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Relationship between gain and Yb 3¿ concentration in Er 3¿–Yb3¿ doped
waveguide amplifiers

Christof Strohhöfera) and Albert Polman
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 22 May 2001; accepted for publication 3 August 2001!

We have used a rate equation propagation model of an Er31/Yb31 doped Al2O3 waveguide amplifier
with copropagating pump at 980 nm to investigate the dependence of gain on Yb31 concentration.
The model includes excited state absorption and energy transfer upconversion processes within the
Er31 as well as the relevant energy transfer processes between Yb31 and Er31. The results of the
calculations indicate a close relationship of the parameters gain, launched pump power, waveguide
length, and Yb31 concentration. Codoping with a well-chosen Yb31 concentration is shown to
increase the gain around 1530 nm for all combinations of these parameters. The gain is improved
most by Yb31 codoping at pump powers around the amplifier threshold. At high pump powers the
increase in gain of an Er31/Yb31 doped waveguide is insignificant compared to that of its Er31

doped counterpart. Furthermore for each launched pump power, a nonzero Yb31 concentration can
be determined, which maximizes the gain. ©2001 American Institute of Physics.
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I. INTRODUCTION

The triply charged ytterbium ion’s strong absorptio
around 980 nm has made it an obvious candidate for use
sensitizer for other luminescing ions. Codoping with Yb31

has been shown to increase the photoluminescence or up
version fluorescence emitted by the rare earth ions P31,
Eu31, Tb31, Er31, and Tm31.1–8 Even Cr41 can be sensi-
tized via Yb31.9 The greater part of these studies has be
made on codoping materials with Er31 and Yb31, due to the
Er31 ion’s relevance in optical amplifiers for telecommun
cation networks operating around 1550 nm. Sensitization
this case relies on the fact that the2F5/2 level of Yb31 and
the 4I 11/2 level of Er31 are nearly resonant in energy. Due
its high absorption cross section, Yb31 absorbs the pump
radiation at 980 nm efficiently and can transfer this absor
energy to Er31. This process is more power efficient tha
direct excitation of Er31 in many materials, i.e., per incom
ing photon more Er31 is excited.

This excitation scheme has been put to many differ
uses. Lasers operating in the wavelength window from 1
to 1560 nm have been demonstrated.10–12 In the area of op-
tical telecommunications, fiber amplifiers and integrated
tical amplifiers codoped with Er31 and Yb31 show gain at
wavelengths around 1530 nm.13–15

Naturally, with the technology developed to this exte
great effort has gone into modeling Er31/Yb31 doped
amplifiers.16–20In this way, performance of a waveguide am
plifier can be predicted based on the material it consists
and the waveguide configuration used. Obtaining accu
values for the relevant parameters of Er31 and Yb31 remains
the central problem, and few results of the model calcu
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tions in the literature can be compared because of differ
waveguide geometries.

Our purpose is to reach a qualitative understanding
the physics behind the dependence of the amplification
Er31/Yb31 doped waveguide amplifiers on Yb31 concentra-
tion. Part of this problem was already addressed in Ref.
for short fibers. We have chosen to investigate Al2O3

waveguides mainly for two reasons: first, gain has been
ported in an Er31 doped Al2O3 waveguide,21 and we can use
the respective waveguide cross section. Second, Al2O3 has
been investigated in great detail with respect to Er31 and
Yb31 doping,22–24 so most—but not all—of the cross se
tions, decay rates, and energy transfer rates necessary a
put to the model are known. For the purpose of this artic
the unknown parameters have been filled in by compari
with similar materials.

This work is not aimed at making accurate predictions
the gain in the structure we have modeled. This would
impossible in view of the uncertainty in some of the mater
constants. We have therefore, for simplicity, also chosen
ignore amplified spontaneous emission~ASE!. From the
point of view of systems engineering this is of course a fa
pas, since ASE is one of the major factors limiting amplifi
performance. It leads to a reduction of the gain proportio
to the average inversion in the waveguide and is there
proportional to the gain itself.25 However it does not influ-
ence the dependence of the gain features on Yb31 concentra-
tion.

