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Raman scattering from acoustic phonons confined in Si nanocrystals
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We have observed Raman scattering from acoustic phonons confined in Si nanocrystals. It was found that
the Raman spectra depend strongly on the size of the nanocrystals and the peaks shift to higher frequencies as
the size decreases. We also found that the depolarized Raman spectra appear at much lower frequencies than
the polarized one$S0163-18206)50136-0

Since the discovery of the highly efficient photolumines-electron microscope. Raman measurements were carried out
cence from porous Sipptical properties of various types of in a back-scattering configuration at room temperature using
Si nanostructures have been intensively studiéBecause a Jobin Yvon U1000 double monochrometer and photon-
of the small size of these systems, their distinct optical propcounting system. The excitation source was the 488-nm line
erties are considered to stem from three-dimensional corff an Ar-ion laser. To investigate polarization properties, we
finement of electrons and holes as well as phonons. UntiPbserved polarized and depolarized scattering spectra by set-
now, the effects of confinement on optical phonons in Siting the excitation and detection polarizations either parallel
nanostructures have been widely studied by Raman spectrogt perpendicular to each other.
copy and size-dependent shifts and broadening of the TO Figure 1 shows a typical electron micrograph of Si nano-
peak have been commonly observedin contrast to many Crystals embedded in a SjOmatrix. We can clearly see
studies for the optical phonons, to our knowledge, acoustidattice fringes corresponding to tH&é11 planes of Si nano-
phonons confined in Si nanostructures have not been studigdlystals. Itis found that each Si nanocrystal is a single crystal
so far. Information on the confined acoustic phonons is inwith good crystallinity and they are well dispersed in $iO
dispensable for the discussion of electron-phonon interagnatrices. The average size of Si nanocrystals obtained from
tions in Si nanostructuré$. this micrograph was 5.5 nm.

The purpose of this work is to experimentally observe the Figures 2a) and 2b) show the size dependencies of the
acoustic phonons confined in Si nanocrystals and reveal theolarized and depolarized Raman spectra, respectively. In
size dependencies. Until now, Raman scattering from conFig. 2@), a Raman peak can clearly be seen in each spec-
fined acoustic phonons has been reported for some thetal trum. The sample with diameted) of 5.5 nm exhibits a
and semiconductor nanocrystafs'® However, observation peak at 20 cmi*. As the size decreases, the peak shifts to
of those in Si nanocrystals has not been successful, du@gher frequencies and reaches 32 ¢nfor d=3.1 nm. In
mainly to the difficulties in preparing nanometer-size Si
crystals. Recently, we have succeeded in preparing Si nano-
crystals with good crystallinity as small as 3—5 nm in diam-
eter dispersed in Sigthin films. For these nanocrystalline Si
samples, we could clearly observe the Raman spectra attrib-
utable to the acoustic phonons confined in Si nanocrystals.
We will demonstrate that the spectra strongly depend on the
particle size and the peaks shift to higher frequencies as the
size decreases.

Samples were prepared by an rf cosputtering method
similar to those used in our previous wdfk'’ Small pieces
of Si tips 5X15x 0.5 mn® in size were placed on a SiO
target(4 in. in diameterand they were cosputtered. After the
deposition, the samples were annealed in adshbient for
30 min at 1100 °C. The size of Si nanocrystals were con-
trolled by changing the number of Si tips during the cosput-
tering. Throughout this work, the sizes of Si nanocrystals
were determined from high-resolution electron microscopic
(HREM) observations. The samples for the cross-sectional
HREM observations were prepared by standard procedures FiG. 1. Typical HREM image of Si nanocrystals embedded in a
including mechanical and Ar-ion thinning techniques. SiO, matrix. Lattice fringes corresponding to tfil1} planes of Si
HREM observations were made using a JEM-200QROL)  can clearly be seen.
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larized (open circles Raman spectra as a function of the inverse
particle diameter. Solid lines are the results of the least squares
fitting. Dotted, broken, and dashed-dotted lines are the results of
theoretical calculations for the confined acoustic madeseroidal
modes withl =0 and 2 assuming the sound velaocities {100,
(111), and(110 directions, respectively.

