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Abstract Erbium-doped fiber devices have been extraordinarily
successful due to their broad optical gain around 1.5-1.6 pm.
Er-doped fiber amplifiers enable efficient, stable amplification of
high-speed, wavelength-division-multiplexed signals, thus con-
tinue to dominate as part of the backbone of longhaul telecom-
munications networks. At the same time, Er-doped fiber lasers
see many applications in telecommunications as well as in
biomedical and sensing environments. Over the last 20 years
significant efforts have been made to bring these advantages to
the chip level. Device integration decreases the overall size and
cost and potentially allows for the combination of many functions
on a single tiny chip. Besides technological issues connected
to the shorter device lengths and correspondingly higher Er
concentrations required for high gain, the choice of appropriate
host material as well as many design issues come into play in
such devices. In this contribution the important developments
in the field of Er-doped integrated waveguide amplifiers and
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lasers are reviewed and current and future potential applica-
tions are explored. The vision of integrating such Er-doped gain
devices with other, passive materials platforms, such as silicon
photonics, is discussed.

Erbium-doped integrated waveguide amplifiers and lasers
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1. Introduction: Bringing the advantages of
Er-doped fibers onto the chip

Since the invention of the Er-doped fiber amplifier (EDFA)
in 1987 [1], it has become established as a standard
component in telecom networks, facilitating information
exchange worldwide. Its broad gain at important low-
loss, low-dispersion wavelengths covering the telecom C-
and L-bands (1525-1565 nm and 1565—-1610 nm, respec-
tively) [2, 3], low noise [4], and compatibility with fiber
lightwave systems [5, 6] make it an excellent fit for sig-
nal amplification at various points in such networks. Si-
multaneously, the optically pumped Er-doped fiber laser
(EDFL) [7] has reached a state of maturity, being ide-
ally suited for narrow-linewidth single-frequency [8], high-
power [9], multi-frequency [10-12], tunable [13-15], or
short-pulse output [16—-18]. EDFAs and EDFLs have been
utilized in a wide range of applications, including ultra-high
bit-rate telecommunications transmission systems [19], fre-
quency measurement [20], spectroscopy [21], sensing [22],
and space communications [23].

Analogous to the microelectronics industry, traditionally
there has been a drive towards integrated optical devices
in order to reduce the size and cost of components, partic-
ularly for the telecom world [24]. Integration allows for
many components to be included in a small package and
significantly reduces pump power requirements for active
devices, thus improving energy efficiency. In addition to
telecommunications, new applications of miniature optical

devices are emerging, including, for example, on-chip opti-
cal interconnects for high-speed computing [25] and sensors
via integration with other technological platforms, such as
microfluidics [26,27].

Owing to the success of the Er-doped fiber and the ad-
vantages of integrated optics in general, Er-doped wave-
guide devices have been intensively researched over the last
20 years [28-30]. Such devices can enhance lightwave sig-
nals or produce light at useful wavelengths, all on a robust,
low-cost, miniature chip (Fig. 1). Like silica-based fibers,
many materials used in integrated optics also have low losses
in the 1.5 ym window, providing a motivation for utilizing
amplifiers and lasers based on Er-doped waveguides in pho-
tonic circuits. The continuously decreasing size, cost, and
energy requirement of diode laser pump sources has also
served to improve the prospects of such devices establish-
ing a strong market presence. A single pump source could
feasibly pump many devices on the same chip.

Despite the evident advantages of Er-doped waveguide
devices, integration introduces many challenges and engi-
neering issues. Coupling light to and from miniature wave-
guides, efficient optical pumping, providing gain over a
short length (in Er-doped fibers gain can be carried out over
a meter of fiber length or more — too long for miniature
chips) are but a few of the problems faced. In order to over-
come these challenges, a wide range of different Er-doped
waveguiding materials, integration platforms, and device de-
signs have been studied. Early pioneering efforts in the field
focused on phosphosilicate glass as a host, because of its
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Figure 1

similarity to- and compatibility with standard silica-based
optical fibers [31,32]. At approximately the same time Er-
doping of LiNbO3, a common integrated optics material,
was investigated, leading to amplifiers and continuous-wave
and pulsed on-chip lasers [33-35]. In addition, gain was
demonstrated in materials such as Al,O3 and Y,03, where
the higher refractive index contrast leads to lower pump
power requirements and potentially smaller devices [36,37].
Signal transmission experiments employing planar Er-doped
glass amplifiers revealed their exceptional characteristics
in telecommunications systems applications [38,39]. The
excellent properties of phosphate glass, in particular, as an
Er host have been exploited, resulting in high gain ampli-
fiers [40], high-output-power continuous-wave lasers [41]
and laser arrays emitting at multiple wavelengths [42]. Much
promising research has also focused on the inclusion of
codopants, including Yb3*-ions [43] and silicon nanocrys-
tals [44], towards enhancing device performance via alter-
native pumping pathways. New directions in cavity design

(online color at: www.lpr-journal.org) From Er-doped fiber
amplifiers to miniature, Er-doped waveguide amplifiers and lasers for on-chip
applications (EDFA image from [47], © 2010 Manlight SAS).
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have led to low threshold, miniature on-chip lasers [45].
Recently, ultra-short fs-pulsed operation has been demon-
strated by an on-chip Er-doped laser for the first time [44]
and an ultra-narrow, 1.7-kHz-linewidth integrated Er-doped
laser source has been realized [46], introducing new poten-
tial applications. Overall, these efforts have produced nu-
merous Er-doped waveguide amplifiers (EDWAs) and lasers
(EDWLs) in different materials, including crystals, glasses,
and polymers. This knowledge base provides a wealth of
materials and design options to select from, depending on
the desired application and when considering integration
with other devices and systems, be they optical, electronic,
fluidic, or mechanical.

In this article we review the various approaches and
the state of the art in integrated Er-doped amplifiers and
lasers. We begin with an overview of the relevant Er-ion
spectroscopy, followed by a survey of the wide array of
Er-doped waveguiding materials and associated processing
methods. EDWA and EDWL design, results and applications
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are then discussed. Finally, we examine future directions and
efforts towards higher-level integration in order to provide
gain and signal generation around the all-important 1.5—
1.6 um wavelength range in photonic circuits.

2. Er¥*-ion spectroscopy

In this section we summarize the various Er**-ion energy
transitions and spectroscopic parameters most relevant to
Er-doped waveguide amplifiers and lasers.

2.1. Energy levels

We first look at the relevant energy transitions in the Er’*
ion. The interesting optical properties of Er and other lan-
thanide rare earths (elements 57-71 in the periodic table)
arise from the fact that they maintain an atomic-like energy
structure when incorporated in a host material. Their neutral
form is (Xe)4f" 5d6s? or (Xe)4fV +16s2, and when incor-
porated in a host they are normally found in the trivalent
oxidation state, whereby the weakly bound 6s? electrons
and either the 5d or a 4f electron are removed. The par-
tially filled 4f electron shell is shielded by the larger-radius
5s and 5p orbitals, resulting in a localized electronic envi-
ronment. Within this environment Coulomb and spin-orbit
interactions lead to lifting of the degeneracy of the 4f energy
levels. Thus, various distinct energy transitions within the 4f
shell are possible. The seven lowest-lying energy levels of
Er**, starting from the ground state and continuing up to the
4F;, level are shown in Fig. 2. The levels are represented by
Russell-Saunders notation 25+1L J,» where S represents the
spin angular momentum, L represents the orbital angular
momentum, and J represents the total angular momentum.
Each level is actually a multiplet of 2S+1 degenerate levels,

which are split into S+% two-fold degenerate Stark sub-

levels due to the crystal field imposed on the Er ion by
the host matrix. Displayed in Fig.2 are the approximate
lifetimes for Er** ions in oxide glasses, energies in cm™
relative to the ground state, and wavelengths corresponding
to the ground-state transition from each manifold.

