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In this paper, we report on the optical characterizations of erbium-doped yttrium alumino-borate glassy
thin films prepared by the polymeric precursor and sol-gel routes and the spin-coating technique. High
quality planar waveguides were produced by a multilayer processing of Y;_,Er,Al3(BO3)4 compositions
with x=0.02, 0.05, 0.10, 0.30, and 0.50. Their optical properties were investigated using transmission,

photoluminescence, and m-lines spectroscopy, whereas high resolution scanning electron microscopy
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ment friendly reactants.

(HR-SEM) was applied to check film thickness and surface homogeneity. The refractive indices deter-
mined from transmission and m-lines spectroscopy are in good agreement just like the film thickness
measured by HR-SEM and transmission spectroscopy. We observed low propagation losses, together with
efficient photoluminescence emission for polymeric precursor thin films, involving low cost and environ-

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Currently, considerable attention is devoted to the development
of efficient and compact optical waveguide amplifiers and lasers
based on rare earth-doped glasses for applications in integrated
optical devices [1-4]. Among the rare earth elements, erbium is
of potential interest for telecommunications due to its photolumi-
nescence (PL) emission at 1540 nm [5,6]. To achieve high-gain
optical amplification in a few centimeter long waveguide, a high
erbium concentration is required. Many results have been reported
on the spectroscopic properties of erbium-doped matrices, such as
silicate, aluminate, phosphate or chalcogenide glasses [7-13]. In
silicate matrices the available gain is limited by the onset of con-
centration quenching at low doping levels. In general, phosphate
glasses allow reaching the highest erbium concentrations and
appearing as potential host matrices for waveguide optical ampli-
fiers. It is, however, worthwhile to develop other host matrices
exhibiting high solubility for rare earth elements to further in-
crease the erbium doping concentration [14].

On the other hand, for bulk crystals, one potential host is
yttrium aluminum borate (c-YAB). Indeed, c-YAB exhibits good
properties for solid-state lasers: the high physical and chemical
stabilities are combined with a high thermal conductivity and good
mechanical strength [6,15-18]. In addition, the c-YAB high
refractive index (n = 1.63) in respect to standard silicate substrates
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allows to realize high contrast waveguides with good light confine-
ment and thus, higher pumping and amplification efficiencies [19].
In this paper, we report on planar waveguides of doped YAB com-
position which we denominate a-YAB (a: amorphous) [20-23]. To
the best of our knowledge, we are the only group working on this
kind of glassy borate thin films.

In a previous paper, we have demonstrated that, similar to other
borate glass systems, a-YAB:Er thin films shows high PL emission
with lifetimes ranging between 640 and 200 pis [24]. In the present
paper, we report the detailed optical characterizations of the a-YA-
B:Er thin films. The measured parameters include refractive in-
dexes, film thicknesses, optical losses, and PL emissions. High
resolution scanning electron microscopy (HR-SEM), Ultraviolet
(UV) - Visible - Near Infrared (NIR) transmission spectra, m-lines
spectroscopy and transmission PL emission spectra collected
through the waveguiding geometry were analyzed for different er-
bium concentrations.

2. Experimental
2.1. Film preparation

To prepare planar waveguides, two chemical routes were se-
lected: the polymeric precursor (PP) and the sol-gel (SG) methods.
The main advantages of these soft-chemical processes are the high
control of chemical homogeneity and purity of the resulting
deposits, the low temperature of synthesis, the easy incorporation
of rare earth ions and the possibility to cover large substrate areas
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by dip-coating or spin-coating techniques [20,21]. Likewise, they
are suitable for the preparation of multi-component systems since
different components can be easily mixed in the initial solutions at
the molecular level. The main differences between PP and SG
methods are the nature of the precursors and the involved poly-
merization reactions. In the PP syntheses, citric acid and d-sorbitol
are used as complexing and polymerizing agents, respectively,
while carbonates and salts are commonly used for cations precur-
sors [20]. On the other hand, in the sol-gel process, alkoxides and
salts are typically involved as precursors while hydrolysis of the
former must be carefully controlled [24].

