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In this work, a sol-gel route was used to prepare Yo oErg 1Al3(BO3), glassy thin films by spin-coating tech-
nique looking for the preparation and optimization of planar waveguides for integrated optics. The films
were deposited on silica and silicon substrates using stable sols synthesized by the sol-gel process.
Deposits with thicknesses ranging between 520 and 720 nm were prepared by a multi-layer process
involving heat treatments at different temperatures from glass transition to the film crystallization
and using heating rates of 2 °C/min. The structural characterization of the layers was performed by using
grazing incidence X-ray diffraction and Raman spectroscopy as a function of the heat treatment. Micro-
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78.66.—w ties of the films were studied by m-line spectroscopy. The best films were monomode with 620 nm thick-
ness and a refractive index around 1.664 at 980 nm wavelength. They showed good waveguiding
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1. Introduction

In the last 10 years, a great attention has been done to the
development of efficient and compact optical waveguide amplifi-
ers and lasers in rare earth doped-glasses for integrated optical de-
vices [1-3]. Among the rare-earth elements, Er*>* ion with 1540 nm
photoluminescence emission is of particular interest for optical
amplification in telecommunications. In order to make a compact
amplifier, a few centimeters long, a high erbium concentration is
required when compared with erbium doped fiber amplifiers
involving typically several meters in length. However, due to the
onset of concentration quenching at low doping levels in silica,
the relatively low gain unit length which can be achieved has made
such development difficult. Thus, there is a great interest to devel-
op other amorphous host matrices with high solubility of rare-
earth elements, especially erbium, for integrated systems [4].

On the other hand, borate materials are of interest due to their
wide UV transparency and their non-linear properties associated to
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high optical damage thresholds [5,6]. Many of them, such as YBOs,
LaBOs3, GdBOs, and Y3BOg are also good host matrices for active
luminescent rare earth ions [5,7,8].

The Yttrium aluminum borate matrix (YAl3(BO3)4, YAB) is one of
the potential host candidates. In the crystal form, it exhibits good
properties for solid-state lasers: high physical and chemical stabil-
ity, high thermal conductivity and good mechanical strength [9].
YAB can be also used for waveguiding. Indeed, its high refractive
index (n=1.6-1.7) compared to silica substrate (n =1.45) allows
to realize a large angle of light admittance and a high light confine-
ment, thus increasing the pump absorption and amplification effi-
ciencies [10].

Our purpose was to obtain homogeneous glassy thin films to
develop waveguides without grain boundaries which lead to high
optical losses in polycrystalline films. Erbium-doped YAB composi-
tion appears as a suitable host matrix for efficient integrated opti-
cal amplifiers due to its high rare-earth solubility, high glass
transition temperature Tg, around 746 °C, and good thermal stabil-
ity versus crystallization [11].

In a previous work, stable sols were successfully prepared by
the sol-gel process [11]. The sol-gel technique is considered as a
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low cost deposition method which allows obtaining planar wave-
guides of high optical quality. Advantages of this method are the
high control of chemical purity, low temperature of synthesis, easy
incorporation of rare earth ions and the possibility to cover large
substrates area by the spin-coating technique [12]. Likewise, the
sol-gel process appears to be quite attractive for the preparation
of multi-component systems as it’s allows homogeneous reactions
in solution of all the precursors at the molecular level. A new sol-
gel route was developed by our group, in which YggErg 1Al3(BO3)4
crystalline and amorphous powders and films were demonstrated
to be synthesized with good optical quality [11,13]. The glass tran-
sition and crystallization temperatures of this matrix were found
around 746 °C and 830 °C, respectively. In this previous work, only
single-layer films were elaborated and the deposition conditions
were optimized with regard to the sol chemistry. In the present
work the elaboration and optimization of multi-layers thin films
is presented. The waveguiding properties of these films were
investigated, as well as the heat-treatment suitable to obtain
amorphous and dense films without cracks and pores. This work
was also devoted to optimize the structural, microstructural and
optical properties of the thin films by using X-ray diffraction, scan-
ning electron and atomic force microscopies and optical transmis-
sion characterizations. Moreover, the refractive index dispersion in
the visible and near infrared regions was determined by the enve-
lope method applied on the transmission spectra. Finally, m-line
spectroscopy was used for determining the waveguiding proper-
ties such as refractive index, propagation modes and losses.

