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A model of Er**-doped chalcogenide glass (GasGeyoSbSes) microstructured optical fiber (MOF) amplifier under the
excitation of 980 nm is presented to demonstrate the feasibility of it applied for 1.53 pm band optical communications.
By solving the Er’* population rate equations and light power propagation equations, the amplifying performance of
1.53 pm band signals for Er**-doped chalcogenide glass MOF amplifier is investigated theoretically. The results show
that the Er**-doped chalcogenide glass MOF exhibits a high signal gain and broad gain spectrum, and its maximum
gain for small-signal input (-40 dBm) exceeds 22 dB on the 300 cm MOF under the excitation of 200 mW pump power.
Moreover, the relations of 1.53 pm signal gain with fiber length, input signal power and pump power are analyzed.
The results indicate that the Er**-doped GasGe,oSb;oS¢s MOF is a promising gain medium which can be applied to
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broadband amplifiers operating in the third communication window.
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Over the past few decades, the rare-earth doped fiber
amplifiers have been used in the wavelength division
multiplexing (WDM) optical communication systems!' !,
Various trivalent rare-earth ions, such as Er’™ Tm*™),
Pr**% and Yb*'"! jons, can be used as the doped active
ions of fiber amplifiers operating in different wavelength
ranges. In particular, the Er’*-doped fiber amplifier
(EDFA) operating in the C-band region, i.e., the third
optical communication window (~1.53 um), is nowadays
widely applied in long-haul communications to compen-
sate for the optical loss. After the extensive spreading of
EDFAs based on the conventional silica glass, many
other novel glass hosts have been developed in order to
improve the amplifying performance. Among them,
chalcogenide glasses based on chalcogenide elements,
such as S, Se and Te, with the addition of other elements,
such as Ga, Ge and Sb, have induced a particular interest
as glass hosts for rare-earth doped optical devices® ',
owing to their many interesting properties, such as large
absorption and emission sections of the doped rare-earth
ions, high host refractive index, low multi-phonon re-
laxation probability and allowing the increased radiative
transition efficiency among rare-earth energy levels.
They also possess large rare-earth doped concentration
without suffering from the ion-clustering effects. More-
over, because of their transparency from the end of the

visible region to the medium infrared region, chalco-
genide glasses are very useful in active applications, such
as fiber amplifiers and infrared lasers.

In order to further improve the optical signal gain of
EDFA, it is crucial to launch much more pump light into the
doped fiber, which in turn requires the doped fiber to have a
large mode area. However, a very large effective mode area
is difficult to obtain in conventional structured single-mode
fibers!'?. Therefore, the microstructured optical fiber
(MOF)!"*'9 s a feasible and attractive solution.

In this paper, a novel Er’’-doped GasGe,oSb;oSbys
chalcogenide microstructured optical fiber amplifier
pumped at 980 nm is designed to reveal the amplifying
performance at about 1.53 um.

The transversal section of the designed chalcogenide
glass MOF is shown in Fig.1. The transverse structure
has three rings of air holes arranged in a triangular lattice.
The mode field characteristic of MOF is mainly deter-
mined by the geometrical parameters of the hole-to-hole
distance (or hole pitch) A and the air hole diameter d.

The fundamental mode field distribution of the de-
signed GasGe,oSboSbgs glass MOF can be calculated
with a finite element method (FEM) by applying a suit-
able perfect matched layer (PML) condition!'”. The cal-
culated result at the wavelength of 1.53 um with MOF
diameter of D=125 um, a hole-to-hole distance of A=8
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pum and hole diameter of d=3.2 um is exhibited in Fig.2.
It shows that the chalcogenide glass MOF exhibits a
broader mode field distribution compared with the con-
ventional single-mode fiber, indicating that it is a good
candidate for infrared amplifier and laser applications in
a wide wavelength range.