The active materials selected for our experiments are
Y1 _xEr,Al3(BOs), compositions, with x = 0.02, 0.05, 0.10, 0.30, and
0.50. For the PP method, Aluminum nitrate nonahydrate (Prolabo
98% purity), boric acid (Carlo Erba 99.8% purity), yttrium nitrate
hexahydrate (Aldrich 99.9% purity), and erbium nitrate pentahy-
drate (Aldrich 99.9% purity) were used as precursors. Citric acid
monohydrate (Aldrich 99.5% purity) and d-sorbitol (Aldrich 99.5%
purity) were used as complexing and polymerizing agents, respec-
tively. The molar ratio of citric acid referred to the constituting
elements of the films (metals + boron) was 3:1, while the citric
acid/d-sorbitol mass ratio was set to 3:2. By heating continuously
under stirring at 120 °C, the polymerization occurred through the
polyesterification reactions between metallic citrates and boron
complexed by d-sorbitol forming a polymeric resin as detailed
elsewhere [22]. In order to control the film thickness the resin vis-
cosity was adjusted to 25 mPa s by evaporation or by the addition
of water.

On the other hand, for the SG method, aluminum acetylaceto-
nate (Aldrich 99% purity), tri-i-propylborate (Strem 98% purity), yt-
trium nitrate hexahydrate (Aldrich 99.9% purity) and erbium
nitrate pentahydrate (Aldrich 99.9% purity) were used as precur-
sors dissolved in ethyl alcohol (EtOH, Riedel-de Haen 99.8% purity)
and propionic acid (PropAc, Merck 99% purity). These sol prepara-
tions were carried out in a dry glove box (N, atmosphere). The
hydrolysis of precursors, particularly tri-i-propylborate, was per-
formed at 80 °C/1 h. The molar relatives proportions of YAB consti-
tutive  elements (metals + boron):EtOH:PropAc:H,O  were
1:95:55:5 as detailed in Ref. [21]. The resulting sols were filtered
at room temperature (26 °C) by using filters of 0.2 um porosity.
During these heat treatments, the solutions were placed into
closed silica glass flasks with polypropylene covers. Finally, by
removing the covers, the solvents were partially evaporated,
around 65 vol.%, at 80 °C during 70 min.

The as-prepared PP resins and SG sols were deposited on silica
glass substrates by using a RC8 SussMicrotech™ spin-coater
involving the “gyrset” technology to improve film thickness unifor-
mity. Rotation acceleration, rotation speed and spin time were
fixed at 500 rpm/s, 2500 rpm, and 5 s, respectively. After the depo-
sition of one layer, the film was dried at 80 °C for 30 min, followed
by two intermediary annealing treatments under O, atmosphere:
one at 400 °C during 2 h with a heating rate of 1 °C/min and a sec-
ond at 700 °C during 2 h involving a 2 °C/min heating-rate. This
thermal procedure was repeated for each layer, nine layers for PP
films and seven layers for the SG ones. Finally, the multilayer
deposits were annealed at 740 °C for PP and 780 °C for SG during
2 h with a heating rate of 1 °C/min. Additional preparation details
are given in Refs. [20,24].

2.2. Measurements

The thickness and chemical homogeneity of the films were
characterized by HR-SEM (FEG-VP Supra 35, Zeiss). The optical
transmission in the 250-900 nm range was recorded at room tem-
perature using a Perkin-Elmer Lambda 900 spectrophotometer.

The film refractive indexes were measured with an m-lines appa-
ratus (Metricon Model 2010) based on prism coupling and using
transverse electric (TE) and magnetic (TM) polarizations. A gadolin-
ium garnet (GGG) prism with a refractive index of 1.9644 at 633 nm
was used and the angular resolution was 0.0075°. This apparatus is
equipped with Si and Ge detectors for visible and NIR wavelengths.
Two He-Ne lasers, operating at 543 and 633 nm, and a diode laser,
operating at 1538 nm, were employed. The m-lines apparatus was
also used for loss measurements which were recorded by scanning
an optical fiber probe along the propagating light streak. The atten-
uation coefficient was obtained by fitting the data to an exponential
decay function, assuming that the longitudinal scattering center dis-
tribution is homogenous with a constant waveguide loss. The loss
measurements of the fundamental TE mode were performed at
633 nm on SG and PP films, 5.5 mm and 4.3 mm long, respectively.

The photoluminescence emission spectra were measured at
room temperature in the waveguiding configuration on about
3 mm long samples. To obtain good light in- and out-coupling,
around 80% of the substrate thickness was sliced with a dia-
mond-steel wire saw on the opposite face to the film. Subsequent
cleaving of the substrates results in high quality end-faces. A pig-
tailed laser diode (Newport 740) emitting at 980 nm (100 mW)
was used as excitation source. An optical spectrum analyzer (Hew-
let Packard 700004) allowed to record the NIR PL emission spectra,
collected at the end of the waveguide by a multimode optical fiber.

