Downloaded from orbit.dtu.dk on: Sep 22, 2019

Modeling of Yb3+-sensitized Er3+-doped silica waveguide amplifiers

Lester, Christian; Bjarklev, Anders Overgaard; Rasmussen, Thomas; Dinesen, Palle Geltzer
Published in:
Journal of Lightwave Technology
Link to article, DOI:
10.1109/50.387791
Publication date:
1995
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit

Citation (APA):
Lester, C., Bjarklev, A. O., Rasmussen, T., & Dinesen, P. G. (1995). Modeling of Yb3+-sensitized Er3+-doped
silica waveguide amplifiers. Journal of Lightwave Technology, 13(5), 740-743. https://doi.org/10.1109/50.387791

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
 Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
 You may not further distribute the material or use it for any profit-making activity or commercial gain
 You may freely distribute the URL identifying the publication in the public portal
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

740

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 13, NO. 5 , MAY 1995

Modeling of Yb3+-Sensitized Er3+-Doped
Silica Waveguide Amplifiers
Christian Lester, Anders Bjarklev, Thomas Rasmussen, and Palle Geltzer Dinesen

Abstract- A model for Yb3+ sensitized Er3+-doped silica
waveguide amplifiers is described and numerically investigated
in the small-signal regime. The amplified spontaneous emission in
the ytterbium-band and the quenching process between excited
erbium ions are included in the model. For pump wavelengths
between 860 and 995 nm, the amplified spontaneous emission
in the ytterbium-band is found to reduce both the gain and the
optimum length of the amplifier significantly. The achievable gain
of the Yb3+-sensitizedamplifier is found to be higher than in
an Er3+-doped silica waveguide without Yb3+ (18 dB versus 9
dB for a pump power of 100 mW). However, it is important to
optimize the Yb-concentration according to the choice of pump
wavelength.

I. INTRODUCTION
HORT amplifiers are currently attracting increased interest, especially for use in integrated optics. To make short
high gain erbium-doped waveguide amplifiers (EDWA's), it
is necessary to use high Er-concentrations, which involves
interaction between neighboring erbium ions and result in a
quenching process. The quenching process reduces the pump
efficiency, and a full inversion cannot be reached [l]. To
minimize quenching in the amplifier, the EDWA can be Yb3+sensitized. The Yb3+-ions then absorbs most of the pump
power, and cross relaxation between adjacent Er3+ and Yb3+ions allows the absorbed energy to be transferred to the erbium
system [2]. This will result in a higher gain because more pump
power can be absorbed and an improved inversion is obtained.
The sensitization of erbium-doped fibers with ytterbium is
also a well-established technique for increasing the choice
of pump wavelength to range from 800 to 1100 nm [3]. We
introduce a model for an Yb3+-sensitized EDWA that includes
the amplified spontaneous emission (ASE) in the ytterbiumband, and also takes the dissipative ion-ion interaction into
account. We show the results of an analysis of an Yb3+sensitized EDWA, using the general model applied in the
small-signal regime (signal input power less than -30 dBm).
The influence of the ytterbium ASE on the small-signal gain
and the optimum length of the waveguide as a function of
the pump wavelength is demonstrated. Furthermore, we show
how the optimum Yb-concentration depends on the choice of
pump wavelength, and compare the results to measurements
and calculations on an EDWA.
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11. MODEL
The basic amplifier model for the EDWA is described in
[l] and [4], where the model in [4] is developed for the
description of light propagation in optical fibers, and has been
changed in [ l ] to account for an EDWA. The destinctions for
the planar waveguide are the rectangular core and the influence
of the background loss, which is several decades larger than
for fibers. The circular symmetric LPol mode description used
for fibers has been replaced with the fundamental Eyl or E&
modes, calculated by an accurate optimized effective index
method [5]. This method is a variational method, where the
trial function is the product of two slab waveguide solutions,
X ( z , n,) and Y ( y , n,), one for the x-dependency and one
for the y-dependency. The slab waveguides have core width
a, height b and core refractive indexes n, and n,, respectively.
n, and ny is chosen so the integral

