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The complete Raman spectrum of nanometric SnO  , particles
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The complete Raman spectrum of Sntanoparticles in presented and analyzed. In addition to the
“classical” modes observed in the rutile structure, two other regions shown Raman activity for
nanoparticles. The Raman bands in the low-frequency region are attributed to acoustic modes
associated with the vibration of the individual nanoparticle as a whole. The high-frequency region
is activated by surface disorder. A detailed analysis of these regions and the changes in the normal
modes of Sn@ are presented as a function nanoparticle size.2@1 American Institute of
Physics. [DOI: 10.1063/1.1385573

I. INTRODUCTION According to the literature, the corresponding calculated
or observed frequencies of the optical modes are presented in
o : NN- . Table 1. When the size of the Sp@rystal is reduced, the
(known in its mineral form as cassiteritaith point group infrared spectrum is modified because the interaction be-

Dit an rouf4,/mnm The unit cell consi f . - .
an and space groupa,/ e unit cell consists o tween electromagnetic radiation and the particles depends on

two metal atoms and four oxygen atoms. Each metal atom [ crystal's size, shape, and state of aggreg&iStExperi-

situated amidst six oxygen atoms which approximately form .
ments using Raman spectroscopy have also reported spec-
the corners of a regular octahedron. Oxygen atoms are su#—

i . ; um modification, at least partially. Low frequency bands

rounded by three tin atoms which approximate the corners . .
: . . ave been observed previously in Si® and several au-

an equilateral triangle. The lattice parameters areb

—4.737 A, andc=3.186 A. The ionic radii for & and thors have reported the existence of bands not observed in

Srf* are 1.40 and 0.71 A, respectivély. single-crystal or polycrystalline Sp@vhich have been found

i <id2e15
The 6 unit cell atoms give a total of 18 branches for theto be closely related to grain siz&.™ However, some of

vibrational modes in the first Brillouin zone. The mechanicalthese reports do not adequately explain the origin of the ab-

X oo ormal spectrum.
representation of the normal vibration modes at the center o . . S
o L The aim of this article is to present a complete Raman
the Brillouin zone is given B

spectrum of Sn@nanoparticles. The analysis compriges
F=T7(A1g)+T35 (Azg) +T3(B1g)+ T4 (Byg) modification of the normal vibration modes active in Raman
_ _ _ N when the spectra are obtained from nanocrystals of ,SnO

+1s (Eg) +2'1 (Ag) +21'4 (By) +4T'5 (B, (1) (sclassical modes), (i) the disorder activated surface
using the Koster notation with the commonly used symmetrymodes in the region around 475-775 cmand (iii) the
designations listed in parenthesis. The latter will be use@ppearance of the acoustic modes in the low-frequency re-
throughout this article. gion of the spectra.

Of these 18 modes, 2 are active in infrarglde single
A,, and the triply degeneratg,), 4 are Raman activéhree
nondegenerated modes,,, B4, Bog, and a doubly degen-
erateEg), and two are silent4,y, andB,,). OneA,, and
two E, modes are acoustic. In the Raman active modes oxy;
gen atoms vibrate while Sn atoms are at fssie Fig. 1 in
Ref. 4. The nondegenerate mod&,, , By4, andByg, Vi-
brate in the plane perpendicular to thexis while the dou-
bly degeneratedt; mode vibrates in the direction of the
axis. TheB;4 mode consists of rotation of the oxygen atoms
around thec axis, with all six oxygen atoms of the octahedra

Tin dioxide has a tetragonal rutile crystalline structure

Il. EXPERIMENT

Nanocrystalline Sn@powder was prepared by first add-
Ng ammonia to an aqueous tin chloride solution. The pre-
cipitated gel was then repeatedly washed in bidistilled water
to remove chlorine contamination. A white powder or hy-
drated tin oxide is thus obtained which is then calcinated for
8 h at temperatures ranging from 250 to 1000 °C.