Several transitions relevant to Er-doped amplifiers and
lasers designed for wavelengths around 1.5-1.6um are
also shown in Fig. 2. Such devices operate based on stim-
ulated emission on the 4113 /2 —*,55» transition. In order

to increase the population density of Er’* ions excited
to the I3 level pump light at a wavelength of either
~980nm or ~ 1480 nm is typically used. Transition (1)
shows ground state absorption (GSA) of 980 nm pump light
on the 4115 /2 —%1,,2 transition. In oxide host materials
with their rather high phonon energies this excitation is
followed by rapid non-radiative decay by multiphonon re-
laxation to the *1;3,> level. Transition (2) illustrates GSA of
1480 nm pump light directly into the *I;3, level. Signal light
at ~ 1530 nm can undergo GSA (3) or induce stimulated
emission (4) on the *I;5 2 %13, transition. Stimulated
emission of 980 nm and 1480 nm pump light is also possi-
ble from the *I;;,, and #1135 levels, respectively, but is not
shown in the figure.

Aside from pumping to populate the upper amplifier or
laser manifold and absorption or emission of signal light,
there are several additional important processes. Transition
(5) represents excited state absorption (ESA) of 980 nm
pump light from the 1112 level to the *F7), level [48-50].
This is a detrimental process in terms of amplifier or laser
performance, leading to increased pump absorption but si-
multaneously decreased pump efficiency. The sixth and
seventh transitions show two energy-transfer-upconversion
(ETU) processes. The first process (6) involves energy trans-
fer between two ions in the *1;3/, level resulting in promo-
tion of one ion to the *Iy, state and de-excitation of the
other to the ground state. This process decreases the number
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' Schematic of Er®* ion energy levels, selected
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of ions in the *I,3, state available for stimulated emission,
thus strongly affecting the overall gain and ultimately the
amplifier or laser performance. The second ETU process (7)
involves energy transfer between two ions in the 141/ state
and excitation of one to the *F7, level and de-excitation of
the other to the ground state. In (8) a cross-relaxation (CR)
process is shown, whereby an ion in the 4S5/, excited state
interacts with another ion in the ground state, resulting in
ions exciting the *Ig/» and #1;3/, states. Finally, spontaneous
emission from each manifold, governed by the decay rate
(inversely proportional to the lifetime), can occur. Two im-
portant spontaneous emission processes are displayed. Tran-
sition (9) shows spontaneous emission on the 1 13/2 —ysp
transition, which releases non-coherent photons in a broad
spectrum around the signal wavelength. When such light is
amplified in an optical amplifier, it is referred to as amplified
spontaneous emission (ASE) and it adds noise to the ampli-
fier signal. Transition (10) represents spontaneous emission
from the 2H,;,» and *Ss levels to the ground state. It is
shown, because it results in the characteristic green light
visible in highly Er-doped amplifiers. A series of higher en-
ergy levels exist in Er** ions and a wide range of additional
transition processes are possible, especially in host mate-
rials with lower phonon energies and accordingly longer
excited-state lifetimes compared to oxides [51]. However,
for the most part, those processes shown in Fig. 2 have been
found to adequately describe amplifier and laser behaviour
in conventional Er-doped integrated materials.

2.2. Absorption and emission cross sections

In the previous section stimulated absorption and emis-
sion of photons on various Er**-intraionic transitions were
discussed. To each transition is associated a certain cross-
section, which describes the probability of an excited ion
emitting a photon of equal phase and frequency to a pho-
ton incident upon it (stimulated emission) or an ion being
excited to a higher energy state by absorbing an incident
photon (stimulated absorption). The Lambert-Beer law de-
scribes the absorption and emission of light (assuming an
otherwise lossless medium) when interacting with a two-
level system and over a small propagation distance Az as fol-
lows:

I(z+Az)
=1(2)exp[Oem (A) N1 (2) Az— Owps (A) No (z) Az) (1)

where I (z+ Az) is the light intensity at distance z+ Az, I(z)
is the initial light intensity, Oups (A) and O (A) are the
absorption and emission cross sections (in units of cm?) at a
given wavelength A, respectively, and Ny (z) and N (z) are
the population densities of the lower and upper manifolds
(density of ions in each state, in units of ions/cm?) from
which absorption or emission occurs, respectively. From
this equation we obtain a stimulated absorption or emission
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rate per unit volume, Rgim (z+ Az), as follows:
Rstim (z+Az) = ﬁN
_ ﬁ @)

x {1 (z) exp[Gem (A) N1 (2) Az — Ouvs (A) No (2) Az] = 1(2) }

where Al is the change in light intensity over distance Az
and E (1) is the energy per photon.

The absorption and emission spectra of an Er-doped ma-
terial contain a set of peaks corresponding to the energies of
the various intra-ionic electronic transitions. Each individual
peak experiences both homogeneous and inhomogeneous
broadening, which are related to the lifetime (the shorter
the lifetime, the broader the energetic width of the state)
and the variation in local Er’*-ion environments, respec-
tively. While in crystalline host materials the absorption and
emission spectra are highly structured, the second effect is
particularly strong in amorphous hosts due to the multitude
of environments available, resulting in significant overlap
of the peaks associated with each crystal-field transition
and broad absorption and emission spectra. The absorption
and emission spectra associated with each transition, while
exhibiting similar peak values, are also non-identical, with
absorption and luminescence being more pronounced at
the short and long wavelength side, respectively, due to the
Boltzmann distribution of population within each crystal-
field multiplet. The theory of McCumber [52] has lead to a
simple and straightforward procedure for determining the
absorption spectrum in Er-doped waveguides from the emis-
sion spectrum, or vice-versa [53].

The peak values of the Er absorption and emission cross
sections are typically on the order of 1072'-1072° cm?, de-
pending on the host material. The *Ij5/, <»*1;3/2 cross sec-
tions are of key importance in Er-doped devices operating
near 1.5 um, because they determine the probability of stim-
ulated emission and absorption at the signal wavelength.
Various peak *I;5 /2 %113, cross section values are com-
pared for both amorphous and crystalline Er hosts in Table 1.
The Er cross-sections in various silicate hosts, typically used
in fibers, and those of several common EDWA and EDWL
host materials are included.

2.3. Lifetime

The lifetime of a given energy level is the time constant
describing the exponential decay of ions from that level. It
is inversely proportional to the probability per unit time of
the intrinsic decay of an ion from that level. In the absence
of energy-transfer processes, the luminescence decay is
represented by a single exponential curve with its associated
lifetime. The inverse luminescent lifetime can be written as a
sum of inverse lifetimes which represent the different decay
paths. These can be divided into radiative and non-radiative
decay. Radiative decay results in the spontaneous emission
of a photon, while non-radiative decay results in the transfer
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Host Type Aot o o Ref. tT.able 1 Peak Er s/ <—>4I1;?/2 absorp-
) 21 2 ion and emission cross sections in dif-

[nm] (107" em]  [1077 cm”] ferent host materials.

