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The effects of Er/Al co-doping on the fluorescence of silica waveguide film
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In this research, Er/Al co-doped Si/SiO; optical waveguide films were fabricated for an optical amplifier application. The co-
doping of Er and Al into silica soot deposited by FHD was successfully carried out by solution doping. The optimum conditions
for sintering were 1330°C~1350°C. The fabricated waveguides showed a refractive index difference of 0.8~0.9%, which is
appropriate for amplifier operation. According to the results of the fluorescence measurements, we could confirm the
depression of the concentration quenching of Er ions by the co-doping with Al
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Introduction

A PLC (Planar Lightwave Circuit) type optical
amplifier is an integrated optical device applicable to
access networks in optical communication. Because of
its compact physical size, easy mass-production, and
integratibility into monolithic multi-functional optical
devices, this device is expected to be a key element in
the next generation of optical communication network.
However, to get reasonable amplification gain, a PLC
type optical amplifier requires a high concentration of
rare earth ions because of its short gain medium length.
But a high concentration of rare earth ions causes the
decrease of amplification efficiency by scattering loss,
non-radiative emission, etc. Namely, if the concentration
of Er** is high, Er ions form clusters and generate
“concentration quenching”, the reduction of stimulated
emission lifetime in the meta-stable state. In a fiber
amplifier, to avoid such concentration quenching and to
increase the solubility of Er, co-doping of Al and Er
into optical fibers is used. Al ions are dissolved into the
silica network with a tetrahedral structure, [AlOyp]
These [AlO4p]™ attract Er** ions to reduce free energy
and prevent clustering of Er’* ions [1-3]. In this study,
we try to apply such a result from the fiber amplifier to
e fabrication of waveguide by FHD.

In this study, the fabrication of a Si/SiO, optical
waveguide amplifier by FHD (Flame Hydrolysis De-
sestion) and solution doping are mainly discussed.
Underclad and core layer S0, films were deposited by
FHD and subsequently solution doping was carried out
0 add Er*/AP* ions into the deposited core Jayer film.
The influences of pre-sintering and the solution doping
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process on the film were investigated to optimize the
sintering process [4]. Measuring the thickness and
refractive index of Er doped silica films was conducted
by a Prism coupler method. In addition, as a basic
characteristic of the amplifier, the fluorescence spectrum
of Er**/AI**-doped silica films was measured to check
if the films were properly doped with Er’*.

Experiments

An underclad layer was deposited on a Si wafer by
FHD in the form of a porous soot and subsequently
sintered into optical grade dense glass film. Then, the
core layer was deposited onto the underclad by the
same method. The doping by Er was carried out after a
pre-sintering processing at 950°C by a solution doping
method with Al for 24 hours. The pre-sintering was
intended to give some mechanical integrity to the soot
particles in the core layer thus preventing physical
dissociation of the layer during the solution doping
process. After doping, the porous core layer was sinter-
ed into a dense silica glass film by heat treatment at
1330°C~1350°C. Since Al increases the sintering
temperature and B lowers it, the sintering temperature
was controlled by controlling the content of Al and B
[5]. The content of B was proportionally doped to
suppress the increase of the sintering temperature by
the Al addition below 20°C to prevent the crystalli-
zation and mixing between the underclad and core layers
[6-71. The content of each constituent was controlled
by the flow rate of source gases when fabricatng the
soot; the flow rates of SiCl, and POCL, were 44 scecm
and 5 scem respectively for both underclad and core
layers, and GeCl, was 46 sccm for the core layer, BCl;
was 3 scem for the underclad layer and 17 scem for the
core layer.
An Ex/Al solution for solution doping was prepared
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in different concentrations by dissolving reagent grade
ErCl;-6H,O and AlCl;-6H,O powder in ethanol. The
solution concentrations of Er were 0.2 wt%, 0.35 wt%,
0.5 wi% and 0.65 wt% and those of Al were 0.25 wt%
and 0.5 wt%.

