest temperature distribu-
tion �i.e., b=1.0 ��, we calculated that A exhibits a mona-
tonic decrease with increasing 
T induced by the laser. In
this case, a broad T�z� generates behavior similar to what we
would expect for homogeneous heating of the nanowire.
That is, the temperature-induced broadening of the indi-
vidual Lorentzian components �via increasing �� in the inte-
grals Eqs. �1� and �9� reduces the line asymmetry and over-
shadows the opposite contribution from the temperature
gradients within the Raman volume �via the �o�T� factor�.

In Fig. 7�b�, we show the results of our calculations for a
large diameter d=23 nm Si nanowire. In this case, most of
the Raman band asymmetry should be ascribed to inhomo-
geneous heating �and almost none to phonon confinement�.
Again, we use a=0.5 � for the laser spot parameter and
�=6.3. As can be seen, the d=23 nm wire is large enough
for A�1 at low �. For b=0.25 �, �circles� and b=0.1 �,
�triangles�, A is seen to increase dramatically with increasing

T. It should be noted that for the d=23 nm wire, we do not
observe the experimental “dip” in A��� seen for the 6 nm
wire. From our calculations we now understand that this dip
is due to the interplay of phonon confinement and inhomo-
geneous heating.

To put the above analysis in perspective, we next used
the modified Richter line shape function Eq. �9� to directly
fit the experimental spectra for the 520 cm−1 band of
d=6 nm nanowires at �=0.01,0.5,and 2.5 mW/�m2 and for
d=23 nm nanowires for �=0.01,2.0,and 4.0 mW/�m2.
We have fixed a=0.5 �, b=0.25 �, �=6.3. 
T is the only
adjustable parameter in our spectral line shape analysis.
The data and least squares fit �Eq. �9�� for d=6 nm and
d=23 nm Si wires appear in Fig. 8 �middle and bottom pan-
els�, respectively. The open circles are the Raman data and
the least squares fit of the modified Richter model �Eq.�9�� is
represented by the solid curve. For the 6 nm wires �middle
panel, Fig. 8�, we obtained 
T=45, 190, and 380 K for
�=0.01, 0.5, and 2.5 mW/�m2, respectively. Similarly,
for the 23 nm wires �bottom panel, Fig. 8�, we obtained

T=30, 350, and 750 K for �=0.01, 2.0, and 4.0 mW/�m2,
respectively. As can be seen from the least squares fit to the
experimental spectra, the line shape function �Eq. �9�� pro-
vides a reasonably good fit to the Raman data.

To further substantiate the values of 
T obtained from the
least squares fit �Fig. 8�, we now return to a more exact
analysis of the Stokes-antiSokes intensity ratio. These scat-
tering intensities, as derived for an inhomogeneously illumi-
nated and heated Raman volume, are given by

IS � ���
−l/2

l/2

Ioe−� z

a
�2

�n��o,T�z�� + 1�dz ,

IAS � ���
−l/2

l/2

Ioe−� z

a
�2

n��o,T�z��dz , �11�

where n��o ,T�z�� is the equilibrium occupation number of
the q=0 optical phonons of frequency �o. �� and �� depend
on the scattering cross section, optical absorption constant,

and the Raleigh factor at the Stokes and antiStokes frequen-
cies, respectively. The rest of the variables are as defined
previously. To fit the data we require that ��� /����0.8 at
300 K �ambient sample temperature�. Using Eq. �11�,
a=0.5 �, b=0.25 � and the value of 
T obtained from the
fits displayed in Fig. 8, we have calculated �IS / IAS� for the
23 nm Si nanowire for �=0.01, 2.0, and 4.0 mW/�m2.The
results are shown in Table I, where they are compared to
experiment. As can be seen, we find a very good agreement
between measured and calculated IS / IAS for low heating.
However, with increasing induced temperature, a systematic,
but small disagreement between the calculated and experi-
mental Stokes-antiStokes ratio develops. This can be identi-
fied with our simplifying assumption of a fixed b=0.25 � in

FIG. 8. �Color online� Raman spectra �open circles� for the d̄

=6 nm �middle panel� and d̄=23 nm �bottom panel� Si nanowires
collected at 514.5 nm excitation. The solid lines are calculated ac-
cording to Eq. �9� for parameter values given in the text. 
T is the
maximum increase in the sample temperature found from the line
shape analysis. Values for the experimental laser flux are indicated.
The top panel shows the sensitivity of the calculated line shape
function to the values of 
T �Eq. �9��; all other parameters are fixed
��=6.3, a=0.5 �, b=0.25 ��.
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our calculation of IS / IAS. In actuality, b is expected to be
temperature dependent and should increase with increasing
temperature. Also shown in Table I is a comparison of T* and
Tef f, where T* is obtained from the line shape fitting using
Eq. �9� and the sample temperature Tef f obtained from the
analysis of the Stokes-antiStokes ratio �Eq. �11��. We find
that the difference in these temperatures ranges from �20 to
100 K, which is comparable to the estimated error in T* ob-
tained from the line shape analysis. We give some visual
indication of the sensitivity of the line shape analysis to T*

by plotting the calculated line shape for d̄=6 nm with T*

=600, 700, and 800 K. These results are shown in the top
panel of Fig. 8.

Finally, we should mention that our diameter distributions
are narrow enough that the effect on the line shape is over-
shadowed by inhomogeneous heating. We can make this con-
clusion based on line shape calculations �Richter model, Eq.
�9�� with and without the inclusion of the diameter distribu-
tion. These calculations showed that the change in asymme-
try induced by the diameter distribution was small compared
to that contributed by the inhomogeneous heating.

SUMMARY AND CONCLUSIONS

We have shown experimentally that the � dependence of
the 520 cm−1 Raman band asymmetry A in Si nanowires de-
pends both on the nanowire diameter and on inhomogeneous
heating within the Raman scattering volume. A variety of

monatonic and nonmonatonic behaviors for A��� can be ob-
served, depending on the wire diameter and thermal sinking
of the wires to the substrate. Similar A��� behaviors to that
observed experimentally can be calculated using an exten-
sion of the Richter model to include the effects of a laser-
induced temperature distribution in the nanowires. Further-
more, we have used the modified Richter model to fit the
experimental line shape using only one additional parameter
�
T, or the maximum temperature increase in the wire in-
duced by laser heating�. Thus, our results support the original
proposal by Piscanec et al.11 that an asymmetric line shape of
the 520 cm−1 band can develop due to an inhomogeneous
laser heating in the nanowires. We conclude that two contri-
butions to the Raman line asymmetry �i.e., phonon confine-
ment and inhomogeneous heating� can be separated by
studying the flux dependence of the line asymmetry. If Ra-
man scattering is to be used to study pure phonon confine-
ment effects in nanowires, high thermal conductivity sub-
strates and low nanowire coverage over the substrates are
preferred.
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