3. Results
3.1. Scanning electron microscopy

The HR-SEM micrographs of PP and SG films with x = 0.10 are dis-
played in Fig. 1. The glassy thin films are very homogenous and do
not exhibit any porosity. They exhibit well defined air-film and
film-substrate interfaces with uniform layer thicknesses. Film
thicknesses measured on these HR-SEM images are around
600 nm for the PP method and 516 nm for the SG one. For films with
different compositions, the deposition conditions were identical,
suggesting similar thicknesses and high quality interfaces.

3.2. Optical transmission

Fig. 2 displays typical transmission spectra for PP and SG films
illustrated here for the composition x = 0.05. All the films exhibit
good transparency, higher than 85%, with clear interference
fringes. We applied the envelope method [25,26] to deduce film
thicknesses and refractive indices from the fringes distance and
contrast. The good agreement between fitted and experimental
curves confirms the high homogeneity of the films and the low
roughness of air-film and film-substrate interfaces (Fig. 2) as pre-
viously observed by HR-SEM. In Fig. 3a and b are presented the cal-
culated refractive index, n, as a function of wavelength, /4, for all PP
and SG thin films.

These refractive index evolutions are similar to those reported
for the Yg94Erg0sAl3(BO3),4 single crystal. From 900 to 400 nm the
film index variations are low, while strong changes occurs between
400 and 250 nm due to the optical band gap proximity, shorter
than 190 nm [27]. It should be noted that the refractive index val-
ues of the films at 633 nm are slightly lower than those reported
for Er-doped YAB crystal with x=0.06 (n,=1.7757 and
ne=1.7015) [28], which is a very consistent result due to the a-
YAB glassy structure of these layers. Note that all the refractive
indices of SG thin films are higher than those of PP ones. This is re-
lated to the glass structure of the films, as discussed below.

The “envelope method” allowed also determining the film
thickness, d. The resulting d values are listed in Table 1 as a func-
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Fig. 1. HR-SEM cross-section micrographs of x =0.10 thin films coated on silicon
substrates, annealed at (a) 740 °C for the PP thin film and (b) at 780 °C for the SG
deposit.
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Fig. 2. UV - Visible - NIR optical transmission spectra of x = 0.05 films coated on
fused silica substrates for PP (a) and SG (b, circles) thin films. The solid lines are the
calculated transmission spectra.

tion of the erbium concentration, x, and synthesis methods. The
thicknesses for x = 0.10 are similar to the HR-SEM measurements,
that confirms the validity of the calculated n values.
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Fig. 3. Refractive index values of Y; \Er,Al3(BO3), thin films as a function of
wavelength, deposited on silica substrates for PP(a) and SG(b) thin films,
determined by the envelope method (symbols). The solid lines are a guide to the
eye.

3.3. m-Lines spectroscopy

The refractive indices and film thicknesses were also calculated
from TEq; and TMg; lines positions. Fig. 4 shows the refractive
indices of PP and SG films in terms of the erbium concentration,
at 543 nm, 633 nm, and 1538 nm. Film of almost all compositions
support two TE and TM modes at 543 and 633 nm, but only one
mode at 1538 nm (Table 1). The thicknesses of the PP and SG films
obtained from m-lines results are also shown in Table 1. These val-
ues of m-lines refractive indexes are similar to those previously ob-
tained from the optical transmission spectra (Fig. 3). It was
observed that the PP films exhibit a minimum for x = 0.05, while
that of SG films is for x = 0.10. This feature reveals again the struc-
tural differences between the films prepared by PP and SG. On the
other hand, all these layers, exhibiting high refractive index differ-
ences with the silica substrate, An = n — ngypstrate ~0.18-0.25, allow
to apply good light confinements. Indeed, the thicknesses of these
waveguides, in between 500 and 800 nm, are already convenient
for single mode propagation of the erbium pump and signal wave-
lengths at 4 =980 and 1550 nm, respectively. On the other hand,
our glassy thin films have a low birefringence (Fig. 4a and b), ex-
cept for the PP film with x =0.05 at 633 nm, and for the SG one
with x =0.10 at 633 nm and 1538 nm. In fact, almost all the sam-
ples have refractive index difference between TE and TM modes
(A) lower than 0.002. Homogenous films possess birefringence of
form due to difference of p- and s-polarized light reflections on
film surface. There is also birefringence due to stress between
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Compilation of the determined values of refractive indices, thicknesses and modes numbers for Y;_,Er,Al3(BO3), glassy thin films coated on silica substrates from PP and SG
methods at different wavelengths and Er concentrations, x.