Al-P co-doped silica Amorphous 1531 6.60 5.70 [54]

Silicate glass Amorphous 1536 5.80 7.27 [54]

Fluorophosphate glass ~ Amorphous 1533 6.99 7.16 [54]

Ge0,-SiO, Amorphous 1530 79+03 6.7+0.3 [55]

Al,03-Si0, Amorphous 1530 79+03 79+03 [55]

Phosphate glass Amorphous 1535 54 [40]

Al,O3 Amorphous 1532 57+£0.7 5.7 [56]

Y03 Polycrystalline 1536 55 5.5 [57]

LiNbO3 Monocrystalline  1534.6 24.4 244 [58]

Y,03 Monocrystalline  1535.5 18 18 [59]

(Gd, Lu),03 Monocrystalline  1535.5 18 18 [59]

of energy to phonons, or vibrations of the crystal or glass

host material. The following equation relates the various

contributions to the luminescent decay from the ith level:

1 1 1
+

T Trad,i

; 3)

an,i

where 7; is the luminescence lifetime, 7,4, is the radiative
lifetime, and 7, is the non-radiative lifetime. From this
we also obtain a spontaneous decay rate, competing with
stimulated emission and reducing the population density
of the *I;3/, upper amplifier or laser manifold. The rate is
simply given as Rspont = N1/71.

Non-radiative decay occurs by energy transfer to the
host material through the generation of a number of phonons
with total energy equal to the energy gap between the levels,
called multiphonon relaxation. The probability of multi-
phonon relaxation decreases exponentially with the num-
ber of phonons required to bridge the energy gap. In an
ionic host, the average phonon energy is determined by the
strengths of the bonds between the ions (i.e. Si** and O~
in Si0;) and the mass of the ligand anions (i.e. 0> ,F,
CI™ etc.). A lighter ligand ion and larger restoring force
result in larger phonon energies. In many oxides the effec-
tive phonon energies are relatively high (900-1400cm™!),
which means that the number of phonons required to bridge
the gap from one level to the next is lower. Therefore, the
probability of multiphonon relaxation is higher and the life-
times of the Er excited states are usually short (~ 1-100 ps).
The exception is the lifetime of the *I;3,, level, which re-
mains long, because even in a high-phonon oxide host a
large number of phonons is required to bridge the gap to the
1,5/ level. Because of the long lifetime of this level it is
possible to build up population inversion, which is necessary
for gain in Er-doped amplifiers. The lower phonon energies
present in fluoride glasses and crystals means the *1;1/, en-
ergy level typically has a longer lifetime. This diminishes
fast relaxation and efficient excitation of the *I;3/, amplifier
or laser level, but favors the *1, /2 —*1,3/, laser transition
at 3um [60, 61]; also cascade lasing of both the 3 um and
1.5 um transitions has been demonstrated [62—65]. The ef-
fective phonon energy and typical lifetime of the I3/, level

Table 2 Effective phonon energy and 4I13/2 luminescent lifetime
measured in different host materials [66—68].

Host Type Phonon Energy 1, Tiap
[em™ 1] [ms]
Phosphate glass ~ Amorphous 1200 10.7
Silicate glass Amorphous 1100 14.7
Tellurite glass Amorphous 700 4
Fluoride glass Amorphous 500 10.3
Y,03 Polycrystalline 400 7.2

measured in selected Er-doped host materials are shown
in Table 2.

2.4. Energy transfer between ions

Besides the intrinsic transitions between energy levels in an
individual ion due to absorption, stimulated emission, and
radiative and non-radiative decay, transitions caused by en-
ergy transfer between neighbouring ions play an important
role. These processes, which in their most common form of
electric dipole-dipole interaction exhibit a 1/r%, . depen-
dence on the distance between individual interacting ions,
are especially important in EDWAs and EDWLs, where
owing to the shorter device length and accordingly higher
doping level the average inter-ionic spacing rg,—, becomes
drastically smaller compared to fiber devices. Two processes
involving energy transfer between ions are illustrated in
Fig. 3. Figure 3a shows the process of energy migration,
whereby an excited ion (the donor) transfers its energy to
a nearby ion (the acceptor) in its ground state. The donor
returns to the ground state while the acceptor is excited to
the same state as previously occupied by the donor. This
process can eventually result in loss of excitation through
multiple energy-migration steps (diffusion) and ultimately
quenching at an impurity such as an OH™ group. Alterna-
tively, Fig. 3b illustrates the interaction of two excited ions,
with energy from the donor being transferred to the acceptor,
promoting it to a higher energy state (ETU).
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In EDWAs, the ETU process from the 1,37 level has
a significant impact on amplifier performance, because it
results in de-population of the *I;3/, level and re-population
of the *I;s, level, reducing the inversion, thus the maxi-
mum gain that can be achieved. In addition, it can lead to
significant extra heat dissipation owing to the subsequent
multiphonon relaxations *Iy /2 -4y, 2 —*I13p» of the up-
converted ion [69]. In the most straightforward model, the
upconversion rate is determined by a macroscopic material-
dependent parameter Wgry and is proportional to the square
of the population density of the Er level from which it oc-
curs [14, 15]. The upconversion rate can be represented
as follows:

Retu = WetuN?, 4

where Rgty is the ETU rate per unit volume in (cm’3s’1 ),
and N is the population density. The value of Wgry is Er-
concentration dependent and varies from host material to
host material, depending primarily on the nearest-neighbor
interionic spacing and the oscillator strengths and spectral
overlap of the two transitions involved. Typical values of the
ETU coefficient measured in Er-doped glasses originating
from the *I;3/; level are summarized in Table 3.

The ETU strength also depends on the homogeneity of
the Er**-ion distribution in the host material, which can
depend on the fabrication process. For example, in [70], thin
films were found to exhibit an ETU coefficient ~ 2.4 times
higher than in bulk glasses. The ETU coefficients for silica-
based optical fibers reported in [71] and [72] are signifi-
cantly higher than- and similar to those measured in the bulk
and waveguide samples, respectively. However, lower Er
concentrations are typically required in Er-doped fibers, thus
even for high Wgty the rate and effect of ETU are relatively
small. The low ETU coefficients measured in Er-doped phos-
phate glass and soda-lime silicate glass waveguides, even
at high Er concentrations, indicates homogenous incorpo-
ration of Er** ions in those materials. This is one of the
primary reasons for the high gain per unit length reported
in phosphate glass and soda-lime silicate glass amplifiers.
Table 3 also shows two different Wgty values for Er-doped
Al,O3 waveguides that were prepared using different fab-
rication methods. In amorphous Al,O3 thin films which
were annealed after Er ion implantation the ETU parameter
was determined by luminescence decay measurements to
be 4+ 1 x 1078 cm3s~! for an Er concentration of 1.2 x

-__

Acceptor

Figure 3 Er®*-Er’* interionic energy-transfer pro-
cesses: (a) energy migration and (b) energy transfer
upconversion.

