J Mater Sci (2009) 44:541-544
DOI 10.1007/s10853-008-3086-z

Phase sensitivity of Raman spectroscopy analysis of CVD titania

thin films

Song Wei Lu - Caroline Harris - Scott Walck -
Mehran Arbab

Received: 15 April 2008/ Accepted: 24 October 2008/ Published online: 13 December 2008

© PPG Industries, Inc. 2008

Abstract Photocatalytic titania thin films deposited on
float glass by chemical vapor deposition were analyzed by
transmission electron microscopy, atomic force micros-
copy, Raman spectroscopy, and X-ray diffraction. Raman
spectroscopy results indicate its phase sensitivity in the
presence of trace amount of anatase. This suggests a
preferable method of using Raman spectroscopy to char-
acterize mixed phases of titania thin films, especially when
titania coatings are deposited on other crystalline oxide
materials, for example, tin oxide.

Introduction

Since the discovery of UV-induced photocatalytic proper-
ties of titanium dioxide by Fujishima and Honda in 1972
[1], research on photocatalysis and hydrophilicity of titania
has attracted extensive attention worldwide. Titania thin
films on float glass for “self-cleaning” applications and
titania nanocrystalline powders have been commercially
available for several years [2, 3]. The UV-induced hydro-
philicity of titania films on glass results in a “sheeting”
effect of water when sprayed on the coating surface to rinse
dirt already on the coating surface and to greatly reduce the
“spotty” dirt from water. In the meantime, organic dirt
will be degraded to carbon dioxide and water by the titania
coating via UV-induced photocatalysis. The photocata-
lytic activity of titania thin films may be affected
by film thickness, microstructure, substrate, the deposition
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conditions, etc. The crystal phase, i.e., anatase, rutile,
brookite, or a mixture of these phases, plays an important
role in photocatalytic activity. Traditionally, a common
method of phase determination of titania thin films is X-ray
diffraction (XRD). Recently, Raman spectroscopy has been
used to distinguish the anatase structure from the rutile
structure [4]. This is because anatase and rutile have their
own characteristic Raman active bands, which do not
overlap each other.

There have been several studies of titania thin films
using Raman spectroscopy. Karunagaran et al. [5] indi-
cated that the increase in Raman band intensity and the
decrease in full-width at half maximum (FWHM) could be
attributed to the increase in the grain size of the annealed
films on Si wafers. Wang et al. [6] studied the temperature-
dependence of Raman scattering of nanocrystalline ana-
tase, showing the shift of the E, band from 143 cm ! at
room temperature to larger wavenumbers with increasing
temperature.

In this article, we describe the phase sensitivity of
Raman spectroscopy in analyzing commercially available
chemical vapor deposition (CVD) titania thin films on clear
float glass, and compare Raman results with the XRD
determination of titania crystal phases. These CVD titania
thin films were also characterized by transmission electron
microscopy (TEM), and atomic force microscopy (AFM).

Experimental

Two commercially available titania-coated samples A and
B were evaluated as-received from two difference sources.
Both samples were prepared by a CVD process on float
glass. As we will show below, the titania layer of sample A
was deposited directly on the float glass surface, while in
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Sample B, an intermediate thin film layer was deposited
below titania. Sample C was prepared by depositing a
titania coating under similar conditions as for sample A,
but on a tin oxide layer already coated on the float glass
substrate. The samples were cleaned by a mixture of
50 vol.% iso-propoxide and 50 vol.% deionized water
before all characterizations.

Cross sections were analyzed with TEM using a JEOL
2000FX system with an accelerated voltage of 200 kV.
Gold coating was first deposited on the sample surface in
order to increase the TEM image contrast. The samples
were thinned down by Ar ion milling with a Bal-tec system
and then placed on a copper grid. AFM 3-D images were
obtained in an MD-3000 Digital Instruments Nanoscope
instrument from a 1 in. x 1 in. area. XRD characteriza-
tions were carried out in a PANalytical X’Pert MPD
Difftractometer with a scan speed of 0.02°/s between 20
and 60° on a 1 in. x 1 in. sample. Raman spectra were
collected using a Renishaw 2000 confocal Raman micro-
probe. The samples were excited by an Argon ion (514 nm)
laser, whose source was focused onto the surface using a
50x (0.85 N.A.) objective to produce an approximate beam
diameter of 2 um at the sample. The power at the sample
did not exceed 6 mW. The same objective was employed
to collect the scattered radiation. Spectra were collected at
4 cm™" resolution and represent the average of 15

Fig. 1 Cross-sectional TEM
images of samples A and B

glass

Fig. 2 AFM images of samples
A and B (Note: the z-axis is

10 nm per unit for sample A,
and 20 nm per unit for sample
B)

0.8

RMS=0.37 nm
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individual scans. The integration time for each spectral
element was 30 s.