2. Experimental procedure
2.1. Sol synthesis and multi-layer depositions

Aluminum acetylacetonate (Al(acac)s;, Aldrich 99%), tri-i-pro-
pylborate (B(OPr');, Strem 98%), yttrium nitrate hexahydrate
(Y(NOs)3-6H50, Aldrich 99.9%), and erbium nitrate pentahydrate
(Er(NOs3)s3-5H,0, Aldrich 99.9%), were used as precursors to obtain
the Yo oErg 1Al3(BO3), solid solution phase by the sol-gel method.
Ethyl alcohol (C;HsOH, Riedel-de Haen 99.8%), and propionic acid
(C3H5CO,H, PropAc, Merck 99%) were used as solvents. The prepa-
ration of the sols was performed in a dry glove box (N, atmo-
sphere). The precursor dissolution was first carried out in ethyl
alcohol (EtOH) and propionic acid (PropAc) at 80 °C during 2 h in
airtight silica cells to avoid any evaporation. Pure water was added
for the hydrolysis at 80 °C during 1 h. In all our experiments, the
relative molar amounts of cation precursors, corresponding to
the YAB composition, and of water were fixed at 0.9 Y:0.1 Er:3
Al:4 B:55 PropAc:95 EtOH:5 H,0. For more details see Ref. [11].
The resulting sols were filtered at room temperature (26 °C) by
using filters of 0.2 pm porosity. During these heat treatments, the
solution was placed into a closed silica glass flask with polypropyl-
ene cover. Finally, by removing the cover, the solvent were par-
tially evaporated, around 65 vol.%, at 80 °C during 70 min. These
concentrated solutions were used to prepare thin films by spin-
coating deposited on silica glass and (1 0 0) silicon substrates. Be-
fore coating deposition, these substrates were cleaned by deter-
gent (Argos, biodegradable anionic surfactant), rinsed with
deionized water and then immersed in a HNOs;+HCl (16
HNOs +28 HClI+56 H,0 molar proportions) solution during
5 min. The substrates were rinsed again with deionized water
and ethyl alcohol and finally dried through air flow. A spin-coater
(RC8 SussMicrotech™) equipment involving the gyrset technology
allowed to improve the film uniformity. Rotation acceleration,
rotation speed and spinning time were fixed at 500 rpm/s,
2250 rpm, and 5 s, respectively. After the deposition of each layer,
the films were dried at 80 °C for 30 min. Then, a first annealing at

400 °C during 2 h was applied with a heating rate of 1 °C/min while
a second one (2 h at 700 °C) was achieved at 2 °C/min. This proce-
dure was repeated for each layer (7-layers), and the resulting films
were finally annealed under oxygen between 740 and 850 °C dur-
ing 2 h with a heating rate of 1 °C/min.

2.2. Microstructural and structural characterizations

Grazing incidence X-ray diffraction (GIXRD) measurements
were performed with a home made diffractometer using a PSD
(position-sensitive detector) from Inel. The Fe Ko (1=1.936 A)
radiation (34 kV/25 mA) with 2 mm divergence and 0.6 mm recep-
tion slits and a graphite monochromator were the main set of
experimental parameters. The incident angle of X-ray beam was
fixed at 6;=0.5° the scan range (26) was fixed between 12 and
90° while the total collecting time of each GIXRD pattern was
7200 s.

Raman spectra were registered at room temperature using a mi-
cro-Raman Renishaw R2000 system. The samples were excited
with a 632.8 nm He-Ne line and the Raman spectra collected be-
tween 1050 and 1800 cm~! with a spectral resolution of approxi-
mately 1 cm™".

Surface quality and microstructure of the films were analyzed
using a high resolution scanning electron microscope (HR-SEM)
(FEG-VP Supra 35, Zeiss), while the surface morphology of the films
was observed by an atomic force microscope (AFM - Digital instru-
ment Nanoscope III) using the tapping mode to measure the sur-
face root-medium-square (RMS) roughness and grain sizes.