Raman scattering measurements were obtained by back-
e o oY , ) scattering geometry with a Jobin—Yvon T64000 spectrometer
participating in the vibration. In thed;, infrared active . pied to an Olympus metallographic microscope. Excita-
mode, Sn and oxygen atoms vibrate in thexis direction,  qn was provided by an argon-ion laser operated at a wave-
and in theE,, mode both Sn and O atoms vibrate in the planelength of 488.0 or 457.5 nm and a low incident power to
perpendicular to the axis. The silent modes correspond 10 4y4iq thermal effects. Raman shifts were corrected by using
vibrations of the Sn and O atoms in the direction oftfis  gjjicon reference spectra after each measurement 0f.SnO
(Byy) or in the plane perpendicular to this directiofaf). Transmission electron microscofyEM), x-ray diffrac-
tion (XRD), and Fourier-transform infraredTIR) spectros-
dElectronic mail: dieguez@el.ub.es copy were also used. TEM measurements were used to de-
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TABLE I. Frequencies of the different optical modes of Sn®hree references have been considered enough
to report all of them. In the three references large crystals were examined. A supersadiptates that the
value has been calculate@.O is transverse optical and LO is longitudinal optial.

Az Eu
Ay Bag Big Azg Eqg TO LO By, TO LO Reference
638 782 100 398 476 477 705 149 244 276 5
505 293 366
618 710
465 704 243 273 6
284 368
605 757
634 776 123 475 7

termine the grain size distribution of the powders, XRD totra have been divided into two regions. Powders composed
analyze crystalline quality, and FTIR to measure the wateof nanoparticles smaller than7 nm show bands in the low-
content of the samples. frequency region[Fig. 1(a)] while for larger particles
TEM measurements were taken using a Philips CM3Q T ;acinatior= 1000 °C), the Raman spectra show contribu-
SuperTwin electron microscope operating at 300 keV. Fotions only in the high-frequency region, the “classical”
TEM examination the powders were ultrasonically disperseanodes of Sn@being seen here. However, with nanoparticles
in ethanol and deposited onto amorphous carbon membranesnaller than~16 nm, other contributions are also visible in
X-ray diffraction was measured with an INEL powder the high-frequency zond=ig. 1(b)]. Figure 2 shows a typical
diffractometer using CuK « radiation, in Debye—Scherrer configuration for all contributions in this region for powder
geometry, with a position sensitive detector of 12@0%2d a  calcinated at 400 °C. The nanopatrticle size and the different
quartz primary monochromator to eliminate tkev; radia- band frequencies seen in the spectra are given in Table II.
tion, and with a Siemens D-500 diffractometer, in Bragg— It can be seen that the Raman spectrum depends to a
Brentano#/26 geometry, also using CKi« radiation. large extent on the temperature at which the initially ob-
FTIR transmission measurements were taken with dained oxide was calcinated, i.e., on the size of the nanopar-
Bomem MB-120 spectrometer. The spectra were measured titles. The general features of the spectra are the following.
room temperature using normal incidence and had a spectral (1) The modeA,, shifts to lower wave numbers as the
resolution of 1.9 cml. Absorption spectra from thg samples nanoparticle size de?:reases. At the same time mBggand
were extracted using the reference .spectra of air. The FTII%g approachA,, i.e., they shift toward lower and higher
spectra from the powders were obtained by the usual methqglae numbers, respectively. However, the variation of the
of pressing them into KBr pellets. modeE, is very small. The shift is accompanied by broad-
ening of the band. ModeB,, appears quite often with
smaller nanoparticles but is difficult to locate due to its very
Figure 1 shows the complete Raman spectrum of théow intensity with respect to the other modes001 (A, ) |
different powders analyzed. For purposes of clarity the specRef. 7 and the existence of the low-frequency bands.