In the following we will briefly introduce the rate equa
tions and the propagation model we have utilized to desc
the Er31/Yb31 doped waveguide amplifier. Subsequently, w
will describe the results of our calculations and discuss th
implications for the design of waveguide amplifiers.
il:
4 © 2001 American Institute of Physics
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II. THE MODEL

We calculate the gain with a rate equation propagat
model. The processes included in the model are depicte
Fig. 1. Absorption and stimulated emission processes
characterized by their respective cross sectionss i f , wherei
andf indicate the initial and final energy level of the proce
Spontaneous decay is identified by its rateWi f . If no final
level f is given, the corresponding decay rateWi signifies the
sum of all individual decay rates from leveli to lower lying
states.

A third kind of process included in the model is ener
transfer between Yb31 and Er31 or between two excited Er31

ions. These processes are characterized by their energy t
fer rate constantsCi j . Here the subscriptsi and j denote the
energy levels populated prior to energy transfer. Furtherm
all transitions indicated by dashed arrows in Fig. 1 are c
sidered to be instantaneous.

The underlying assumption for this rate equation mo
to be valid is that excitation redistributes freely within bo
the Er31 and the Yb31 subsystems. This is the case when t
concentration of the two ions is high enough to allow f
energy migration.

The complete set of equations determining the popu
tion of the energy levels for this system is:

dNb

dt
5sabFpNa2sbaFpNb2WbNb2Cb0NbN0

1C2aNaN22Cb2NbN2 , ~1!

NYb5Na1Nb , ~2!

FIG. 1. Energy level diagram of Er31 and Yb31. The arrows represent th
processes included in the rate equation model used for the calculat
Included are absorption and stimulated emission processess i j , spontaneous
decaysWi j , and energy transfer processesCi j . Dashed arrows represen
spontaneous processes considered as instantaneous.
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dN1

dt
5s01FsN02s10FsN12s12FsN11W21N22W1N1

22C11N1
2, ~3!

dN2

dt
5s02FpN02s20FpN21s12FsN12s23FpN2

2W2N21C11N1
222C22N2

21Cb0NbN0

2C2aNaN22Cb2NbN2 , ~4!

dN3

dt
5s23FpN22W3N31C22N2

21Cb2NbN2 , ~5!

NEr5N01N11N21N3 . ~6!

In these equationsNi represents the population density of th
energy level markedi in Fig. 1, with i P$a,b,0,1,2,3%. Fp

andFs are the photon flux densities of the pump and sig
radiation, respectively. These equations are solved for ste
state at a given pump photon flux and for negligible sig
photon flux~the so-called small-signal limit!.

Figure 2 shows the cross section of the ridge wavegu
we have assumed in these calculations. It is patterned a
the waveguides fabricated in Refs. 21 and 23. It consist
an Al2O3 core, considered homogeneously doped with E31

and Yb31 @indices of refractionn(l51530 nm)51.65 and
n(l5980 nm)51.74# surrounded by a thick cladding o
SiO2 @indices of refractionn(l51530 nm)51.445 andn(l
5980 nm)51.451#. The thick part of the waveguide has
width of 2mm and a thickness of 500 nm. Outside this cent
region, an Al2O3 film of 250 nm remains. The optical mode
supported by this structure were calculated with a finite d
ference mode solver and approximated by two-dimensio
Gaussian functions. Note that waveguides of this shape
size are single mode at 1530 nm but not at 980 nm. We h
calculated the gain, assuming that only the fundame
mode at 980 nm is present in the waveguide. Includ
higher order modes at the pump wavelength will lead to
reduction of the gain of the system.26

We calculate the development of the power in pump a
signal mode over the length of the waveguides. Pump
signal are copropagating. The optical power contained in
pump and signal modes is governed by

ns.