2.3. Optical characterizations

Optical transmission spectra in the UV-Visible-NIR near re-
gions (200-2000 nm) were recorded at room temperature using a
Perkin-Elmer spectrophotometer (Lambda 9, 240 nm min~, reso-
lution of 0.2 nm). Waveguiding properties were investigated by
m-line spectroscopy [14] involving a symmetrical 60° prism
(Schott SF 58 glass) with a refractive index n,=1.8736 at the
980 nm wavelength. Loss measurements were recorded on
15 mm long samples by a scanning optical fiber probe moving
along the length of the propagating light streak in a Metricon®
equipment (model 2010). The attenuation coefficient was obtained
by fitting the data with an exponential decay function, assuming a
homogeneous longitudinal distribution of the scattering centers
and a constant loss parameter for these planar waveguides. The
measurements were performed by excitation of the fundamental
transverse electric mode of the planar waveguide at 632.8 nm
and 1550 nm.

3. Results and discussion
3.1. Structural characterizations

The GIXRD patterns of YqgErg 1Al3(BOs3)4 thin films deposited on
silica substrates and annealed during 2 h at the final 780, 820, and
850 °C temperatures are presented in Fig. 1. One can observe that
the films are amorphous below 820 °C while after an annealing
at 820 °C, the resulting film is partially crystallized in the Al4B,0g
compound (JCPDS No. 09-0158). At 850 °C, two crystalline phases,
Al4B,09 (JCPDS Card No. 09-0158) and YBO3 (JCPDS Card No. 88-
0356) coexist with a remaining amorphous phase. These results
are in agreement with our previous results for the crystallization
of fine amorphous YgoErg1Al3(BO3), powders prepared by the
sol-gel process [11,13], and also, with those reported by Madarasz
et al. [15]. They observed, for the YAB composition, the formation
of Al4B,0g by solid state reaction at 800 °C. On the other hand,
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Fig. 1. GIXRD patterns of Yo gErg1Al3(BOs)s thin films (7-layers) coated on silica
substrates and annealed at 780, 820, and 850 °C during 2 h with a heating rate of
2 °C/min.

the YAB or YogErg1Al3(BOs), crystalline phases can be obtained
only at high temperatures, around 1150 °C as previously reported
by several works [11,13,15,16].

In order to better understand the structural changes occurring
from amorphous (740°C) to partially crystallized (850 °C)
Yo.9Erg1Al3(BO3),s films deposited on silicon substrates, Raman
spectroscopy was used. Raman spectra are illustrated in Fig. 2 be-
tween 1050 and 2250 cm~!. Spectra were not analyzed below
1050 cm™!, due to the presence of many silicon substrate bands
overlapping with those of the films. Similar spectra were registered
for films heat-treated at 740 and 780 °C during 2 h while a signif-
icant evolution is observed for films annealed at 820 and 850 °C.
The 740 and 780 °C spectra were well deconvoluted by two Gaus-
sians curves while four Gaussian curves were necessary for the 820
and 850 °C ones. Vibrational frequencies, area under each Gaussian
peak and corresponding FWHM (Full width half maximum) are
listed in Table 1.

Several crystalline and amorphous borates studies of known
structures have shown that trigonal BO5; units have strong bands
in the spectral range 1100-1600 cm™!, whose shape depends on
the numbers of bridging and non-bridging oxygen and conse-
quently differs for orthoborates, pyroborates, and metaborates
linkages [17,18]. Tetrahedral BO4 units exhibit characteristic vibra-

820 °C
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1 780 °C
2000

1 0,
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Fig. 2. Raman spectra of Yy oErg 1Al3(BO3),4 thin films (7-layers) deposited on silicon
substrate and annealed 2 h at 740, 780, 820, and 850 °C.

Table 1

Vibrational band frequencies, normalized area and full-width at half medium
(FWHM) of Raman spectra for the Er:YAB glassy thin films heat treated at different
temperatures.

