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RAMAN SCATTERING IN NANOSCALE TIN DIOXIDE

The Raman scattering spectra peculiarities are analyzed for nanosized samples of tin dioxide using

the

authors' own research and the available literature. The presented results show the series of differences in RS
spectra in the nanoobjects in comparison with the bulk material. The principle peculiarities comprise: the
broadening of peaks, the spectra 'washing-out' (the notable dispersion presence), the peaks shifting to the short
waves part from the basic positions, the new lines appearance which are not specific for the bulk SnO2. The
principle reason for the deviations is quantum-size effect of the spatial confinement for phonons. The oxygen
vacancies notably influence the shape and intensity of RS spectra for studied materials. New bands in the low-
frequency part of the spectrum are conditioned by the nanoparticles' normal vibrations.

INTRODUCTION

Metal oxides are the active components in
many modern electronic devices [1,2]. There are
enough comprehensive reviews devoted to the
properties of tin dioxide [2], and to other trans-
parent conductive oxides [1].

Chemical and electrical properties of tin diox-
ide in the nanocrystalline state strongly depend
on the particle size [2,3]. The defectiveness of the
subsurface layers, caused by the decrease of crys-
tallites grains, influences the electronic processes
in them. This leads both to the appearance of sur-
face vibration modes in the Raman scattering (RS)
and in the infrared absorption (IR). At the same
time the temperature of the material’s reduction
by hydrogen decreases and the intercrystalline
barriers also influence the charge transport. The
Raman spectroscopy is one of the most sensitive
methods for the materials science investigations,
therefore the nanosized tin dioxide being studied
by this method gives plenty of information, espe-
cially in the field of its application in electronics.

The present work comprises the comparison of
several sources from the available data together
with the authors’ results on the RS in nanosize tin
dioxide.
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GENERAL STATE IN RAMAN STUDIES
OF NANOSIZE TIN DIOXIDE

Raman scattering (RS) for bulk SnO, rutile
structure crystals was studied in detail by the au-
thors [4]. Tin dioxide has six atoms in the unit
cell, which resulted in 18 branches of vibration
modes: 3 acoustic and 15 optical ones. Authors of
[5] mentioned, that Raman active modes for SnO,
rutile are: E 476 cm™, A 638 cm™, B, 782 cml
and B, 123 cm™. The last mode is Weakly regis-
tered, as it has low scattering intensity.

The authors [5] studied SnO_ nanoparticles
produced by gas-phase condensation and by “in-
flight” sintering using Raman spectroscopy. They
identified different vibration states of the rutile
crystal phase of bulk SnO, particles and of sub-
stoichiometric SnO_ of different sizes (5, 10, 20
nm). Raman spectra for different sizes of particles
are shown in Figure 1 [5].

As soon as the oxygen content in SnO , par-
ticles was significantly lower than in the bulk
SnO,, it was supposed a higher density of oxy-
gen vacancies in the samples. The weak modes
A, and B, » Are present only for particles’ spectra
1n comparlson with the similar modes in the bulk
SnO,. The E, mode, can be reglstered only in a
bulk SnO, sample the B,, mode is of very weak
intensity ex1sts at 747 cm™ for 10 nm and 5 nm



thick samples. Furthermore, the two bands of 275
cm’! and 515 cm! were observed only in nano-
crystalline samples but not in bulk ones. Two pos-
sible interpretations are applicable: the band 275
cm’ can be defined as B, mode and 515 cm™ as
A,, mode. Although the both modes are inactive
in RS for bulk sample and can’t be detected in the
rutile lattice, the authors [5] believe that the re-
duced lattice symmetry caused by the low oxygen
stoichiometry make these transitions possible.
The band 515 cm™ is most likely connected with
surface phonon states, similar to those previously
detected by authors [6].
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Fig. 1. Raman spectra for SnO, . nanoparticles
of different diameters [6].

Analyzing the entire Raman spectrum for the
SnO, nanoparticles of 3 to 100 nm [7] they showed
that the state of disorder and size of nanoparticles
strongly affect the vibration properties of this ma-
terial. The nanoparticles’ sizes decrease is associ-
ated with the classical SnO, modes shifting and
broadening. The correspondence between Raman
bands and nanoparticles’ sizes are well described
by the spatial correlation model, at least for parti-
cles bigger than 8-10 nm. The decreasing of grain
size leads to the appearance of two bands in the
high frequency part of the spectrum. It is suggest-
ed that these bands appear due to the contribution
of non-stoichiometric surface layer with different
symmetry that SnO,. The measured thickness of
this layer is ~ 1.1 nm that is two or three unit cells
size. The bands corresponding to the vibration of
spherical as a whole nanoparticles appear in the
low-frequency part of spectrum.