FIG. 2. Schematic cross section of the waveguide used for the calculat
A ridge structure of Al2O3 is embedded in SiO2. The complete Al2O3 core is
doped homogeneously with Er31, and Yb31 if applicable. The narrow part
of the Al2O3 structure extends to infinity in1x and2x directions. Note that
the x andy axes have different scales.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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dPp~z!

dz
5

d

dzEEcore
Fp~x,y,z!•hnp dx dy

5EE
core

Fp~x,y,z!•hnp„2sabNa~x,y,z!1sbaNb~x,y,z!2s02N0~x,y,z!1s20N2~x,y,z!

2s23N2~x,y,z!2ap…dx dy, ~7!

dPs~z!

dz
5

d

dzEEcore
Fs~x,y,z!•hns dx dy

5EE
core

Fs~x,y,z!•hns„2s01N0~x,y,z!1s10N1~x,y,z!2s12N1~x,y,z!2as…dx dy ~8!

TABLE I. Parameters used for the numerical calculations.

Parameter Symbol Value Source

Signal wavelength ls 1530 nm
Pump wavelength lp 975 nm
Er concentration NEr 3.3531020 cm23 Ref. 23
Decay rate of Yb31 2F5/2 Wb 1000 s21 unpublished measurement
Decay rate of Er31 4I 13/2 W1 200 s21 Ref. 21
Decay rate of Er31 4I 11/2 W2 30 000 s21 Ref. 21
Transition rate Er31 4I 11/2→4I 13/2 W21 28 000 s21 cf. text
Decay rate of Er31 4S3/2 W3 100 000 s21 cf. text
Absorption cross section Yb31 2F5/2 at lp sab 1.2310220 cm2 Ref. 24
Emission cross section Yb31 2F5/2 at lp sba 1.2310220 cm2 Ref. 24
Absorption cross section Er31 4I 11/2 at lp s02 2310221 cm2 Ref. 24
Emission cross section Er31 4I 11/2 at lp s20 2310221 cm2 Ref. 24
Absorption cross section Er31 4I 13/2 at ls s01 6310221 cm2 Refs. 22 and 24
Emission cross section Er31 4I 13/2 at ls s10 6310221 cm2 Refs. 22 and 24
ESA cross section Er31 4I 13/2 at ls s12 1310221 cm2 Ref. 23, cf. text
ESA cross section Er31 4I 11/2 at lp s23 0310221 cm2 Ref. 30 and 31, cf. text
Energy transfer rate constant Yb31→Er31

(2F5/21
4I 15/2→2F7/21

4I 11/2)
Cb2 4310217 cm3/s Ref. 24

Energy transfer rate constant Er31→Yb31

(4I 11/21
2F7/2→4I 15/21

2F5/2)
C2b 4310217 cm3/s cf. text

Energy transfer rate constant Yb31→Er31

(2F5/21
4I 11/2→2F7/21

4F7/2)
Cb3 4310217 cm3/s cf. text

Cooperative upconversion coefficient
Er31(4I 13/21

4I 13/2→4I 9/21
4I 15/2)

C11 4310218 cm3/s Ref. 23

Cooperative upconversion coefficient
Er31(4I 11/21

4I 11/2→4F7/21
4I 15/2)

C22 2310218 cm3/s Ref. 29, cf. text

Waveguide losses atls as 0.07 cm21 Ref. 34
Waveguide losses atlp ap 0.09 cm21 Ref. 34
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In these relations,hnp and hns are the energies of a pum
and signal photon, respectively.ap describes the waveguid
scattering loss at the pump wavelength, andas at the signal
wavelength. The position dependence of the population
the different energy levels is a consequence of its dep
dence on pump photon flux densit
Ni(x,y,z)5Ni(Fp(x,y,z)). The integral has to be evaluate
in the Al2O3 part of the structure, since only this region
assumed to be doped with Er31 and Yb31.