102° cm=3 [73]. Similar films which were Er doped directly
during reactive co-sputtering yielded ETU parameters on
the order of 3-9 x 107'° cm®s~! for Er concentrations of
1.2-3.6 x 10?2 cm ™3 in the same type of luminescence de-
cay measurement [74], suggesting that a lower amount of
clustering was present in these films. Nevertheless, a signifi-
cant amount of non-saturable absorption was detected [74],
which was interpreted as a hint towards fast quenching of a
fraction of Er ions, potentially as a result of energy transfer
to impurities or host matrix imperfections — or fast ETU
between nearest-neighbor Er ions. A simplified amplifier
model which did not take this fast-quenching effect into
account resulted in higher ETU parameters [75], similar to
that obtained in [73]. However, considering this effect leads
to good agreement of the ETU parameters derived from lu-
minescence decay measurements and amplifier performance
and a more accurate model of amplifier behaviour [74].
Therefore, in addition to the macroscopic parameter Wgry,
it is important to take into account such rapid Er-impurity,
Er-defect or Er-Er energy transfer processes when predicting
amplifier or laser behaviour.

2.5. Gain

The fundamental process required in active Er-doped wave-
guide devices is optical gain. To achieve gain, the photon
generation rate must be greater than the rate of photon ab-
sorption and losses to due other mechanisms, including
scattering. In order to achieve gain, a pump process is re-
quired to populate the higher level from which stimulated
emission occurs. This pumping can be provided by elec-
trical means (as with semiconductor optical amplifiers) or
by optical means (as with rare-earth-doped amplifiers). In
the case of Er-doped materials optical pumping at a wave-
length of either 980 nm or 1480 nm is typically used to excite
ions from the ground state to the *1,3, state (in the case of
980 nm pumping via subsequent multiphonon relaxation),
from which stimulated emission can occur to amplify a sig-
nal within a rather large gain bandwidth around 1530 nm.
A population inversion is required between the *I;3, and
41,5/, state - at least 50% of ions excited to the higher energy
level in case the absorption and emission cross sections are
similar, i.e., at the zero-phonon line near 1530 nm. In addi-
tion, the number of stimulated emitted photons must exceed
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Table 3 ETU coefficient for the #1135 level measured in various Er-doped glasses.

Host material Host type Er concentration ETU coefficient, Wgty  Ref.
[102° cm™3) [10~ 18 cm3s™ 1
Aluminosilicate glass Bulk 0.4t04.8 03tol1.4 [70]
a-AlL, O3 Waveguide ~1.2 4+1 [73]
Waveguide 1.17 to 3.66 0.29 t0 0.92 [74]
Al- and Al-La-doped silica glass ~ Fiber 0.04 t0 0.86 0.9t03.2 [72]
Ge/Al/P-doped silica glass Fiber ~0.006 to 0.067 ~ 100 [71]
(70 to 840 ppm by weight)
Phosphate glass Bulk 1 0.77 £ 0.07 [76]
Waveguide 1 0.93 £ 0.07 [76]
Bulk 2.0 1.2 [77]
Waveguide 0.2t04.0 ~0.8to~1.1 [78]
Waveguide 53 20405 [40]
Soda-lime silicate glass Waveguide ~14 32408 [79]
Bulk 0.50 to 6.0 0.26t0 1.2 [70]
Waveguide 0.70to 4.1 0.61t02.3 [70]
Fluorozirconate glass Bulk 2;8; 14 13; 28; 67 [80]

those lost by background losses, for example propagation
losses due to scattering in a channel waveguide.

The various transition rates can be used to generate
rate equations for the change of population densities of the
different Er levels. These rate equations can be solved ana-
Iytically, as was done using a simplified 3-level model for
AL O3:Er’* in [75] to determine the theoretical gain and
performance of EDWAs and EDWLs. The magnitude of
the typical waveguide cross-sections, corresponding optical
intensities, and absorption and emission cross sections dic-
tate that Er concentrations within an order of magnitude of
1 x 10?° cm 3 (equivalent to 0.1 atomic % in amorphous
Al,O3) are required in Er-doped waveguide devices. At
higher concentrations, the close ion spacing means that gain
quenching effects such as ETU begin to dominate. These pa-
rameters lead to peak gain coefficients of ~ 1-10 dB/cm in
EDWAs, which means that device lengths of typically 1 cm
or longer are required. For this reason it is critical to obtain
low (< 1 dB/cm) background losses (the sum of scattering
losses, material absorption, and all other propagation losses
not related to Er**-ion absorption) for sufficiently high gain
in an EDWA or EDWL.

In the literature, several different terms are frequently
used to describe the gain in Er-doped waveguides. In order
to properly compare the gain in different devices, it is im-
portant to distinguish between these terms. Relative gain (or
signal enhancement) refers to the change in output signal
with and without pump light and does not account for any
losses in the waveguide, i.e., even a significant relative gain
does not indicate that the waveguide losses have been com-
pensated and signal light has been amplified. Internal net
gain (or on-chip gain) represents the total amplification from
the start to the end of the waveguide, i.e. internal waveguide
losses are overcompensated and signal light is amplified,
whereas net gain refers to the fiber-chip-fiber gain and ad-

ditionally accounts for any fiber-chip coupling losses, i.e.,
signal light is amplified from fiber to fiber.

2.6. Er’* sensitization methods

In order to enhance the Er pump rate and provide higher
gain per unit length, different methods have been studied,
which provide alternative excitation pathways. In particular,
two methods have shown considerable promise: co-doping
with Yb* ions and incorporating silicon nanocrystals in Er-
doped silica waveguides. Here we examine each of these ap-
proaches.

2.6.1. Yb%* co-doping

For the chosen Er concentrations of a few 10?° cm™3 pump
absorption by Er ions is rather weak due to the small ab-
sorption cross sections at 1480 nm and especially 980 nm,
hence device lengths of typically a few cm are used. At
present, in order to achieve higher gain over shorter device
lengths, Er-doped waveguide devices are customarily co-
doped with Yb* ions [81, 82]. Yb**, another rare earth
ion, provides an optical absorption path on the transition
between its *F; /2 —2Fs), energy levels, also centered at

a wavelength near 980 nm. When Yb?* ions are incorpo-
rated with Er** ions in the same host, an excited Yb>* ion
can transfer its energy to a neighbouring Er ion. This pro-
cess is illustrated in Fig. 4: in step (i) the 980 nm photon
is absorbed, which is followed by (ii) energy transfer via
excitation of an Er ion to the *1;1/, level, and (iii) rapid non-
radiative decay to the *1;3/, level, thus populating the upper
amplifier/laser level. Step (iv) shows stimulated emission
at the signal wavelength. While back-transfer to the Yb>*
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ion may occur, rapid decay of the excited Er** ion by multi-
phonon relaxation to the *I;3, level is more likely, making
this an effective excitation process.

Since it does not introduce reabsorption at the signal
wavelength around 1530 nm, the Yb3* ion with its similar
radius and ionic properties can be incorporated in concen-
trations comparable to or higher than Er3*. Besides, the
Yb*2F, /2 —2Fs, absorption cross-section can be almost

an order of magnitude higher than the Er>* pump absorption
cross section around 980 nm [56]. When suitable Er and
Yb concentrations are selected and the pump power is suffi-
ciently high, the additional Er-excitation pathway provided
by the Yb>* ions increases the overall pump rate, effectively
competing with de-excitation due to ETU. Therefore, a key
advantage of Yb co-doping is that it can help overcome Er-
ion concentration quenching effects, allowing for higher Er
concentrations and potentially higher gain per unit length.

