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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 nanowit8&NW’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.

I. INTRODUCTION (SINW’s) by laser ablation has stimulated intensive interest
in this one-dimensional nanostructured materfabue to its
Material science has witnessed substantial progress in tHew dimension and high surface-to-volume ratio, SINW's are
synthesis, characterization, and understanding of materials §Pected to exhibit unusual confinement effects on electrical
mesoscopic scale in recent years. Using a variety of tecrgd optical properties. Preliminary investigations revealed
niques, it is possible to synthesize materials with dimension%ﬂat the physmal properties of SiNW's are different from
. ose of Si(Refs. 3 and % Ge (Refs. 5 and § and GaAs
ranging from a few angstroms to several nanometers. Th

| . . ical hemical . efs. 7 and Bwhiskers with diameters ranging from mi-
electronic, magnetic, optical, and chemical properties Of.ometers to millimeters. The size-confinement effect has a

these materials have been found to be very different fromrong influence on the band structure of SINW’s. The elec-
those of the bulk form and to depend sensitively on sizetronic and optical properties of the SiNW’s are modified
shape, and composition. In silicon science and technologyhrough size confinement and spatial correlation effects. In
the desire for the integration of optoelectronics devices withaddition to the electronic properties of the nanowires, in-
silicon microelectronics has led to the search for Si-basedreasing interest has also been given to studies of the lattice-
materials and structures that emit light with high quantumdynamical properties, including a substantial amount of Ra-
efficiency. Crystalline silicond-Si) does not show efficient Man and infrared spectroscopy work. These spectroscopic
light emission at room temperature, because of its bandVestigations should, in princi _Iel, lead to further. un(jer—
structure with an indirect band gap efL.1 eV and a small standing of these nanostructures! Raman scattering is

exciton binding energy~15 me\j. One promising approach very sensitive to the lattice microstructure. Phonon frequen-
to overcoming the indirect nature of optical transition in sili- cies and scattering intensities determined by Raman spec-

. ; : . troscopy can lead to conclusions concerning microscopic pa-
con 1 the relgxanon .Of thk.selectpn rule due to the spatial rameters such as bonding and structure as well as deviations
confinement in low-dimensional Si nanostructures. As a CONfrom the ideal crystalline counterpart. In this paper, we re-
sequence, increasing interest in the low-dimensional struG;qt Raman-scattering spectroscopic studies on the lattice
tgres with possible applications in optoelgctronlcs has givelyroperties of SINW’s. Raman spectra of SINW's with differ-
rise to several attempts to synthesize 0'; quasl-On€ent diameters were measured at room temperature. In addi-
dimensional crystalline nanowires with thep®-bonded tion to the fundamental modes, some other bands have also
structure. Recently, the successful synthesis of Si nanowirgseen observed in SiNW’s, most of which can be explained

0163-1829/2000/624)/168276)/$15.00 PRB 61 16 827 ©2000 The American Physical Society



16 828 WANG, ZHOU, LIU, PAN, ZHANG, YU, AND ZHANG PRB 61

by overtone and combination modes of SiINW'’s on the basis
of the factor-group analysis. A phonon confinement model is
employed to explain the Raman shift of phonon modes of
SINW’s. We use the ternphonon confinemerto describe

the size confinement effect on lattice vibratigphonon
wave functions. Moreover, the termonfinementrefers to
phonon confinement in the rest of the paper, except when a
specific statement is given. It was found that, when the di-
ameter of SINW'’s decreases to 22 nm, the confinement effect
begins to play an important role in determining the Raman
shift. It can be expected that the present results should be of
benefit to potential applications of SINW's.

Il. EXPERIMENTS

The SINW's were synthesized by the same oven-laser ab-
lation method used for BN nanotublésas described in the
experimental details of the synthesis in our previous work.
Conventional transmission electron microscop&EM) :
analysis of SINW’s was performed using a Philips-CM12
electron microscope. High-resolution electron microscopy b|
(HREM) was conducted by using a JEM-2010 high-
resolution electron microscope Operating at 200 kV with a FIG. 1. (a) Typical TEM micrograph showing a general view of
point-to-point resolution of 0.194 nm. The micro—Ramanthe morphology of the SINWgb) HREM image of a single SiNW
backscattered spectra were recorded by using a Renishamong the[110] axis.

2000 spectrometer with a 514.5-nm wavelength Ar-ion laser.