III. CHOICE OF THE PARAMETERS

The decay rates, absorption and emission cross sect
and energy transfer rate constants used as input in our c
lations are based on measurements in Al2O3, as far as avail-
Downloaded 16 Apr 2002 to 192.87.154.58. Redistribution subject to A
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able. Many parameters, especially cross sections
ytterbium–erbium energy transfer rate constant, have
come available only recently.24 All parameters are listed in
Table I. We will here comment on some of these parame
and make plausible our choice for those that have not
been determined experimentally.

The energy transfer coefficient from Yb31 to Er31 is
known to depend on ytterbium concentration for low conce
trations, but is constant at high concentrations. Concentra
dependent determination ofCb0 in glasses27 has shown that
Cb0 does not vary a lot for ytterbium concentrations high
than the minimum value we have used in the calculatio
(NYb53.3531020cm23). It therefore seems reasonable
assumeCb0 constant in our calculations. The energy ba
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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transfer rate coefficientC2a is very similar toCb0 in many
materials.6,28 We take C2a5Cb0 . The exact value ofC2a

however has little influence on the numerical result beca
the population in the second excited state of Er31 remains
low even at high pump powers and therefore energy b
transfer is not important. We also assume thatCb25Cb0 ,
since the broad emission spectrum of Yb31 ensures a spectra
overlap with the4F7/2 state comparable to that with the4I 11/2

state. The assumption that the transition matrix elements
volved in the energy transfer processes are equal is also
sonable. The transfer rate constant for cooperative upcon
sion processes from the Er31 4I 11/2 level,C22, is unknown in
Al2O3. Published data for this parameter in different mate
als show, however, that this coefficient is often close to
310218cm3/s.29 Therefore we have assumed this value
approximateC22 in Al2O3.

The excited state absorption cross sections12 for radia-
tion at 1530 nm from the4I 13/2 state is also not known. We
use the cross section for 1480 nm radiation instead.23 Fur-
thermore there are no data on excited state absorption o
nating from the4I 11/2 level of Er31 in Al2O3. In other crys-
talline materials such as yttrium–aluminum–garnet or LiY4

the relevant cross sections23 at 980 nm is negligible.30,31A
nonzero cross section will of course affect the populat
inversion between the4I 13/2 state and ground state, howev
its influence is limited by the low population in the4I 11/2

level and will become significant only for extremely hig
pump powers.

The branching ratio of the Er31 4I 11/2 state, which deter-
mines the rateW21, is not known. However, it is known tha
the emission from the4I 11/2 state to the ground state o
around 980 nm is very weak compared to the transition or
nating from the4I 13/2 level at 1530 nm. This fact has bee
taken into account through the choice of the value
W21(28 000 s21). Finally there is no measured value ava
able for the decay rate of the Er31 4S3/2 stateW3 in Al2O3. It
is generally fast compared to the decay rates of both
4I 11/2 and 4I 13/2 states.32,33 We chooseW35105 s21. As the
branching ratio toward the ground state is high, most of
energy upconverted to this level is lost.

IV. RESULTS AND DISCUSSION

In the following paragraphs we will discuss the sign
output from Er31 doped ridge waveguides codoped wi
various concentrations of Yb31. We will try and elucidate the
physical mechanisms behind these data. However we ha
bear in mind that our model, with the peculiar cross sect
of the waveguide that has an Er31/Yb31 doped region even
at a large distance from the waveguide core~cf. Fig. 2!, is
not the simplest one possible from which to extract
physical principles. It is rather based on a structure reali
experimentally, which has been reported to show gain un
excitation at 1480 nm.21 The optimal Er31 concentration de-
termined in the same series of work21,23 (3.3531020cm23)
has been used as the starting point in our calculations.

A. Gain for a fixed waveguide length

Figure 3~a! shows the small-signal gain as a function
launched pump power at 980 nm for a fixed wavegu
Downloaded 16 Apr 2002 to 192.87.154.58. Redistribution subject to A
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length of 8 cm. Plotted are results for several Yb31 concen-
trations between 3.3531020 and 26.831020cm23, as well as
for a waveguide doped only with Er31.

