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Raman spectral study of silicon nanowires:
High-order scattering and phonon confinement effects
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Raman-scattering spectra of silicon nanowires~SiNW’s! with different diameters were obtained at room
temperature. The Raman peaks of SiNW’s were found to shift and to broaden with decreasing diameter of the
SiNW’s. In addition to the fundamental phonon modes, overtone and combination modes were also observed
and identified according to the selection rules of overtone and combination bands. A phonon confinement
model was used to explain the experimental results of observed phonon modes. The results show that the
confinement effect becomes more obvious when the SiNW diameter is less than 22 nm. The present results
should be of benefit to the applications of SiNW’s.
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I. INTRODUCTION

Material science has witnessed substantial progress in
synthesis, characterization, and understanding of materia
mesoscopic scale in recent years. Using a variety of te
niques, it is possible to synthesize materials with dimensi
ranging from a few angstroms to several nanometers.
electronic, magnetic, optical, and chemical properties
these materials have been found to be very different fr
those of the bulk form and to depend sensitively on si
shape, and composition. In silicon science and technolo
the desire for the integration of optoelectronics devices w
silicon microelectronics has led to the search for Si-ba
materials and structures that emit light with high quant
efficiency. Crystalline silicon (c-Si) does not show efficien
light emission at room temperature, because of its b
structure with an indirect band gap of;1.1 eV and a small
exciton binding energy~;15 meV!. One promising approach
to overcoming the indirect nature of optical transition in s
con is the relaxation of thek selection rule due to the spatia
confinement in low-dimensional Si nanostructures. As a c
sequence, increasing interest in the low-dimensional st
tures with possible applications in optoelectronics has gi
rise to several attempts to synthesize of quasi-o
dimensional crystalline nanowires with thesp3-bonded
structure. Recently, the successful synthesis of Si nanow
PRB 610163-1829/2000/61~24!/16827~6!/$15.00
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~SiNW’s! by laser ablation has stimulated intensive inter
in this one-dimensional nanostructured material.1,2 Due to its
low dimension and high surface-to-volume ratio, SiNW’s a
expected to exhibit unusual confinement effects on electr
and optical properties. Preliminary investigations revea
that the physical properties of SiNW’s are different fro
those of Si~Refs. 3 and 4!, Ge ~Refs. 5 and 6!, and GaAs
~Refs. 7 and 8! whiskers with diameters ranging from m
crometers to millimeters. The size-confinement effect ha
strong influence on the band structure of SiNW’s. The el
tronic and optical properties of the SiNW’s are modifie
through size confinement and spatial correlation effects
addition to the electronic properties of the nanowires,
creasing interest has also been given to studies of the lat
dynamical properties, including a substantial amount of R
man and infrared spectroscopy work. These spectrosc
investigations should, in principle, lead to further unde
standing of these nanostructures.9–11 Raman scattering is
very sensitive to the lattice microstructure. Phonon frequ
cies and scattering intensities determined by Raman s
troscopy can lead to conclusions concerning microscopic
rameters such as bonding and structure as well as devia
from the ideal crystalline counterpart. In this paper, we
port Raman-scattering spectroscopic studies on the la
properties of SiNW’s. Raman spectra of SiNW’s with diffe
ent diameters were measured at room temperature. In a
tion to the fundamental modes, some other bands have
been observed in SiNW’s, most of which can be explain
16 827 ©2000 The American Physical Society
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by overtone and combination modes of SiNW’s on the ba
of the factor-group analysis. A phonon confinement mode
employed to explain the Raman shift of phonon modes
SiNW’s. We use the termphonon confinementto describe
the size confinement effect on lattice vibration~phonon!
wave functions. Moreover, the termconfinementrefers to
phonon confinement in the rest of the paper, except whe
specific statement is given. It was found that, when the
ameter of SiNW’s decreases to 22 nm, the confinement ef
begins to play an important role in determining the Ram
shift. It can be expected that the present results should b
benefit to potential applications of SiNW’s.