IIl. RESULTS AND DISCUSSION
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FIG. 1. Raman spectra of the powders calcinated up to 1000 °C for 8 h. The

spectra have been divided into the low-frequency reg@rand the high- ~ FIG. 2. Fitting of the bands appearing in the high-frequency region of the
frequency regior(b). The spectra in the high-frequency region correspond, Raman spectrum of a Sp(owder of very small grain size. The bands
from bottom to top, to the uncalcinated powder and the powders calcinatefieaking at~634, 568, 486, and 706 cm correspond to modd,, and

at 250, 330, 400, 430, 450, 800, and 1000 °C for 8 h. Additional featuredpandsS1, S2, andS3, respectively. ModeB,, , peaking at~776 cni*, and
were not observed outside these regions. Eg4, peaking at 480 cm, are also included in the fitting.
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TABLE Il. Raman shift of the most important bands observed in the Sr&Doparticle spectrum. Modés ,

B,y , andEy correspond to the classical vibration modes while ba8idsS2, andS3 appear as a consequence

of disorder activation. LFRB refers to the bands appearing in the low-frequency region of the spectrum.
As/Apzg corresponds to the sum of the areas of baBtisand S2 with respect to the area of the band
corresponding to thé;4 mode. The values given for nanoparticle size result from detailed statistiseme

cases more than 500 measuremgeatsl the use of imaging processing software.

T L

(°C) (nm) A Byg Eq S1 S2 S3(Az)  As/Ang  LFRB
1000 109.8 637.9 779.2 479.2 .-
800 56.6 6379 7789 4795 -
450 158 635.2 7742 479.7 5689 493.2 696.3 1.32
430 9.6 6343 7741 479.6 568.0 501.2 706.9 4.07 16.4
400 6.7 6339 776.2 479.6 568.1 4859 705.8 5.82 21.7
330 5.0 6331 7729 - 572.0 503.7 691.7 10.02 334
250 45 6316 7677 - 573.3 518.0 14.79 44.5
Room temperature 35 6315 - 575.8 5417 47.17 58.3

(2) The presence of several bands in the region betweegiown of the phonon momentum selection rgie=0, allow-
475 and 775 cm' (S1, S2, andS3 in Fig. 2. The intensity  ing phonons with g#0 to contribute to the Raman
and position of these bands also depend on the nanoparticigectrumt®’ According to the phonon dispersion curVes,
size. The tendency of ban@ andS2 is always to decrease modesA; 4 andB,, shift toward lower wave numbers as the
in intensity and position as the nanoparticle size increasesianoparticle size decreases, whereas nihgshifts toward
No evidence of a shift has been found in the case of [&hd _higher wave numbers, which is precisely the nanoparticle

(3) The appearance of low-frequency bands whose posibehavior observed in this study. Table Il also shows that it is
tion and intensity depend on the size of the nanoparticleghe B,y mode which varies most quickly. Mod&,, shifts
These bands shift toward higher wave numbers, are less i@;low|y and modeEg is practica”y immobile until a strong
tense, and broaden as the average nanoparticle size dshonon confinement is considered.
creases. For p_articles_ Iarggr thed? nm these bands are not In the spatial correlation modéilso known as the pho-
observed by simple visual inspection. non confinement modekhe localization of the phonons is

Along with these features of the Raman spectra it isdescribed by a weighting functiow/(r,L) for the phonon
worth noting that the XRD spectra and electron diffractionamplitude, where: is the size of the nanocrystals, and hence
patterns of the different Snpowders suggest a cassiterite the vibrational wave function in a nanocrystal can be ap-
crystalline structure even in the as-obtained hydrated oxideroximated by
obtained herdFig. 3). The main feature of these spectra is
narrowing of the XRD peaks as the calcination temperature ¥ (Go,")=W(r,L)®(qo,1). @
is increased, an effect due to an increase in grain size and
higher crystalline quality. For low calcination temperatures,
high resolution TEM(HRTEM) shows that the nanopatrticles
are characterized by a quasispherical shape, a strong distor-
tion of the crystalline structure, and a high degree of
agglomeratiort! Likewise, the FTIR spectra of these nano-
particles show the water content as well as hydroxyl absorp-
tion bands. Both OH groups and lattice distortion progres-
sively disappear as the calcination temperature is increased,
with it being completely absent around 400—450°C. The
nanoparticles calcinated at temperatures higher that 450°C
are of good crystalline quality, deagglomerated and factted.