Fig.1 Transversal section of the designed Er3+-doped
chalcogenide glass MOF
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Fig.2 Transverse distribution of the fundamental
mode field

The rare-earth Er’* level system in the chalcogenide
glasses is quite complex because many processes are
involved"®. The most important Er’* transitions related
to the 1.53 wm signal amplification among the energy
levels under the excitation of 980 nm pump source are
shown in Fig.3. First, the ions at the ground-state level
4I|5/2 are excited to the excited-state level 41”/2 via the
process of ground state absorption (GSA). Then, the ions
at the excited-state level I, decay rapidly to the
meta-stable level “I;3), leading to the population inver-
sion between the *I;3, and “I;s, levels. The power en-
hancement of the transmission signal, via the isp—"1isp
transition, occurs close to the wavelength of 1.53 um,
where the peak of emission spectrum takes place. Other
physical phenomena taken into account in the model are
the interactions of Er'" pairs: the cross-relaxation of
Er3+:419/2+Er3+:4115/2—>Er3+:4113/2 +Er3+:4113/2, in which an
ion at the “Io, level transfers part of its energy to an ion
at the *1;5,, level, both moving to the intermediate 113
level, and the cooperative up-conversion of Er" M 50+
Er’":*L13,—Er *lon +Er s, in which two Er’" ions
at the 4113/2 level exchange energy between each other,
and then one ion transits to the higher level 419/2 while the
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other to the 411 s level. For sake of simplicity, the pump
excited state absorption (ESA) of ions at the level M is
neglected.
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Fig.3 Energy level transitions of Er** pumped at 980
nm

Under the 980 nm excitation, the level diagram shown
in Fig.3 leads to the following rate equations:

% =—W,N,~R,N, + 4N, +W, N, +C, N —
C.NN,,
oN, 2
25 =Wl = AN, =W, N, + 4N, = 2C N} +
2C, NN, ,
ags =R,N,—A,N,+ AN, ,
oN, s
= =Cal: =GN N, = AN,
N +N,+N,+N,=N,, (1)

in which Ny, N,, N5 and N, represent the populations of
the energy levels L 52, 4113/2, Iy » and 419/2, respectively,
and Ny is the Er’“-doped concentration in the core glass.
Ay, Az and Ag; are the spontaneous radiative transition
rates from the 4113/2 to 4115/2, 4I]|/2 to 4113/2 and 419/2 to 4111/2
levels, respectively. C,, is the upconversion energy
transfer coefficient and Cy, is the cross-relaxation energy
transfer coefficient. Wy, are the stimulated absorption
and emission transition rates at the 1.53 um band, R,; is
the stimulated absorption transition rate at the 980 nm
pump wavelength, and they can be defined as:

o, (U
VVIZ/ZI =MR(US)E(X’yﬂvs) >
h,
R =2%) b By )
13 hU p\“p 5ya b/ >

P
where E(x,y,0)is the transversal mode field profile at
frequency v, P, and P, are the signal power and pump
power, and 0, and 0, are the stimulated absorption and
emission cross sections, respectively.

The power propagations of the signal, pump and am-
plified spontaneous emission (ASE) along the chalco-
genide glass MOF are described by the following differ-
ential equations:

% ~[0.(0)n, (1) -0, (V) (V)P(V) (V)P D).
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where o is the MOF background loss, n,(i=1, 2) is the

overlap integral of the normalized signal mode intensity
E(x,y,v) and the population N; of the energy level:

n )= [[N.(xy.2)|EGy.0) dedy “)

where S is the surface of the MOF doped region.

The above set of differential equations is nonlinear
due to the ion-ion interaction, and it should be numeri-
cally integrated via an iterative procedure based on the
fourth-order Runge-Kutta algorithm with appropriate
boundary conditions:

F0)=F,, RO)=F,,

P (0)= P (L) =0, &)

where L is the active fiber length, and P, and P, are
the input signal power and pump power, respectively.