II. EXPERIMENTS

The SiNW’s were synthesized by the same oven-laser
lation method used for BN nanotubes12 as described in the
experimental details of the synthesis in our previous wor13

Conventional transmission electron microscope~TEM!
analysis of SiNW’s was performed using a Philips-CM
electron microscope. High-resolution electron microsco
~HREM! was conducted by using a JEM-2010 hig
resolution electron microscope operating at 200 kV with
point-to-point resolution of 0.194 nm. The micro–Ram
backscattered spectra were recorded by using a Renis
2000 spectrometer with a 514.5-nm wavelength Ar-ion las
The spectral resolution was 1 cm21. The spot size of the
focused incident light was approximately 1 mm2 on the
sample. In order to clarify the effect caused by sample h
ing, the Raman spectra of the SiNW’s illuminated by diffe
ent laser powers from 0.5 to 5 mW~corresponding to lase
power densities from 0.05 to 0.5 J/cm2! on the sample were
recorded.

III. RESULTS AND DISCUSSION

The SiNW’s samples with different diameters used for
Raman-scattering study were synthesized under various
bient pressures.14 The size distribution and mean diameter
each sample were calculated from TEM images by mea
ing hundreds of diameters of SiNW’s in many TEM imag
taken from different typical parts of the sample. Figure 1~a!
is a typical TEM image showing the morphology of th
SiNW’s with uniform distribution of diameters. The averag
diameter of the SiNW’s is about 15 nm and the length ran
from a few micrometers to millimeters. The selected-a
electron diffraction pattern taken from the SiNW’s is show
in the inset on the upper left of the micrograph. Figure 1~b! is
the HREM image of a single SiNW along the@110# axis, the
two-dimensional lattice image revealing the sing
crystalline structure, which shows the representative st
tural features of SiNW’s. Many structural defects such
$111% twin and stacking faults are observable from t
HREM image. Analysis of HREM images obtained fro
many SiNW samples shows that the Si~111! planes are par-
allel to or have little orientation deviation~,5°! from the
axis of the nanowires. The SiNW surfaces are coated by
amorphous silicon oxide layers about 3 nm in thickness o
ing to surface oxidation. The amorphous silicon oxide sk
may be important for SiNW’s because it not only makes
dangling bonds saturated and the surface passivated bu
is
is
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also help keep the carriers confined in the SiNW’s.
The Raman spectra for SiNW’s with diameters of 10, 1

and 21 nm and for bulkc-Si were recorded. The results a
shown in Fig. 2~a!. From the figure we can see that the R

FIG. 1. ~a! Typical TEM micrograph showing a general view o
the morphology of the SiNW’s.~b! HREM image of a single SiNW
along the@110# axis.

FIG. 2. ~a! Raman spectra for SiNW’s with diameter of 10, 1
and 21 nm and for bulkc-Si. ~b! Full profile of a Raman spectrum
of the SiNW’s with a diameter of 10 nm and its decomposition. T
solid line represents the recorded Raman spectrum, and the da
lines are its decomposition.
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man peaks around 150, 300, 520, and 930 cm21 shift towards
lower frequencies and their linewidths become larger w
decreasing SiNW diameter. Furthermore, more phonons
pear in the Raman spectra of SiNW’s compared with thos
c-Si, and the intensities of these phonons increase with
creasing SiNW diameter. Their origin will be discussed in
later part of this paper.

From Fig. 2 we can also see that the overall spectra
SiNW’s with different diameters are quite similar except f
the magnitudes of the Raman intensity, shift, and broad
ing. Thus, in order to be more specific in the following d
tailed analysis for the Raman spectra, we choose the s
trum of SiNW’s with a diameter of 10 nm as an example a
compare it with that of bulkc-Si. Figure 2~b! shows the full
profile of such a Raman spectrum and its decomposit
From Fig. 2~a! we can see that a Raman peak at 519 cm21

with a full width at half maximum~FWHM! of 4 cm21 can
be found in the Raman spectrum ofc-Si. This is ascribed to
the scattering of the first-order optical phonon ofc-Si. In
addition, two broad peaks at 302 and 964 cm21 are also
observed. Those are assigned to the overtones of TA(X) and
TO(L), respectively. In the Raman spectrum of the SiNW
of diameter 10 nm, it can be seen that the first-order opt
phonon is shifted to 505 cm21 from 519 cm21 and the
FWHM of this phonon mode is broadened to 13 cm21 from
3.5 cm21 as compared withc-Si. In addition to the Raman
scattering of the first-order optical phonon, some ot
Raman-scattering peaks are also observed in the SiNW’