RBS (Rutherford Backscattering Spectrometry) and
EPMA (Electro Probe Micro Analysis) were employed
to measure the concentration of Er/Al in the silica
films. In RBS, He ions were used as the ion beam
source, and there were accelerated by a Pelltro (NEC
6SDH2) in the Tandem mode. The accelerating voltage
was 2 MeV, and the charge of the He ions, incident
angle and scattered angle were 20 »C, 0° and10°,
respectively. The measured spectrum from RBS was
made to fit a theoretical spectrum using the rump
program. The data fitting was quantitatively conducted
by dividing the sample into 16 layers. However, B, P,
and Al were not detected by RBS due to their light
atomic mass or low content. Instead, ICP-AES and
EPMA were employed to measure the concentration of
these elements. In EPMA, the beam current, accelerat-
ing voltage and probe diameter were 1x107°A, 20 kV,
and 200 um, respectively. In ICP-AES, JOBIN YVONIY
138 ULTRACE model was employed. The thicknesses
and refractive indice of the Er/Al doped silica films
were measured by the Prism coupler (Metricon Model
2010) at a wavelength of 633 nm [8].

The fluorescence spectra were measured as a basic
optical characteristic for the optical amplifier and to
clarify the effect of Al co-doping. The fluorescence
spectrum was measured by launching the pumping laser
light into the polished edge of the silica films and
collecting the light emitting from the surface of the
film. Er™ in the *I;5» ground state was pumped to the
1112 by a Ti-sapphire tunable laser (CW, 980 nm, 460
mW). The fluorescent light emitted by the transition
from *I;5 to *I;;» was selected by a 1/4 m monochro-
mater (Oriel Co.), amplified by a lock-in-amplifier, and
detected by an InGaAs PIN detector (Hamamatsu Co.).

Results and Discussion

The measured concentrations of Si, Ge, B, P and O
in the core layer were 27.4 wt%, 2.5 wt%, 1.4 wt%, 0.1
wt% and 68.4 wt%, respectively. Since the process
parameters such as the source flow rates of Si, Ge, B
and P and the sintering temperature were fixed for all
the films, no variation in the concentrations was observed
for the various samples. Fig. 1 and Fig. 2 show the
variation of dopant concentration as a function of the
Er/Al solution concentration used during the solution
doping process. These results show that the Er concent-
ration in the sintered silica films increased linearly with
the concentration of Er in solution even though the
absolute concentration of Er is lower in the sintered
films compared to the solution. Al also appears to
exhibit a similar doping behavior. At least, it has been
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Fig. 2. The variation of Al concentration in the siicz ==
function of Al solution concentration.

shown that the concentration of Er/Al doped =
sintered film could be controlled predictably ==
ing the concentration of in the solution. The max
concentration of Er doped into the glass T
measured to be 0.2 wt% for the 0.5 wt% Er soiun

The co-doping of Al with Er has proved to refus
doping concentration of Er in the glass film. As &
in Fig. 1, the glass film doped in the solution =
ing 0.65 wt% Er and 0.5 wt% Al was obserwad
contain a lower concentration of Er, which s 0 25
That is, although the Er concentration in the s
used for ErfAl co-doping was higher than tha
solution used for Er doping, the actual dopinz s
ration in the co-doped film was lower than tha &
single doped film. This means that co-doping ==
decreased the absolute doping quantity of Er. Fuis
more, the proportionality between the Er concemmas
in solution and the actual concentration of Er =
sintered films decreased with the increasing Al come
ration. On the other hand, the actual concentzim
Al in the sintered films was close to the concemzus
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Fig. 3. Refractive indices of Er doped silica waveguide films as a
function of Er concentration (No Al doping).

