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Tellurite �TeO2–TiO2–Nb2O5� thin film glasses have been produced by pulsed laser deposition. The
dispersion of the real and imaginary parts of the linear refractive index has been measured in the
range from 300 to 1700 nm. Films present high refractive index �n=2.01� and reduced absorption
�k�10−4� at �=1500 nm. The nonlinear third order optical susceptibility ����3��� has been
determined at four different wavelengths �600, 800, 1200, and 1500 nm�. The out-of-resonance ���3��
values ��10−12 esu� are found to be ten times higher than those of the bulk glass and 102 times
higher than that of silica. Compositional and structural analysis reveals an increase of both the Ti
atomic content and the fraction of nonbridging oxygen bonds in the deposited films. Both factors
lead to a higher hyperpolarizability of the film constituents that is proposed to be responsible for the
high ���3�� value of the films. © 2008 American Institute of Physics. �DOI: 10.1063/1.3021052�

I. INTRODUCTION

Glasses are promising media for the development of
photonic devices, which are the basic elements for the ad-
vance of optical communication networks and optical
computing.1–3 In particular, TeO2 based glasses have been
the subject of a great research effort during the past decade.
They are transparent in the visible and near IR regions �from
400 nm to 6 �m� and show a high refractive index �n�2�,
which allows the fabrication of fibers and waveguides with
strong light confinement.4 Beside these remarkable proper-
ties, they stand out for their large nonlinear optical response,
as they show some of the highest values of nonlinear refrac-
tive index among oxide glasses, which are 10–100 times
larger than that of fused silica.3–8 These high values are es-
sential for the development of active nonlinear photonic de-
vices, such as all-optical switches or modulators.1,2,5,6

However, the successful application of these materials
depends not only on their excellent optical properties but
also on the capability of producing them in functional con-
figurations such as fibers or thin films. Commercial fiber am-
plifiers made of tellurite glasses are already available,4 but
there have been only a few attempts to produce high optical
quality tellurite thin film glasses by sol-gel processing,9

sputtering10 or pulsed laser deposition �PLD�.11 PLD has
proven to be an excellent technique to produce complex ox-
ide films12 and, in particular, it has been used to produce
heavy metal oxide thin film glasses in a wide range of com-
positions with good optical properties.13,14 This work focuses
on the deposition of complex transparent tellurite thin film
glasses by PLD with large nonlinear refractive index. The
linear and nonlinear optical responses of the deposited films

are compared to those of bulk glass and the observed differ-
ences are discussed in terms of the compositional and struc-
tural particularities of the films.

II. EXPERIMENTAL

TeO2-based thin film glasses were produced by PLD us-
ing an ArF excimer laser ��=193 nm, �=20 ns full width at
half maximum �FWHM��. The laser was focused on the sur-
face of a glass target to lead to an energy density of
1.5 J cm−2. The deposition process took place in a vacuum
chamber first evacuated to a residual pressure of 7
�10−4 Pa and then filled with oxygen up to a dynamic pres-
sure of 10 Pa. Films with a thickness of 3 �m were depos-
ited on Corning glass substrates held at room temperature.

The target was a bulk glass with a nominal composition
of 90TeO2·5TiO2·5Nb2O5 �mol %�. This glass was obtained
using standard melting methods from high purity reagents:
TeO2 �Alfa 99.99%�, TiO2 �Sigma Aldrich 99.99%�, and
Nb2O5 �Alfa 99.9985%�. The mixture was melted in a plati-
num crucible at a temperature of 740 °C for 45 min, then
heated up to 760 °C for 5 min and finally poured onto a
preheated brass plate, annealed 15 min at 400 °C and cooled
at 3 °C min−1 down to room temperature15

The composition and oxidation state of the cations
present in the powder reagents and the bulk and film glasses
were measured by x-ray photoelectron spectroscopy �XPS�.
XP spectra were recorded on a spectrometer equipped with a
hemispherical electron analyzer and a Mg K� �h	
=1253.6 eV� x-ray source �12 kV and 10 mA�. The base
pressure of the analysis chamber was maintained below 3
�10−7 Pa during data acquisition. Peak intensities were es-
timated by calculating the integral of each peak after smooth-
ing and subtracting a Shirley-type background as described
in Ref. 16. Binding energies were referenced to the C 1s line
at 284.9 eV. Depth profiling was achieved by Ar+ sputteringa�Electronic mail: david@io.cfmac.csic.es.
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�1.7 kV, sputtering rate �1 nm min−1�, and three indepen-
dent measurements were made in each sample. The absolute
errors in the quantitative XPS measurements are estimated to
be 
5% in the cases of Te and O and 
20% in that of Ti and
Nb.13 The glass network structure was analyzed by Raman
spectroscopy. Raman spectra were recorded with a confocal
Raman microscope equipped with a diode laser emitting at
785 nm. The output laser power was 30 mW and the beam
was focused on the sample using a 50� objective. The elas-
tic scattering was eliminated using a notch filter and the sig-
nal was detected through an electrically refrigerated charge-
coupled device camera. Acquisition time was 10 min.