X

Method Wavelength (nm)

Refractive index (n)

No. of modes Thickness from m-lines (nm) Thickness from Envelope method (nm)

Envelope method m-lines
0.02 PP 543 1.62 £0.01 1.6437 £0.0005 2 639+12 634+7
633 1.624 + 0.008 1.636 + 0.002 2
1538 - 1.621 £ 0.001 1
SG 543 1.692 £ 0.002 1.683 + 0.001 2 496 + 5 546 + 7
633 1.68 £ 0.01 1.6735+0.0002 2
1538 - 1.6518 £ 0.0003 1
0.05 PP 543 1.6288 + 0.0003 1.637 £ 0.003 2 686 + 16 669 +5
633 1.6207 + 0.0006 1.61 £ 0.01 2
1538 - 1.610 £ 0.001 1
SG 543 1.676 + 0.004 1.6738 £0.0007 2 553+4 622+4
633 1.668 + 0.003 1.663 + 0.001 2
1538 - 1.64690 + 0.00004 1
0.10 PP 543 1.628 + 0.006 1.6451+0.0008 2 678 £5 620+7
633 1.627 £ 0.005 1.6359+0.0003 2
1538 - 1.6156 +0.0004 1
SG 543 1.693 +0.003 1.666 + 0.003 2 590+ 16 625+7
633 1.694 + 0.005 1.658 + 0.004 1
1538 - 1.637 +0.002 1
030 PP 543 1.657 £ 0.002 1.6477 £0.0006 2 609 +4 602 +4
633 1.647 +0.008 1.6389+0.0006 2
1538 - 1.6202 + 0.0002 1
SG 543 1.685 £ 0.001 1.6775+0.0006 2 631+3 498 + 6
633 1.6862 + 0.0001 1.6677 £ 0.0006 2
1538 - 1.65030 + 0.00009 1
0.50 PP 543 1.6324 + 0.0009 1.6478 +0.0003 2 6165 771+5
633 1.632 £ 0.004 1.6391 +£0.0008 2
1538 - 1.6212+0.0004 1
SG 543 1.6749 + 0.0006 1.6784+0.0005 2 639+13 553+6
633 1.6739 + 0.0004 1.668 + 0.002 2
1538 - 1.651 £ 0.001 1

the a-YAB:Er film and silica substrate. In our case, the low birefrin-
gence indicates homogenous and well amorphous thin films. It was
observed that the x = 0.10 films have low propagation losses for the
TEo mode excited at 633 nm, being 0.70 + 0.13 dB/cm for the SG
thin films and 0.52 + 0.14 dB/cm for the PP ones. Our waveguides
exhibit good attenuation coefficients by comparing with other sil-
ica based erbium-doped thin films, such as 90SiO,-10GeO,-
20Al0;5 (~2.0dB/cm) [29], or 75Si0,-25GeO, (~0.3 dB/cm at
1550 nm) [30].

Fig. 5 illustrates a comparison between the refractive indices
calculated from the envelope method and m-lines spectroscopy
at 633 nm for PP and SG films as a function of Er concentration,
x. Note that the incorporation of erbium ions in the a-YAB matrix
leads to a reduction of the refractive index for x=0.05 and/or
x = 0.10 compositions. In the case of PP thin films, similar refractive
index results were obtained from m-lines and transmission spectra
for all compositions, being lower than x =0.05 and higher than
x =0.20, while significant discrepancies are observed in the case
of SG films for x = 0.1 and x = 0.3 Er concentrations.

3.4. Photoluminescence Emission

Fig. 6 shows the transmission PL emission spectra of PP and SG
films measured in the waveguiding geometry. The broad PL emis-
sion is typical for the ;32 — *I;5), transition of erbium ions inside
a glassy matrix. The zero Stark shift emission peak at 1530 nm is
clearly distinguishable for all films with exception of the x = 0.30
ones and the SG film x=0.50, which emission intensity is low.
For both film types the integrated emission intensity shows a clear

maximum at x=0.10 [24]. These maxima were related to the
quenching concentrations which were measured to be around
3 mol.% (Er;50) in between x = 0.1 and 0.3.