Raman spectra in the SnO,- nanorods of dif-
ferent diameters obtained by redox reaction at
different growth conditions were measured at
room temperature by the authors [8]. The low-
frequency Raman peaks were initially registered
in the work. It was found that low frequency
peaks were shifted to the higher frequency region
with nanorods’ diameter decreasing. The low fre-
quency peaks’ size dependence in SnO, nanorods
may be caused by surface modes. Raman peaks
detected in SnO, nanorods differ in depending
on wavelengths of the excitation light (514.5 nm
and 785 nm), thus, spectral line broadening is ob-
served and the line shape becomes asymmetric.
Moreover, some IR- active modes turned into the
Raman-active ones, which is caused by such type
of order breach as local defects in the crystal lat-
tice and oxygen vacancies in thinner nanorods,
which ones are formed as nanorods at the reduc-
ing of their diameter to 15 nm or less.

Authors [8], detected 3 categories of peaks: 1%
Low-frequency peaks in the interval of 30 — 100
cm! were located at 33.8; (34.9); 45.7; (51.9);
57.4; and 73.6 cm™. 2 Classic SnO, modes were
located at 113.2 (114.6); 472.9 (472.4); 630.4
(630.1); and 768.5 (770.6) cm’!, corresponding
to modes B, En A , and B, in the bulk SnO.,.
3rd; Abnormal peaks in the range 100-850 cml
were located at the 157.9; (156.3); 247.4; 392.8;
430.4; 602.1; 711.6 cm™. Symmetrical and thin
Raman peak line in the bulk material broadens
and became asymmetrical for the studied SnO,
nanorods.

Raman peaks for low frequencies interval may
be related to the elastic vibrations of nanorods it-
self, i.e., with existing of confined acoustic- pho-
non modes in the nanorodes. In [8] it was shown
that the wave numbers of the Raman shift for both
vibration modes are proportional to the sound ve-
locity and inversely proportional to the nanorods’
diameter d, i.e., low-frequency peaks are shifted
to higher frequencies with nanorods diameter re-
duction.

As it is shown in [8] the less strictness of the
selection rules (k = 0) with increasing disorder or
size reduction explains the appearance of anoma-
lous peaks in the range 100-850 cm™ in nanorods
samples of a smaller diameter. Infrared modes
may turn into weak, but active Raman ones if
structural changes are caused by the disorder and
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size effects. The peak at 247.4 cm™! corresponds
to the IR-active E (2)TO, a peak at 430.4 cm™' -
IR-active E (3)LO, and peaks at 392.8 , 602.1 and
711.6 cm! - silent A, IR-active E ()TO A, LO
modes, respectively. These modes are low active
in Raman sense and were observed in other works
due to structural distortion caused by local dis-
order in the crystal lattice and oxygen vacancies.
Oxygen vacancies stimulate a non-stoichiometric
SnO_ increase on the surface and may also be re-
sponsible for IR-active modes appearance. In the
nanorods of SnO, studied in [8], the atomic ra-
tio of tin to oxygen in the samples with IR-active
peaks, is 1.44 (compared to 1.86 ratio for bigger
size samples without IR-active modes) which
indicates the presence of oxygen vacancies on
the nanorods surfaces. The peaks of one and the
same mode are different in different papers; the
authors [8] explained this by specific microstruc-
tures of SnO_ nanorods samples. The peaks 601
and 300 cm” are stimulated by IR-active E (1)
TO and E (v,)TO, modes respectively. Nature of
the peak at 157.9 (156.3) cm™ stays not evident.
It may be caused by sircumnuclear modes as the
Raman spectrum reflects the single-phonon den-
sity of states.