2.6.2. Si nanocrystals

Another sensitization method, which continues to be in-
tensively researched due to its promise of providing a com-
pletely silicon-compatible amplifier or laser, is by co-doping
Er-doped silica with Si nanocrystals (Si-nc’s) [83-85]. The
Si-nc’s, from 1 to 10’s of nm in diameter, absorb light over a
broad wavelength range and, when coupled with Er, can effi-
ciently transfer energy to Er ions. This process is illustrated
in Fig. 5.

The main potential advantage of sensitization by Si-nc’s
is an effective Er excitation cross-section that is orders of
magnitude higher than the Er absorption cross section [86].
A higher effective excitation cross-section arises because
the probability of photo-excitation of the numerous charge
carriers in a Si-nc, followed by subsequent energy transfer
to a nearby Er** ion, is much higher than that of direct Er*
ion excitation via photon absorption on the various parity-
forbidden intra-4f transitions. In addition, Si-nc’s have a

by resonant energy transfer from Si nanocrystals: (i) electron-
hole pair excitation by short-wavelength pump light in Si-nc; (ii)
energy transfer from Si-nc to Er ion; (iii) fast non-radiative decay
of an excited Er3* ion from the *Ig) level to the #1132 level; (iv)
luminescence or stimulated emission at 1.5 pm.

broad absorption band in the UV-visible range, where low-
cost diode lasers and LEDs are available as pump sources.
Another advantage for silica, in particular, is the effective re-
fractive index enhancement of the material by Si-nc doping,
resulting in better optical confinement [87].

However, specific obstacles continue to hamper this
method of sensitization. Auger non-radiative electron-hole
pair de-excitation reduces the excitation density [88]. In
addition, signal photon absorption by confined excited car-
riers within the Si-nc’s competes with the signal enhance-
ment [89]. Furthermore, resonant energy transfer from Si-
nc’s, which often exhibit peak photoluminescence intensi-
ties at around 800 nm, to Er can result in an excited state
transition from the *I;3, to the *S3pand 2H; 1/, manifolds,
thus decreasing the overall excitation efficiency [90]. The
full energy-transfer model is still the subject of great de-
bate [91-94], and perhaps with future optimization of the
Er concentration, nanocrystal size and distribution [95] the
promise of more efficient amplifiers and lasers via Si-nc
sensitization will be realized.

3. Materials for Er-doped integrated optical
devices

A key consideration in the design and realization of Er-
doped devices is the choice of host material. Many Er-host
materials have been investigated for integrated optical appli-
cations. In this section the requirements of the host material
are discussed and amorphous and crystalline hosts are com-
pared. A summary of the numerous methods that have been
applied to fabricate Er-doped waveguides is also given.
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3.1. Er¥*-ion host material requirements

Much of the research on EDWAs and EDWLs has focused

on studying various planar waveguide host materials. There

are several requirements which must be met in order for a

material to be considered a suitable Er host. These include

properties relating to the incorporation of Er in the host
and those related to integrated optical devices in general.

Requirements relating to Er doping are summarized below.

1. Suitable Er’*-ion bonding sites. The host material must
possess appropriate bonding sites for the trivalent Er
ion. For crystalline materials, the sites must be non-
centro-symmetric, in order for mixing of opposite parity
wavefunctions of the 4f states to occur, making the var-
ious electric-dipole forbidden transitions within the 4f
orbital possible. In addition, the size of the lattice po-
sition must be sufficiently large for the Er** ion (ionic
radius &~ 103 pm). For example, Er-ion incorporation is
prevented in -Al, O3 (the crystalline form of Al,Os, or
sapphire) due to an ionic radii mismatch. However, Er
can be incorporated in high concentrations in a-Al,O3
(amorphous Al,O3) because of the presence of a range of
suitably sized bonding sites. The oxide of Er is Er, O3, so
sesquioxides, such as Y,03, ScyO3, Luy O3, with similar
cationic radii, tend to be excellent hosts.

2. High Er solubility without clustering. In comparison to
fiber devices, a high Er solubility is essential for shorter
Er-doped waveguide devices. For reasonable gain in Er-
doped waveguide devices, concentrations of 1 to 10 x
10°% ions/cm? (0.1 to 1 atomic %) are typically needed.
The nearest Er-ion distance depends on the host material
and the doping method. In order to reduce quenching due
to ETU, clusters of Er** ions should be avoided.

3. A long 4113/2 radiative lifetime. A long (~ms) *I;3
radiative lifetime is required in order to provide sufficient
population buildup for gain at reasonable pump rates.

4. Low phonon energy. The host should have a low effective
phonon energy to prevent gain quenching through non-
radiative decay.

5. High purity. Defects and impurities in the host material
should be avoided in order to prevent lifetime quenching
through non-radiative decay.

In addition to those properties pertaining to Er doping, the

host should possess several general properties motivating its

application in integrated optical devices. These properties
are discussed below.

1. Optically isotropic. For applications requiring complex
integrated designs, the host material should have the
same refractive index in all directions.

2. Good physical and chemical properties. The host must
have sufficient hardness and mechanical stability, as well
as being chemically stable. In order to avoid over-heating
and damage at high optical pump powers it should also
have high thermal stability and thermal conductivity.

3. Fabrication technology. The ability to deposit or grow
thin films or substrates of sufficient size at a reasonable
cost and using a straightforward doping mechanism is
required. The technology must also be compatible with
the intended device specifications and application. For

example, the possibility to grow Er-doped layers on a spe-
cific substrate may be desirable. Furthermore, a method
for defining channel waveguides in the host material is
required. Some hosts, although providing excellent phys-
ical properties, including chemical stability, are difficult
to structure for this very reason [96].

4. Low background losses. The waveguiding material
should have low background optical propagation losses
at pump and signal wavelengths. Sources of loss in films
or substrates include the intrinsic absorption of the ma-
terial and scattering or absorption at impurities and the
interface between layers. In addition, the method used
to define channel waveguides should not significantly
increase the losses (for example, by scattering of the
propagating light at rough channel waveguide sidewalls).

3.2. Amorphous vs. crystalline hosts

Er host materials can be broadly divided into two categories:
crystalline (or poly-crystalline) and amorphous hosts. This
natural division arises from the significant difference in the
spectroscopic characteristics of Er in each type of material.
Each type of material has potential advantages, depending
on the required application.