The relevant spectroscopic parameters, together with
optical losses, refractive index and the doped concentra-
tion of Er*", used for numerical calculations are listed in
Tab.1. The stimulated absorption and emission cross sec-
tions of Er'" in the 1500—1620 nm region shown in
Fig.4 are determined from the measured absorption spec-
tra of GasGeySb;oSbss chalcogenide glass using the
Beer-Lambert law and the McCumber theory!'”), respec-
tively. The GasGe,oSbyoSbes chalcogenide glass is fabri-
cated with the high-temperature melting and annealing
method.

Tab.1 Parameters used for numerical calculations®"®
Parameter Symbol Value Unit
A 250 !
Spontaneous radiative transi- ! s
tion rate Az 775 s!
Aus 18868 s
Cooperative upconversion Cor 3.0¢10% s
coefficient
Cross-relaxation coefficient Cus 5.0x102 cm?
Emission cross section at 980 o, 3 .84x107! om?
nm
Absorption cross section at o, 478x10°" om®
980 nm
Backgrounq loss for signal a 20 dB/m
light
BackgroundI loss for pump o 3.0 dB/m
light
Refractive index n 2.25 -—-
Er* doped concentration Nt 5.76x10' cm?

Fig.5 displays the signal gain spectrum simulated by sin-
gle-wavelength operation for an Er3+-d0ped GasGeypSbySbgs
chalcogenide glass MOF amplifier pumped at 980 nm.
The MOF amplifier with 300 cm fiber length is forward
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pumped with a pump power of 200 mW. The input signal
wavelength is scanned from 1500 nm to 1620 nm and the
signal power is fixed at -40 dBm. As can be observed,
the gain spectrum exhibits a broadband profile even in
the extended C-band region to 1500 nm, which can be
employed in multi-channel amplifying applications. Un-
der this pumping scheme and operating condition, the
maximum small signal gain exceeds 20 dB and the signal
gain at 1538 nm is about 22.3 dB.
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Fig.4 Stimulated absorption and emission cross sec-
tions of Er** in chalcogenide glass
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Fig.5 1.53 um-band gain spectrum of the Er3+-doped
chalcogenide glass MOF

Fig.6 presents the effect of fiber length on the signal
gain at 1538 nm pumped at 980 nm. The pump power
and signal power are kept at 200 mW and -40 dBm, re-
spectively. As can be seen, the signal gain increases
near-linearly with the fiber length at the beginning. With
the further increase of fiber length, the signal gain satu-
rates gradually and begins to decay after reaching the
maximum value. The optimal fiber length is about 600
cm under the current operating parameters.

Fig.7 gives the variation of the 1538 nm signal gain
with pump power under the fiber length of 300 cm and
input power of -40 dBm. It is shown that the threshold
pump power is about 42 mW, and after this value, the
signal gain increases rapidly with pump power and then
gradually up to about 25 dB.

Fig.8 gives the variation of the 1538 nm signal gain
with input power under the fiber length of 300 cm and
pump power of 200 mW. It is shown that the signal gain
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is almost constant under the small signal input condition.
However, with the increase of input power, the signal
gain decreases gradually due to the gain saturation effect.
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Fig.6 Variation of signal gain with the fiber length at
1538 nm pumped at 980 nm
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Fig.7 Variation of signal gain at 1538 nm with pump
power under the fiber length of 300 cm and input
power of -40 dBm
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Fig.8 Variation of the 1538 nm signal gain with input
power under the fiber length of 300 cm and pump
power of 200 mW

The 1.53 um band amplifying performance of
Er3+-doped chalcogenide glass (GasGeySboSbgs) MOF
amplifier pumped at 980 nm has been investigated theo-
retically. It is shown that it can provide broad signal gain
spectrum in the third communication window. Under the
excitation of 200 mW pump power, the maximum signal
gain exceeds 22 dB with the 300 cm MOF length in the
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small signal operation. The results indicate that the
Er3+-doped GasGeySboSbgs chalcogenide glass MOF
amplifier can become a promising candidate applied in
the 1.53 um band optical communication systems.
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