In Sec. Ill A, the different characteristics of the Raman
spectra are explained in detail as a function of grain size and
disorder.

A. Classical modes of SnO ,

It is well known that in an infinite perfect crystal only
the phonons near the center of the Brillouin zdB&) (qq
~0) contribute to the scattering of incident radiation due to
the mpmentum Cor.]servatlon rule be.tween phonons ‘f"”d I.nCEIG. 3. High-resolution transmission electron microscopy image of the as-
dent light. As the size of the crystal is reduced, the vibrationypained hydrated oxide. The nanoparticles are clearly crystalline with a

is limited to the size of the crystal, which gives rise to break-quasispherical shape.
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The first-order Raman spectrum of a nanocrystéd), is L ]
thus given by 110 nm TS0
[ ==~~~ 30 nm ]
L 20 nm
@) j |C(q)]? aq @ ~=="14 nm
w)= ] - I
82l w— w(q) 12+ (Fo/2)? 3 [
where w(q) is the phonon dispersion curve of the infinite ;i;;“
crystal,I'; is the natural linewidth, an@(q) are the Fourier S ¢ /
coefficients of the vibrational weighting function expanded £ | s
in a Fourier integral, which will determine the line shape of L 7
the Raman bands. =
In most cases a Gaussian weighting function is used to ~ |.__......-- . ,
desgzr;be the Raman spectra of nanopartitie® In this 590 600 610 620 630 640 650 660
case; . .
Raman shift (cm 1)
6
c 2 L —g2L212a 4 FIG. 4. Calculated Raman spectra for thg, mode according to the spatial
| (Q)| - 16(277)2a3 ! ( ) correlation model. The curves correspond to particles with diameters of 110,

30, 20, 14, and 10 nm.

with a=872.
Given that below 400—-450 °C the nanoparticles studied
here had a quasispherical shape, it seems wise to use this

weighting function. good agreement between the model and experiments. How-
The integration over the entire Brillouin zone can begyer, for smaller sizes, the experimental points differ from
approximated by an unidimensional integral over a sphericahe calculated ones because, as the nanoparticle size de-
Brillouin zone: creases, there is an increasing contribution from particles
L e<q'-’4”>247rq2 across the size o!istribution. In the case of Iarge particleg,
|(w)%f da, (5) which present a higher volume for Raman scattering, there is
0[o—w(q)]?+(I'y/2)2 no effect due to the size distribution. Other factors which

) ) ) . may contribute to the disagreement are the presence of de-
where the 4rq°~ term arises from the change into spherlcalfects, which would reduce the correlation lengthand dis-

coordinates and integrate over the radius. Hence, the wavg jo o regions, contributing partially to the classical modes.
vectorq and the correlation lengthare expressed in units of The results indicate that the spatial correlation model is

277/5)60. and(a), respelcg\'/ely, W|tf;(a>t?(2a+g(':)/3: 0'22% applicable to Sn@and can be used to estimate nanoparticle
nm being an average lattice constant for gnSince no data size, as is shown in Fig. 4. However, it should be noted that

Tflal\gecl)rnte_elnbreﬁtc:ir;edoid;rﬁé: hak;salral(e;ei: fﬁ:ggﬁggosbgcfuorﬁtFig. 5 gives larger sizes than those extracted by TEM for
: y 9 19 P garticles smaller thar-10 nm.