The linear and nonlinear optical properties of both bulk
and film glasses have been characterized by spectroscopic
ellipsometry and degenerate four wave mixing �DFWM� re-
spectively. The experimental data measured by ellipsometry
in the range from 300 to 1700 nm were fitted using a
Cauchy-type dispersion for the real part of the linear refrac-
tive index �n� and an exponential decay for the imaginary
part �k�,

n��� = An +
Bn

�2 +
Cn

�4 , �1�

k��� = Ak exp�Bk� 1

�
−

1

�
	
 , �2�

where An, Bn, Cn, Ak, and Bk are adjustable parameters and �
is the optical gap expressed in nanometers. The absorption
spectra of a 1 mm thick bulk glass and the film glass samples
were also measured in the range from 300 to 700 nm using a
spectrophotometer and an ellipsometer, respectively. Finally,
the modulus of the diagonal component of the third order
optical susceptibility tensor ���xxxx

�3� �� was measured by
DFWM in the forward folded box configuration.17 Two dif-
ferent excitation sources were used to measure ��xxxx

�3� � at four
different wavelengths �600, 800, 1200, and 1500 nm�. The
first of them was a 1 kHz repetition rate femtosecond Ti:sap-
phire regenerative amplifier operating at �=800 nm. The
pulse compressor of the amplifier was adjusted to precom-
pensate the dispersion caused by the optical elements located
in the beam path in order to produce the shortest possible
pulse ��100 fs� at the sample. The second source was an
optical parametric amplifier pumped with the regenerative
amplifier output and configured to operate at the three other
indicated wavelengths �600, 1200, and 1500 nm�. In all
cases, the excitation laser beam was split in three parallel
arms with equal power, allowing separate control of the
beam polarization and the relative delay between pulses. The
beams were overlapped at the sample by means of a 75 mm
focal length lens leading to a beam waist of �40 �m. The
intensity of the conjugated beam followed a characteristic
cubic dependence as a function of the pump beam intensity,
whereas the use of parallel polarizations for all the beams
allowed accessing ��xxxx

�3� � that we will refer from now as
���3��. The absolute value of ���3�� was finally evaluated by
using a fused silica plate as reference material ����3��SiO2

=1.5
0.5�10−14 esu� 17

In the case of film glasses, the contributions of the sub-
strate to the Raman and absorption spectra and to the DFWM
measurements were carefully subtracted.

III. RESULTS

Table I shows the composition of bulk and film glasses
in atomic percentages determined by XPS. The content of the
main elements �Te and O� shows small differences that are
within the experimental error. However, in the case of the
cations acting as glass modifiers �Ti and Nb�, films show a
moderate increase �25%� and a strong enhancement �80%� in
the relative contents of Nb and Ti, respectively, when com-
pared to the bulk glass. XPS analysis shows no significant
changes in the binding energies of the different elements.
Therefore, the oxidation states of the cations should be the
same than in the original powder reagents �Te4+, Ti4+, and
Nb5+� and there is no oxidation or reduction in the cations
after the synthesis of the bulk or film glasses.

The reduced Raman spectra18 of bulk and film glasses
are shown in Fig. 1. In the case of the bulk glass, the spec-
trum is similar to that reported previously for pure TeO2

glass19 and multicomponent tellurite glasses with low con-
tent of network modifiers.20–22 The spectrum has been nor-
malized to the intensity of the peak at 660 cm−1 and it
clearly shows three different bands, indicated in the figure as
A, B, and C. The A band at 400–500 cm−1 and B band at
660 cm−1 are associated to the vibration of symmetric and
antisymmetric Te–O–Te linkages, respectively, related to a
continuous network built up by �TeO4� structural units,
called trigonal bypyramids. Finally, the C band, at frequen-
cies between 700 and 800 cm−1, is related to the presence of