in the solution and not affected by the Er concentration.
This result suggests that Al is selectively adsorbed on
the surface of the silica soot first and then Er is
absorbed. It is known that the ion in the solution
containing OH forms the hydrated ion and the hydrated
ionic radius determines the adsorption behavior on the
solid surface [9]. Since the ionic radius of Er*? is larger
than that of Al the ionic field strength (charge/ionic
radius) of AL® is higher than Er*, which means that
the tendency to form a hydrated jon is higher for Al?
compared to Er*. Therefore, the OH species on the
surface of a silica soot particle attracts Al more
strongly than Er*> and this tendency is believed to
produce the preferred adsorption of Al*? over Er™.
Figs. 3 and 4 show the change of refractive index at a
wavelength 633 nm as a function of Er and Al concent-
rations. Here the concentrations of Er and Al are the
actual values measured by RBS and EMPA as describ-
ed in the previous section. It is reported that the
addition of ions with a large radius such as Er* and
Al*® makes the dipole strength of the non-bridging
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Fig, 4. Refractive indices of Er/Al co-doped silica waveguide films
as a function of Al concentration at a fixed Er doping of 0.1 wt%.
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oxygen increase and hence refractive index increase
[10, 11]. As shown in the results, the addition of 0.2
wt% Er produced an increase of the refractive index by
0.0031, and the addition of 0.5 wt% Al produced an
increase of 0.0015, smaller than the case of Er [12]. On
the other hand, the refractive index of the underclad
layer was about 1.46, which makes a suitable index
difference  [= (Neore-Nunder)/Dunder]Of 0.8~0.9% for the
fabricated waveguide amplifying medium. The thick-
ness of the silica film was 14.6 um for the underclad
and 4.9 um for the core layer in average.

Fig. 5 shows the fluorescence spectrum of Er/Al co-
doped silica films. The maximum fluorescence inten-
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Fig. 5. Fluorescence spectra of Er/Al codoped silica films with (a)
no Al (b) 0.18 wt% Al; 0.48 witfe Al
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sity showed at 1534 nm on average, and the main Stark
levels were identified by F9, F6, F7 [13]. The spectrum
is different from that of the Si0,-Al,O; host EDF in the
location of the main peaks. This is due to the different
crystal field around Er** originating from the different
composition of host materials [13]. On increasing the
doping level of Er/Al, a subtle change of the spectrum
shape was observed, while the main Stark levels
remained unchanged.

Fig. 5(a) shows spectra of the silica films doped with
Er only. As the concentration of Er increased, the inten-
sity of the spectrum decreased. Generally the fluore-
scence intensity is expected to increase if the quantity
of the fluorescence source, Er, increases. However, at
high concentrations of Er*', the clustering of Er ions
occurs to reduce the energy by sharing non-bridging
oxygens, and due to their close distance “concentration
quenching” starts to appear, which results in the
decrease of the fluorescence intensity and life time
[14]. It is believed that this “concentration quenching”
occurred in the samples in Fig. 5(a) and reduced the
fluorescence intensity. On the other hand, silica films
with 0.18 wt% Al (Fig. 5(b)) showed a reduction of
fluorescence intensity at an Er concentration of 0.08
wt%, and silica films with 0.48 wt% Al (Fig. 5(c)) did
not show this effect up to a Er concentration of 0.14
wt%. Namely, the Er concentration showing “concent-
ration quenching” increased as the concentration of Al
doped increased and this result is identical to the case
of the Er/Al co-doped silica glass fiber. Therefore, it is
believed that Al reduced the “concentration quenching”
in the silica films and improved the emission efficiency
by preventing Er ions from clustering. Using this prin-
ciple, one could know that “concentration quenching”
depends on not the absolute quantity of Er or Al but on
the AI/Er ratio. [15] These results are summarized in
Fig. 6 which shows the fluorescence intensity at a
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Fig. 6. The variation of fluorescence intensity as a function of Er/
Al concentration in silica film.
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Fig. 7. FWHM of Er/Al doped silica film as a fis
concentration of Al.

wavelength 1534 nm. This is clearly shoms
doping notably reduced the tendency of comos
quenching. Besides a reduction of concentraswm
ching, Al also is known to slightly increase the &
of the fluorescence spectrum at 1.5 um [13]. The
is confirmed in Fig. 7 from fluorescence speces
normalized maximum intensity. The addition =
wt% Al produced an increase of FWHM by =
which is somewhat less than that reported =
optical fibers [13].