The spectral resolution was 1 ¢ The spot size of the also help keep the carriers confined in the SINW's.
focused incident light was approximately 1 rhron the The Raman spectra for SiINW'’s with diameters of 10, 15,
sample. In order to clarify the effect caused by sample heatand 21 nm and for bulk-Si were recorded. The results are
ing, the Raman spectra of the SINW’s illuminated by differ- shown in Fig. 2a). From the figure we can see that the Ra-
ent laser powers from 0.5 to 5 m\¢orresponding to laser

power densities from 0.05 to 0.5 J/&non the sample were
recorded. N . (@
SINW, 10nm s

Ill. RESULTS AND DISCUSSION - SiNW, 15nm
g7 x5
The SiNW'’s samples with different diameters used for the §
Raman-scattering study were synthesized under various am- B SINW, 2Inm s
bient pressure¥ The size distribution and mean diameter of =
each sample were calculated from TEM images by measur- 7 Silicon Chip

ing hundreds of diameters of SINW’s in many TEM images
taken from different typical parts of the sample. Figufe) 1 200 300 00 800 1000
is a typical TEM image showing the morphology of the
SiINW’s with uniform distribution of diameters. The average
diameter of the SINW'’s is about 15 nm and the length ranges
from a few micrometers to millimeters. The selected-area
electron diffraction pattern taken from the SINW’s is shown
in the inset on the upper left of the micrograph. Figu(ie) is

the HREM image of a single SiNW along th&l1Q] axis, the
two-dimensional lattice image revealing the single-
crystalline structure, which shows the representative struc-
tural features of SINW’s. Many structural defects such as
{111 twin and stacking faults are observable from the
HREM image. Analysis of HREM images obtained from
many SiNW samples shows that th€13i1) planes are par-
allel to or have little orientation deviatio(<5°) from the
axis of the nanowires. The SiNW surfaces are coated by thin FIG. 2. (a) Raman spectra for SINW’s with diameter of 10, 15,
amorphous silicon oxide layers about 3 nm in thickness owand 21 nm and for bulk-Si. (b) Full profile of a Raman spectrum
ing to surface oxidation. The amorphous silicon oxide skinsof the SINW’s with a diameter of 10 nm and its decomposition. The

Raman shift (cm™)

(b)

Relative Intensity

TO(W)TA(X)

200 400 600 800 100
Raman Shift(cm™)

may be important for SINW’s because it not only makes thesolid line represents the recorded Raman spectrum, and the dashed

dangling bonds saturated and the surface passivated but chmes are its decomposition.
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man peaks around 150, 300, 520, and 930 tahift towards  power is less than 2.5 mW. The recorded Raman spectra
lower frequencies and their linewidths become larger withanalyzed in this paper was excited by a laser power of less
decreasing SiNW diameter. Furthermore, more phonons aghan 2.5 mW(0.25 J/c). Therefore, the effect of sample
pear in the Raman spectra of SINW’s compared with those ofieating on the Raman shift will not be considered in the
c-Si, and the intensities of these phonons increase with ddellowing discussion.
creasing SiINW diameter. Their origin will be discussed in a The samples of SINW’s are powderlike deposits in which
later part of this paper. nanowires are only weakly bound and in loose contact with
From Fig. 2 we can also see that the overall spectra oéach other. Therefore, it is likely that a free-boundary con-
SiINW'’s with different diameters are quite similar except for dition for SINW’s is realized. On the other hand, according
the magnitudes of the Raman intensity, shift, and broaderto the HREM image, there is a thin layer of amorphous,SiO
ing. Thus, in order to be more specific in the following de-on the surface of the SINW’s, which may cause stress in the
tailed analysis for the Raman spectra, we choose the spenanowires. According to the data of x-ray diffraction of
trum of SINW’s with a diameter of 10 nm as an example andSiNW'’s, the lattice parameter of the SiNW'’s is equal to
compare it with that of bullc-Si. Figure Zb) shows the full  agjyws=0.5435nm, which is 0.4% larger than its bulk coun-
profile of such a Raman spectrum and its decompositionterpart ofag;=0.541 nm. This indicates a slight lattice ex-
From Fig. Za) we can see that a Raman peak at 519 tm pansion of the SINW structure compared with that of bulk
with a full width at half maximum(FWHM) of 4 cm ' can  c¢-Si. This slight lattice distortion leads to a minute stress,
be found in the Raman spectrum®fSi. This is ascribed to which results in a small Raman shift determined by the fol-
the scattering of the first-order optical phonon®®i. In  lowing equation‘®
addition, two broad peaks at 302 and 964 ¢nare also