TABLE I. Composition of bulk and film glasses in atomic percentage. The
table includes the value of n at 590 nm �visible� and 1500 nm �IR�. �n is

0.01 in all cases

Sample

Composition
�at. %� n
0.01

Te Ti Nb O 590 nm 1500 nm

Bulk 27
1.4 1.8
0.4 3.2
0.6 68
3 2.20 2.12
Film 25
1.3 3.3
0.6 4.0
0.8 67
3 2.07 2.01
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FIG. 1. �Color online� Raman spectra of �dashed-dotted line� bulk and �solid
line� film glasses. The intensity is normalized to that of the main peak at
660 cm−1. The bands are named as A, B, and C. Raman spectra have been
shifted vertically to ease comparison
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nonbridging oxygens �NBO� associated to structural units
different than �TeO4�: �TeO3+1� polyhedrons and �TeO3�
trigonal pyramids.4,19–22 Besides those peaks, the small band
observed at 900 cm−1 is related to the presence of �NbO6�
structural units.23,24 The same bands are clearly identified in
the case of films. The only relevant differences between the
two spectra are in the A and C bands, which are shifted
toward higher frequencies in the case of films. The relative
intensity of the A band is slightly lower than in the case of
bulk glass, while the C band shows the opposite behavior.

Figure 2 shows the dispersion of n in the studied spectral
range both for bulk and thin film glass samples. It shows a
strong decay for wavelengths up to 600 nm and a slow de-
crease at longer wavelengths. The values measured for films
are a 5% lower than those measured for the bulk glass in all
the spectral range studied. Values of n at 590 and 1500 nm
have been also included in Table I. Figure 3 shows the ab-
sorption spectra of bulk and film glasses. They show a sharp
absorption edge that is apparently blueshifted in the case of
the films with respect to that of the bulk. Defining the ab-
sorption edge as the wavelength at which the absorbance is
0.5,15 the edges are observed to occur at ��440 nm and �
�390 nm, which corresponds to optical gaps of EB

�2.82 eV and EF�3.18 eV, for bulk and film glasses, re-
spectively. Bulk and film glasses have low absorption for
wavelengths longer than their respective absorption edges.
The inset in Fig. 3 shows that the imaginary part of the

refractive index �k� of the films is below our experimental
resolution limit ��10−4� for wavelengths longer than 450
nm.

The nonlinear optical susceptibility of bulk ����3��B� and
film ����3��F� glasses is shown in Fig. 4 for the four wave-
lengths measured. At 1500 nm, ���3��B is 3�10−13 esu,
which is one order of magnitude larger than that of silica,
while ���3��F is one order of magnitude larger than that of
bulk glass �3�10−12 esu�. ���3�� remains approximately con-
stant in both cases for wavelengths in the range from 1500 to
1200 nm to show a moderate increase at shorter wavelengths
����3��B=7�10−13 esu and ���3��F=7�10−12 esu at 600 nm�.

IV. DISCUSSION

The optical behavior of tellurite film glasses shows two
significant differences when compared to that of bulk glass:
first, films have a 5% smaller refractive index and second,
���3�� is one order of magnitude higher in the films than in the
bulk glass. The value of n measured for the bulk glass is in
good agreement with those previously reported for
TeO2–TiO2 and TeO2–Nb2O5 binary glasses8,25 and other
glasses of the ternary system TeO2–TiO2–Nb2O5.7 The
smaller value of n in the case of film glasses could be related
to the compositional variations observed in the films �Table
I�, which consist mainly in an enrichment in Ti. Since XPS
experiments have shown no changes in the oxidation state of
the cations in the films with respect to the bulk glass, films
must be a mixture of the original oxides. Therefore, the in-
crease in Ti atomic content enhances the content of TiO2

with respect to the bulk glass. Previous results in bulk
TeO2–TiO2 glasses have shown that the increase in the TiO2

content contributes to increase the linear and nonlinear re-
fractive index of glasses due to the large polarizability of the
empty d-orbital in Ti4+.22,25–28 However, n decreases in the
case of films as shown in Fig. 2. In order to understand this
behavior, we must take into account that n is related not only
to the polarizability of their constituents but also to their
density �� in the case of optical materials,29