Heat treatment Frequency Normalized area FWHM
(°C) (em™) (%) (em™)
740 1385 59 107
1594 41 134
780 1388 53 108
1596 47 170
820 1292 24 80
1450 24 68
1566 16 83
1721 36 173
850 1271 16 80
1486 38 82
1640 9 72
1767 37 163

tions between 800 and 1200 cm™". In this work the BO; and BO,4
groups could be analyzed through four band splitting due to differ-
ent surroundings.

The main features in the Raman spectra of glassy Yo oErg 1Al3(-
BO3), thin films annealed at 740 and 780 °C (Fig. 2 and Table 1)
are the bands centered around 1388 and 1596 cm™, respectively.
Slight differences in the spectra are observed from 740 to 780 °C
that can be related to the structural relaxations associated to the
glassy transition Ty ~ 746 °C, while at higher temperatures, 820-
850 °C, significant changes in band intensities and peak positions
are due to the film crystallizations. Indeed, two new bands cen-
tered at 1292 cm~! and 1721 cm™! emerge due to the Al,B,0q crys-
tallization and a breakdown of BO4 units to form BO3 with bridging
or non-bridging oxygens, respectively, in agreement with the pre-
vious results of Mazza et al. in the Al,05-B,03 system [19]. On the
other hand, the bands centered at 1450 and 1566 cm™! can be as-
signed to the BO, and BOs; units with non-bridging oxygens,
respectively, of the amorphous remaining phase [13]. Also, these
bands are related to the formation of YBOs phase.

Finally, the band at 1721 cm™! is due to the stretching between
boron and hydroxyl groups. Indeed, the crystallization induces a
chemical instability, the rough surface of the film becoming
slightly hygroscopic.

These results confirm the GIXRD results discussed above illus-
trating the glass network breakdown when the Al4B,09 and YBO;
crystallization occurs.

3.2. Microstructural properties

The surface morphology of films on silicon substrates annealed
2 h between 740 and 850 °C was characterized by HRSEM (Fig. 3).
From the micrograph (a), corresponding to an annealing at 780 °C,
one can see that this glassy thin film is very homogeneous and
does not exhibit any grains. Similar micrographs were recorded
for annealing at 700 and at 740 °C. When the annealing tempera-
ture increases (Fig. 3b and c), we observe a non uniform surface
with nanometer-sized grains according to the Al;B,09 and YBO;
crystallizations (Fig. 1). Fig. 3d and e are the corresponding
cross-sections of films which exhibit very good chemical homoge-
neity in thickness. The Film annealed at 740 °C exhibits a good den-
sification and do not present crystal grains or pores, but the
cleavage process was not perfect due to the glassy state of the films
720 nm-thick. The film annealed at 780 °C, just above T, exhibits a
higher densification with a perfect cleavage showing well uniform
layer with a reduced thickness of 520 nm. At 820 °C (Fig. 3f), the
film surface become very irregular due to the crystallization pro-
cess inducing an irregular increase of the thickness, around
620 nm.
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Fig. 3. HR-SEM surface micrographs of Yo oErg 1Al3(BO3),4 thin films (7-layers) on silicon substrate, annealed at 780 °C (a), 820 °C (b), and 850 °C (c¢) during 2 h using a heating
rate of 2 °C/min. (d), (e) and (f) are HR-SEM cross-section micrographs of Yo oErg Al3(BO3), thin films annealed 2 h at 740 °C, 780 °C and 820 °C, respectively .

The films are amorphous YggErgAl3(BO3)s composition at
700 °C, but the crystallization occurs first by the formation of
Al4B,09 (820°C) phase followed by the crystallization of YBOs
phase (850 °C) while the coatings remain partly in the amorphous
state. On the other hand, we have previously shown by thermo-
gravimetry on the corresponding sol-gel powders [13] that a small
boron oxide lost occurs during the crystallization at about 820-
850 °C. We believe that two different effects occur simultaneously
for the samples annealed at 820 and 850 °C: contraction of the
crystallized areas and coating expansion or cracks due to the boron
oxide losses at 820-850 °C leading thus to non-homogeneous film
surfaces.