Results and discussion

Figure 1 shows cross-sectional TEM images of samples A
and B. Sample A has an approximately 23-nm thick titania
coating on the glass substrate. The coating appears dense
and smooth. Sample B has an undercoating layer of silicon
oxy-carbide of about 50 nm, and its titania coating is about
30 nm with a rough surface. The roughness of the two
coatings was independently measured by AFM analysis as
shown in Fig. 2, with sample A having a RMS roughness
of 0.37 nm, and sample B having a RMS roughness of
1.50 nm. In addition, AFM images suggest that the crys-
tallite size for sample B is larger than that for sample A.
XRD patterns of both samples A and B are shown in
Fig. 3, along with a sample C of 48 nm CVD TiO, coating
on a tin oxide coating on float glass. Both samples A and B
display only the anatase phase of titania. There is an extra
peak of anatase from sample B, possibly due to its slightly
higher thickness or a better crystallization. Sample C is a
CVD titania coating on tin oxide-coated float glass. Besides
the cassiterite peaks from this sample, which are due to the
tin oxide layer, there are also peaks from rutile titania,

0.8 |
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Fig. 3 XRD patterns of samples A and B, along with sample C, which
is a CVD TiO, coating on SnO,-coated float glass. Crystalline phase
indicators: * anatase TiO,, A rutile TiO,, and A cassiterite SnO,

indicating the existence of the rutile phase in the CVD
titania coatings on tin oxide-coated float glass. This is
mainly due to the heteroepitaxy caused by the lattice
similarity between rutile titania and cassiterite tin oxide
[7]. No anatase phase was measurable on this sample.
Raman spectra of samples A and B are compared to
those of uncoated glass, and pure rutile titania and anatase
titania (Fig. 4). Raman bands from standard anatase titania
(curve 5 in Fig. 4) are located at 143 cm™! (Ey), 197 cm™!
(E»), 396cm™" (Byy), 515ecm™' (A, or By, and
638 cm ™! (E) [8, 9]. Raman bands from standard rutile

Intensity (a.u.)

0 200 400 600 800 1000 1200 1400
Wavenumber (cm’l)

Fig. 4 Raman spectra of samples A and B, along with those from
uncoated float glass, pure rutile titania, and pure anatase titania. /
sample A, 2 sample B, 3 uncoated clear float glass, 4 rutile titania, and
5 anatase titania. * bands from uncoated clear float glass, 4 bands
from anatase titania

titania (curve 4 in Fig. 4) are located at 439 cm ! (Ey),
611 cm™' (A,y), and 805 cm ™' (a weak shoulder, B,,) [8,
9]. Sample A has Raman bands located at 147, 399, 523,
and 638 cm™', along with other bands from glass itself.
Similarly, sample B has Raman bands located at 146, 398,
522, and 642 cm™ !, along with other bands from uncoated
float glass. The Raman bands from samples A and B can be
attributed to Raman active modes E, (147 cm™'), By,
(398 cm™ ), Ay, and B, (515 am™ "), and E, (640 cm™")
of anatase titania [8]. No Raman band from the rutile
structure was observed for sample A (curve 1). The Raman
bands for sample B are stronger than those from sample A,
particularly the bands at 398 and 640 cm™'. This is mainly
caused by the grain size of anatase titania of the sample B,
which is larger than that of the sample A, and/or by the
slightly higher thickness or larger crystallite size of the
titania coating in sample B than that in the sample A.
The Raman bands from glass itself could be assigned as
an asymmetric stretching mode of Si-O-Si group
(1097 cm™"), the bending vibration of the Si-O-Si group
(788 cm™"), the rocking vibration of the Si-O-Si group,
and the non-bridging silicon—oxygen bond (557 cm™ ")
[10]. The Raman E, band located at 196 cm~! observed in
the spectrum of standard anatase was absent from thin film
spectra of samples A and B, probably because it is too
small to be detected [4, 5, 8]. The origin of the Raman band
from the standard anatase located at 180 cm™' is unclear.
In Fig. 5, the Raman spectra are enlarged in the region
between 110 and 180 cm™". The spectra show a shift in the
Raman band positions from 143 cm™' for the standard
anatase titania to 146 cm™! for sample B, and 147 cm™!
for the sample A. The figure also indicates an increase in
the band width of the thin film samples. The FWHM of
these Raman bands widens from 9.0 cm™" for the standard

147 cm’!
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Fig. 5 The enlarged Raman spectra between 110 and 180 cm™' of

samples A and B as compared with standard anatase titania
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anatase titania to 9.8 cm ™" for the sample B and 14.3 cm™!