It is well known that effects of sample heating caused
laser radiation and compressive stress give rise to a
quency shift of the Raman peaks. Similarly, the confinem
effect also results in a frequency shift of the Raman peak
SiNW’s. Therefore, it is necessary to analyze the relat
contributions of different mechanisms to the Raman shift

First, the effect of sample heating due to laser irradiat
was considered. We recorded the Raman spectra of SiN
~of diameter 10 nm! excited by laser powers of 5, 2.5, an
0.5 mW. The Raman peak for the first-order optical mode
located at 505.8 cm21 ~505.1 cm21! when the sample is illu-
minated by a laser power of 0.5 mW~2.5 mW!, and the peak
shifts to 493 cm21 when the laser power increases to 5 mW
Thus the effect of increasing laser power within 2.5 m
~corresponding to a laser power density of 0.25 J/cm2! of the
Raman peak can be neglected. Moreover, from the peak
sitions and cross sections of the Stokes (vS) and anti-Stokes
(vAS) components, the temperature of the sample heate
laser radiation can be estimated by the following equatio15

n~vS!I S5$n~vAS!11%I AS, ~1!

whereI S and I AS are, respectively, the cross sections of t
Stokes and anti-Stokes components,n(v)51/@exp(\v/kBT)
21# is the Bose-Einstein thermal factor,T is the sample tem-
perature, andkB is Boltzmann’s constant. The calculated va
ues of the sample temperature are 35.9, 46.7, and 89.2 °C
the samples heated by the laser radiation with a power of
2.5, and 5 mW, respectively. Thus the effect of increas
laser power within 2.5 mW on the temperature is small. T
above analysis indicates that the laser radiation only caus
small temperature increase and has very little influence
the Raman shift of the SiNW’s when the incident las
h
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power is less than 2.5 mW. The recorded Raman spe
analyzed in this paper was excited by a laser power of
than 2.5 mW~0.25 J/cm2!. Therefore, the effect of sampl
heating on the Raman shift will not be considered in t
following discussion.

The samples of SiNW’s are powderlike deposits in whi
nanowires are only weakly bound and in loose contact w
each other. Therefore, it is likely that a free-boundary co
dition for SiNW’s is realized. On the other hand, accordi
to the HREM image, there is a thin layer of amorphous Sx
on the surface of the SiNW’s, which may cause stress in
nanowires. According to the data of x-ray diffraction
SiNW’s, the lattice parameter of the SiNW’s is equal
aSiNW’s50.5435 nm, which is 0.4% larger than its bulk cou
terpart ofaSi50.541 nm. This indicates a slight lattice e
pansion of the SiNW structure compared with that of bu
c-Si. This slight lattice distortion leads to a minute stre
which results in a small Raman shift determined by the f
lowing equation:16

Dv52nnv0

a2a0

a0
, ~2!

wheren is the dimensionality of the materials,n is the Grun-
eisen constant, andv0 is the Raman peak position of th
corresponding bulk material. Based on Eq.~2!, the Raman
shift caused by the stress is about 2 cm21. Taking into con-
sideration the experimental error, we think the effect of co
pressive stress on the Raman spectra of SiNW’s is ne
gible.

The above discussions indicate that the Raman s
mainly comes from other mechanisms, among which
think the most important one is the confinement effect
SiNW’s. It is well known that the Raman spectrum of
crystal may contain numerous combination and overto
bands because of the anharmonicity effect. In an ideal c
tal, the correlation length is infinite, and hence the phon
eigenstates are plane waves. Therefore, the usualk50 mo-
mentum selection rule of the first-order Raman spectrum
be satisfied. As the crystallite is reduced to nano scale,
most important effect on the Raman spectra is that the cry
momentum conservation rules will be relaxed. This allo
phonons with wave vectoruku5uk8u62p/L to participate in
the first-order Raman scattering. Herek8 is the wave vector
of the incident light andL is the size of the crystal. The
phonon scattering will not be limited to the center of t
Brillouin zone, and phonon dispersion near the zone ce
must also be considered. As a result, the symmetry-forbid
modes will be observed, in addition to the shift, broadeni
and asymmetry of the first-order optical phonon. This c
explain why more phonons appear in the Raman spectrum
SiNW’s. The related assignment of the peaks in the Ram
spectra of the SiNW’s is shown in Fig. 2~b!. The assignment
is based on the analysis of the irreducible representation
the k50 vibrational modes. In the case of combination
modes, the characters of the vibration representations
given by16,17

1

g~q! (R x~n!~R21!xq
~m!~R!x2q

~n! ~R!5n, ~3!
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TABLE I. The observed and theoretical peak positions, FWHM, and assignments forc-Si, and SiNWs
with diameters of 21, 15, and 10 nm, respectively.