Conclusions

In this research, the solution doping method
successfully applied to co-doping of Er and &
silica waveguide films deposited by FHD. In 5
tion doping method, we could control the conce=
of Er/Al in the film by changing the concentram
Er solution since the final concentrations of
exhibited a linear relationship with the concentrasm
solution. Even though, there was discrepancy =
solute concentration between final concentras s
solution concentration due to different adsom
behavior of two dopants, the linear relationship m
possible to control the concentration of dopas
predictable manner. The Er/Al doping concentrassm
controlled to give appropriate refractive indes &
ences between underclad and core layer, 0.8~ %5

From the fluorescence emission by transitis
gn to “Ijsp, we confirmed that the additios o
resulted in the depression of concentration e
by the Er ion and increased the FWHM of flucr
spectrum. It was also confirmed that the concerm
quenching depends not on the absolute quantes
or Al but on the ratio of Al/Er.

With the result of this study, we could demwm
that the fabrication of a waveguide amplifier
high gain would be possible by co-doping tects




The effects of Er/Al co-doping on the fluorescence of silica waveguide film 159

References

. T. Ohtsuki, S. Honkanen, S.I. Najafi and N. Peyghambarian.
“Cooperative upconversion effects on the performance of
Er’*-doped phosphate glass waveguide amplifiers”, J. of
Optical Society America 14[7] (1997) 1838-1845.

. J.R. Bonar and ].S. Aitchison, “Co-doping effects in rare-
earth-doped planar waveguides”, IEE Proceedings Opto-
electronics 143[5] (1996) 293-301.

. B.N. Samson, L. Dong, J. P. de Sandro and I.E. Caplen,
“1.2dB/cm gain in erbium:lutetium co-doped AL/P silica
fiber”, Electronics Letters 34[1] (1998) 111-113.

. M. Kawachi, “Silica waveguides on silicon and their
application to integrated-optic components”. Optical and
Quantum Electronics 22 (1990) 391.

. Jae Sun Kim, Dong Wook Shin, “The fabrication of Er-
doped silica film for optical amplifier”. Korean J. of
Materials Research 11[5] (2000) 385-392.

. 8. Sudo, T. Edahiro and M. Kawachi, “Sintering process of
porous preforms made by a VAD method for optical fiber
fabrication”, Transactions of the TECE Jap E62 (1980)
731.

. G.W. Scherer and T. Garino, “Viscous sintering on a rigid
substrate”, J. of the American Ceramic Society 68[4]
(1985) 216-220.

8.

10.

1T;

12.

13,

R. Ulrich and R. Torge, “Measurement of thin film
parameters with a prism coupler”, Applied Optics 12[12]
(1973) 2901-2908.

. A.W. Adamson, “Physical Chemistry of Surfaces”, 5th ed.,

John Wiley & Sons, Inc., (1990) 421-453.

G. Barbarossa and 1. Elettronico, “Planar silica optical
device technology”, Giovanni Barbarossa MCMXCIL,
(1992) 152-157.

Jeong Woo Lee and Hyung Kon Chung, “Fabrication of
Borophosphosilicate Glass Thin Films for Optical Wave-
guides using Aerosol Flame Deposition Method”, J. of the
Korean Ceramic Society 37[2] (2000) 117-121. :
Hwanjae Jung, “Research about propagation of passive
optical device, optical loss and manufacturing process”,
ETRI final research (1995) 10-18.

S. Sudo. “Optical Fiber Amplifiers: Materials, Devices,
and Applications™, Artech House, Inc., (1997) 193-403.

. T. Miyakawa and D.L. Dexter, “Phonon side bands,

Multiphonon relaxation of excited states and phonon-
assited energy transfer between ions in solids”, Phys. Rev.
B 1[7] (1970) 2961-2969.

. B. James Ainslie, “A review of the fabrication and

properties of erbium doped fibers for optical amplifiers”, J.
of Lightwave Technology 9[2] (1991) 220-227.