Crystalline and polycrystalline materials offer sharp
emission lines, high peak cross sections, and high stabil-
ity for narrow-band amplifier and laser applications. As
shown in Table 4, crystalline materials can be further di-
vided into dielectric [34, 68,97-100] and semiconductor
hosts [101, 102]. Dielectric crystalline materials have a large
band gap, thus are highly transparent over a wide wave-
length range. However, by definition, they do not permit effi-
cient electrical excitation, limiting their use to all-optical ap-
plications. In semiconductor hosts, electro-optic properties
can be exploited, allowing integration of Er-doped devices
with electro-optic and electrical devices. The high refractive
index contrast in such materials also allows for high integra-
tion density. However, due to the lack of suitable Er**-ion
bonding sites, it is generally difficult to achieve practical Er
concentrations in semiconductors. While Er incorporation
in III-V semiconductors has been investigated [101], such
materials are already excellent light emitters. In addition,
Er incorporation in silicon, which is a poor light emitter
because of its indirect bandgap, has been studied exten-
sively with the aim of developing a monolithic silicon light
source. Electrically pumped light emitting diodes have been
demonstrated [103, 104]. However, only limited success has
been realized due to ionic radii mismatch, resulting in low
Er**-ion solubility, and the presence of strong non-radiative
recombination pathways [105]. Since Er incorporation in
silicon is limited, significant research efforts have instead
focused on Er-doped silica containing Si nano-clusters, with
encouraging results [106]. The main drawbacks of crys-
talline materials in general are the narrow gain spectrum,
limiting their usefulness for amplifiers or on-chip tunable
lasers, and the fact that they can only be grown on lattice-
matched substrates, hence cannot be easily integrated with
other materials platforms.
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Table 4 Integrated optics host materials for Er

Host Type Category Examples Advantages Disadvantages

Amorphous  Glass a-Al, O3 Broad emission spectrum; Low refractive index contrast
Bismuthate glass high stability;
Fluoride glass deposition on a variety of substrates;
Phosphate glass optically isotropic
Silicate glass

Polymer 6-fluorinated- Broad emission spectrum; Thermal instability;

dianhydride/epoxy  low cost; colour centers
PMMA deposition on a variety of substrates
PPMA

Crystalline  Dielectric (Gd, Lu),03 High emission and absorption cross Narrow wavelength range
KY(WOy4), sections; (for amplifiers or tunable lasers);
LiNbO3 highly stable output (lasers); epitaxial growth on specific
Y;3Al501; high thermal conductivity substrates required
YAIO3
Y103

Semiconductor  GaAs High emission and absorption cross Narrow wavelength range;
GaN sections; epitaxial growth required;
InP monolithic integration of integrated low Er solubility
Si optical and electro-optic devices;
ZnO High integration density
7
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Figure 6 Er 4I13/2 —*l15/> emission cross section measured in Er-doped (a) crystalline (Gd, Lu)>Oj3 film (black curve) and a Y203
bulk crystal (gray curve) (from [59], © 2008 Optical Society of America) and (b) an Er-doped amorphous AlxO3 thin film (absorption
cross section also shown) (from [75], © 2010 Optical Society of America).

In contrast to crystalline materials, amorphous hosts
exhibit broad emission spectra due to both homogenous
and inhomogenous broadening. The lack of periodicity in
amorphous materials results in a multitude of local Er envi-
ronments and the superposition of each of these transition
spectra creates an overall broadened transition linewidth
for the Er ion. While the peak emission cross-sections are
lower as compared to crystalline hosts, the broad smooth
emission spectrum affords relatively flat gain over a wide
wavelength range, an advantage exploited in EDFAs and
tunable Er-doped lasers. Emission spectra for crystalline
and amorphous Er-doped host materials are compared in

Figs. 6a and b, respectively. Amorphous hosts can also be
sub-divided into two groups of materials: polymers and
glasses (see Table 4). Polymer waveguides are of inter-
est due to their low cost and straight-forward integration
with other materials and have shown promise as rare-earth
hosts [107-113]. However, the thermal stability of such
materials is poor and the host material itself often exhibits
additional absorption lines (colour centers). Amorphous Er-
doped glasses exhibit a broad emission spectrum, generally
possess a high thermal stability, and can be deposited on a
wide range of substrates. Because of these advantages, and
the success of Er-doped glass fiber amplifiers and lasers,
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many glass host materials have been investigated for ac-
tive planar devices. These include silicate glass [32, 114—
117], phosphate glass [39,81, 118—124], fluoride glass [125],
and amorphous aluminum oxide [36, 126—129]. In addition,
multi-component oxide glasses [38, 130-145] offer the pos-
sibility to tailor various properties such as the gain spectrum
and the refractive index. Glass hosts have relatively low
refractive indices, which are closely matched to those of
standard optical fibers. This index-matching is a distinct
advantage for low-loss coupling to optical fibers. However,
the lower index is a disadvantage compared to semiconduc-
tor devices in terms of achieving large integration density.
Nevertheless, their high Er solubility, broad gain, and low
cost makes them highly useful for integrated active devices.
The remaining sections of this review focus primarily on
glass and dielectric hosts because of their excellent proper-
ties for broadband amplifier and tunable laser applications
and the significant research effort which has been aimed at
developing EDWAs and EDWLs in these materials.

3.3. Waveguide fabrication methods

Numerous fabrication methods have been studied for Er-
doped active devices, each with different advantages and
disadvantages, depending on the desired application. There
are several possibilities when selecting the fabrication pro-
cedure. The first consideration is the growth of the Er-doped
host material. The host material can be grown in the form
of a substrate, for example, from a glass melt. In contrast it
may be deposited or grown on an existing substrate using
one of several standard deposition technologies. Another
consideration is the doping method. The Er dopant may be
incorporated into the film/substrate during growth or added
after via ion implantation or other techniques. Finally, chan-
nel waveguides with suitable dimensions and low losses
must be defined. Waveguides are patterned using a variety
of techniques, including physical etching by reactive ion
etching, ion beam etching or, more recently, direct writing
using a femtosecond pulsed laser. The applicability of the
technique depends on the host material itself.

Er-doped and Er-, Yb-co-doped substrate and thin film
growth techniques are summarized in Table 5. Growth
methods can be divided into substrate growth vs. layer
deposition. Substrate growth methods include Czochral-
ski crystal growth [99] and melting of appropriate precur-
sors followed by cooling [125, 130, 144, 146, 147], as is
employed to fabricate commercial Er-doped silicate and
phosphate glasses [118, 119, 148—150]. The advantage of
entire substrate growth is the high purity and excellent con-
trol over the uniformity and concentration of doping. A
drawback of such methods is the difficulty in combining
such materials with other integrated optics platforms. In
contrast, thin film growth methods typically involve de-
position on oxidized silicon wafers (the oxide layer on
the silicon providing the lower cladding layer) or other
substrates, thus potentially allowing for integration with
other devices on the same substrate and fabrication of de-
vices over a large area. Methods which have been utilized

for depositing Er-doped waveguiding films include atomic
layer deposition [129, 151], dip-coating [152], flame hy-
drolysis [32, 153], high vacuum chemical vapour deposition
(HV-CVD) [154], plasma-enhanced chemical vapour de-
position (PECVD) [83, 127, 138, 155-157], pulsed laser
deposition (PLD) [59, 126, 145, 158-163], reactive co-
sputtering [68, 84, 87, 128, 164—166], RF-sputtering [40,
98,131,133,137,167-170], the sol-gel method [134,171—
183], spin coating [108, 109], and vapour phase deposi-
tion [125, 184].