At low pump powers the Er31 is not inverted and mos
of the signal is absorbed. Increasing the pump power we
notice an effect on the signal output of the waveguide c
taining no Yb31. As the Yb31 concentration is increased, th
curves in Fig. 3~a! show a smaller initial increase with pum
power. This behavior is caused by the higher absorpt
cross section of Yb31 with respect to Er31, which limits the
propagation of the pump through the waveguide and the
fore the length over which the Er31 is inverted. The gain at
1530 nm is determined by the difference in populations
the Er31 4I 13/2 and4I 15/2 energy manifolds averaged over th
waveguide length.

Increasing the pump power further will eventually e
hance the signal leaving the Er31/Yb31 doped waveguide
over the signal leaving the Er31 doped waveguide. This en
hancement will take place at higher and higher pump pow
as the Yb31 concentration is increased. For very high pum
powers, however, the signal output from all waveguides o
depends on the Er31 concentration and reaches the sam
value for all Yb31 concentration. This is the limit of full
inversion of all Er31 ions in the waveguide.

Figure 3~b! shows the corresponding data for a wav
guide of 4 cm length. The details of this graph are the sa
as described for Fig. 3~a!, although shifted to lower pump
power. This is to be expected as the total depletion of
pump is less in the shorter waveguide, resulting in a gre
fraction of the Er31 that is excited. However, the figure bett

FIG. 3. Calculations of signal output from a waveguide of fixed leng
doped with 3.3531020 cm23 Er31 as a function of launched pump powe
Different symbols represent different Yb31 concentrations. Waveguide
length: ~a! 8 cm and~b! 4 cm.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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illustrates the behavior at high pump powers, namely
output signal approaching its high pump power limit for
Yb31 concentrations~the slight variations in gain at high
pump powers reflect the differences in inversion of Er31 in
the tails of the signal mode!.

The saturation at high pump power naturally follow
from the energy transfer mechanism between Yb31 and
Er31. Considering the model depicted in Fig. 1 it is clear th
the efficiency of the energy transfer from Yb31 to Er31 is
limited by the transfer rate constantC2a and the population
in the Er31 ground state~assuming for simplicity thatW2 is
high, i.e., the population of the Er31 4I 11/2 state is negligible,
we can neglect energy back transfer and energy transfe
higher lying states!. This means that by increasing th
launched pump power we will eventually reach a regime
which the excitation of Er31 via Yb31 can be neglected
against its direct excitation. This is due both to the deplet
of the ground state population of Er31 and to the limitation
on the energy transfer provided by the finite energy tran
rate constant, which is independent of pump power. If
amplifier is operated at such pump powers, Yb31 codoping
will only have a marginal effect~in our case only seen in th
tails of the mode! and will be unnecessary.

On the other end of the power scale, there is howeve
rather clear correlation between gain threshold, length of
waveguide, and Yb31 concentration. While for the 8 cm
waveguide@Fig. 3~a!# the gain threshold forNYb50 and
NYb53.3531020cm23 nearly coincides, we see that fo
waveguides of 4 cm length concentrations ofNYb53.35
31020cm23 and NYb56.731020cm23 have a lower gain
threshold than the waveguide with no Yb31. For any length
of the waveguide there is thus a corresponding Yb31 concen-
tration, which will decrease the threshold pump power t
minimum. This is shown in Fig. 4, which depicts the thres
old pump power as a function of Yb31 concentration for
waveguides of different lengths. The minimum of the thre
old power shifts to smaller and smaller Yb31 concentrations

FIG. 4. The pump power threshold for net gain as a function of Yb31

concentration for waveguides of different lengths. The drawn lines
guides to the eye. For increasing waveguide length, the minimum thres
power is achieved at decreasing Yb31 concentration.
Downloaded 16 Apr 2002 to 192.87.154.58. Redistribution subject to A
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for increasing waveguide length. This results from a trade
between the higher excitation efficiency of the Er31 via Yb31

and the depletion of the pump due to the high Yb31 absorp-
tion cross section when propagating along the wavegu
When too much Yb31 is added to the waveguide, the thres
old for signal gain increases, the more rapidly, the longer
waveguide. Here we have chosen the gain threshold to d
onstrate the dependence of pump power necessary to re
certain gain level on Yb31 concentration. Similar curves ar
obtained for any given signal output.

