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Amplifiers doped with Ytterbium and Erbium ions are given increasing attention for amplification of signals
in the present communication wavelength band of 1.55 um. Sensitization of Er-doped amplifiers has many
advantages such as the possibility of using broader pumping wavelength range. In this paper a thin-film
waveguide amplifier based on Er-Yb codoped Garnet crystals is proposed and steady state and transient
amplification characteristics, studied numerically using time-dependent rate equations are presented. Under-
standing the dynamic characteristics of the integrated optic waveguide amplifiers is necessary when the input
signal is modulated in various formats. Amplification and pulse distortion effects of short signal pulses are
presented, which are shown to be related to the lifetime of the excited states. Comparison is made between
the gain characteristics of Er and Er-Yb doped waveguide amplifiers.
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1. Introduction

Optical integrated-type amplifiers have attracted at-
tention in the areas of communication and signal pro-
cessing as amplification and loss compensation devices.
They are identified as the key devices to realize integra-
tion with other devices (modulators, switches, isolators,
etc.) in an optical circuit [1-5]. For these applications in
the integrated optical circuits, they have additional ad-
vantages such as compactness when compared to fiber
and in contrast to semiconductor amplifiers, they are
compatible with dielectric waveguides. Waveguide-type
amplifiers fabricated using a variety of materials such
as silica and LiNbO3 have so far been reported in the
literature [3,4,10]. Garnet material is one of the poten-
tial candidates for the fabrication of active integrated
optical devices. Using these devices small, compact and
high efficiency amplifiers can be realized which can be
applied to integrated repeaters in FTTH optical com-
munication of broadband access systems and integrated
signal processing,.

One of the authors has earlier reported a theoretical
investigations of waveguide amplifier using Nd-doped
Yttrium Gallium Garnet (YGG) thin films on Yttrium
Aluminum Garnet (YAQG) substrate, and an experimen-
tal high gain of 15 dB/cm at 1.064 ym signal wavelength
[1,7]. The pump efficiency of Er-doped amplifiers can be
improved by codoping with Yb, which acts as sensitizer
with larger absorption cross-section than only Er-doped
amplifiers [4,8]. They also reported to have advan-
tages including the possibility of using broader pumping
wavelength range [8].

Detailed experimental and theoretical results on
steady state and transient gain dynamic properties of
Yb-sensitized Er-doped garnet crystal waveguide am-
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plifiers have so far not been reported in the literature.
In the present research, a thin-film waveguide ampli-
fier based on Yb-sensitized Er-doped Garnet crystals
is proposed, and steady state and transient amplifica-
tion characteristics are studied numerically using time-
dependent rate equations and mode propagation equa-
tions. The potential of the amplifier for integration
with active devices operating at the present communi-
cation wavelength of 1.55 um band is revealed. Steady
state response of the Yb-sensitized Er doped Garnet
crystal waveguide amplifiers has >cen analy. « in order
to optimize the gain characteristics, which are further
used in the dynamic response analysis. The dynamics
of the medium is explained by considering input signal
pulses with duration comparable with the lifetime of
the excited states. Pulses of different shapes have also
been considered. Comparison studies have been carried
out between the cases of only Er-doped [5] and Er-Yb
codoped waveguide amplifiers.

2. Rate equations of radiation in amplifiers

In this section, we present the rate equations with re-
gard to the combined Er-Yb system. We present the
theoretical considerations for the case of single mode
and two-dimensional waveguide amplifier. The pro-
posed waveguide amplifier is shown in Fig.1. The ampli-
fier consists of Er or Er-Yb doped YGG thin film fabri-
cated on YAG substrate. Three-dimensional waveguid-
ing can be realized by strip-loading the thin-film using
7Zn0O as demonstrated for Nd-doped waveguide amplifier
[3]. The simplified energy level diagram and the major
transition rates [8,13] are shown in Fig.2. Optical elec-
tric fields are given by,

E,-(a:,y,z,t) = Ei(xay)ai(zat)a i=8,p - (1)



where, F;(z,t) and a; are transverse fields and ampli-
tudes of the propagating modes of waveguide for signal
and pumping optical waves of s and p. The rate of
change in the population of the Yb3* energy levels can
be written as follows [5,10-12], where superscript "Yb’ is
used only for the case of Ytterbium ions to differentiate
from Er-ions.
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Similarly, the rate of change in the population of the
Ert energy levels are,
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Fig. 1: Structure of Er:YGG/YAG waveguide ampli-
fier. ‘

