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Infrared-reflectance spectra of heat-treated, sol-gel-derived silica

E. I. Kamitsos and A. P. Patsis
Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation,

48 Vassileos Constantinou Avenue, 11635Athens, Greece

G. Kordas
Ãational Centre for Scientific Research "Demokritos, "Institute ofMaterials Science, 15330Agia Paraskevi Attikis, Greece

(Received 29 January 1993)

The infrared-reflectance spectra of silica glasses were measured and analyzed with a Kramers-Kronig
transformation for a better understanding of the response of silica, especially in the high-frequency re-

gion (1000—1300 cm '). The silica samples were prepared by the sol-gel technique and subsequently
subjected to heat treatments at selected temperatures to induce the formation of structures with a vari-
able connectivity of the silicate network. The infrared reAectivity was found to increase with heat-
treatment temperature. This was attributed to glass densification, resulting from condensation of Si-OH
groups into Si-0-Si network bridging units. This densification mechanism was also confirmed by Raman
measurements. The profiles of the high-frequency parts of the transverse-optic (TO) and longitudinal-
optic (LO) spectra were found consistent with the presence of two coupled modes (AS& and AS&) for the
asymmetric stretching of Si-0-Si bridges, as proposed in previous works. Along these lines, the shoulder
at —1200 cm in the infrared-absorption spectrum of silica, which is particularly enhanced in the spec-
tra of silica gels, can be understood as arising from the TO response of the AS2 mode. The LO-TO split-
ting of the various infrared-active modes was found to depend on heat-treatment temperature. This
efFect was attributed to variations of silicate network connectivity with temperature, which is presurn-

ably a8'ecting the range of the Coulombic forces inducing the LO-TO splitting.

I. INTRODUCTION

Sol-gel-derived silica glass is a widely studied material
due to its applications in optics, electronics, and other
fields of technology. ' Various experimental techniques
have been employed to understand the mechanism of
gel-to-glass transition in Si02 in order to find ways of im-

proving the quality of the prepared material. Among
the spectroscopic techniques, infrared spectroscopy is
probably one of the most extensively used to investigate
the structure of amorphous SiOz prepared by the sol-gel
process as well as by other methods. ' The latter
include conventional melting and quenching, '

thermal growth, and chemical vapor deposition
(CVD)

Despite the numerous infrared studies devoted to
amorphous Si02, there is considerable controversy con-
cerning the origin of high-frequency absorption peaks be-
tween —1000 and 1300 cm '. The infrared absorption
spectrum of SiO2, measured at normal incidence of the
radiation, exhibits at high frequencies a strong band at
—1080 cm ' and a shoulder at —1200 cm '. The exact
position of the —1080 cm ' feature depends strongly on
the oxygen content in the case of thermally grown and
CVD Si02 films ' and on the heat treatment tempera-
ture of SiOz gels. ' ' The spectra of the latter materials
exhibit a particularly strong 1200 cm shoulder. Its in-
tensity decreases with increasing temperature of treat-
ments of the gel. "The nature of this shoulder has been
related to the longitudinal-optic (LO) component of the
asymmetric stretching vibration of Si-0-Si bridges ' "
with its transverse-optic (TO) pair giving rise to the

strong absorption at —1080 cm '. ' ' Almeida and Pan-
tano" suggested that there are probably no pure TO and
LO modes in amorphous materials due to long-range dis-
order. This effect was thought to cause an admixture of
LO character in the TO response. Along these lines, the
enhanced intensity of the 1200 cm ' shoulder in the
spectra of gels was attributed to the porous nature of
these materials, which effectively scatter the normal in-
cidence light and cause a substantial fraction of it to
enter at oblique incidence and to increase the LO charac-
ter in the TO spectra. "

A different assignment for the 1200 cm ' shoulder of
the normal incidence absorption spectra was originally
proposed by Gaskell and Johnson' and found subsequent
support by Kirk25 and Lucovsky and co-workers. ' In
particular, it was shown that the asymmetric stretching
(AS) of Si-0-Si bridges that involves motion of the oxy-
gen atom parallel to the Si-Si direction, gives rise to two
vibrational modes. In one mode, AS„adjacent oxygen
atoms execute the AS motion in phase with each other
and in the other mode, AS2, adjacent oxygen atoms exe-
cute the AS motion 180' out of phase. It was proposed
that the TO response of the AS, mode is centered at
—1080 cm ', while the TO response of the AS& mode is
responsible for the shoulder at —1200 cm