n =�1 + A

1 − A
, with A = �4�

3
	�mNA

M
, �3�

where �m and M are the average polarizability and molecular
weight of the compound, respectively, and NA is Avogadro’s
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FIG. 2. �Color online� Dispersion of the refractive index of �dashed-dotted
line� bulk and �solid line� film glasses obtained from the ellipsometrical
data.
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FIG. 3. �Color online� Absorption spectra of �dashed-dotted line� bulk and
�solid line� film glasses. The inset shows the imaginary part of the refractive
index of the films obtained from the ellipsometric data.
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FIG. 4. �Color online� Wavelength dependence of ���3�� for ��� bulk and
��� film glasses. Dashed lines are guides for the eye.
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number. Thin films have been found to have a lower density
than bulk materials due to a higher porosity degree,30 which
leads to a reduced optical density and n. To evaluate this
possibility, the ellipsometric data of the films have been
simulated using the Bruggeman effective medium.31 This
model predicts the optical properties of a microstructural
random mixture of two different compounds, weighted by
their volume fractions. Assuming that these compounds are
the bulk material and an unknown fraction of voids repre-
senting the porosity of the films, the optical properties of
films can be well simulated in our case considering a volume
fraction of voids of 7.5%. This suggests that tellurite films
have densities 7.5% lower than bulk samples. These results
are in good agreement with the values of the refractive index
predicted by Eq. �3� and with previous experimental mea-
surements of the density of heavy metal oxide thin films
grown by PLD in an oxygen atmosphere.14

In the case of the nonlinear optical response, ���3��F is
one order of magnitude larger than ���3��B, but both bulk and
film glasses show a similar spectral dependence of ���3�� �Fig.
4�. The values of ���3��B and ���3��F measured at 600 nm �and
also at 800 nm in the case of bulk glasses� show a moderate
increase with respect to those determined at 1200 and 1500
nm. The corresponding photon energies �Eph� for the four
wavelengths considered are 2.07 eV �600 nm�, 1.55 eV �800
nm�, 1.03 eV �1200 nm�, and 0.83 eV �1500 nm�, thus the
condition for two photon absorption �TPA� �2Eph�EB ,EF� is
satisfied at 600 and 800 nm in the case of bulk glasses, and at
600 nm in the case of film glasses.5 TPA contributes to the
imaginary part of ��3� �Im���3��� that leads to the observed
moderate increase in ���3�� at the above mentioned
wavelengths.1 On the contrary, Im���3�� should be negligible
at 1200 and 1500 nm, and thus only the real part of ��3�

�Re���3��� contributes to ���3��. Therefore, the values mea-
sured at these wavelengths are essentially of nonresonant
character and lower than those measured at the short wave-
lengths where TPA contributes to ���3��, as experimentally
observed.

The magnitude of the third order nonlinear response of
the bulk glass at 1500 nm is comparable to those reported in
literature for TeO2 based glasses measured using other tech-
niques such as Z-scan �n2=3.8�10−19 m2 W−1� �Ref. 6� or
time resolved interferometry �n2=6–7�10−19 m2 W−1�.8 To
perform this comparison we have taken into account that
���3��B�Re��B

�3�� at 1500 nm, and we have evaluated n2

�Re���3�� using the procedure described in Ref. 17. This
leads to n2=2.5
0.8�10−19 m2 W−1. Semiempirical mod-
els for the nonlinear response of glasses1,3,5 predict that
higher n values lead to higher nonlinear susceptibilities.
However, tellurite films glasses produced in the present work
show a slightly lower n, while having higher ���3�� when
compared to bulk tellurites. Thus, this enhancement must be
related to the compositional and structural differences ob-
served in the films with respect to the bulk glass.

In the first place, the Ti enrichment observed in the films
may contribute to that enhancement since the presence of
TiO2 has been shown to enhance the nonlinear response by a
10% in TiO2–TeO2 binary glasses.25 In particular, an in-
crease in ���3�� by a factor of 3 has been reported in silica-
based glasses when increasing the TiO2 content from 10 to
30 mol %.27 Moreover, the increase in the relative content of
different glass network modifiers contributes to increase the
concentration of NBO, which have high
hyperpolarizability.32 We have analyzed this possibility by
preparing additional bulk glasses with TiO2 contents similar
to that of the film glasses and measuring their nonlinear re-
sponse. Table II summarizes the compositions and ���3�� val-
ues at 1500 nm for the bulk glass used as target �glass I�, the
additional bulk glasses �85TeO2·10TiO2·5Nb2O5, glass II,
and 80TeO2·10TiO2·10Nb2O5, glass III�, and the deposited
film glasses. ���3�� increases only by a factor of 2 when in-
creasing the Ti content in bulk glasses, which suggests the
existence of additional processes contributing to the strong
enhancement of ���3�� observed in the films.