The population densities NY*(z,y, z,t), NJ ®(z,y, 2, 1),
N1(-73,y»2,t)a Nz(z,y,z,t), Ns(x,y,Z,t) and N4(-T,y,27t)
of the corresponding energy levels are as shown in Fig.2.
No and N} are the total population density or the
erbium and ytterbium ion concentration respectively.
The transition rates are labeled as follows: R} and
RY} are the pump emission rate and absorption rate
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of ytterbium respectively. Wi and Ws; are the signal
absorption and emission rates. Rj;3 and Rz are the
pump absorption and emission rates. A¥’(= 1/73%),
Aso(= 1/7132) and Ag (= 1/791) are the spontaneous
emission rate and nonradiative relaxation rate, as shown
in Fig.2. Cy, is the upconversion coefficient, and K,
and K, are the energy transfer and back-transfer coef-
ficients respectively.
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Fig. 2: Simplified energy diagram of the combined
Er-Yb system.

Intensities can be shown for the propagation modes
by, I; = p;P;, where p; = E; - E}, P, = a; - a}.
The stimulated emission and absorption rates are given

Og12 _— Te21 J— 0413
by, Wiz = R, I, Wy = ho, I,, Rj3 = hop Ip;
Ybh

Ry = 9L, RY} = %I, RY} = %21, where h
is the Plank’s constant, v, and v, are the signal and
pump frequencies, 0. and o, are the emission and ab-
sorption cross-sections respectively, and I,(z, y, 2,t) and
I,(z,y,z,t) are the signal and pump intensities, which
can be written in terms of the corresponding normalized
energy densities and power variations, p(z) and s(z),
along the propagation direction [2], are given by,

L(x,y,2,t) = p(@,y) Pp(2,t) +vvvreeeesns (10)
Is(x,y,z, t) = s(m,y)Ps(z,t) ............... (11)
/_oo /-00 p(g;,y)dz dy e [P (12)
/_oo ‘/_oo S(ZE, y)d.’E dy =1 +ccoeerreiannns (13’)

p(z,y) and s(z,y) are the transverse pump and signal
field distributions respectively. The variation of pump
and signal intensities along the propagation direction
are given by,

dPy(2,1) rEr | 1Yb
_1:17 = (rf +T; )Pp(z,t) .......... (14)
rrr= / / p(2,y)(0a13N1 — 0e31 N3)dz dy
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—00 J —~00
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- = (1'*12 — le) Ps(Z, t) ............. ‘(15)
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T2 = / / 3(13, y)0a12N1d-T dy_
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The integrations appeared in the Eqgs.(14) and (15)
must be performed over the region where the er-
bium /ytterbium doping is present, over the guiding re-
gion in the present case. For the calculation of steady-
state response characteristics, cw signal with no varia-
tion with respect to time is used, and the derivatives
appeared in Egs.(2),(3) and (5)-(8) can be equated to
zero. Equations (2)-(9),(14) and (15) were simultane-
ously solved numerically using forward difference Eu-
ler’s method.

3. Steady-state Amplification Characteristics

For the analysis, we consider fundamental mode in
the case of planar waveguide, and this approach is of-
ten used to analyze channel waveguides that are simpli-
fied to planar structures using effective index method
[14]. The fabrication of this type of waveguides using
RF sputtering method, and the optical characteristics
are reported by one of the authors [1-4]. The exper-
imental values of the parameters such as absorption
and emission cross-section and lifetime of Er-ions are
used for the calculations [1]. From the absorption and
emission spectrum of the Er-doped thin film, the cross-
sections are determined using the following commonly
used Ladenburg-Fuchbauer (LF) relations [12,14].

Az,e,peakIaye()‘)

Tea(M) = 8men?ray [ Ine(A)dA

where Ag e peak is the wavelength at the absorption
(emission) peak, 71 is the lifetime of the upper laser
level, n is the refractive index of the host medium, ¢
is the velocity of light, and I, .()) is the absorption or
fluorescence spectrum. The pump absorption rates and
signal emission rates for the case of Er-ions are given by
the following relations.