The film surface microstructure was also analyzed as a function
of annealing temperatures by AFM (Fig. 4): at 740 °C the films ex-
hibit non-homogeneous surfaces with roughnesses of about 0.6 nm
RMS; at 780 °C film surfaces become very smooth (0.1 nm RMS); at
820 °C some crystal grains of 75+ 3 nm in diameter are formed
thus rising the roughness to 0.6 nm RMS and finally at 850 °C,
the grains grow, around 82 + 4 nm in diameter, leading to a higher
roughness of 1.1 nm RMS due to the crystallization of Al4B,09 and
YBOs. Thus, this microstructural study allowed to specify the

annealing temperature around 780 °C for the preparation of high
quality thin films exhibiting high density and chemical homogene-
ity coupled to a very smooth surface that is required for the devel-
opment of waveguide devices of low optical loss.

3.3. Optical transmission properties

Optical transmissions of glassy and partially crystallized thin
films were measured continuously from 200 nm to 2000 nm.
Fig. 5 displays the transmission spectra of films composed by seven
multi-layers on silica substrate and heat-treated at different tem-
peratures with a heating rate of 2 °C/min. First, a good transparency
in the visible and near infrared regions (higher than 85%) is ob-
served for all films. The films heat-treated at 740 °C do not present
suitable interference fringes due certainly to some lack of homoge-
neity (Fig. 5a) while those sintered at 780 and 820 °C exhibit good
interference spectra in agreement with the microstructural study.
For films annealed at 850 °C, the UV transmission and interference
amplitude in the visible are reduced. This feature is due to the Ray-
leigh scattering of Al4B,0g9 and YBO5 crystal grains as previously ob-
served by AFM (Fig. 4d). Consequently, the best transmission



488 L.J.Q. Maia et al./Optical Materials 32 (2010) 484-490

0.2 X 0.200 pm/div
Zz 20.000 nm/div

(c)

2 um
1.0

* 0.200 pm/div

Z 20.000 nm/div

0.2 X 0.200 pm/div
Zz 10.000 nm/div

(d)

X 0.200 pm/div
z 20.000 nm/div

Fig.4. 3D 1 x 1 um? AFM images of Y oEr ;Al5(BO3)4 thin films (7-layers) on silicon substrate, annealed at 740 °C (a), 780 °C (b), 820 °C (c), and 850 °C (d) during 2 h using a

heating rate of 2 °C/min.

spectra are obtained for films annealed between 780 and 820 °C
confirming that the grain size and densification are crucial factors
to prepare Yo oErg 1Al3(BOs), high quality thin films. The refractive
index (n) and film thickness were determined from the interference
fringes by the envelope method, using the expression reported by
Manifacier et al. [20] and modified by Peng and Desu [21]:

85
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% /\/"
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E 95
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Fig. 5. UV-Visible-near IR optical transmission spectra of YqgErg1Al3(BO3)s 7-
layers coated on silica substrate and annealed at different temperatures with a
heating rate of 2 °C/min.

1/2
n=[N+N- ng)‘/z] 1)
where
— 1 2 Tmax - Tmin
N= 5 (1+ng)+2n; (7““ T ) 2)

where Tpax and Ty, are the transmission maximum and the corre-
sponding minimum at the wavelength / of the interference fringes
(Fig. 5), while ny is the substrate refractive index (silica [22]) at the
same wavelength. The refractive index values, calculated from Eq.
(1), are shown in Fig. 6a for Yog¢ErgAl3(BO3),4 films annealed at
780 °C. The refractive index results were fitted with the following
Sellmeier curve [23,24]:

B 2
D= 3
P»-C 3

n?=A+

The fit of the experimental data provides the following set of
parameters: A=2.7711, B=0.0173, C=0.0073 and D =0.0275 (/.
in pum). This Sellmeier fits very well the measured points, as can
be seen in Fig. 6a. The refractive index dispersion of glassy films
is slightly smaller than those reported for Er-doped YAB crystal
[23].