observed. Those are assigned to the overtones oKJAnd a—a,
TO(L), respectively. In the Raman spectrum of the SINW'’s Aw=—nrw, " (2
of diameter 10 nm, it can be seen that the first-order optical 0

phonon is shifted to 505 cit from 519 cm! and the

FWHM of this phonon mode is broadened to 13 ¢nfrom wheren is the dimensionality of the materialgjs the Grun-
3.5 cm ! as compared wite-Si. In addition to the Raman eisen constant, andy is the Raman peak position of the

scattering of the first-order optical phonon, some othefTesPonding bulk material. Based on E2), the Raman

Raman-scattering peaks are also observed in the SINW’s. shift caused by the stress is about 2 &r_nTakmg Into con-
It is well known that effects of sample heating caused byS|derat|on the experimental error, we think the effect of com-

laser radiation and compressive stress give rise to a freressIve stress on the Raman spectra of SINW's is negli-

3 S . ible.

qguency shift of the Raman peaks. Similarly, the confinemen . . - .
effect also results in a frequency shift of the Raman peaks of Thle above Slscusst;:)ns |nd|r(]:ate_ that the Ramr?nhshlft
SiINW’s. Therefore, it is necessary to analyze the relativ ainly comes from oher mechanisms, among which we

contributions of different mechanisms to the Raman shift. th.'nk ,the m_ost important one is the confinement effect in
SINW’s. It is well known that the Raman spectrum of a

First, the effect of sample heating due to laser irradiation . Lo
was considered. We recorded the Raman spectra of SINW fystal may contain numerous _cqmbmatlon and. overtone
ands because of the anharmonicity effect. In an ideal crys-

(of diameter 10 nmexcited by laser powers of 5, 2.5, and . S
0.5 mW. The Raman peak for the first-order optical mode is:[al’ the correlation length is infinite, and hence the phonon
located at 505.8 cfit (505.1 cm) when the sample is illu-  C'denstates are plane waves. Therefore, the usal mo-

minated by a laser power of 0.5 M5 mW), and the peak mentum selection rule of the first-order Raman spectrum can
shifts to 493 cm® when the Iaéer poWer inc,reases t0 5 mW be satisfied. As the crystallite is reduced to nano scale, the
Thus the effect of increasing laser power within 2.5 meost important effect on the Raman spectra is that the crystal

(corresponding to a laser power density of 0.25 Jjahthe momentum' conservation rules yvill be relaxed.'T'his a!lows
Raman peak can be neglected. Moreover, from the peak p(g)_hon_ons with wave vectdk| :_|k |i2”/_|‘ to participate in
sitions and cross sections of the Stokeg)(and anti-Stokes the flrs'g-or_der R?ma” scattering. H.QG"eIS the wave vector
(was) COmponents, the temperature of the sample heated B the incident light andL is the size of the crystal. The

laser radiation can be estimated by the following equélton: h.ono.n scattering will not be. I|m|t¢d to the center of the
Brillouin zone, and phonon dispersion near the zone center

must also be considered. As a result, the symmetry-forbidden
N(wg)ls={N(was) + il s, (D modes will be observed, in addition to the shift, broadening,

_ ) and asymmetry of the first-order optical phonon. This can
wherel g andIAs are, respectively, the cross sections of theexplain why more phonons appear in the Raman spectrum of
Stokes and anti-Stokes componentéw) =1[exp@w/ksT)  siNw's. The related assignment of the peaks in the Raman
—1]is the Bose.-Emsteln thermal factdrjs the sample tem- spectra of the SINW's is shown in Fig(i®. The assignment
perature, andtg is Boltzmann's constant. The calculated val- js pased on the analysis of the irreducible representations of
ues of the sample temperature are 35.9, 46.7, and 89.2°C f@fe k=0 vibrational modes. In the case of combination of

the samples heated by the laser radiation with a power of 0.3y0des, the characters of the vibration representations are
2.5, and 5 mW, respectively. Thus the effect of increasingiven py6:7

laser power within 2.5 mW on the temperature is small. The

above analysis indicates that the laser radiation only causes a 1
small temperature increase and has very little influence on MR Y™ R YV (R)=n 3
the Raman shift of the SINW’s when the incident laser Q(Q)ER: XTR Dxg (Rx=o(R)=n, @
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TABLE I. The observed and theoretical peak positions, FWHM, and assignmentsSgrand SiNWs
with diameters of 21, 15, and 10 nm, respectively.