Riz = %ZZ—?P(L z) (17)

Ry = %Zpe—?p(t’z) ......... (18)
Wiy = "_“}1;20_’\3;%%3@, 2) e (19)
Wy = Q;L_i’\*iae_?s(t,z) ......... (20)

Similar expressions can be written for the case of Yb-
ions. In the above equations, P, ,(0) are the input pump
and signal powers at 2 = 0 and A,y is the effective area
of the waveguide. The waveguide thickness is assumed
to be d = 1.5 pum for which the waveguide is single
moded at the signal wavelength, and the refractive in-
dex of the Er:YGG guiding region and YAG substrate
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are assumed to be 1.87 and 1.92 respectively, at the
signal wavelength of 1.55 um.

Table 1. Optical and spectroscopic parameters used for
the numerical calculations.

Parameter Value
Pump wavelength, A, 0.980 um
Signal wavelength, A, 1.55 pm
Waveguide thickness, d 1.5 pm
Lifetime, 791 8.56 msec
Lifetime, 735 100 psec
Lifetime, 73, 2 msec
Pump absorption

coefficient, 0,13 1.8 x 10~ 24m?
Emission ‘
coefficient, oe12 3.25 x 10~%4m?.
Absorption

coefficient 0491 3.25 x 10~ 24m?
Yb absorption
coefficient, oY%
Yb emission
coefficient, o1}
Energy transfer
coefficient, K;,

10.0 x 10~24m?

10.0 x 10724m?

2.0 x 10722m3 /sec

30

NEr= 1.0 x 1020 ¢cm-3
E NYb=30x 1020 cm3

25 Fps=10pW

~,
.

Signal gain, dB

e 1

2.5 3

Il L

1.5 2

Waveguide length, cm
Fig.3: Gain as a function of waveguide length for dif-
ferent pump power in Er-Yb codoped amplifier.
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Fig.4: Gain as a function of waveguide length for dif-

ferent pump power in Er-doped amplifier.

The signal power is assumed to be 10 pWW. In the
case of Er-doped waveguides, either 980 nm or 1480
nm pump can be used. Yb-Er-codoped waveguide has
the absorption peak around 980 nm Ref.[4,8], and 980
nm pumping has additional advantages over 1480 nm
pumping such as lower pump threshold, higher source-
to-waveguide coupling efficiency and lower noise charac-
teristics [13]. In the numerical calculations, the width of



the pump and signal beams are assumed to be 5 um, and
the up-conversion effect(l;3 /2 -4 I /2), and energy
transfer back to the Yb-ions is neglected as the popula-
tion N3 of the Er3* energy level is small as compared to
other levels. The amplifier parameters assumed for the
calculations are shown in Table 1. The experimental
parameters of Er:YGG waveguides have been adopted
from Ref [1], and since the experimental parameters for
Yb-Er codoped waveguide fabricated using YGG host
material were not available, the corresponding param-
eters of LiNbO3 are adopted from Ref.[8]. Using these
parameters, calculations have been carried out to find
the effect of amplifier parameters on the steady-state
gain characteristics. The calculated variation of gain as
a function of waveguide length for the cases of Er and
Er-Yb are shown in Fig.3 and 4 respectively.

The interesting feature of Er-Yb codoped amplifier is
that the length of the waveguide and pump power are
. critical factors for a desired gain. But, in the case of
only Er-doped amplifier, the signal gain varies almost
linearly till it reaches saturation for all pump powers.
The result corresponding to only Er-doped amplifier
agrees with our previous results [5]. A high gain of
around 10 dB/cm can be obtained at the pump power
of greater than 30 mW in the Er-Yb case. In the case
of Er, a gain of 3-7 dB/cm in the pump power range of
30-50 mW. The gain variation is almost linear in the Er-
doped case, whereas in the case of Er-Yb codoped case,
the gain increases linearly in the beginning and drops
drastically for all the pump levels. Also, from these fig-
ures, we can observe the fact that Er-Yb codoped am-
plifier yields better gain than the Er-doped amplifier.

The variation of gain in both the cases is illustrated
in terms of the population density of upper laser level as
shown in Figs.5 and 6. Similar observations were made
for the case of varying Yb-ion concentration as shown in
Fig.7. From these results one can find out the optimum
Yb-ion concentration for a desired signal gain.