Sample

Observed peaks~cm21! Theoretical peaks~cm21!

AssignmentsPosition FWHM Position FWHM

c-Si 301.864 1561.1 301.2 118 2TA(X)
519.460.9 460.5 519.4 4.5 F2g

96462.1 62.561.4 966.1 59.9 2TO(L)
21-nm
SiNW

29862.5 66.260.6 300.6 159.6 2TA(X)
514.960.8 6.862.3 517.7 4.7 F2g

93562.7 80.662.8 969.1 62.0 2TO(L)
15-nm
SiNW

29561.6 68.161.4 298.9 165.6 2TA(X)
511.260.4 10.362 514.3 7.5 F2g

93261.1 87.561.4 971.4 82.4 2TO(L)
10-nm
SiNW

29161.3 68.962.2 294.4 168.6 2TA(X)
505.160.6 1761.7 509.8 13.1 F2g

92661.1 88.660.3 973.1 82.6 2TO(L)
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In the case of overtone bands, the characters of vibra
representations are given by17

1

2g~q! (R $xn~R21!xq
~m!~R!xq

~m!~Z21RZ!

1xn@~RZ!21#xq
~m!@~RZ!2#%5n, ~4!

where n is an integer and the quantityxn(R) denotes the
characters of irreducible representation for the symmetry
erationR of the point group. According to the above sele
tion rule, the assignment of the Raman peaks of SiNW’s
shown in Fig. 2~b!. It is well known that the second-orde
Raman spectrum is due to the inelastic scattering of a ph
by two phonons. Since their fundamental phonon modes
shifted and their FWHM’s are broadened, the high-ord
modes of SiNW’s are also shifted and broadened. Accord
to the experimental results, the phonon modes of TA(X),
2TA(L), 2TA(X), LO(L), and TO(W)1TA(X) are shifted
to the lower frequencies. This is consistent with the analy
of breakdown of thek50 selection rule, i.e., along the sam
dispersion curve as the fundamental modes. However,
frequency of 2TO(L) is also redshifted in this experimen
This is not consistent with the theoretical analysis based
the breakdown of thek50 selection rule. There may b
some other mechanism to cause the redshift for this mo

In the following section, we make some simple calcu
tions, based on the confinement model, for the Raman s
and broadening of SiNW’s. As pointed out above, the p
non wave function is partially confined to the volume of t
crystallite. The first-order Raman spectrumI (v) can be de-
scribed by the following equation:18,19

I ~v!5E d3quC~0,q!u2

@v2v~q!#21~G/2!2 , ~5!

wherev(k) represents the phonon dispersion,G is the natu-
ral linewidth, andC(0,k) is the Fourier coefficient that de
n
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scribes the phonon confinement. Because the SiNW’s
column-shaped crystals, the Fourier coefficients can be w
ten as follows:18,19

uC~0,k1 ,k2!u2>e2k1
2L1

2/16p2
e2k2

2L2
2/16p2U12erfS ik2L2

A32p
D U2

,

~6!