of the powder calcinated at 1000 °C, which is the nearest t
a single SnQ crystal. For the fitting a convolution of bands
due to the size distribution was not taken into account be-
cause, due to the large grain size, this should not influence

the spectrum. a) b)
For the phonon dispersion curve of tihg, mode we 638 i 421:
have used a 5° polynomial fitting of the curve in Ref. 7: P sul
1 / 36
o(q)=A+By(qm)+By(qm)®+Bs(qm)+By(qm)* 636 /
+Bs(qm)°®, (6) "E | -o— | SRR "Eso o
C S !
with A=638.22 cm*, B;=—2.81 cm'!, B,=6.52 cm?, O s, 24l
B;=—7.25 cm 3, B,=0.27 cm 4, andBs=0.21 cm >, 1 T_
The Raman spectra calculated using the spatial correla ™ ' 18
tion model, for nanoparticles between 10 and 110 nm, is g3, ‘ \ i
shown in Fig. 4. For particles smaller tharl0 nm the cal- " RERN 12 =
culation produces an exaggerated asymmetrical curve due t @ 20] 40 &0l 10 100K120 & 20 4> B0 =0 oo
interference from the limits of the Brillouin zone. Nanoparticle size (nm) Nanoparticle size (nm)

To easily compare theoretical predictions and experi-
mental data we plotted both the experimental and theoreticdllC- 5. Calculatedlines) and experimentalpoints values of the Raman

. . : shift (@) and FWHM (b) as a function of nanoparticle size. Horizontal error
Raman shifts and the full width at half maximuf@WHM) bars, shown for powders calcinated at 450 °C or lower, indicate the disper-

as a fu_nCtion of nan(_)partide size in Figsaband §b), _sion of sizes extracted from the histograms. The positions of the points
respectively. For particles larger than 10—-15 nm there igorrespond to the average grain size.
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B. Modes activated by disorder in SnO  ,_ 50 T —
n

As was pointed out earlier, bands other than the classical S\ |

ones were visible in the high-frequency region and as Table 401 * 4

Il shows the most important of these appear at 576-568 =

cm ! (S1), 542-486 cm! (S2), and 691—707 ciit (S3). < 301 Distorted Sn0, |

Although it is not clear how many bands have to be used to 3§ V. IV_=[rl(r-d)’-1

fit in this region, we have based on the evolution observed in <§ 201 S

Fig. 1(b) as a function of calcination temperature to find the | ~ 2d,,=1.40nm

minimum number of lines needed to perform the analysis. 101 2d, . =4.15nm |

The powder calcinated at 1000 (@at with particles which . : : o

are more like single crystalvas fitted with the lines corre- 00 5 10 15 20

sponding to the classical modes of the Sro@ssiterite. For Nanoparticle size (nm)

lower calcination temperatures, up to three additional lines
have to be included in the fitting, i.e., ban@s, S2, andS3. FIG. 6. Ratio of the summed area of barfs andS2 with respect to the
S1 andS2 are always the most intense bands. The shift ofea of the band for th&,y mode as a function of nanoparticle size. The

. . e o . dashed area corresponds to the minimum and maximum relevant grain sizes
theS_3 _ban_d IS att”bu_ted more to the d|ff|CL_“ty in performlng in the TEM histograms. According to the fitting indicated, the thickness of
the fitting in that region than to a real shift. In theory, this the disordered surface region-isl.1 nm. The inset shows a schematic of a
band can be attributed to disorder activation of mﬁ IR nandopagicledwithdrad:jus,hfcilrmfd_:g a perfectly crystalline core of radius
active and Raman forbidden motfeThe evolution of bands '~ ¢ "¢ & disoraered shet ot si

S1 and S2 with decreasing nanoparticle siZealcination
temperaturgindicates that they arise either as a CONSEqUENCR, -tion, can be considered to be of constant thickness for all

of reducing particle dlmen_S|ons or _due to the conver5|or’;5amples_ To check this hypothesis, Fig. 6 represents the ratio
from amorphous to crystalline material. However, since the