d=5.5nm

nanocrystals, because the peak frequencies agreed very well
with the calculated eigenfrequencies of the confined acoustic
phonons. The similarities of the size and polarization depen-
dencies of the present Raman spectra with those of other
nanocrystalline samples allow us to conclude that the pres-
10 20 30 40 50 60 70 ently observed low-frequency spectra are due to acoustic
Raman shift (cm™) phonons confined in Si nanocrystals. To our knowledge, this
is the first report on the observation of the confined acoustic
FIG. 2. Size dependence @& polarized and(b) depolarized  phonons in Si nanocrystals.
Raman spectra of Si nanocrystals embedded in, Si@trices. The confined acoustic phonons in an elastic sphere were
first theoretically studied by Lam¥. Two types of confined
depolarized spectrgFig. 2(b)], similar high-frequency shift acoustic modes, spheroidal and torsional modes, were de-
of the peak with decreasing the size is observed. Howeverjved. The frequencies of these two modes are proportional
peak frequencies of the depolarized spectra are much lowé¢o the sound velocities in particles and inversely proportional
than those of polarized spectra. Furthermore, we cannot olte the particle size. The spheroidal mode is characterized by
serve a distinct peak fat=5.5 nm in the depolarized spec- the quantum number=0, while the torsional modes are
tra. The intensity ratio of peaks in the polarized and depolareharacterized byl=1. From the symmetry arguments,
ized spectra were about 0.25 for samples with3.1 and 3.5 Raman-active modes are spheroidal modes Wit and
nm. In order to see more clearly the size dependencies of tH22° Thel=0 mode is purely radial with spherical symmetry
peak frequencies, we plot the peak frequencies as a functicand produces totally polarized spectra, while tke€2 mode
of inverse diameter in Fig. 3. The solid lines are the result3s quadrapolar and produces partially depolarized spectra.
of the least squares fitting by straight lines. Other lines ar&he depolarization factor is estimated to béor spherical
calculated results explained later. In Fig. 3, we can see thatarticles?
the peak frequenciesw,,,) depend strongly on the diameter ~ We now calculate the eigenfrequencies of the confined
(d) and are inversely proportional tb within the accuracy acoustic modes assuming an elastic sphere with a free sur-
of the experiment. face based on the theory developed by Ldi3.Although
The observedo,,<d ™ relations of the low-frequency this model extremely simplifies the actual Si nanocrystals,
Raman spectra have also been reported forA4u,’* and  this has been employed in many previous works and could
CdS (Ref. 16 nanocrystals. Furthermore, the characteristicexplain experimental results very wét:1®2The calcula-
polarization properties observed are very similar to those obtion needs longitudinal and transverse sound velocities and a
served for GgRef. 18 and CdS(Ref. 16 nanocrystals em- mass density of nanocrystals. Since Si is elastically asym-
bedded in Ge®@ matrices. In these previous work, observedmetric, we made calculations using sound velocities corre-
peaks were attributed to the acoustic phonons confined isponding to sound waves propagating( k00, (111), and

Intensity (arb. units)
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TABLE I. Sound velocities of Si and calculated nondimension- showed that the surface modéke lowest frequency mode

alized eigenfrequenciespt wd/2v,, wherew is the angular fre-  for eachl) are softened and broadened, if Lasneonstants

quency andd is the particle diametgr Sound velocities for three and . and the mass densify of matrices approach those

different directions were derived from elastic constants ¢ nanocrystals. However, quantitative estimations of the
— — — 0 2 _ . o v . i

Ziltl_ 15'25;?;;1{/?&3&;”%‘;4_ 7.956<10° N/m?, and mass den shift and broadening are still lacking. In particular, com-
e 9 o pletely opposite predictions were recently made for the in-

Direction v (Mised v, (mised  5(1=0)  n(1=2) fluences of Si@ matrices on the Ag particles. Montagna and
Dus?! showed that the influences are very small and negli-
(100 8429 5841 31 2.6 gible, while Ovsyuk and Novikd¥ reported that the matrix
(113) 9351 5092 4.9 26 effects are non-negligible and the surface modes shift to
(110 9129 4672 5.3 26 lower frequencies by considerable amounts. Further theoreti-
5841 3.7 2.6 cal studies are required to quantitatively discuss the matrix
effects.

In the above discussion, we assumed that the nanocrystal
—16.57 .o 6.39. ande..—7.96x 1010 N/m? is a homogeneous elastic body. This assumption is valid pro-
constantsy,=16.57,1,=6.39, andcy,= 7. M vided that the nanocrystal is large enough and does not have

and a mass density=2332 kg/n?.2* Four sets of sound | : : : B
" ; - - arge anisotropy in the elastic constants. The small size limit
velocities used for the calculations are listed in Table I. Note 9 by

It TA phonon tranches #100 and(11) crectons are 3L SOPIAOIY O e onirm assuroton s v
twofold degenerate, while those {110) direction are not y. P y '

degenerate. The calculated nondimensionalized eigenfrec.pntmuum assumption may not be applicable and a more

. . : figorous calculations may be necessary. It seems to be very
iqnu_ergglislfor spheroidal modes with 0 and 2 are also listed interesting to compare the present results with those obtained

The dotted, broken, and dashed-dotted lines in Fig. 3 fePt')y |t: eshagﬁzr?/ynv?l;nIzec’:llvzalgllljtl:?:telroer:i%d in observing Raman

resent the Raman peak frequencies of the spheroidal mOdgtcfattering from acoustic phonons confined in Si nanocrystals.

with =0 and 2 calculated using the sound velocities in . . . ;
S : We could experimentally determine the size dependencies of
(100, (111), and(110) directions, respectively. Due to the the frequencies of the confined acoustic phonons. The

anisotropy of the elastic constants, the calculated frequenmeﬁjresent data are considered to be very useful in estimating

222 Stﬁzttteg/i:?fsvned'gig?nigeailégﬁa?%r alzr:%o?r’owe (t:r? e size of other types of Si nanostructures such as those in
reem ,nt between experiments and calculation pry, v orous Si by Raman spectroscopy. However, due to the large
agreeme etween experiments and cacuiations are ve isotropy of the elastic constants and the matrix effects,

o1 the observed peaks fof both the polarized and depolarizel SNUIAIVe comparison between experiments and theory
P P P ere not successful. Further experimental and theoretical

spectra. This suggests that the assumption of free eIaStls‘iudies are required in fully understanding the size depen-
sphere is not valid in the present Si nanocrystals. dencies of the confined acoustic phonons
The Si nanocrystals in the present work are dispersed in ‘

SiO, matrices. The SiQ matrices may cause the low-  We are indebted to Professor A. Tamura of Saitama Insti-
frequency shifts of the confined acoustic modes. The effecttute of Technology for valuable discussions and suggestions.
of surrounding matrices on the confined acoustic modes havehis work was partially supported by a grant from Founda-

recently been discussed by several auth®f$?? They tion Advanced Technology Institute.
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