Absorption measurements on thin SiOz films under ob-
lique incidence of p-polarized light (one component of the
electric vector is parallel and another perpendicular to
the plane of the film) revealed strong absorptions at
—1080 and 1260 crn '. ' While the first band was at-
tributed the TO response of the AS& mode, the second
feature at 1260 cm ' was assigned to the LO component
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650 C(8), and a heat-treated gel at 1000 C (C). All
spectra exhibit three main reAectivity maxima at -460,
785, and 1100 cm . Bands at similar frequencies in the
spectrum of vitreous SiO2 have been assigned to charac-
teristic vibrations of the Si-0-Si bridges crosslinking the
silicate network. Specifically, the 460 cm ' feature was
attributed to the rocking motion of the bridging oxygen
atom perpendicular to the Si-0-Si plane, the 785 cm
band to the bending motion of the oxygen atom along the
bisector of the Si-0-Si bridging group, and the high-
frequency band peaking at —1100 cm ' to the asym-
metric stretching mode of Si-O-Si groups that involves
mainly oxygen motion along the Si-Si direction.

Even though the overall spectral profiles appear similar
(Fig. 1), certain differences exist between the three spec-
tra. First, it is observed that the two main reAectivity
maxima at -460 and —1100 cm '

up shift gradually in
frequency from the spectrum of the air-dried gel to that
of the gel heat treated at 1000 C. This frequency in-
crease suggests a strengthening of the silicate network
upon heat-treatment, resulting probably from the gradual
densification of the gel. Second, the heat-treatment tem-
perature affects strongly the gel reflectivity (Fig. 1).
Thus, the reAectivity corresponding to the main peak at
—1100 cm is approximately 2% for the air-dried gel,
9%%uo for that treated at 650'C and increases to 45% for
the 1000 C treated gel. The corresponding reAectivity of
Vycor glass and of vitreous silica is approximately 4%
(Ref. 18) and 75%, ' ' respectively.

The very low reAectivities of the air-dried and the
650'C treated gels, as well as that of Vycor glass' are in-
dicative of a porous open structure that effectively
scatters the infrared light even at nearly normal in-
cidence. Figure 2 supports a correlation between the
porosity of the gel materials and their infrared
reAectivity. In this figure, pore volume data reported by
Krol and Lierop and density values reported by Yoshi-
no, Kamiya, and Nasu' on similarly prepared Si02 gels,
as well as the reAectivity corresponding to the main peak
at —1100 cm ' measured in this work are plotted versus
the heat-treatment temperature of the SiOz gel. Clearly,
at 650'C the pore volume per gram Si02 is considerably
reduced, while the density and reAectivity show a sub-
stantial increase. At 1000'C, the volume corresponding
to pores in the gel is drastically reduced as the density ap-
proaches the value of fused silica and the infrared
reAectivity increases sharply.

Figure 3 plots the Raman spectra of the same gel ma-
terials in order to assist identifying the molecular pro-
cesses which lead to gel densification and thus reduction
of porosity with increasing heat-treatment temperature.
The general dependence of the Raman spectra on heat-
treatment temperature is in agreement with the results of
previous studies. ' ' The spectrum of the air-dried
gel [Fig. 3(A)] shows a strong fluorescence background
at high frequencies, despite the fact that neither the Ra-
man nor the infrared spectrum show the presence of re-
sidual organics. Such a Auorescence may originate from
an intrinsic electronic surface effect which was proposed
to be particularly strong in materials with high surface
area. ' The Auorescence background was eliminated in
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FIG. 3. Raman spectra of SiO2 gels heat treated at different
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the spectra of the heat-treated samples (B,C).
The spectrum of the air dried gel IFig. 3(A)] is dom-

inated by the relatively sharp band at 485 cm ', the
broad shoulder at 430 cm ' and the strong band at 978
cm '. The band at 430 cm ' has been attributed to the
symmetric stretching vibration of Si-0-Si bridges in five-
fold or sixfold rings of Si04 tetrahedra. Scattering at
-980 cm ' is typical of the Si-0 stretching vibration of
silanol (Si-OH) groups. The band at 485 cm ' is re-
ferred in the literature as the defect D& and has been as-
signed by Galeener and co-worker to the symmetric
ring breathing mode of four-member rings of Si04
tetrahedra.