. . . of the summed area of ban@® andS2 to the area of the
nanoparticles are crystalline for the complete range of SIZe} ' mode By assuming that each nanocrystal of radiiss
g .

analyzed in this work, the appearance of these bands Cann&’gmposed of a crystalline core of radius{d), surrounded
be due to amorphous material. Other factors such agy 5 shell which is a disordered layer of thicknes¢he ratio

phonon—plasmon coupling can also be rejected because it & e yolumes corresponding to the scattering by each com-
well known that when SnPnanoparticles have very small n,nent is directly related to the ratio of the areas of the
sizes, the grain is formed to a large extent by a depletiolhaman bands:
region when exposed to an atmosphere containing oxygen.

Therefore, the contribution of ban®l andS2 would not A31+szOc VsheII_K

increase with decreasing nanoparticle size if their origin was Aptg  Veore

phonon—plasmon coupling. _ o As Fig. 6 shows, when the nanoparticle size is reduced, the
In a disordered crystal, imperfections modify its symme-y 5| ;me occupied by the interface and surface material in-

try, preventing atoms from vibrating in phase and preventing. .o 5qes with respect to the volume occupied by core material.

their displacements to be correlated. Changes in the crystali§, his way, one can calculate an average thickness for the

local symmetry produce changes in some of the componentge| g~1.1 nm, i.e., approximately two to three unit cells
of the polarizability tensor, even for usually forbidden vibra- 5t 5n, which is in agreement with the usual thickness
tion modes, i.e., due to the loss in long-range order alkound for surface layer¥¥?* It has been shown that, in the
phonons are optically possible and the Raman spectruytreme case of single Sp@rystals, surface reconstruction
should resemble the phonon density of states. In an intermgy, the (110 surface involves up to three monolayers of atoms
diate case, a shift of the classical modes accompanied byng the presence of oxygen vacanéEhis gives rise to a
broadening and the appearance of some of Sriorbidden  nonstoichiometric SnQat the surface and this could be re-
modes should be observed. This is indeed what occurs Witbponsiue for producing ban®l andS2. That these bands
modesA;y, Bag, Eg, andA,,. However, bandS$l andS2  are observed in SnCand not in other nanocrystalline semi-
do not fit any of the Raman forbidden modes of $@@d the  conductors may be due to the high reactivity of the $nO
appearance of a new mode as a consequence of coupliR@rface with environmental gases, for instance, like when the
between modes would not explain the high contribution ofsurface of the nanoparticles is exposed t&Hsurface pho-
these bands observed in the spectrum of the smaller nanopaten bands are considerably redué®d.The same
ticles. Furthermore, it is well known that nanometer-sizedexperiment® suggest that there is no direct relationship be-
crystalline materials have a crystalline component formingween Sn—OH bonds, where the OH comes from water, and
the crystallite nucleus and an interfacial component consistaydroxyl isolated groups present at the surface of the nano-
ing of all the atoms situated at the grain boundaries betweeparticles, since the Raman ban8s andS2, are recovered
particles, or at their surfaces. The latter usually has severalfter purging of the S gas. The high Raman activity of
atomic layers in which atoms are slightly displaced from thethese bands for very small crystals, resulting from disordered
exact position that would be suggested by the crystalline&SnQ, and, probably, from the interaction of surface material
structure of the material. Thus, it is possible that baSils with adsorbed oxygen, can be explained by the findings of
and S2 arise from this surface region which, as an approxi-Hama and Matsubafa and of Hayashi and Yamamotd,

r 3
((r—d) _1}' @
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which suggest that the Raman enhancement of the shell coMABLE lll. Values of S and$; for the rigid and stress-free boundary con-

tribution is caused by the larger vibrational amplitudes anf!itions of the spheroidal modes for=1,2, and 3.

much higher electric field in the shell than in the core. Rigid
The calculated value of corresponds to an average of