The diameters of the nanorods in samples A
and B, studied in [8], averaged at 15+ 3 and 22 +
2 nm respectively. The authors registered the Ra-
man line peak’s broadening and its shape asym-
metry. As the samples A and B have different di-
ameters, then the surface area to volume ratio for
A is more. Moreover, the XPS results showed that
samples A have more oxygen vacancies on the
surface of the nanorods than samples B, which
is mainly responsible for the IR- active modes.
Thus, samples A have six IR-active modes and the
samples B none. The Lamb theory application to
the Raman experiments showed that some surface
first-order modes can not be detected under these
experimental conditions. Perhaps that forbidden
phonon mode for the first order Raman scattering
can be Raman active in the second-order Raman
scattering due to the less strictness of the selec-
tion rules k = 0.

The investigation of RS spectra in tin dioxide
crystallites with their sizes 4 nm and 25 nm (Fig-
ure 2) is presented in [3].

As it can be seen at the figure, the Raman spec-
tra for different crystallites’ size differ sharply.
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This agrees well with the results of previous stud-
ies and is a result of the selection rules violations
for nanocrystalline objects due to the large num-
ber of surface atoms influence, which contribute
to the Raman spectra. Nanocrystalline tin dioxide
RS with a crystallites size of ~25nm containing
vibration modes E,A, and B,,, were registered
by [8] in nanorods and are specific for rutile
structure SnQO,.

dyrp= 4 NM Oyrp= 26 NmM
Ay
>
‘»
=
9
£
BZg
EQ
400 600 800 400 600 800

Raman shift, cm-1

Fig. 2. Raman spectra of tin dioxide with dif-
ferent crystallites size [4].

It was established, that both in TiO,, and in
SnO, films with small nanocrystallites sizes the
similar quantum size RS effect has place due to
violations of phonon momentum conservation
principle [9]. Manifestation of the essential role
of boundary phonons which contribution increas-
es with nanocrystal size reduction is notable for
the first-order Raman scattering due to the whole
Brilloin zone phonons involvement in the scatter-
ing. Both the dispersion dependence of vibration
modes frequencies and half-width intensities for
the corresponding peaks in this case leads to a
decrease in intensity, to the broadening and the
Raman scattering bands shift. For nanocrystal-
line TiO, samples depending on the size of nano-
crystallites, the position and the half-width of the
Raman lines together with their intensity in the
low- and the high-frequency parts of the spec-
trum seriously varies which is considered by the
authors [10] as the spatial restriction of phonons’
confinement.

However, as the authors [5, 7, 11] show, the Ra-
man scattering is also influenced both by bound-



ary phonons capture and by deviations from oxy-
gen stoichiometry. When the ratio of O/Ti<2, the
short-wave shift of the peaks E , the significant
broadening of the lines and their intensity change
also have place.[9,12]. Moreover, it was found
that the most noticeable changes in the Raman
spectrum are observed at small deviations from
stoichiometry.

The authors [13] also showed a simple link be-
tween particle size and the peculiarities of Raman
spectra of TiO, aerogels by analyzing the evolu-
tion of the peaks 142 and 630 cm!, in dependence
on the morphology. Since the regularities of the
phonon dispersion for anatase are not known, the
authors used a similar dispersion for rutile. At the
same time it was shown that there is good agree-
ment between particle size estimated using their
model and detected by the X-ray diffraction.

METHODS FOR THE FILMS’
PREPARATION AND OF RESEARCH

The films’ preparation methods are based on
sol-gel technique modified by a polymer (poly-
vinyl acetate) application and is given in [14].
Bis(acetylacetonato)dichlorotin (BADCT) was
used as a tin dioxide precursor [15]. The tin di-
oxide layers were formed after the 500 — 600 C
annealing of the mixed solution of the polymer
and precursor in acetone deposited on the glass
substrate.

The tin dioxide layer’s surface morphology
was investigated by the industrial Atom Force
microscope (AFM) NT-MDT-206. The measure-
ments were fulfilled by a siliceous probe with a
nominal radius ~10 nm (the production firm NT-
MDT).

The Raman spectra were excited by He-Ne la-
ser with 632 nm wavelength. Since the samples
were thin films on glass substrates the authors
enhanced the response by means of directing the
laser beam on the film in a sliding mode. The
monochromator MDR-23 (LOMO) output was
registered by a PC method.

RESULTS AND DISCUSSION

The Raman spectra were studied for the films,
obtained from the solution of 5% precursor and
0.1% polymer. Nanosized films structure is con-

firmed by the surface morphology studies. The
AFM image of the sample surface morphology is
given at Fig. 3.

Fig. 3. AFM image of the surface morphology
for tin dioxide investigated film.

