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For different applications in laser photonics and integrated optics, photorefractive materials are surely of great
interest and play an important role in miniaturization of devices and fabrication of functional photonic structures
such as gratings and waveguides. In this work, high photorefractivity of sol-gel derived SiO5-SnO4:Er>" glass-
ceramic planar waveguides, with negative effective refractive index change, is demonstrated. Through the
photorefractivity investigation employing the UV pulsed KrF excimer laser (A = 248 nm), the glass-ceramic
planar waveguides show fast photorefractive response after a cumulative dose of only 0.3 kJ/cm? A higher
SnO; content in the glass-ceramics leads to a greater change of saturated effective refractive index: Aneg = -
(2.60 + 0.20) x 10 at 1550 nm on the TEy mode, for the 30 mol% SnO, planar waveguides and Aneg = - (2.00 +
0.20) x 10" on the 1550 nm TE( mode, for the 20 mol% SnOs ones. To investigate the structural modifications
involved in the photorefractivity of the SiOg-SnOZ:Er3+ glass-ceramics, XRD and Raman characterizations are
employed. The grating fabrication by direct UV writing on the Si0»-SnOy:Er®* glass-ceramic planar waveguide as
well as an important reduction in the employed energy is demonstrated.

1. Introduction

Thanks to the role of tin dioxide (SnO5) as rare-earths luminescence
sensitizer, Sn0,-SiO; glass-ceramics with a broad transparency window
(UV-Vis-NIR) are demonstrated to be an appealing candidate for the
development of efficient luminescent glass-based photonic systems such
as microcavities, solid state lasers, integrated optical amplifiers, and
optical sensors [1-3]. Besides this feature, the SiO2-SnO, glass-ceramics
also exhibit an additional interesting characteristic: photorefractivity [4,
5], which makes them unique and innovative for many application areas
such as integrated optics and laser photonics. Therefore, these binary
Si02-Sn0O, systems have drawn a special attention to numerous re-
searches not only on the development of luminescent structures [1-3,6,
7] but also on the exploitation of the photorefractivity [4,5,8,9].
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Briefly, the photorefractivity potential of tin dioxide-based glasses
was first realized in tin-codoped germanosilicate [10] and phosphosili-
cate [11,12] optical fibers. By introducing tin in such silicate glasses, the
strong photorefractivity gratings fabricated by UV irradiation with
enhanced refractive index change up to ~1.2-1.4 x 10" was obtained.
Some of the first studies on the photorefractivity of the single tin-doped
silicate were in forms of fiber [10,13,14]. The results showed a com-
parable refractive index change with less consumed SnO based silicate
glasses compared to GeO, based silicate glasses, a well-known class of
strong photorefractive materials used for Fiber Bragg gratings and in-
tegrated optics [15]. Moreover, in comparison with GeO, based silicate
glasses, since SnO; based silicate glasses exhibit high photorefractivity,
they do not need post-processes for photorefractivity enhancement such
as hydrogen-loading which is time-consuming and high induced-losses
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at 1.5 pmregion [13]. In addition, SnO5-SiO; fibers potentially provide a
lower numerical aperture and higher thermal stability [14]. These
appealing features have led to numerous researches on the development
of photorefractive SiO2-SnO; systems by several methods such as MCVD
[13], melt quenching [16], and ion-implantation methods [17]. How-
ever, in general these approaches have encountered several limitations
of low SnO, content, a-Sn nanoclusters and nonstoichiometric SnOy
nanoparticles.

Recently, sol-gel has been shown as a profitable fabrication method
to produce these specific photonic materials with high SnO; content [3,
18,19] thanks to its low temperature and melt-free synthesis, and ease of
multicomponent fabrication [3]. The sol-gel derived SiO2-SnO2
glass-ceramics were studied both in form of monoliths [20-22] and thin
films [3,18,19,23-25].