Stress free

the surface region thickness for all particles forming the sizé =° gz;'jgg :z; :‘Ij‘ggz :i;

distribution, assuming that this thickness is similar for all S=3.471 n=3 S=2.969 n=3

samples. Although not exact, this would seem to give a better

approximation than considering the existence of only oné=2 gtt:;-ggg ”=; 2‘[:2@;‘2 ”j
. . =2. n= =1. n=

monolayer of atoms in the surface of the nanopartitiés, S=3.432 N3 S=2.760 N3

especially for the smaller ones.
When the size distribution and the decrease of nanopar-
ticle diameter by @ are taken into account, better agreement
is obtained for some points in Fig. 5. However, other mecha- ) ) ) ) )
nisms have to be considered for particles smaller than 8 npfduation of motion of a three-dimensional elastic body:
The existence of surface stresses as a consequence of the .2
bonding of the shell atoms to the core atoms and the pres- p—2=()\+,u,)V(V'D)+/.LV2D, (8
ence of adsorbed species at the surface of the nanoparticles
could be taken into account for a more exact approximatioRyhere D is the displacement vector, the two parameters
to this problem. and u are Lameconstants, ang is the mass density. The
solution of this equatiofithe results can be found in Ref.)11
leads to two types of vibrational mode, spheroidal and tor-
sional. The energy associated with these modes is only a few
The final features of the Raman spectrum of nanometri€m * and its effects can be measured in the low-frequency
SnO, are the low-frequency bands observed for particlegegion of the Raman spectra. Depending upon the nature of
smaller than 7 nnfiFig. 1(a)]. After correcting for the Bose— the nanoparticles and the surrounding environment two dif-
Einstein occupation factor and applying the background anderent boundary conditions have to be considered to solve
Rayleigh line correction, the resulting spectra give bands aEg. (8): “stress free,” meaning that no external forces are
~58, 44, 33, 22, and 16 cm for particles of 3.5, 4.5, 5.0, applied on the particle surface; and “rigid,” meaning that no
6.7, and 9.6 nm, respectively, as deduced from TEM microdisplacement occurs at the particle surface. Whatever the
graphs. These bands shift toward higher frequencies and beoundary conditions are, the frequency of the vibration is
come less intense and broader as the average nanoparti€ien by
size decreases. Except for the last pow@6 nm), another v
much less intense band can be found as a shoulder on the w:S"“L_c’ 9)
previous band at frequencies around 96, 62, 49, and 38
cm L. The difficulty of experimentally analyzing these bandswhereuv is one of the two sound velocities, depending on the
forces us to focus discussion on the principal ones. type of vibration ¢, for spheroidal or longitudinal ang, for
Low-frequency bands have been reported for Ag partorsional or transversalS, , is a coefficient depending on
ticles embedded in Sitthin films?2® CdSe nanocrocrystals the sound velocities, the choice of the boundary condition,
in glasses’ CdS microcrystald!®? MgCr,0,—~MgAl,O, and the angular momentuhand harmonia of the vibration
crystals in glass® and nanosized TiQ** Despite the number mode, i.e., the order of the roots of EG8)—(5) in Ref. 11.
of publications related to SnfOand Raman spectroscopy, In the case of Sng) solving the previous equations us-
however, they have not generally been reported foing the average sound velocities of bulk SfOv,=6.53
Sn0,.*>715 An exception to this is our previous papein X 10° cms ! andv,=3.12<10'° cm s ! enable the frequen-
which we demonstrated them to be an effective way ofcies of the Raman lines to be estimated using @g. The
evaluating not only the average nanoparticle size, but alswalues of the coefficients, ,, for the rigid and stress-free
the whole size distribution. boundary conditions needed for the calculation are given in
Phonon dispersion curves for the acoustic branches ofable Ill. Theoretical predictions, together with the experi-
SnG, predict that Raman bands shift toward higher wavemental data, are shown in Fig. 7. Lines represent the theo-
numbers as the nanoparticle size decreases. However, thetical dependence for the rigid and stress-free boundary con-
problem in the low-frequency region is usually consideredditions of the surface modes with=0 and 2. The curves
from a classical point of view by considering the particle’s with | =0 for the stress-free boundary condition dre?2 for
acoustic vibration as a whole. Analysis of these vibrationghe rigid boundary condition approximate well to experimen-
typically assumes a perfectly spherical elastic body which idal results, i.e.] =0 for the stress-free boundary condition
homogeneous and isotropic. Thus, acoustic vibrations arandl =2 for the rigid boundary condition.
characterized by the longitudinal and transverse sound ve- Figure 7 also shows that low-frequency Raman spectra
locities,v; andv,, respectively. A theoretical explanation for can be used to analyze the nanoparticle size in,Srégard-
the origin of such low-frequency vibrations was first intro- less of whether it is the stress-free boundary condition and
duced by LamB? extended by Tamurat al,*® and recently 1=0 or the rigid boundary ant=2 which is applied. It is
revised by Saviotet al®? Lamb’s theory begins with the important to note that by using an averaged theoretical curve