The resulting RS spectra for the low-frequency
region of the nanoscopic tin dioxide layers are not
fully legible and asymmetrical. The peaks broad-
ening and their asymmetry may, similar to other
researchers, also be the result of selection rules
violations for nanocrystalline objects due to the
considerable number of surface atoms contribu-
tion to the Raman spectra. The surface morphol-
ogy studies showed the nanoclusters presence
in the films. This also allows one to connect the
asymmetry in the Raman spectra with size effects
and to comment it in the frames of the spatial pho-
nons confinement. Figures 4(a) and 4(b) show the
Raman scattering results in tin dioxide films ob-
tained using polymers.

In the range of up to 100 cm™! at least one pho-
non was registered at 25 cm™ (Stokes region), and
in the anti-Stokes region - at 34.9 cm™'. The same
peak was registered in [8] and it is connected with
the normal vibrations of SnO, nanorods. Conse-
quently, also in our case, this peak may contribute
as a vibration of nanoparticle as a whole. Stokes
peak has a value different from reported in the
literature, as nanostructures of our samples dif-
fer from the samples of other researchers. The
clusters in our films, according to the AFM image
(Fig. 3), have a quasi spherical shape.

The interval 100-200 cm™! contains three types
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of phonons scattering in the left (a) and in the
right parts of the spectrum, and at the same time
have the noticeable absence of symmetry in the
bands’ positions: 97.78, 115.5, 166.7 cm™ and in
corresponding them 102.3, 112.39, 165.2 cm’'.
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Fig. 4 (a and b). Raman spectra in the tin di-
oxide films produced using the polymers: a) in
the range of 0-100 cm™; b) in the range of 100-
200 cm in the anti-Stokes and Stokes regions.

Two of the pointed bands are registered in [8].
The band 115,5 (112,39) cm, evidently corre-
sponds to the classical SnO, B, mode and the
band 166,7 (165,2) cm™ is close to the circum-
nuclear mode 157,9 cm!, which is also detected
in [8]. Such type asymmetry was observed also in
[8] where authors studied the Raman scattering in
nanoscopic rods of tin dioxide. In the said work

54

the asymmetry of the spectra was influenced by
the dimensional limitations in two directions.
Basing on the surface morphology investigations
at the Fig.3 and in [14], where nanostructured
clusters were registered in these films, the Ra-
man spectra asymmetry was also connected with
size effects. As it is shown in [8] for nanorods of
SnO,, this asymmetry can be explained by pho-
nons confinement.

However, the Raman shift of the peaks and
their broadening in the investigated films can be
attributed to another reason. This reason may be
the stoichiometric deviation of the film composi-
tion, namely, the presence of oxygen vacancies.
As it was shown in [11] for titanium dioxide films,
the significant changes of this type spectra were
observed at small deviations from stoichiometry.
The majority researchers of nanostructured tin
dioxide reported about oxygen vacancies as the
basic defect in the material, defining their optical,
electrical and adsorption properties.

CONCLUSION

The RS results presented in the work for the
nanoscale tin dioxide showed the similar type of
the Raman spectra deviations registered in nano-
sized material and in bulk crystalline tin dioxide
for all studies.

The principal deviations in RS spectra were:
the peaks broadening, not full legibility of the
spectra (the presence of the noticeable disper-
sion), and their short waves shift from the basic
positions, and the appearance of the new bands
which are not specific for the bulk tin dioxide.

One of the main reasons for the said deviations
is the effect of the spatial phonons confinement.
At the same time the oxygen vacancies essen-
tially influence the shape and intensity of the RS
spectra in the investigated material.

The new bands presence in the low frequency
part is considered to be due to the nanoparticles
vibrations as a whole.
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RAMAN SCATTERING IN NANOSCALE TIN DIOXIDE

Summary

The Raman scattering spectra peculiarities are analyzed for nanosized samples of tin dioxide
using the authors’ own research and the available literature. The presented results show the series
of differences in RS spectra in the nanoobjects in comparison with the bulk material. The principle
peculiarities comprise: the broadening of peaks, the spectra ‘washing-out’ (the notable dispersion
presence), the peaks shifting to the short waves part from the basic positions, the new lines appearance
which are not specific for the bulk SnO,. The principle reason for the deviations is quantum-size
effect of the spatial confinement for phonons. The oxygen vacancies notably influence the shape and
intensity of RS spectra for studied materials. New bands in the low-frequency part of the spectrum are
conditioned by the nanoparticles’ normal vibrations.