Heat-treating the air-dried gel to 650'C IFig. 3(B)] re-
sults in a considerable reduction of the intensities of the
D& (485 cm ') and Si-OH (980 cm ') bands and the de-
velopment of the band at 605 cm '. The latter feature is
known as defect band D2 and has been assigned to the
symmetric ring breathing mode of three-member rings of
SiO~ tetrahedra. Heat treating at 1000 C IFig. 3(C)]
results in further spectral changes. In particular, the
reduction in intensity of both D, and D2 bands is not-
able, as well as that characteristic of SiOH groups. The
intensity of the latter band (973 cm ) in Fig. 3(C), al-
though very weak, is indicative of some residual water in
the form of silanol groups. Besides the relative intensity
enhancement of the 430 cm ' band, the spectrum in Fig.
3(C) also shows the clear development of the asymmetric
band at 805 cm ' (deformation mode of the Si-0-Si net-
work "

) and those at 1065 and 1190 cm '. The latter
features correspond to the Raman-active TO components
of the AS& and AS2 modes of the asymmetric stretching
of Si-0-Si linkages.

It is clearly demonstrated by the evolution of the Ra-
man spectra that increasing heat-treatment temperature
causes elimination of the hydroxyl group (in the form of
Si-OH bonds) and the development of the silicate net-
work. This is presumably effected through condensation
of the Si-OH bonds into Si-0-Si linkages upon water
elimination. Such a process obviously results in gel
densification, as manifested also by the increasing in-
frared reAectivity. Thus, consideration of the Raman
spectra has provided a mechanism at a molecular level to
understand the refiectivity variation with treatment tem-
perature.

We have attempted to completely eliminate the Si-OH
groups, and thus increase further the reAectivity of the
resulting glass, by annealing samples at 1000 C for 3 h.
This procedure has resulted in partial crystallization, as
shown by the Raman and infrared reflectance spectra in
Fig. 4. While the Raman feature at 970 cm ' has disap-
peared, new intense and sharp bands at 111,231, and 417
cm ' appear superimposed on the glassy SiO2 spectrum.
The Raman spectrum of a-cristobalite reported by
Bates exhibits its strongest bands at 110, 230, and 416
cm ' and weak features at 785, 796, 1076, and 1193
cm '. It is suggested then that the Raman spectrum of
Fig. 4 corresponds to a Si02 gel and/or glass partially
crystallized to a-cristobalite. Contrary to this observa-
tion, the corresponding infrared reAectance spectrum in
Fig. 4 appears as that of a-cristobalite alone (40). This in-

dicates that crystallization starts from the surface of the
gels, which is particularly probed by infrared-reflectance
spectroscopy.

B. Analysis of the infrared-reflectance spectra

Additional information regarding the structures of the
Si02 gels and the location of the TO and LO modes can
be obtained by further treatment of the reAectivity data.
Figures 5 and 6 show the spectra of the imaginary part of
the complex dielectric function (E") and of the energy-
loss function ( —Im(1/e)) obtained by Kramers-Kronig
analysis, respectively.

As shown in Fig. 5, besides differences in absolute
values of E", which increase from sample A to C, fre-
quency shifts and changes in relative intensities also
occur. In addition, the c,

" spectrum of the air-dried gel
shows weak features at -590 and 960 cm '. These
bands are very weak or nearly absent in the other spectra.
The higher-frequency peak is associated with the stretch-
ing vibration of Si-OH groups, therefore showing the
presence of silanol groups in the air-dried gel and their
destruction with heat treatment, in agreement with the
Raman spectra. The lower-frequency broad peak at
-590 cm ' was attributed to the rocking motion of the
Si-OH groups. " However, an alternative assignment to
the skeletal vibration of fourfold siloxane rings was re-
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TABLE I. Frequencies in cm of LO and TO mode and LO-TO splitting for the rocking (R), bend-
ing (B), and asymmetric stretching (AS) vibrations of Si-0-Si bridges in silica gels and vitreous silica
( u-SiO~).

Asl

AS~

Mode

TO
LO

LO-TO
TO
LO

LO-TO
TO
LO

LO-TO
TO
LO

LO-TO

RT'

464
476

+12
808
810
+2

1103
1215

+ 112
1208
1115
—93

650'C '

458
485

+27
803
810
+7

1083
1230

+ 147
1193
1118
—75

1000 C'

464
507

+43
802
813

+11
1097
1255

+158
1200
1170
—30

u-SIO2

448
504

+56
800
824

+24
1063
1260

+ 197

v-SIO2'

457
507

+50
810
820

+10
1076
1256

+ 180
1200
1160
—40

'Treatments of air-dried SiOz gels.
Frequencies were estimated from the c" and —Im(1/c) spectra reported by Galeener and Lucovsky

(Ref. 17).
'Frequencies reported by Kirk (Ref. 25) for absorption spectra measured at oblique incidence (60 off-
normal) with p-polarized infrared radiation.