Most of the studies of the photorefractivity of this glass-ceramic was
focused on the monolithic forms with low SnO5 content (up to 5 mol%)
[26,27]. The works [9,26-29] placed the first bricks for the photo-
refractivity investigation under UV irradiation in these binary systems:
positive refractive index change for the substitutional tin-doped silica
glasses and negative refractive index change for the SiO-SnO,
glass-ceramics. In particular, the work [27] reported a negative refrac-
tive index change of 10* as order of magnitude in the SiOy-SnO.
glass-ceramics containing only 5 mol% SnOs. In our prior publications
[4,7,8], we demonstrated that high photorefractivity (negative refrac-
tive index change in the order of 10"%) could be obtained in the sol-gel
derived SiO»-SnO, glass-ceramic waveguides with high SnO2 content
(25 mol%). The volume expansion and polarizability were suggested to
contribute to the change of refractive index. With this large UV-induced
refractive index change, SiO2-SnO; glass-ceramics are promising for
efficient top-down fabrication of channel waveguides and Bragg grat-
ings. In this consolidated work, we demonstrate the high and fast
response of the photorefractivity of the sol-gel derived SiO2-SnOy
glass-ceramic planar waveguides with a special attention to the impact
of SnO, content. XRD and Raman characterizations are employed to
understand the structural modification involved in the photorefractivity
of the SiOy-SnOx:Er®* glass-ceramics. Furthermore, the first result of
UV-written grating fabrication on the SiO»-SnO:Er>* planar waveguide
is also demonstrated and shows its energy-efficient aspect in comparison
with GeO, based silicate glasses, e.g. hydrogen loaded germanobor-
osilicate glasses.

2. Materials and methods
2.1. Sol-gel derived planar waveguides

The photorefractivity of (100-x)SiO2-xSnO5:yEr>* planar wave-
guides (%, y: mol%) is explored on two glass-ceramic compositions (20
and 30 mol% SnO,) doped with the same concentration of Er®* (0.5 mol
%) as listed in Table 1.

Table 1
The compositions of the (100-)()Si02-xSn02:yEr3+ planar waveguides with x =
100 100 o3t
X Nsno, (mol%) and y= X N3
Ngno, + Nsi0, Ngy0, + Nsio,
are molar concentration of Er®*, SnO, and SiO, respectively.

(mol%) where ngs-,ngyo, and nsio,

Sample notation Composition
SnO, content SiO, content Er®* concentration
(x: mol%) (100-x: mol%) (y: mol%)
70Si0-305n04:0.5Er>" 30 70 0.5

80Si0,-205n0,:0.5Er>™ 20 80 0.5
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All the samples were fabricated by sol-gel method and dip-coating
technique. The sol-gel derived fabrication of the S$i0,-SnO4:Er>" glass-
ceramic planar waveguides can be summarized by three different
steps: (i) solution synthesis, (ii) dip-coating and intermediate drying step
for each single layer and (iii) final heat-treatment for the deposited
multilayer planar waveguides. The details of the solution synthesis, dip-
coating deposition and heat-treatment were reported in our previous
publication [1]. After the final heat-treatment at 1000 °C for 1 h in air,
transparent SiO,-SnO4:Er®" glass-ceramic planar waveguides were ob-
tained with a thickness of about 1.3 + 0.1 pm. In addition, SiO2-SnOs:
Er®" glass-ceramic planar waveguides were embedded by SnO; nano-
crystals with size of less than 10 nm, which was already reported along
with other structural characterizations in our recent work [1].

2.2. Photorefractivity investigation: the experimental set-ups

A KrF excimer laser at 248 nm (Lambda Physik Compex 110,
Coherent Inc., Santa Clara, CA, USA) was employed for the photo-
refractivity investigation of the SiOy-SnO:Er*" planar waveguides.
Fig. 1 shows the setup scheme for the UV irradiation. After successive
reflections through a series of three mirrors, the laser beam reached the
target section. This was represented by a black metal panel, on which
there was a square slit of around 1 cm x 1 cm. The sample surface was
masked with an aluminum sheet, having a square aperture with a size
close to that of the slit adopted for the UV irradiation. The specimen was
positioned and fixed on the back of the black panel (with respect to the
laser beam inlet direction), taking care to align these two masks (the
metal mask for the UV irradiation on the panel and the mask represented
by the aluminum sheet on the sample). To test the photorefractive
response of the planar waveguides under UV irradiation, the adopted
pulse fluence (i.e.: the laser pulse energy per unit of area) was 30 mJ/
cm?. For both samples, the first cumulative dose of 22.5 J/cm? was
achieved with a repetition rate of 10 Hz. Afterwards, a repetition rate of
50 Hz was employed to obtain the final cumulative dose of 9.0 kJ/cm?
and ensure the attainment of the saturated effective refractive index
change of the samples.