C. Low frequency modes of SnO , nanopatrticles
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100 J T T T T strongly influence the vibrational properties of this material.
RBI=0 - - FBI=0 — e When the nanoparticle size is decreased, the bands associ-
801 RBI=2--- FBI=2 —-- e 7 ated with the classical modes of Snéhift and broaden ac-
*-’E‘ P cording to the phonon dispersion curves. Their relationship
S 60 .7 to nanoparticle size is quite well described by the spatial
% L7 ’ correlation model, at least for particles larger than 8—10 nm.
< 401 e - With a decrease in grain size two bands appear in the
E Pad high-frequency region of the spectrum. Our model proposes
= 5o - - [ that these bands are due to a surface layer of nonstoichiomet-
e =T ric SnO, with different symmetries than SpOThe thickness
Zo - - . : . : of this layer has been calculated to bd.1 nm, i.e., about
000 005 010 015 020 025 0.30 two to three unit cells, a figure which is consistent with the
1L (nm”™) distorted surface region of any crystalline material.

We believe that the bands which appear in the low-
%requency region of the Raman spectrum result from the
spherical vibration of the nanoparticles as a whole. Although
it is not clear whether these vibrations are due to displace-
(average of the curve corresponding to the stress-free boundient of atoms at the particle surface, low-frequency Raman
ary condition and =0 and that corresponding to the rigid scattering proves very effective in providing the complete
boundary and =2), the grain size distribution can be ex- size distribution of very small nanoparticles. In conclusion,
tracted in a nondestructive way by deconvolution of the thetherefore, both the spatial correlation model and low-
oretical curve with the low-frequency Raman spedffay.  frequency Raman scattering give a relatively accurate esti-
8). There is quite good agreement between the real size ghation of nanoparticle size in a nondestructive way and the
the nanocrystal¢extracted by TEM and the Raman size in theoretical basis of this has been described.
the sense that the nanopatrticle size distribution obtained by
Raman spe_ctroscopy is an envelope c_:f that obtained bXCKNOWLEDGMENTS
TEM, especially for the smaller nanoparticles. The nanopar-
ticles sizes obtained by LFR are therefore 3.5, 4.4, 5.6, 8.8, The author would like to thank Juergen Kappler, Dr.
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cinated at 250, 330, 400, and 430 °C, respectively. For théute of Physical and Theoretical Chemistry of the University
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more influenced by the Rayleigh contribution, thus raisingBRITE-EURAM Contract No. BRE2-CT94-0940 corre-
doubts about the reliability of the results. sponding to project NANOGAS.

FIG. 7. Experimental and calculated Raman shifts for the different boundar
conditions as a function of the inverse of nanoparticle size.
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