In addition to those techniques mentioned, an important
consideration is the doping method. Most of the techniques
discussed involve doping of the host during growth or depo-
sition, resulting in a uniform Er-ion distribution throughout
the medium. However, the Er profile and separation can be
controlled by using alternating targets. This has been in-
vestigated for Er-doped and Er-, Yb-co-doped alumina thin
films using PLD [185—188]. One of the advantages of this
technique is that the Er concentration can be tailored such
that it is highest where the pump light intensity is highest,
thus potentially improving the pumping efficiency. Another
advantage is the ability to control the Er-Er ion separation in
one dimension, potentially reducing Er-Er ion interactions
and gain quenching through ETU. Alternatively, Er can also
be introduced after host material production by ion implan-
tation [36,79, 85,86, 189—-193] or indiffusion [34]. Besides
allowing for control of the dopant profile, both methods pro-
vide the added advantage of selectively doping certain areas
of the chip, thus providing gain only where it is needed.
This can eliminate losses related to Er absorption in sections
of the chip designed for passive devices. The drawbacks of
such techniques, especially ion implantation, are the addi-
tional cost and processing steps required. Specifically, this
includes the equipment costs associated with the operation
of an ion implanter and post-implantation, high-temperature
annealing. Our research group utilizes reactive-co-sputtering
to deposit Er-doped Al, O3 films [164]. This technique intro-
duces Er during film growth and yields as-grown active lay-
ers which are uniform, are of high optical quality, and have
low optical propagation losses (~ 0.1 dB/cm at 1320 nm).

After the Er-doped film or substrate is prepared, channel
waveguides must be defined in order to guide the light on
chip. Several different methods which have been applied
to define Er-doped channel waveguides are summarized in
Table 6. The waveguide fabrication techniques can be con-
veniently divided into those that modify the local physical
properties and refractive index of the layer or substrate and
those that change the geometry of the layer. In direct-writing
techniques such as femtosecond laser writing [147,179,194—
196] and focused proton beam writing [197], the local re-
fractive index in the bulk material is modified at a specific
point and the substrate is scanned to write the waveguide.
The refractive index modification occurs at the focal point
of the high-energy pulses and in the ion-implanted region
for femtosecond laser writing and focused proton beam
writing, respectively. He* ion implantation [99], ion ex-
change [118,119,123,125,130,136, 144,146, 148,149, 198-
200], and ion indiffusion [34, 81] are also used to alter
the local refractive index through photolithography and
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Er-doped host material Host materials References
fabrication method
Atomic layer deposition a-Al,O3 [129]
Y,03 [151]
Czochralski crystal growth ~ YAIO3 [99]
Dip-coating ZnO nanoparticle colloid [152]
Er-indiffusion LiNbO3 [34]
Er ion implantation a-Al, O3 [36]
AlGaAs [189]
Amorphous silicon [190]
Silicon [191]
Si-nc/Si0y [85,86,193]
Soda-lime silicate glass [79]
Y,0;3 [192]
Flame hydrolysis Phosphosilicate glass [32,153]
HV-CVD a-Al,O3 [154]
Melting/cooling Borosilicate glass [130,146]
Fluoride glass [125]
Lanthanum sodium silicate glass [150]
Phosphate glass [118,119,148,149]
Phosphotellurite glass [147]
Soda-lime aluminosilicate glass [144]
PECVD Aluminogermanosilicate [138]
a-Al,O3 [127,155]
Phosphosilicate glass [156]
Si-nc/Si0y [83,157]
Pulsed laser deposition a-Al, O3 [126]
(Gd, Lu),03 [59]
Oxyfluoride silicate glass [145]
Phosphate glass [158]
YAG [159]
Y,03 [160-162]
ZnO [163]
Reactive co-sputtering a-Al, O3 [128,164]
Silicon nitride [165]
Si-nc/Si0y [84,87]
Y,03 [68]
Zirconia [166]
RF-sputtering Aluminosilicate glass [137,167,168]
a—A1203 [169]

Sol gel method

Spin-coating
Vapour phase deposition

Bismuthate glass

Phosphate glass
Sodium-calcium silicate glass
Soda-lime silicate

YAG
Aluminophosphosilicate glass
Aluminosilicate glass
a-A1203

GeO;,-based glass

Germano- and alumino-phosphosilicate
glass

Oxyfluoride silicate glass
Silica

Silica-titania

TiO,

Y, TirO7

Y203

Polymer

Fluoride glass

Silicon monoxide

[170]

[40]

[131]
[133]
[98]
[175,177]
[171]
[172]
[134]
[176]
[178,179]
[180]
[173,174]
[181]
[182]
[183]

[108,109]
[125]
[184]

Table 5 Er-doped and Er, Yb co-
doped host material fabrication meth-
ods for integrated optics
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(online color at: www.lpr-journal.org) Er-doped waveguide fabrication methods: (a) femtosecond laser writing directly into

an Er-doped glass substrate (adapted from [204]); (b) Er-doped layer deposition followed by reactive ion etching and passivation by

top-cladding deposition.

patterning over a large wafer area. Typically, the index
change which results from these methods is on the or-
der of 1x1073 to 1x 1072, Therefore, they are useful for
defining relatively large cross-section glass waveguides,
similar to the ~ 9-pum core width found in single-mode
optical fibers designed for 1550 nm. Lateral confinement
can also be achieved in planar waveguiding films by etch-
ing rib or ridge waveguide structures. Etching techniques
include Ar-ion beam etching [36, 68, 128, 131, 133, 201],
etching either the substrate [123, 125] or over-layer (strip-
loading) [40,87,150,174], reactive ion etching (RIE) [32,59,
75,108,109,137,138,145,153,156,169,170, 175,176, 193],
and wet chemical etching [79, 129, 152,157,166, 177]. Of
these etching methods, RIE provides the best control and
resolution. However due to the excellent mechanical and
chemical stability of certain Er-doped hosts, such as Y,03,
such dry chemical etching can be difficult due to the lack
of a suitable etch chemistry [96]. For these materials physi-
cal sputtering via Ar-ion beam etching must be utilized. In
general, the aim of any etching method should be smooth
sidewalls in order to prevent high scattering losses. Using
femtosecond laser writing, ion exchange, or etching methods
background losses (losses besides those due to Er absorp-
tion) on the order of ~ 0.1 dB/cm or less can be achieved in
Er-doped glass channel waveguides [199,202,203].

Two differing approaches to Er-doped waveguide fab-
rication are compared in Fig. 7. In Fig. 7a, glass substrate

formation from a glass melt followed by femtosecond laser
writing is shown. This method is serial, thus greatly in-
creasing the time and cost for patterning over large areas
or multiple substrates. However, a key advantage is its in-
herent flexibility to define waveguides at different depths
in the substrate, allowing for three-dimensional photonic
circuits to be written. In Fig. 7b, Er-doped waveguide de-
position by reactive co-sputtering, followed by reactive ion
etching and top cladding deposition is shown. We use this
approach to fabricate Al,O3:Er** active devices on standard
thermally oxidized silicon wafers. This and similar methods
allow for large-area wafer-scale processing using standard
micro-fabrication equipment. The parallel nature of wave-
guide writing is preferable when large-batch processing is
required. In summary, a number of approaches to Er-doped
waveguide device fabrication have been established. The
various techniques allow for flexibility when designing pho-
tonic systems using EDWAs and EDWLs.