is maximum. By doping the EDWA with ytterbium, the pump
light is mainly absorbed by the Yb3+-ions. A energy diagram
of the Er/Yb-doped system is shown in Fig. 1. Excited Yb3+ions transfer energy to neighbouring Er3+-ions, whereby the
Er3+ becomes excited, this is shown in the dashed square of
Fig. 1. The decay from the metastable level in Er3+ is much
faster than the backtransfer to the Yb3+ ground state; therefore,
the backtransfer is neglected in the modeling. The equation for
the inversion in the n3+-system XYb then becomes

where NF' is the Er-concentration in the ground state, WPA
and WPEare the pump absorption and emission rates, respectively, both including the ASE. T y b is the spontaneous
emission lifetime for Yb3+, and kt, is the transfer coefficient for the energy transfer from the Yb-system to the
Er-system. The transfer coefficient is largely independent
of the Er-concentration, however, the dependence on the
Yb-concentration is more complicated [6], [7]. Furthermore,
ICt, depends on the host glass, typically values are in the
m3/s [6]-[8]. For Ybm3/s to 5 .
range 2 .
concentrations less than 1.0.
mP3, the transfer coefficient
drops with the concentration, and for concentrations larger
than 1.0.
mP3, ICt, is assumed constant, until crystallizam-3 [6]. Because little information
tion sets in at 3.0 .
about the transfer coefficient between ytterbium and erbium
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Fig. 2. Emission and absorption cross spectra for ytterbium in silica (dashed lines) and the absorption cross section for erbium in P-doped silica as a function
of pump wavelength (solid line). The inset figure shows the transfer coefficient between ytterbium and erbium as a function of the Yb-concentration.

is available for Er/Yb-doped glasses, ktr is kept constant at
5 . lo-’’ m3/s for Yb-concentrations between 1.0 . loz7 mP3
and 3.0 . loz7 m-3. For Yb-concentrations decreasing from
1.0-lOz7m-3 to 1.0. loz5 m-3, the transfer coefficient ICt, is
assumed to drop linearly from 5 m3/s to 1.loPz2 m3/s,
as shown in the inset of Fig. 2.
Because of quenching in the waveguide, described by the
can be
ratio Wup in Fig. 1, the erbium inversion X E ~
determined from a cubic equation [l]. By modifying this
equation to account also for Yb3+-sensitized EDWA’s, the
following equation is derived:

erbium, respectively; W S Aand WSEare the signal absorption
and emission rates. Q is the quenching concentration which
responds to the Er-concentration where the fluorescence lifetime is ~f = 0.5. TO,and TO is the fluorescence lifetime in the
limit where the Er-concentration p approaches zero. Emission
and absorption cross sections are for Er3+- in P-doped silica
[l], and for Yb3+ in pure silica [9] (Fig. 2 shows the spectra
for Yb3’ and Er3+ around the pump wavelengths between
850 and 1200 nm).
The model takes into account the forward and backward
ASE for both the pump and the signal. The ASE for the pump
is mainly related to the ytterbium ASE, yielding two times
x i r { [RPA ktrN,Yb WSA RPE W S E ] ~ 1)
O
150 frequency slots from 850-1050 nm. The signal ASE is
related to the erbium system, and is also represented by 2
times 150 frequency slots from 1400-1700 nm. The ASE,
signal and pump propagation yield 602 coupled differential
where NTb is the Yb-concentration in the excited state, R ~ Aequations that are solved by numerical integration through the
and RPE are the pump absorption and emission rates in waveguide.
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Fig. 3. Gain and optimized length as a function of pump wavelength for an
Yb3+-sensitized E?+-doped waveguide amplifier. The Yb-concentration is
either the same as the Er-concentration or 10 times the concentration. The solid
lines indicate when the ASE from the pump is included in the calculations,
and the dashed lines indicate when the ASE from the pump is not included.