1118, and 1170 cm ' peaks in the —Im( I/e) spectra to
the LO components of the ASz modes, with TO partners
at —1208, 1193, and 1200 cm ', respectively (Table I).
Along these lines, the features at —1215, 1230, and at
12S5 cm ' (Fig. 6) are assigned to the LO components of
the AS, modes, with TO pairs at 1103, 1083, and 1097
cm ', respectively (Table I).

As shown in Table I, the LO and TO modes for the
AS& vibration exhibit the usual interspersion, since the
frequency of the LO mode is higher than that of the TO
mode. However, the LO-TO frequency splitting is found
inverted for the ASz vibration. An explanation for such
an effect was provided by Kirk. It was demonstrated
theoretically that when the frequencies of a LO-TO pair
(AS2) are sandwiched between the frequencies of another
LO-TO pair (AS, ) then coupling between the two modes
heads to inversion of the LO-TO frequencies of the
sandwiched pair. It is seen in Table I that this LO-TO in-
version is stronger for the ASz mode of the air-dried si1ica
gel, due presumably to a stronger coupling with the cor-
responding AS& mode.

Location of the LO and TO frequencies for the rocking
(R) and bending (B) vibrations of Si-0-Si bridges is
straightforward from the E" and —Im(1/E) spectra. The
results are given in Table I, where data for vitreous SiOz
and LO-TO splittings are also included. It is observed
that the LO-TO splitting of the R, B, and AS& modes in-
creases systematically upon increasing the heat-treatment
temperature of the gel, the behavior of the 1000'C treat-
ed gel approaching that at v-SiOz. This very interesting
effect of variable LO-TO splitting is observed for the first
time to the best of our knowledge, and can be understood
on the basis of the structure of these silica materials.
Since the LO-TO splitting in crystalline, as well as glassy
materials, ' ' originates from long-range Coulombic in-
teractions, these results suggest that the long-range
Coulombic forces increase with thermal treatment of

gels. As shown by Raman and infrared spectra, the air-
dried gels and to a smaller extent that heated at 650'C,
do not have a completely cross-linked silicate network
due to the presence of network-terminating Si-OH
groups. As a result the range of the Coulombic forces is
reduced resulting in smaller LO-TO splitting. Upon in-
creasing the temperature of treatment, the Si-OH groups
are condensed to Si-O-Si bridges, a process which
enhances the network connectivity and consequently the
range of the Coulombic forces. This is apparently mani-
fested by the larger LO-TO splittings at higher heat-
treatment temperatures.

IV. CONCI. USIONS

The structure of SiOz materials, prepared by the sol-gel
technique and heat treated at 650'C and 1000 C was in-
vestigated by infrared reflectance and Raman spectros-
copies. Large variations of infrared reAectivity with
heat-treatment temperature were observed and attributed
to a gradual densification of the porous structure of the
materials. It was shown by both spectroscopies that this
densification is effected by condensation of Si-OH groups
into Si-0-Si bridging units, which serve to crosslink the
silicate network.

Kramers-Kronig analysis of the infrared reflectance
spectra allowed the location of the transverse-optic (TO)
and longitudinal-optic (LO) modes of the rocking (R),
bending (B), and asymmetric stretching (AS) vibrations
of Si-0-Si bridges. It was shown that the high frequency
(1000—1300 cm ') parts of the TO( e" ) and
LO( —Im(1/E)) spectra can be well understood on the
basis of two LO-TO pairs for the AS vibration of the
Si-0-Si bridges, as proposed by a number of previous
works. ' ' One pair arises from the in-phase mode
(AS, ) and the other from the out-of-phase mode (AS&) of
the AS vibration, while coupling between these two
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modes results in the inversion of LO-TO splitting for the
AS~ mode. This inversion was found to decrease with
increasing heat-treatment temperature of the gel. Heat
treating was also found to cause the increase of the LO-
TO splitting for the R, B, and AS, modes. This efFect was
attributed to the strengthening of the long-range
Coulombic interactions, due to increasing network
crosslinking through formation of Si-0-Si bridges.

The results of this study are quite useful for the inter-
pretation of the infrared transmission spectra of thin
films of Si02 gel materials. In particular it was discussed
that the shoulder at —1200 cm ', measured in absorp-

tion spectra with normal incidence, should be attributed
to the TO mode of the AS& vibration, rather than to the
activation of an LO mode as proposed in previous stud-
ies.
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