For the effective refractive index measurements of the modes sup-
ported by the planar waveguides, a home-made instrument based on
prism coupling technique developed in IFAC-CNR, Sesto Fiorentino,
Italy, with a nominal resolution on the measured effective refractive
index of about 5 x 107> was used The measurements were performed
before and after each UV exposure at 1550 nm. Statistical measurements
were carried out with a repetition of 7 times by removing and inserting
the sample in the coupling region (i.e.: the aperture of the aluminum
sheet) with the prism. In this way, the standard deviation on the mode
effective refractive index measurement was determined to be: 2 x 10™.

2.3. Characterization of the irradiated planar waveguides

After the last exposure, the planar waveguides were characterized
with different techniques. XRD and Raman characterizations were
employed to understand the structural modification involved in the
photorefractivity of the SiO,-SnOo:Er®" glass-ceramics. The X-ray
diffraction patterns were acquired using X’PERT PRO diffractometer
equipped with a Cu X-ray tube. Moreover, to check the structural
modification, the micro-Raman spectra were acquired using Labram
Aramis (Horiba Jobin-Yvon) equipped with an optical microscope, a
100 x objective and a He-Ne laser (632 nm) as the excitation source.
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Fig. 1. Experimental setup of the UV irradiation for the photorefractivity measurements.

2.4. Gratings inscription

On the basis of the above-mentioned photorefractivity investigation,
the photorefractive 708i0,-30Sn04:0.5Er>" planar waveguide was
chosen for fabricating UV-direct written gratings. For such gratings
fabrication, a CW frequency doubled argon laser (A = 244 nm) with a
writing fluence of 1.0 kJ/cm? was employed. Using a ~5 pm MFD
(Mode-field diameter) spot, the gratings formed with 5 pm pitch raster
pattern over 4 x 4 mm? area were fabricated on a piece of the sample.

3. Results and discussion
3.1. Negative effective refractive index changes of the planar waveguides

After UV irradiation, both glass-ceramic planar waveguides exhibi-
ted negative effective refractive index change. Fig. 2 shows the effective
refractive index change of the fundamental 1550 nm TE, mode of the
708i04-30Sn04:0.5Er>* planar waveguide as a function of the cumula-
tive dose. From this figure, one can see that the 70SiO2-
30Sn04:0.5Er> glass-ceramic planar waveguide showed a very fast
photorefractive response: after the first dose of 0.003 kJ/cm? the
effective refractive index of the 1550 nm TE( mode already presented a
significant change of - (1.10 + 0.20) x 107, The change in the 1550 nm
TEq effective refractive index reached its saturated value of - (2.60 +
0.20) x 1072 after a UV cumulative dose of only 0.3 kJ/cm?. The inset
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Fig. 2. Effective refractive index changes on 1550 nm TE, mode supported by
the 708i0,-305n0,:0.5Er>" planar waveguide as a function of cumulative dose.
The inset image is the shift to the lower index values of the 1550 nm TE, mode
after the two UV cumulative doses: 0.003 kJ/cm? (the 1%t UV irradiation) and
0.3 kJ/cm? (the 10t UV irradiation).
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Fig. 3. Effective refractive index changes on 1550 nm TE, mode supported by
the 805i0,-20Sn04:0.5Er>" planar waveguide as a function of cumulative dose.
The inset image is the shift to the lower index values of the 1550 nm TE, mode
after the two UV cumulative doses: 0.003 kJ/cm? (the 1%t UV irradiation) and
0.3 kJ/cm? (the 10™ UV irradiation).

image in Fig. 2 reveals the corresponding shift to the lower index values
of 1550 nm TEy mode after these two UV cumulative doses: 0.003 kJ/
cm? (the 1%t UV irradiation) and 0.3 kJ/cm? (the 10t yv irradiation).

A negative effective refractive index change on 1550 nm TE, mode
was also obtained after UV irradiation in the 80Si05-20Sn05:0.3Er>"
planar waveguide as shown in Fig. 3. A fast effective refractive index
change was also observed. After the first dose of 0.003 kJ/cm?, the
effective refractive index had a significant decrease of - (0.70 + 0.20) x
103, And, after a cumulative dose of only 0.3 kJ/cm?, it reached rapidly
the value of - (1.6 % 0.20) x 10" which was nearly 80% of its saturated
effective refractive index change of - (2.00 + 0.20) x 1073, The shift to
lower values of the 1550 nm TEj mode effective refractive index change
is revealed in the inset image of Fig. 3.