Observed peake&m ™) Theoretical peakscm )
Sample Position FWHM Position FWHM Assignments
c-Si 301.8+4 15+1.1 301.2 118 2TAX)
519.4-0.9 4+0.5 519.4 45 Faq
964+2.1 62.5-1.4 966.1 59.9 2TQ)
21-nm 298+2.5 66.2-0.6 300.6 159.6 2TAX)
SiINW 514.9-0.8 6.8-2.3 517.7 4.7 Fag
935+2.7 80.6-2.8 969.1 62.0 2TQY)
15-nm 295+1.6 68.1-1.4 298.9 165.6 2TAX)
SiNW 511.2-0.4 10.3-2 514.3 7.5 Faq
932+1.1 87.5-1.4 971.4 82.4 2TQY)
10-nm 291+1.3 68.9-2.2 294.4 168.6 2TAX)
SiINW 505.1+0.6 1717 509.8 13.1 Faq
926+1.1 88.6-0.3 973.1 82.6 2TQ)

In the case of overtone bands, the characters of vibratioscribes the phonon confinement. Because the SINW'’s are
representations are giveny column-shaped crystals, the Fourier coefficients can be writ-
ten as follows31°

1
200 C(Oks k[P L Tiorg i3t 1_erf( iksz)
V32
+X'L(RDMXL(RD ) =n, (4) e

2 xR HXV(RIX™(Z7'RZ) )
R

wheren is an integer and the quantity”(R) denotes the wherel, andL, are, respectively, the diameter and length of
characters of irreducible representation for the symmetry opthe SiNW’s. The length of the nanowires is much larger than
erationR of the point group. According to the above selec-the diameter, which means that the confinement effect
tion rule, the assignment of the Raman peaks of SINW’s isnainly occurs along the diameter direction of the nanowires.
shown in Fig. 2b). It is well known that the second-order We therefore let the integration fdr, range from zero to
Raman spectrum is due to the inelastic scattering of a photoinfinity. The HREM investigation indicates thét11) planes
by two phonons. Since their fundamental phonon modes argre parallel to the axis of the nanowires or have little orien-
shifted and their FWHM’s are broadened, the high-orderation deviation from the axis of the nanowires. Accordingly,
modes of SiNW'’s are also shifted and broadened. Accordinghree obvious Raman modes for 2 T4 Fag, and 2TO()
to the experimental results, the phonon modes of X)\( are calculated using the different dispersion curves. The re-
2TA(L), 2TA(X), LO(L), and TOW) + TA(X) are shifted  sults of the peak position and FWHM obtained by this model
to the lower frequencies. This is consistent with the analysigre listed in Table 1. It is found that the redshift of phonon
of breakdown of th&c=0 selection rule, i.e., along the same frequency and broadening of the FWHM of the Raman peaks
dispersion curve as the fundamental modes. However, thare more obvious with the decrease of the diameter of the
frequency of 2TOK) is also redshifted in this experiment. nanowires. As a comparison, the measured peak position and
This is not consistent with the theoretical analysis based oFRWHM'’s for these three Raman modes are also listed in
the breakdown of th&k=0 selection rule. There may be Table I, from which it is evident that a general agreement
some other mechanism to cause the redshift for this mode between the experimental and calculated Raman shift and
In the following section, we make some simple calcula-FWHM for 2TA(X) andF 4 but not 2TO() modegsee the
tions, based on the confinement model, for the Raman shitliscussions below E@4)]. However, some discrepancies are
and broadening of SINW’s. As pointed out above, the pho-also found in Table I. First, the experimental peak positions
non wave function is partially confined to the volume of the deviate slightly from the theoretical prediction. According to
crystallite. The first-order Raman spectrufw) can be de- the experimental results, the Raman peak positions of the
scribed by the following equatiotf:' first-order optical phonon are 505, 511, and 515 trfor
SiINW’s with diameters of 10, 15, and 21 nm. However, the
e 5 calculated peak positions are 509.8, 514.3, and 517.7cm
()= f q/C(0.9)] (5) respectively. Obviously, the discrepancy between the calcu-
[w—w(q)]?+(T/2)% lated and experimental peak positions becomes larger with
decreasing diameter of SINW’'s. According to the high-
resolution TEM observations, it is found that there is a thin
wherew(k) represents the phonon dispersibnis the natu- amorphous silicon oxide layer on the surface of the SINW's,
ral linewidth, andC(0k) is the Fourier coefficient that de- which has a broad Raman peak at 480 ¢nThis peak has
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significant effects on th&,, peak of SINW's.[the decom- 520