111. RESULTS

The buried waveguide has a core of 8 . 7 pm2 and the
Er-concentration is 48.8 .
mP3 as for the EDWA that
was experimentally examined in [lo]. The refractive index
difference is 1.2%, the lifetime of the upper laser level in
erbium TO and ytterbium T Y ~is 13.7 and 1.5 ms, respectively,
the signal wavelength is 1535 nm, and the quenching concentration is 17.0 .
mP3 [I]. We assume that the amplifier
is pumped from the same end at which the signal enters
the waveguide. The absorption and emission cross section
m2 and
at the signal wavelength for erbium is 5.1 *
5.6 *
m2, respectively. The background loss, which
depends on the Er-concentration, is calculated to be 0.16
dB/cm for the signal and 0.2 dB/cm for the pump [l], [lo].
The signal power is -40 dBm and the pump power is fixed
at 100 mW.
The influence of the ASE in the ytterbium-band on the net
gain and the optimum length of the waveguide is examined
in Fig. 3 as a function of the pump wavelength. The Ybconcentration is either the same as the Er-concentration or
10 times the concentration. For pump wavelengths larger than
995 nm, the ASE from the ytterbium-band is seen to have no
influence on the gain and the optimum length of the amplifier.
This is due to the ratio between the absorption and emission
cross section for ytterbium; when this ratio is substantially
less than unity, the buildup of the ASE in the pump band
will be suppressed [ l l ] . The difference in gain is less than
0.01 dB and the ASE-power in the pump band is less than
0.2 mW. For pump wavelengths between 865 and 995 nm, the
difference in the gain is between 0.6 and 1.8 dB, when the
Yb-concentration is 10 times the Er-concentration (the ASEpower is more than 2.0 mW, when the gain is above 10 dB).
When the amplification is reduced, the optimum length of the
amplifier will decrease. The optimum length of the Yb3+sensitized EDWA is about 30 cm, when the gain is above
14 dB. A reduction of the Yb-concentration, to the same level
as the Er-concentration, leads to a decrease of the ASE-power
in the pump band, and thereby reduce the deterioration of the
gain.

Wavelength ( nm
Fig. 4. Gain against pump wavelength for different ratios of the
Yt-concentration and the Er-concentration. 0 is a measured value from
[lo] for an EDWA.

When changing the Yb-concentration, the gain is also
changed (this is shown in Fig. 4) where the Yb-concentration
is changed between no ytterbium and an Yb-concentration of
15 times the Er-concentration. The length of the waveguide
is optimized with respect to gain. It is seen that the optimum
Yb-concentration is changed with the pump wavelength. For
pump wavelengths higher than 1.1 pm, the optimum Ybconcentration is approximately between 10 and 15 times the
Er-concentration. For pump wavelengths around 980 nm and
less, the optimum Yb-concentration is about the same as
the Er-concentration. From Figs. 3 and 4, it is observed that
the maximum gain for the Yb3+-sensitized EDWA is not
achieved at the pump wavelength with the highest absorption
cross section (around 975 nm in Fig. 2). At high absorption
cross sections and Yb-concentrations above 10 times the Erconcentration, the Yb3+ population of the excited ions builds
above the population required to obtain the full Er3+ inversion,
so losing energy to Yb3+ fluorescence. When comparing the
performance of the Yb3+-sensitized EDWA to the EDWA
without Yb3+, Fig. 4 illustrates that by sensitizing the EDWA
with ytterbium the gain can be increased from 9-18 dB.
In [lo], a measured gain of 7.8 dB for an EDWA, with
the same parameters as used in Fig. 4, is reported. However,
the length has not been optimized with respect to the gain.
Besides the increasing gain, the Yb3+-sensitized EDWA enhances the choice of pump wavelength. By optimizing the
Yb-concentration according to the pump wavelength, in the
range from 91CL1040 nm, the gain can be kept between 15 and
18 dB. Furthermore, the Yb3+-sensitized EDWA optimized
according to the Yb-concentration and the length with respect
to the gain, has a noise figure of approximately 4 dB, when the
gain exceeds approximately 18 dB. For the optimized EDWA
shown in Fig. 4, the minimum noise figure is 5.7 dB. The low
noise figure for the Yb3+-sensitized EDWA, results from the
very high Er3+ inversion at the input end of the waveguide.
IV. CONCLUSION
A comprehensive model for an Yb3+-sensitized erbiumdoped waveguide amplifier is presented. The amplified spontaneous emission in the pump band is seen to reduce the
amplifier gain, when the pump wavelength is between 860 and
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995 nm. Calculation based on actual erbium-doped waveguide
parameters shows an increase in the gain of approximately
9 dB, when Yb3+-sensitizing the Er3+-doped waveguide.
Furthermore, the dependence between the Yb-concentration
and the choice of pump wavelength has been characterized.
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