Returning to Fig. 3 we can see that the gain of an E31

doped waveguide amplifier is improved significantly b
Yb31 codoping only if it is operated at a pump power arou
its threshold, under the condition that the Yb31 concentration
is not too high. A high Yb31 concentration therefore not onl
causes a high gain threshold, but also produces very l
improvement in gain over the case with no Yb31. The effect
of the large absorption of Yb31 on the gain has to be take
into account when designing Er/Yb-doped waveguide am
fiers.

B. Maximum gain

In Fig. 5 we have plotted the results of calculations
the maximum gain as a function of launched pump power
several Yb31 concentrations between 3.3531020 and 26.8
31020cm23. Additionally the calculated gain in a waveguid
doped exclusively with Er31 is depicted.

Each point in the plot represents a waveguide wh
length is optimized for maximum gain at a given pum
power. This means that the waveguide length is chosen s
that at its end the transparency condition, an average in
sion of zero over the cross section of the waveguide, is
filled. Consequently, the length of the waveguide differs
each of the points in the plot, both as a function of pum
power for a given Yb31 concentration, and as a function o
Yb31 concentration itself. Over the pump power range re

e
ld

FIG. 5. Calculation of the maximum possible signal output from a wa
guide doped with 3.3531020 cm23 Er31 as a function of launched pump
power. Different symbols represent different concentrations of Yb31. The
length of the waveguides has been adjusted for maximum gain for e
Yb31 concentration and each launched pump power.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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resented, the length of the waveguide without Yb31 varies
between 0 and 18 cm, and that of the waveguide doped
26.831020Yb31/cm3 between 0 and 5.5 cm, to give an im
pression of the values involved.

There are several noteworthy points about this p
First, the threshold injected pump power for gain decrea
with increasing Yb31 concentration. This is a consequence
the higher excitation probability of Er31 via Yb31 at low
pump powers, which is caused by the high absorption cr
section of Yb31 and efficient energy transfer toward Er31.

Second, the slope of the curves, once the gain thres
is reached, decreases with increasing Yb31 concentration.
This is a signature of the higher conversion efficiency
absorbed pump photons for waveguides with smaller Y31

concentration. The lower the concentration of Yb31, the
smaller the losses of pump energy caused by spontan
decay of the Yb31 ion. This feature becomes especially im
portant for high inversion of the Er31, since in this case the
probability is small that an excited Yb31 ion can transfer its
energy to an Er31 ion in its ground state.

This also means that with increasing launched pu
power, waveguides with higher Yb31 concentration will
eventually have less gain than waveguides with lower Yb31

concentration. As a consequence, the maximum gain cu
of waveguides with different Yb31 concentrations will cross
at a certain pump power. Several of these crossings ca
seen in Fig. 5. Incidentally, the launched pump power
which these crossings occur should be independent of
inclusion of amplified spontaneous emission into the cal
lations, since ASE depends—to first order—on the total
version in the waveguide. For equal gain, this total invers
has to be equal for the two waveguides involved.

It is clear from Fig. 5 that for any given launched pum
power, a properly chosen nonzero Yb31 concentration will
increase the maximum gain achievable in the wavegu
over the one without inclusion of Yb31. Although the curve
given for a Yb31 concentration of 3.3531020cm23 ~open
squares! will eventually run below the curve for zero Yb31

concentration~solid squares! for launched pump powers o
above 200 mW, decreasing the Yb31 concentration further
will shift the crossing toward even higher pump powe
Only in the academic case of infinite pump power/infin
waveguide length, the maximum gain cannot be increase
Yb31 codoping. However, attention must be given to the f
that the energy transfer coefficientsCi j generally depend on
concentration in this regime, and simple extrapolation can
be applied. For all practical purposes, the launched pu
power is limited to values of below 1 W, and Yb31 codoping
will always increase the maximum gain that can be achie
in a given waveguide. However, at high pump power t
increase will be small.