posed Raman peak in Fig(t at 480 cm? is due to the 518
same reasohAlso, there is a contribution from the phonon 516
density of state to the Raman spectrum, resulting in the - siaf
stronger baseline and broader Raman peak. This kind of con- & si2f
tribution becomes more important when the amorphous layer E s10f
becomes thicker. Moreover, the fraction of surface to volume g sos |

-4

increases with decreasing diameter of SINW’s. This trans- 506
lates into a stronger effect of the amorphous layers in the soaf
Raman spectrum, resulting in increased Raman-scattering in- sooly o v v o e
tensity and shift with decreasing SINW diameter. On the o6 8 10 le s 202 2426
other hand, the crystalline core is smaller than that of the
TEM morphology observation, and this gives rise to a larger FiG. 3. Comparison between the measured and calculated Ra-
experimental Raman shift than the calculated value based Qfian shift and FWHM of the first-order optical phonon mode for
TEM data. Other effects such as deviation from the diamongsiNw’s with different diameters.
structure and carrier-induced strain effect may also lead to a
Raman shift, which contributes to this discrepancy. More-shift and broadening as the SINW diameter becomes smaller.
over, the fact that th& ,; phonon shows a larger asymmetri- Furthermore, we can see from Fig. 3 that the confinement
cal shape when the diameter of SINW's is less than 20 nneffect is obvious when the diameter of SINW’s is less than
indicates that a surface phonon with frequency slightly lower18 nm. However, when the diameter is larger than 22 nm, the
than that of the=, optical phonon may exist to the left side position and FWHM of thé=,; Raman peaks are almost the
of the F,; Raman peak®”* However, our present work same as those for-Si. This suggests that 22 nm can be
gives no direct proof that we have observed the surface phaonsidered as a phonon confinement length, compared with
non. A detailed discussion on the surface phonon is beyonthe electronigexcitonig confinement length of about 5 nm
the present study. Second, it is obvious that the calculateds shown in Fig. 1 of Ref. 23.
FWHM of the Raman peak is much smaller than that of the
measured values, as seen_from Table . The reason for this is IV. CONCLUSIONS
that there are more physical mechanisms that cause peak
broadening. In the SINW samples, there are many structure The Raman spectra of SINW’s with different diameters
defects such as stacking defaults, twins, and high-order twihave been recorded and analyzed. All the Raman peaks have
boundaries, according to our high-resolution TEMa redshift and the Raman peaks are broadened compared
observationg? These structural defects are important be-with bulk c-Si. In addition to the fundamental phonon
cause they are not only closely related to the growth processpodes, overtone and combination modes were also observed
but also deeply influence the physical properties of theand assigned based on the selection rules. The shift and
SiINW'’s. The effect of lattice distortion and the phonon strainbroadening of three obvious Raman peaks have been calcu-
field around the core of the defects will become increasinglylated on the basis of the confinement model. The results are
important when the size of the materials is reduced to nanosn agreement with the experimental data for 2 K\(and
cale. The existence of these defects in the SINW's has prd-,4, modes, indicating that the relaxation of the wave-vector
found influence on the Raman spectra and can give rise tselection rule plays an important role in SINW’s. Some pos-
the peak broadening of the Raman spectra. sible origins accounting for the discrepancy between the cal-
In order to show more clearly the above-mentioned con<culated and experimental data are discussed. The present
finement effects on the Raman shift and broadening, a&tudy on phonon confinement effects should be useful to
graphic representation of the observed and calculated resulfisrther investigations of physical propertiés.g., electron-
for the F,4 phonon mode is presented in Fig. 3. We canphonon interaction and scatteringf SINW'’s and be of ben-
clearly see the trend that the Raman peaks have a large reefit to their applications.

Diameter of Nanowire (nm)
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