The changes of the overall UV-induced effective refractive index of
the 1550 nm TE( mode supported by the two planar waveguides are
respectively summarized in Table 2.

Table 2 shows that higher SnO5 content in the glass-ceramic planar

Table 2

The overall UV-induced effective refractive index changes of the
fundamental 1550 nm TE, mode supported by the 70SiOo-
305n0,:0.5Er>* and 808i0,-205n0,:0.5Er>" planar waveguides.

Sample Anegt

70Si02-305n04:0.5Er""
80Si02-20Sn02:0.5Er>™

- (2.60 +0.20) x 107
- (2.00 +0.20)x 1073
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waveguides leads to higher photorefractivity: the effective refractive
index measured at 1550 nm on TEy mode changes of - (2.6 £ 0.2) x 103
for the 30 mol% SnO; planar waveguide and of - (2.0 £ 0.2) x 107 for
the 20 mol% SnO; planar waveguide. This behavior is in agreement with
the work [25] on germanium-free tin doped silica thin films deposited
by helicon activated reaction evaporation process (HARE).

In our prior work [4], the negative effective refractive index change
of the Si0»-SnO4:Er’" glass-ceramic planar waveguides was suggested to
be a consequence of a volume expansion and polarizability change of the
material. However, to understand the involved structural factors in the
photorefractive response in the Si09-SnO4:Er®" glass-ceramics, the
structural characterization of the planar waveguides before and after UV
irradiation was carried out. In the literature, in terms of structural
modification of SnO2:SnO5 binary systems induced by UV irradiation,
two factors have been suggested to be involved in the photorefractive
response: (i) phase change of SnO; nanoclusters according to the work
[27], and (ii) the breaking of network bonds due to Sn-doping as
observed in the works [30,31]. To scope the change of SnO; crystallinity
as well as SiO, phase of the glass-ceramic planar waveguide after UV
irradiation, XRD characterization was employed. Concerning the char-
acterization of the network bonds in the system, micro-Raman spec-
troscopy was used.

3.2. Characterization of the irradiated planar waveguides

3.2.1. XRD

Fig. 4 shows the XRD patterns of the 70Si0,-30Sn04:0.5Er>" planar
waveguide before and after UV irradiation. The two patterns exhibit a
broad band centered at 22° of amorphous SiO2 and some relevant XRD
peaks at 26, 34, 52° indexed as the planes (110), (101) and (211) of
SnO,-rutile Cassiterite (JCPDS 41-1445). By means of XRD patterns, no
noticeable structural change of the SiO,-SnOy:Er®" glass-ceramic planar
waveguide after UV irradiation in terms of SnOs crystallinity and
amorphous phase of SiO; was revealed.

3.2.2. Micro-Raman

Although the XRD patterns show no remarkable changes of SnO,
crystallinity and SiO2 amorphous phase, a change in the structure of the
Si02-SnO; glass-ceramic is revealed by Raman spectroscopy. Fig. 5
shows the micro-Raman spectra (Aexy = 632 nm) of the 70SiOo-
30Sn0,:0.5Er>" planar waveguide before and after UV irradiation. In
the Raman spectrum of the irradiated planar waveguide, there is the
presence of a fluorescence background which was also observed in the
literature [30]. This fluorescence background was suggested to relate to
the network modification existing due to the presence of SnO; in SiOy
matrix [30,31]. However, to define exact mechanisms and microscopic

before UV irradiation
after UV irradiation

v Cassiterite (JCPDS 41-1445)

Intensity (a.u.)

2Theta (degree)

Fig. 4. XRD patterns of the 70Si05-305n0,:0.5Er>" planar waveguide before
and after UV irradiation, indexed as SnO, Cassiterite (JCPDS 41-1445).
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Fig. 5. Micro-Raman spectra (Aey = 632 nm) of the 70Si05-30Sn05:0.5Er*
planar waveguide before and after UV irradiation.

origins that drive the photorefractivity of such materials, further struc-
tural investigation is demanded, and this is beyond the scope of this

paper.