4. Dynamic Response Characteristics

The dynamic response of the amplifying medium is
important when the input signal is modulated in various
formats [15-19]. The analysis of transient response char-
acteristics requires time integration of rate equations
(Eqs.(1)-(8)) in addition to solving the length integra-
tion of the propagation equations (Egs.(13),(14)). We
employed a simple forward difference Euler’s method
[20] for the numerical calculations, similar to our earlier
report [5]. The forward difference equations, for exam-
ple, for the Er-ion population densities are,

T mn de,"
NP = NP 4 At n
dNTn,’Il
sz,n+1 — sz’" + At d2t ............ (21)
dNg;»"
N = N At

and the difference equations for pump and signal beam
are
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m,n

1n _ pmmn
Ptbn = P 4 Az C;’Z
dP'm,n
P:"+1’" =P™" 4+ Az jz ............ (22)

where, Az and At are space and time steps. m and
n are number of steps in the spatial and time coordi-
nates. The initial conditions, at time t=0, are taken to
be the steady state populations, N7™°, N;*° and N°
as explained at the end of Section 2.
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Fig.7: Effect of variation of Yb-ion concentration on
the signal gain.

The square pulse propagation is first investigated.
Fig.8,9 illustrate the shape of the output pulse intensity
for different values of pump levels for the case of Er-Yb
codoped and Er doped amplifier respectively. The sig-
nal pulse duration is assumed to be 100 usec. In the
calculations of Figs.8-12, waveguide length is assumed
to be 5mm. As the pump intensity increases, the am-
plification becomes nonlinear, as in the bulk optics case
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[15,16]. The effects in both the cases are found to be
reversed. In the case of Er doped amplifier, the ampli-
fication of trailing edge of the pulse decreases because
of depletion of population due to the leading edge. The
upper laser level population in the Er-Yb waveguide am-
plifier, as can be observed from Figs.5, 6, is maintained
at a higher level. In contrast with only Er-doped am-
plifier, the signal pulse will not experience appreciable
change in the population during its propagation, and
thus the pulse power increases with time. Pulses with
varying pulse width have also been considered and the
results are as shown in Figs.10,11. As expected, pulses
with time duration of the order of excited level lifetimes
are observed to be distorted. Very short pulses traverse
through the amplifier before the upper laser level pop-
ulation depletes, resulting in less or no distortion upon
amplification.

6

Ps =10 uW
sk =100 psec
Pp = 50 mW

Signal power, Ps (x 10°° W)

L 1 1 1 L

04 02 0 0.2 04

)
-1 08 -06 06 038 1

Normalized time t/x

Fig.8: Square pulse amplification in Er-Yb case. The

other parameters are shown in the figure.
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-1 08 -06 -04 02 0 02 04 06 08 1

Normalized time t&

Fig.9: Square pulse amplification in Er case for dif-
ferent pump power levels.

Investigations were carried out for different input sig-
nal forms. One such case is shown in Fig.12, for the
case of Gaussian input signal. For the reasons given ear-
lier, pulses of longer duration get distorted, and for the
present case, the peak of the pulse appears to be shifted
to the right. This effect disappears for the shorter pulse
duration.

5. Conclusions

In this paper, a waveguide amplifier using Yb-
sensitized Er-doped Garnet crystals is proposed, and
studies on steady state and transient amplification char-
acteristics using time-dependent rate equations and
propagation equations are presented. The potential of
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the amplifier operating at the present communication
wavelength of 1.55 pm band is shown. A detailed com-
parison is made between Er-Yb and Er-doped cases, and
the advantages of Yb-sensitization are shown.
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Normalized time (t/t)

Fig.10: Effect of pulse duration on amplification in
Er-Yb amplifier.
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Fig.11: Effect of pulse duration on amplification in
Er amplifier.
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Fig.12: Gaussian pulse amplification in Er-Yb

codoped amplifier.

The amplifier medium, particularly the population
dynamics is shown to play an important role in pulse
amplification. It is to be noted that the present anal-
ysis with rate equations is usful for the investigation
of a single pulse propagating through the amplifying
medium. Relatively large bandwidths, a measured value
of around 20 nm for the Er-doped YGG waveguide am-
plifier, lead to distortionless amplification of ultrashort
pulses. When the spectral bandwidth of pulses, with
duration of the order of pico- and subpico-second, is
comparable to the amplifier bandwidth, one can expect



gain dispersion [21]. These cannot be included in the
present simple rate equation formalism.

Practical realization of the proposed device is under
progress. In order to estimate more accurate amplifica-
tion properties, various amplifier parameters have to be
determined experimentally. In the future, we have plans
to determine these parameters experimentally and re-
examine the amplification characteristics and compare
the simulation results with the experimental results.
Also, improved rate equations have to be developed for
the studies of noise characteristics and ultra-short pulse
propagation through the amplifier.

(Manuscript received January 30, 13, revised June 19,
13) '
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