The exact origin of the nonlinearity of heavy metal oxide
glasses is still object of active research. In the case of tellu-
rite glasses, the high hyperpolarizability of TeO2 has been
attributed to the empty 5d orbitals26 or to the electron lone
pair at the Te atom.28 XPS analysis confirms no changes in
the Te atomic content or in the oxidation state of Te and thus,
we do not expect any additional contribution to ���3�� from
these factors. Recent ab initio calculations33 have related the
hyperpolarizability of TeO2 glass to electron delocalization
in �TeO2�n chainlike structures, which suggests that the
structural differences observed in the film glasses may be
responsible of the enhancement of the nonlinear response.
We have analyzed their potential effect on the optical non-
linear response of film glasses by annealing them in air at
T=350 °C for 90 min. This should relax the glass film struc-
ture making it similar to that of bulk glasses. The ���3�� value

TABLE II. Atomic composition and ���3�� values at 1500 nm for the three different bulk glasses and the film
deposited from the glass used as target �glass I�. In the case of glass I and the film the experimental composi-
tions measured by XPS are shown, while in the case of the other two bulk glasses the atomic composition is
obtained from the nominal molar composition.

Sample

Composition
�at. %�

���3�� at 1.5 �m
��10−13 esu�Te Ti Nb O

Glass I 90TeO2–5TiO2–5Nb2O5 27
1.4 1.8
0.4 3.2
0.6 68
3 3
1
Glass II 85TeO2–10TiO2–5Nb2O5 26.6 3.1 3.1 67.2 5
2
Glass III 80TeO2–10TiO2–10Nb2O5 23.5 3.0 5.9 67.6 6
2
Film glass 25
1.3 3.3
0.6 4.0
0.8 68
3 30
10
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at 1500 nm for the annealed film glasses decreases down to
3
2�10−13 esu, which is similar to ���3��B and thus con-
firms the role of the film glass structure on the observed
increase in ���3��F.

Raman analysis of the films shows a lower intensity of
the band at 400–500 cm−1 �A band� and a higher intensity of
the band at 700–800 cm−1 �C band� when compared to the
spectrum of the bulk glass �Fig. 1�. These differences are
similar to those reported between liquid TeO2 and TeO2

glass,34 although less obvious in our case. They suggest that
the glass network of the films is made by shorter TeO2

chains with a higher concentration of terminal Te–O bonds
than in the case of bulk glass. According to Ref. 33 these
structural characteristics have opposite effects on the nonlin-
ear response: the slightly shorter length of TeO2 chains in the
films should reduce their ���3��, while the increase in the con-
centration of terminal Te–O bonds contributes to a larger
concentration of NBO and thus, to an increase in ���3��. From
the results presented in this work, the second contribution
seems to be dominant and thus we conclude that the en-
hancement of ���3�� observed in tellurite film glasses with
respect to the values measured in the starting bulk glass is
related to both the increase in TiO2 content in the films and
the creation of NBO, without the addition of network modi-
fiers due to the more disordered glass state in the films that is
associated to the intrinsic characteristics of the PLD process.

V. CONCLUSIONS

Multicomponent TeO2-based thin film glasses have been
produced by PLD. Film glasses have excellent optical prop-
erties, including high refractive index �2.01 at 1500 nm�,
high transmission for wavelengths longer than 450 nm, and
large ���3�� value �3�10−12 esu at 1500 nm� that are one
order of magnitude higher than that of the starting bulk glass
and two orders of magnitude higher than that of the SiO2

glass.
The optical differences between film and bulk glasses

have been discussed in terms of the composition and the
structure of the respective glass networks. The decrease in
the refractive index in the films with respect to the bulk glass
suggests a higher porosity degree in the films, which reduces
their optical density. The enhancement of the nonlinear opti-
cal response of the films is attributed to two different origins.
First, film glasses present a higher Ti atomic content, which
increases their ���3�� value due to the high hyperpolarizability
of the Ti4+ cation. However, the observed compositional
changes cannot explain alone the increase in ���3��. The
analysis of the structure of the glass network suggests that
film glasses have a higher concentration of highly polariz-
able NBO, which contribute to enhance the nonlinear re-
sponse of the films.
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