whereL1 andL2 are, respectively, the diameter and length
the SiNW’s. The length of the nanowires is much larger th
the diameter, which means that the confinement eff
mainly occurs along the diameter direction of the nanowir
We therefore let the integration forL2 range from zero to
infinity. The HREM investigation indicates that~111! planes
are parallel to the axis of the nanowires or have little orie
tation deviation from the axis of the nanowires. According
three obvious Raman modes for 2TA(X), F2g , and 2TO(L)
are calculated using the different dispersion curves. The
sults of the peak position and FWHM obtained by this mo
are listed in Table I. It is found that the redshift of phono
frequency and broadening of the FWHM of the Raman pe
are more obvious with the decrease of the diameter of
nanowires. As a comparison, the measured peak position
FWHM’s for these three Raman modes are also listed
Table I, from which it is evident that a general agreeme
between the experimental and calculated Raman shift
FWHM for 2TA(X) andF2g but not 2TO(L) modes@see the
discussions below Eq.~4!#. However, some discrepancies a
also found in Table I. First, the experimental peak positio
deviate slightly from the theoretical prediction. According
the experimental results, the Raman peak positions of
first-order optical phonon are 505, 511, and 515 cm21 for
SiNW’s with diameters of 10, 15, and 21 nm. However, t
calculated peak positions are 509.8, 514.3, and 517.7 cm21,
respectively. Obviously, the discrepancy between the ca
lated and experimental peak positions becomes larger
decreasing diameter of SiNW’s. According to the hig
resolution TEM observations, it is found that there is a th
amorphous silicon oxide layer on the surface of the SiNW
which has a broad Raman peak at 480 cm21. This peak has
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significant effects on theF2g peak of SiNW’s.@the decom-
posed Raman peak in Fig. 2~b! at 480 cm21 is due to the
same reason.# Also, there is a contribution from the phono
density of state to the Raman spectrum, resulting in
stronger baseline and broader Raman peak. This kind of
tribution becomes more important when the amorphous la
becomes thicker. Moreover, the fraction of surface to volu
increases with decreasing diameter of SiNW’s. This tra
lates into a stronger effect of the amorphous layers in
Raman spectrum, resulting in increased Raman-scatterin
tensity and shift with decreasing SiNW diameter. On t
other hand, the crystalline core is smaller than that of
TEM morphology observation, and this gives rise to a lar
experimental Raman shift than the calculated value base
TEM data. Other effects such as deviation from the diamo
structure and carrier-induced strain effect may also lead
Raman shift, which contributes to this discrepancy. Mo
over, the fact that theF2g phonon shows a larger asymmet
cal shape when the diameter of SiNW’s is less than 20
indicates that a surface phonon with frequency slightly low
than that of theF2g optical phonon may exist to the left sid
of the F2g Raman peak.20,21 However, our present work
gives no direct proof that we have observed the surface p
non. A detailed discussion on the surface phonon is bey
the present study. Second, it is obvious that the calcula
FWHM of the Raman peak is much smaller than that of
measured values, as seen from Table I. The reason for th
that there are more physical mechanisms that cause
broadening. In the SiNW samples, there are many struc
defects such as stacking defaults, twins, and high-order
boundaries, according to our high-resolution TE
observations.22 These structural defects are important b
cause they are not only closely related to the growth proc
but also deeply influence the physical properties of
SiNW’s. The effect of lattice distortion and the phonon stra
field around the core of the defects will become increasin
important when the size of the materials is reduced to nan
cale. The existence of these defects in the SiNW’s has
found influence on the Raman spectra and can give ris
the peak broadening of the Raman spectra.

In order to show more clearly the above-mentioned c
finement effects on the Raman shift and broadening
graphic representation of the observed and calculated re
for the F2g phonon mode is presented in Fig. 3. We c
clearly see the trend that the Raman peaks have a large
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shift and broadening as the SiNW diameter becomes sma
Furthermore, we can see from Fig. 3 that the confinem
effect is obvious when the diameter of SiNW’s is less th
18 nm. However, when the diameter is larger than 22 nm,
position and FWHM of theF2g Raman peaks are almost th
same as those forc-Si. This suggests that 22 nm can b
considered as a phonon confinement length, compared
the electronic~excitonic! confinement length of about 5 nm
as shown in Fig. 1 of Ref. 23.

IV. CONCLUSIONS

The Raman spectra of SiNW’s with different diamete
have been recorded and analyzed. All the Raman peaks
a redshift and the Raman peaks are broadened comp
with bulk c-Si. In addition to the fundamental phono
modes, overtone and combination modes were also obse
and assigned based on the selection rules. The shift
broadening of three obvious Raman peaks have been ca
lated on the basis of the confinement model. The results
in agreement with the experimental data for 2TA(X) and
F2g modes, indicating that the relaxation of the wave-vec
selection rule plays an important role in SiNW’s. Some po
sible origins accounting for the discrepancy between the
culated and experimental data are discussed. The pre
study on phonon confinement effects should be usefu
further investigations of physical properties~e.g., electron-
phonon interaction and scattering! of SiNW’s and be of ben-
efit to their applications.

FIG. 3. Comparison between the measured and calculated
man shift and FWHM of the first-order optical phonon mode f
SiNW’s with different diameters.
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