Fig. 6b illustrates the thin film refractive index at /. =980 nm as
a function of the annealing temperature. Clearly, the values exhibit
a maximum at 780 °C corresponding to the highest densification
and best homogenization of the film at an annealing temperature
just above T,. At higher temperatures, the crystallization onset in-
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duces a decrease of the refractive index due to the formation of
voids.

It is also possible to estimate the film thickness from the trans-
mission spectra. The thickness d can be calculated from two adja-
cent maxima or minima of interference fringes at 4, and /1, by the
equation [21,24]:

R
2(n(%1) - 42 = n(42) - (41))]

where A1, (/1) and A, n(/,) are the corresponding wavelengths and
refractive indexes calculated by the envelope method. The average
d values are plotted in Fig. 6b as a function of the annealing temper-
ature. In good agreement with the best film densification obtained
at 780 °C, one can observe a thickness minimum between 780 and
820 °C. The Al4B,0q crystallization, above 820 °C, induces an expan-
sion of the layer due to the formation of crystal grains and voids.

According to Peng and Desu [21], the packing densities of films
can be estimated from the Bruggeman [25] effective medium
approximation. The packing densities of single phase porous films
can be determined by the equation [21,24]:

2
+(1-f) 11+ 2nn2 o (5)

d=

(4)

2 2
nz—n
nZ 4+ 2n?

f

where fis the volume fraction or the packing density of the film, n,
is the refractive index of the bulk material (Er-doped YAB crystals
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Fig. 6. (a) Refractive index dispersion for Yo gErg 1Al3(BO3), film on silica substrate
and annealed at 780 °C determined by the envelope method in comparison with the
Sellmeier curve. (b) Refractive index at 21=980nm and thickness of
Yo.9Ero.1Al3(BO3), thin films on silica substrate, annealed at different temperatures
with a heating rate of 2 °C/min. The lines in (b) are used to guide the eyes.

[23]), and n is the above determined refractive index. In this work,
the refractive index of the films is smaller than that of Er-doped
crystal due to the glassy network and the porosity of the films an-
nealed above 780 °C. Table 2 summarizes the packing densities of
Yo.9Ero.1Al3(BO3), films, calculated using the value of the extraordi-
nary index of Er:YAB crystals. The packing densities indicate a max-
imum of densification at 780 °C, with a good packing of glassy films
higher than 96%. This difference of 4% with the Er-doped YAB crystal
can be related to structure distortions of alumino-borate glassy net-
work, as well as to nanometer-sized porosity of the films. Thus,
these results are in perfect agreement with all the previous ones
presented above.

The film heat-treated at 780 °C is very promising for the design
of waveguides with a high An = 0.21 between the film and the SiO,
buffer layer (or cladding), such that a guiding layer thickness of
620 + 10 nm would already be sufficient for single mode propaga-
tion at 980 and 1540 nm wavelengths.

3.4. Waveguiding properties

The m-line spectra of YggErg1Al3(BO3)4 thin films annealed at
740, 780 or 820 °C, are shown in Fig. 7. Only the fundamental
TEo and TMy waveguide modes could be excited, suggesting that
all waveguides are monomode. The measured effective index neg
of the observed modes are reported in Table 3 as well as the line-
widths (FWHM), and the coupling efficiency. The film refractive in-
dex was calculated using the standard guided mode dispersion
equation [26] using a film thickness of 620 nm. One notes that
the neg of the TEg and TMg modes have a maximum at 780 °C. At
the same time, the coupling efficiency remains almost constant
for 740 and 780 °C, but it decreases at 820 °C, specially for the
TM, mode due the partial coating crystallization. The best results
are obtained for the film annealed at 780 °C with coupling efficien-
cies of 48% and linewidths of around 0.0013. The coupling effi-
ciency is directly related to the waveguide losses and thus to the

Table 2
Packing densities for the films annealed at different temperatures, calculated from the
extraordinary index of Er:YAB crystals.