Finally we would like to address the relation betwe
Yb31 concentration and launched pump power necessar
achieve a fixed gain~again for optimized length!. This cor-
responds to a horizontal cut through Fig. 5 and has b
plotted in Fig. 6 for clarity. The solid symbols give the pum
power that has to be launched into the waveguide to rea
certain gain, as a function of the Yb31 concentration in the
waveguide. It can be discerned that the launched pu
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power is minimal for a finite Yb31 concentration. This mini-
mum moves to lower values of the Yb31 concentration as the
gain augments. This behavior follows directly from the arg
ment made above about the concentration dependence o
maximum gain. It is once again a consequence of
tradeoff between excitation efficiency of the Er31 via Yb31

and the increased absorption in the waveguide caused
Yb31. If too high a Yb31 concentration is chosen, the pum
power needed to achieve a certain gain level rapidly
creases.

Included in Fig. 6 are two curves that show the develo
ment of waveguide length, at which a gain of 1.8 and 3 dB
achieved, as a function of Yb31 concentration~open sym-
bols!. The waveguide length is a decreasing function of Yb31

concentration, which reflects the increased absorption in
waveguide due to Yb31. Reducing the length of a waveguid
amplifier by Yb31 codoping may hold interest from a devic
design point of view, but it is clear that the penalty paid
pump power for a small reduction of waveguide length
large beyond the Yb31 concentration at which the require
pump power has its minimum~cf. Fig. 6!. This is because the
shorter waveguide length has to be offset by a gain in
tails of the mode, and therefore an oversupply of power
the central part of the waveguide. In materials in which e
cited state absorption of the pump radiation plays a role,
might actually have deleterious effects.

V. CONCLUSION

We have calculated the signal output from Al2O3

waveguides doped with Er31 and Yb31 with a rate equation
propagation model. The behavior of the signal gain at 15
nm was studied for an Er31 concentration of 3.35
31020cm23 and various Yb31 concentrations between 3.3
31020 and 26.831020cm23 and compared to that of a wave
guide without Yb31.

FIG. 6. Calculation of the pump power that has to be launched into
waveguide to reach a gain of 1.8, 3, 4.8, and 6 dB in a waveguide wh
length has been optimized, as a function of Yb31 concentration. Also plotted
is the dependence of the waveguide length~optimized for maximum gain!
on Yb31 concentration for gains of 1.8 and 3 dB. The drawn lines are gui
to the eye.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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We have investigated the relationship between gain
Yb31 concentration, launched pump power, and wavegu
length. In waveguides of fixed length, Yb31 codoping can
lower the gain threshold and increase the gain for launc
pump powers around the threshold pump power. For pu
powers above the point at which the direct excitation of E31

becomes as probable as its excitation via Yb31, the increase
in gain over a waveguide doped only with Er31 is small. The
maximum gain that can be achieved in a waveguide ampl
for a fixed pump power can be increased by codoping w
Yb31, if the concentration is chosen correctly. For ea
launched pump power, an optimized Yb31 concentration can
be determined. In the case where a certain gain has t
achieved, codoping with the right amount of Yb31 substan-
tially reduces the necessary pump power. However, we h
found that doping the waveguides with high concentratio
of Yb31 always has detrimental effects on gain or pum
power necessary to achieve a certain gain. This is due t
increased absorption of the pump and decreased abso
photon conversion efficiency at high Yb31 concentration.
Where these effects set in depends on the exact values o
material parameters and the waveguide geometry.

In conclusion, our simulations have shown the need
careful optimization of the Yb31 concentration in Er31/Yb31

codoped waveguide amplifiers where pump and signal
copropagating. In applications using very high launch
pump powers, it might be of advantage to grade the Y31

concentration along the length of the waveguide, or to o
include it at the end of the waveguide, where the pu
power is low enough so that Yb31 increases the populatio
inversion substantially.
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