Key words: Raman scattering, tin dioxide, nanoscale effect.
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B. C. I'pinesuu, JI. M. ®inescvka

KOMBIHAIIIMHE PO3CIIOBAHHSA B HAHOPO3MIPHOMY JIOKCH/I OJIOBA

Pesrome

Ha ocHOBiI BiacHuX IOCIHiPKEHb aBTOPIB 1 aHaNi3y HAsBHOI JIiTepaTypu B poOOTI PO3IISHYTI
0COOIMBOCTI CHEKTPIB KOMOIHAIIITHOTO PO3CiIOBaHHS B HAHOPO3MIPHUX 3pa3KaxX IBOOKUCY OJIOBA.
[Toxazanuii psin BinmiHHOcTe# crekTpiB KP HaHO00 €KTiB BiJ Takux g 00 €MHHMX MarepiajiB.
[TpuHIMIIOBI 0COOMMBOCTI BKIIOYAIOTh PO3IIMPEHHS MiKiB, 3MILIEHHA X BiJl OCHOBHHUX IOJIOXKEHB,
PO3MUTTS CHEKTPIB (IPUCYTHICTh MOMITHOI TUCIEPCii), MOSIBy HOBUX CMYT, sIKI HEXapaKTEpHi IS
06’emuoro SnO,. OCHOBHA NpUYMHA BIJAXWIEHb - KBAaHTOBO- PO3MIpHMH €(QEKT IPOCTOPOBOTO
obmexxeHHs (oHOHIB. CyTTEBUM € BIUIMB BakKaHCi KMCHIO Ha (pOpMy Ta IHTEHCHBHICThH CIIEKTDIB
KOMOIHAILIHOTO PO3CISIHHS B JOCITIKYyBaHUX Marepiajgax. HoBi cMyru B HU3bKOYACTOTHIM 4acTHHI
CIIEKTPY OOYMOBJICHI BJIACHUMH KOJMBAHHSMHU HAHOYACTHHOK.

KrouoBi ciioBa: koMOiHaliliHE pO3CIIOBaHHS, A10KCH]I 0JI0BA, HAHOPO3MIPHHIA €(EeKT.
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B. C. I'punesuu, JI. H. Qunesckas

KOMBHUHAIINOHHOE PACCESAHUE B HAHOPASMEPHOM JIJUOKCHUJIE OJIOBA

Pesrome

Ha ocHoBaHMU COOCTBEHHBIX HCCIIEIOBAHNI aBTOPOB M aHAJIM3a UMEIOLIeHcs TUTepaTyphl B padoTe
paccMOTpeHbl OCOOCHHOCTH CIIEKTPOB KOMOWHAIIMOHHOTO PAaCcCesHUsl B HAHOPA3MEpPHBIX oOpasiax
nByokucu osioBa. Ilokazan psa omimumii criekTpoB KP B HaHOOOBEKTaX OT TAKOBBIX B OOBEMHBIX
marepuanax. [IpuHIMIHaTBEHBIE 0COOCHHOCTH BKJIIOYAIOT B Ce0s YIIMPEHUE MUKOB, CMEIICHUE X OT
OCHOBHBIX MOJIOKEHUH, pa3MbITHE CIIEKTPOB (IIPUCYTCTBUE 3aMETHOM JUCIIEPCUN ), TIOSBJIEHHE HOBBIX
T0JIOC, KOTOPbIE HEXapakTepHBbI 1jig 00beMHOoro SnO,. OCHOBHAs IPUYHMHA OTKIOHEHHUH - KBAHTOBO-
pa3MepHbIi A3PHEKT TPOCTPAHCTBEHHOTO orpaHndeHuss PoHOHOB. CyIIEeCTBEHHO BIUSHUE BaKaHCUIH
KuciIopona Ha popMy ¥ MHTEHCUBHOCTD criekTpoB KP B m3yuyaembix matepuanax. HoBeie monocsl B
HU3KOYAaCTOTHON YaCTH CHEKTpa 00yCIIOBICHBI COOCTBEHHBIMU KOJICOAHUSIMHU HAHOYACTHII.

KiroueBble c10Ba: KOMOMHAIIMOHHOE paccessHue, JUOKCHT 0JI0Ba, HAHOpa3MepHBIN (P deKT.
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