for the sample A. The widening of band width may be
attributed to the very low thickness of the titania coatings,
i.e., about 30 nm for sample B and about 23 nm for sample
A, and the larger crystallite size of sample B compared
with sample A, as indicated from the AFM images (Fig. 2).
Bassi et al. [11] reported a shift of the Raman band posi-
tion and an increase of the FWHM as a function of titania
nanocrystal sizes. For stoichiometric titania nanocrystals
produced by flame pyrolysis, the E, band position shifted
from 144 to 146 cm ™", and its band FWHM increased from
12 to 23.2 cm ™', when reducing the nanocrystal size from
34 to 8 nm [11]. By attributing the broadening and shift of
the Raman peak mainly to the particle size, Pottier et al.
[12] pointed out that Raman spectroscopy is a very useful
technique for characterizing particle size and crystallinity
of stoichiometric anatase particles at nanoscale. Choi et al.
[13] attributed the Raman band shift and broadening to the
effects of decreasing particle size on the force constants
and vibrational amplitudes of the nearest neighbor bonds.
This study provides evidence for a similar Raman sensi-
tivity in the case of titania thin films, which, at least in the
dimension perpendicular to the substrate, are of similar
scale to the previous studies on nanoparticles of titania.
The Raman spectrum of a CVD titania coating on tin
oxide-coated clear float glass (sample C) is presented in
Fig. 6, along with spectra of uncoated clear float glass,
standard rutile titania, and anatase titania. The spectrum
from the CVD titania on tin oxide-coated glass shows the
co-existence of both anatase and rutile phases with a weak
Raman anatase band located at 147 crnfl, and two rutile
bands located at 445 cm ™' (assigned to E, band of rutile

Intensity (a.u.)
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Fig. 6 Raman spectra of / CVD titania coatings on tin oxide-coated

clear float glass (sample C), compared with 2 uncoated clear float
glass, 3 standard rutile titania, and 4 standard anatase titania
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titania) and 609 cm! (assigned to A;, band of rutile
titania). By comparison, the XRD patterns in Fig. 3 show
no indication of anatase in sample C. A possible scenario
for the presence of both anatase and rutile phases may be
that when titania was first deposited on the crystalline tin
oxide coating, rutile is initially epitaxially formed because
of the similarity of the crystal structure between cassiterite
tin oxide and rutile titania [7]. This may then be followed
by the further growth of anatase phase, which is the usual
phase when depositing titania under similar conditions (i.e.
the sample A). It is clear that Raman spectroscopy is very
sensitive to trace amounts of anatase phase in the titania
coatings, where as the XRD method used in this study was
unable to detect any anatase.

Conclusions

We have demonstrated that Raman spectroscopy is a very
useful tool to characterize various crystalline phases of
titania thin films on clear float glass. The phase sensitivity
of Raman spectroscopy was superior for analyzing phases
of titania crystals in thin films to conventional XRD
method. We also reported the evidence for the sensitivity
of Raman peak position and FWHM to the film structure.
Further study is necessary to understand and quantitatively
interpret the Raman data on thin film titania.

Acknowledgement The authors would like to thank Prof. Andre
Sommer of Miami University for Raman spectroscopy measurement.

References

1. Fujishima A, Honda K (1972) Nature 238:37
2. Mellot NP, Durucan C, Pantano CG, Guglielmi M (2006) Thin
Solid Films 502:112
3. Mills A, Lepre A, Elliott N, Bhopal S, Parkin IP, O’Neill SA,
Photochem J (2003) Photobiol A Chem 160:213
4. Oliveria MM, Schnitzler DC, Zarbin AJG (2003) Chem Mater
15:1903
5. Karunagaran B, Kim K, Mangalaraj D, Yi J, Velumani S (2005)
Sol Energy Mater Sol Cells 88:199
6. Wang D, Chen B, Zhao J (2007) J Appl Phys 101:113501
7. Bredow T, Giordano L, Cinquini F, Pacchioni G (2004) Phys Rev
B 70:035419
8. Ocana M, Garcia-Ramos JV, Serna CJ (1992) J Am Ceram Soc
75(7):2010
9. Robert TD, Laude LD, Geskin VM, Lazzaroni R, Gouttebaron R
(2003) Thin Solid Films 440:268
10. Gonzalez P, Serra J, Liste S, Chiussi S, Leén B, Pérez-Amor M
(2003) J Non-Cryst Solids 320:92
11. Bassi AL, Cattaneo D, Russo V, Bottani C, Barborini E, Mazza T,
Piseri P, Milani P, Ernst FO, Wegner K, Pratsinis SE (2005)
J Appl Phys 98:074305
12. Pottier A, Cassaignon S, Chaneac C, Villain F, Tronc E, Jolivet
JP (2003) J Mater Chem 13:877
13. Choi HC, Jung YM, Kim SB (2005) Vib Spectrosc 37:33



	Phase sensitivity of Raman spectroscopy analysis of CVD titania thin films
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