3.3. Gratings inscription

For the first time, the optical gratings were fabricated in the highly
photorefractive SiO,-SnO5 glass-ceramic planar waveguides (with 30
mol% SnOy) activated by Er®". Fig. 6 shows the gratings formed with 5
um pitch raster pattern over 4 x 4 mm? on a small piece of the 70Si0,-
30Sn04:0.5Er>" planar waveguide, fabricated by a CW frequency
doubled argon laser (A = 244 nm). This is a proof of concept of gratings
inscription using direct UV writing thanks to the high photorefractivity
of the Si02-SnOx:Er®* glass-ceramic planar waveguides.

Moreover, after a writing fluence of 1.0 kJ/cm?, a high average
refractive index variation over the grating’s region of 4.3 x 10°> was
measured via a prism coupling technique at 1550 nm. A comparison
with the gratings fabrication on hydrogen loaded germanium doped
silica glasses in the work [32] shows that the 7OSi02-SOSn02:O.5Er3+
planar waveguide exhibits a faster photorefractive response. To obtain a
refractive index change in the order of 103, the energy density needed

Fig. 6. Image of the optical gratings fabricated by a CW frequency doubled
argon laser A = 244 nm with a writing fluence of 1.0 kJ/cm? on a 4 x 4 mm?
area of the 70Si0,-305n0,:0.5Er>" glass-ceramic planar waveguide. One can
see the colors due to the interference patterns scattering from the gratings based
on the Bragg law. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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for hydrogen loaded germanoborosilicate glasses was 12.0 kJ/cm? [32],
i.e. one order of magnitude greater than for the SiOy-SnOg:Er®*
glass-ceramic planar waveguide. In other words, this energy-efficient
aspect of the direct UV-written gratings on the SiOy-SnOg:Er®*
glass-ceramics results in less time-consuming fabrication processes
compared with germanoborosilicate glasses. Therefore, the highly
photorefractive SiO2-SnO5 glass-ceramics can be an appealing candidate
for the development of optical integrated components. Furthermore,
with a combination of the high photorefractivity and the role of SnO5 as
an efficient rare-earth luminescence sensitizer [1-3], SiO»-SnO,
glass-ceramics activated by rare-earth ions can be promising for con-
structing active optical integrated components, e.g. light sources and
monolithic optical integrated circuits.

4. Conclusions

In this work, the high photorefractivity of SiO»-SnOx:Er®* glass-
ceramic planar waveguides was demonstrated. Under UV irradiation
using a pulsed KrF excimer laser (A = 248 nm), the SiOz—SnozzEr3+ glass-
ceramic planar waveguides showed a negative effective refractive index
change. By increasing the SnO, content, a greater saturated effective
refractive index change was obtained: (2.6 + 0.2) x 107 at 1550 nm on
the TEy mode for 30 mol% SnO; planar waveguides and - (2.0 + 0.2) x
10" at 1550 nm on the 1550 nm TEq mode for the 20 mol% SnO- ones.
In addition, the SiOy-SnO4:Er®" glass-ceramic planar waveguides show a
fast photorefractive response under UV irradiation. After a cumulative
dose of only 0.3 kJ/cm?, the 30 mol% SnO,, planar waveguides reached
their saturated effective refractive index change and the 20 mol% SnO»
arrived at nearly 80% of their saturated value. The fluorescence back-
ground in the micro-Raman spectrum of the irradiated planar wave-
guides suggests that the network modification existing due to the
presence of SnOy in SiOy matrix is involved in the photorefractive
response of the material. Finally, the first result of a direct UV-written
gratings fabrication using a CW frequency doubled argon laser (A =
244 nm) on the highly photorefractive SiO,-SnO5:Er®™ planar wave-
guide was successfully demonstrated. Thanks to the fast photorefractive
response of the SiO2-SnOy:Er>" glass-ceramic planar waveguides, the
energy density needed to obtain a refractive index change in the order of
10 was one order of magnitude less than the hydrogen loaded ger-
manoborosilicate glasses. This suggests that, by exploiting the photo-
refractivity, the gratings fabrication on SiO»-SnO:Er®* glass-ceramic
planar waveguides through the direct UV laser writing is less time-
consuming. All the features reveal the outstanding photorefractive
properties of SiO,-SnO4:Er’" glass-ceramics, paving the way for an
efficient top-down fabrication of optical devices (i.e.: channel wave-
guides and Bragg gratings) based on such binary systems for integrated
optics.
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