Annealing temperature (°C)
740 780 820 850
Packing density 0.76 0.96 0.95 0.94
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Fig. 7. Normalized spectra of TE and TM guided modes for Y oErg 1Al3(BOs3)4 thin
films coated on silica substrate. Spectra were obtained by measuring the reflected
intensity versus the incidence angle.
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Table 3
Values of effective indexes, coupling intensity, FWHM, and refractive indexes
computed for TEy and TM, guided modes.

Mode Annealing temperature (°C)

740 780 820

Effective index (negr) (£0.0005) TEo 1.5584 1.5976  1.5541

TMp 1.5568 1.5906 1.5541
Coupling intensity (%) TEq 46 48 39

T™, 44 37 34
m-Line FWHM (£0.0005) TEq 0.0007 0.0013 0.0007

TMp 0.0007 0.0017 0.0007
Computed refractive index (+0.0005) 15736  1.6354  1.5552

thin film quality. The film refractive indexes, calculated from the
effective ones, are 1.5736 at 740 °C, 1.6354 at 780 °C and 1.5552
at 820 °C. These refractive index values are similar to those previ-
ously calculated by the envelope method.

The propagation losses of 15 mm long YqoErg 1Al3(BO3)4 glassy
waveguides for the TE, mode excited at 632.8 nm are around
0.86 + 0.11 dB/cm. The Y 9Erg1Al3(BOs), waveguides exhibit a sin-
gle propagation mode in the third telecommunication window
(1550nm) with an attenuation coefficient of about
0.88 +0.21 dB/cm. Similar results are found for other systems
(0.8 dB/cm) [27,28]. As the propagation losses of the glassy planar
waveguides are relatively low, it is reasonable to consider them for
integrated optical devices. Moreover, the spectroscopic properties
of the erbium-doped waveguides, which were presented in previ-
ous work [29], suggest their possible use in optical amplification.
Further work will, however, be necessary because of the high bor-
on content which affects the emission efficiency due to multi-pho-
non non-radiative relaxation.

Comparing the results reported in this work with those ones
mentioned in another work developed by our group [24], we note
that the films from the sol-gel process possess superior quality to
those prepared from the polymeric precursor (PP) method. The
refractive index of the films obtained from sol-gel (SG) process is
higher than those from PP method. Thus, the SG method leads
the formation of a more cross-linked glass structure with a higher
density than that resulting from the PP syntheses. These main dif-
ferences between the refractive index of the thin films from the SG
and PP methods can be explained in terms of the structural
arrangements and relative quantities of BO3 and BO,4 units. It is
know that higher BO4 unit quantities leads to a more connected
glassy network and dense structure in agreement with a higher
refractive index for the Er:YAB thin films from sol-gel process than
that ones from the polymeric precursor method [13,24,30].

4. Conclusions

Yo.9Ero.1Al3(B03)4 glassy thin films were synthesized by the sol-
gel process. The structural, microstructural, and optical properties
of the films were optimized for best waveguiding properties.
Through a seven multi-layer process we obtained dense thin films,
around 620 nm thick, without cracks, voids, grains or porosities for
a annealing at 780 °C. The YqgErg 1Al3(BO3), thin films are amor-
phous until 780 °C, while their crystallization starts at 820 °C with
the formation of the Al;B,09 phase followed by that of YBOs at high-
er temperature (850 °C). The film roughness measured for these
optimized thin films is 0.1 nm RMS, which is very promising for
the preparation of low optical loss devices. The films exhibited a

good transparency (higher than 85%) in the near UV-Vis-near IR re-
gions with good interference spectra for those annealed at 780 and
820 °C. The Sellmeier curve could thus be determined. Finally, best
films, annealed at 780 °C, showed good waveguiding properties
with high light-coupling efficiency (~48%) and higher refractive in-
dex ~1.664 at 980 nm. Direct measurement of the waveguide losses
showed values of 0.86 dB/cm for 632.8 nm and 0.88 dB/cm for
1550 nm. These values are close to published values for other sys-
tems such as SiO,-HfO,-Er,03 and SiO,-ZrO,-Er,03 [28,31]. These
results revealed that our rare earth aluminoborate (YggErq Als(-
BO3)4) host exhibit potential waveguide developments.
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