4. Discussion

The optical transmission spectra of all the PP and SG thin films
can be well fitted by the envelope method [25,26,28], allowing to
determine the refractive indices and film thicknesses (Figs. 3 and
5, Table 1) for comparison with m-lines results (Figs. 4 and 5,
Table 1). The significant gap of refractive index between PP and SG
films can be explained in terms of different structural arrangements
and relative amounts of BO3 and BO,4 basic units. Indeed, in a previ-
ous paper [23], we have shown that Y ¢Erg 1Al3(BO3),4 glassy com-
pounds prepared from the SG method contain higher BO4/BO3
ratios than those obtained from the PP route. This higher BO, pro-
portion leads to a more connected glassy network and dense struc-
ture in agreement with higher refractive indices of the SG thin films
than the PP ones [24].

Moreover, we have observed a refractive index minimum
around x = 0.05 or 0.10 for all wavelengths by m-lines spectroscopy
(Table 1 and Fig. 4a). This feature can be explained by the glass
structure densification process. Pisarski [31] observed that the
glass transition temperatures Ty, the crystallization onset temper-
ature Ty, and their differences AT =T, — T, evolve when erbium
concentration is increased in PbO-PbF,-B,05-Al,05-WO3 oxyfluo-
ride glasses showing a maximum of the AT value at around 1 wt.%.
Analyzing our refractive index values, which are related to the ma-
trix densities, we suppose a dependence of the matrix densification
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with respect to the annealing temperature for each erbium concen-
tration. As all the films containing different erbium concentrations
are annealed at the same temperature (740 °C for PP and 780 °C for
SG films [24,32]), this can leads to different matrix densification
due to Ty evolution. Detailed thermal and structural studies will
be required to specify this erbium concentration effect on the
refractive index.
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Fig. 6. PL emission spectra (transmission geometry) of Y;_.Er,Al3(BOs)4 glassy thin
films prepared by PP and SG methods excited at /=980 nm.

The film refractive index is smaller than that of Er-doped crystal
[28] (Table 1) due to the glassy nature of the layers that is typically
more distorted, and thus less dense, than the crystalline one.

The dependency of film thickness on the Er concentration can
be associated to typical changes of small discrepancies on solution
viscosity. Indeed, if the viscosity of the initial solution deposited on
the substrate is higher than other, the resulting film thickness is
higher. But, we can also note that the samples with x = 0.05 and
0.10 Er concentrations exhibit higher thicknesses and lower refrac-
tive indices. Thus, these higher thicknesses can be associated to a
not well-densified deposit having low refractive index.

The films exhibit strong PL emission around 1530 nm. The PP
waveguides have higher PL efficiencies and lower propagation
losses than the SG ones. This is in good agreement with the cou-
pling efficiencies observed for the PP thin films [24]. For both film
types, the x = 0.10 composition showing the highest PL intensity.
This observation is correlated to the lifetime quenching concentra-
tion which is in between x = 0.1 and x = 0.3 for both film types. This
high quenching concentration is also observed in erbium-doped c-
YAB crystals. However, the related low emission lifetime in the or-
der of 600 ps was also observed also in our a-YAB films. These two
features are typical for borate based host matrices. In fact the main
result of our work is that we could reproduce the main spectro-
scopic properties of doped c-YAB in our a-YAB thin films.

5. Conclusions

We have studied the optical transmission and PL emission of er-
bium-doped a-YAB planar waveguides prepared by the PP and SG
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chemical routes. The film thicknesses and refractive indices
were determined by two approaches: the envelope method from
the optical transmission spectra and the m-lines spectroscopy in
the visible and near infrared region. The very good agreement on
film thicknesses for the two methods, confirmed also by the
HR-SEM results, demonstrated the validity of the envelope calcula-
tions. On the other hand, the refractive indices calculated for
2 =633 nm are similar from both envelope and m-lines calcula-
tions: n=1.6207 and 1.6862 from optical transmission spectra,
n=1.61 and 1.6735 from m-lines spectroscopy for PP and SG thin
films, respectively. The erbium concentration, x, affects the refrac-
tive index with minimum values around x = 0.05-0.10 that are cer-
tainly due to differences of film densifications associated to Ty
variations. Finally, the PP films, especially with the x = 0.10 compo-
sition, seems to be the most promising waveguide due to the low-
est propagation loss value (0.52+0.14dB/cm at /=633 nm),
which is associated to high photoluminescence emission around
1530 nm.
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