4. Er-doped waveguide amplifiers

In this section EDWA design, performance, and potential
applications are explored. Various approaches to amplifier
design and layout are discussed. The gain characteristics of
different Er-doped waveguiding materials and applications
in telecom and other novel areas are also reviewed.
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Table 6 Techniques utilized for fabrication of Er-doped channel waveguides

Channel waveguide fabrication method  Host materials References

Ar-ion beam etching Al,O3 [36,128]
Phosphate glass [201]
Sodium-calcium silicate glass [131]
Soda-lime silicate [133]
Y,03 [68]

Femtosecond laser writing Bismuthate glass [196]
Oxy-fluoride silicate glass [179,194]
Phosphate glass [195]
Phosphotellurite glass [147]

Focused proton beam writing Phosphate glass [197]

H* or He* ion implantation YAIO;3 [99]

Ion exchange Borosilicate glass [130, 146]
Fluoride glass [125]
Germano-silicate glass [136]

Ion indiffusion

Lithography and substrate etching

Reactive ion etching

Strip-loading

Wet chemical etching

Phosphate glass [118,119,123,148,149,198-200]
Soda-lime aluminosilicate glass [144]
LiNbO3 [34]
Phosphate glass [81]
Fluoride glass [125]
Aluminogermanosilicate glass [138]
Aluminophosphosilicate glass [175]
Aluminosilicate glass [137]
Al,O3 [75,169]
Bismuthate glass [170]
(Gd, Lu),03 [59]
Germano- and alumino-phosphosilicate ~ [176]
glass [145]
Oxyfluoride silicate glass [32,153,156]
Phosphosilicate glass [108,109]
Polymer [193]
Si-nc/Si0,

Phosphate glass [40]
Lanthanum sodim silicate glass [150]
Silica-titania [174]
Si-nc/SiOy [87]
Aluminophosphosilicate glass [177]

Al O3 [129]
Si-nc/SiOy [157]
Soda-lime silicate glass [79]

ZnO nanoparticle colloid [152]
Zirconia [166]

4.1. Amplifier design

Significant research has focused on EDWA design, with the
goal of optimizing gain and achieving maximum efficiency
in short devices. Here we examine the various aspects of
EDWA design and the different approaches to each aspect.

4.1.1. Gain optimization

Several parameters are involved in the design of EDWAs,
each affecting the gain response and pump power require-
ments of the amplifier. Here we divide those parameters into

material and design parameters, although the latter are also
influenced by the material. The main parameters affecting
amplifier performance are summarized in Table 7.

The absorption and emission cross sections, fluorescent
lifetime, ETU coefficient, and background loss are all deter-
mined by the Er-doped host material. The absorption and
emission cross sections, including the ESA cross section,
and bandwidth of the absorption/emission spectra depend on
the local Er environment. Therefore, the peak cross-section
values and spectral bandwidth vary for the different glass
hosts most commonly used for EDWAs. The “I;3/, fluores-
cent lifetime is typically on the order of ~ 10 ms, although
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Table 7 Parameters affecting gain in Er-doped waveguides.

Type Parameter

Material ~ Absorption and emission cross sections
Fluorescent lifetime
ETU coefficient
Background loss

Design Waveguide cross section

Amplifier length
Pump wavelength
Signal wavelength
Pump power
Signal power

Er concentration

it and the shorter lifetimes of the higher energy levels vary
depending on the effective phonon energy of the host. The
32 lifetime also depends on the fabrication method, as
impurities can lead to lifetime quenching. The ETU coeffi-
cient is both Er-concentration and host-material dependent
and can largely affect amplifier performance. In Er-, Yb-co-
doped amplifiers, Er’* «» Yb** energy transfer coefficients
also play a role. With suitable fabrication methods back-
ground losses of typically 0.1 dB/cm or less can be achieved
in most glass host materials.

The parameters selected by the EDWA designer include
the geometrical waveguide cross section, amplifier length,
pump wavelength, and Er concentration. The waveguide
cross section depends on the refractive index contrast of the
waveguide core and cladding materials. In silica waveguides,
for example, the relatively low contrast results in waveguide
cross-sections similar to optical fibers (> 10 um?). A smaller
waveguide cross section generally allows for a smaller mode-
field diameter. This increases the intensity incident on each
Er ion, thus enhancing the rate of stimulated absorption or
emission. Higher refractive index materials such as Al,O3
permit smaller waveguide cross-sections (< 5um?), thus
higher intensities and lower pump-power requirements. The
selected waveguide cross section and refractive index con-
trast also determine the confinement of light within the
waveguide core. Pump or signal light which propagates in
the cladding of the waveguide does not interact with Er ions
and is not absorbed or amplified, respectively, thus a higher
confinement is desired. The amplifier length must be chosen
to provide sufficient excitation of Er ions throughout its
entire length, based on the available pump power. Exces-
sive pump absorption in the beginning could lead to low
excitation at the end of the waveguide and re-absorption
of amplified signal light. The gain depends on the pump
wavelength, typically 980 nm or 1480 nm, as will be dis-
cussed in the next sub-section. It also depends on the signal
wavelength because the Er absorption and emission cross
sections are wavelength-dependent. The Er energy level pop-
ulation dynamics depend on the pump and signal powers,
which determine the rate of interactions with Er ions in their
various states. Therefore the gain strongly depends on the

pump and signal powers launched into the device. Finally,
the Er concentration determines the maximum gain that can
be achieved.

It becomes clear that once a given material is opti-
mized, the various design parameters largely determine
the response of the amplifier, including the maximum gain.
EDWA and Yb-co-doped EDWA performance has been in-
vestigated theoretically in a number of hosts [43,58,75,205—
210]. Such theoretical simulations are applied, for example,
to select the optimum input pump power and wavelength,
waveguide cross section and length, and Er concentration for
a given input signal power and wavelength. In most cases
excellent agreement with the experimental response was
obtained, providing a valuable tool for designing EDWAs.

4.1.2. Pumping Schemes

One of the key engineering issues with Er-doped waveguide
amplifiers is the coupling of pump and signal light to and
from the chip. Traditionally the > 100 mW of 980 nm or
1480 nm pump light, provided from a III-V diode or other
laser, is launched into the end of the chip from an optical
fiber. The reduced cost of diode laser pump sources be-
gins to make commercial packaged Er-doped waveguide
devices more practical. In addition, their stable operation
without temperature controllers reduces the size and power
demands, allowing for overall compact devices (see for ex-
ample [211]). Efficient fiber-chip coupling can be achieved
using traditional end-polishing and precision alignment
methods, and a single pump source could be used to ex-
cite simultaneously several devices.

The method chosen for pumping depends on the de-
mands of the application. Multiplexing and de-multiplexing
of pump and signal light can occur off chip or on-chip. Off-
chip (de-)multiplexing can be facilitated using a standard-
ized WDM fiber coupler. Such an approach is appropriate
for an EDWA operating in place of an EDFA in a fiber-
lightwave system. However, to pump several devices, or
for on-chip applications it is desirable to couple/decouple
pump and signal light in an integrated manner. On-chip
980/1530nm [114] (see Fig.8a) and 1480/1530 nm [36]
multiplexers have been demonstrated using wavelength-
dependent directional couplers. A segmented asymmetric
y-junction can also be applied [212]. In addition to pump-
ing in one direction, bi-directional pumping is also often
utilized in order to excite Er ions from both ends of the
waveguide [195]. Such a pumping scheme can be especially
beneficial when the active waveguide has a high Er con-
centration and the pump light tends to be absorbed over a
short length.

In addition to end-coupling of both, pump and signal, or
coupling over a relatively short distance on-chip via direc-
tional couplers, gradual pump-coupling schemes have been
proposed. In such a scheme the pump light is introduced
into the waveguide progressively along its length, resulting
in more uniform Er excitation and gain throughout the wave-
guide. Closely spaced waveguides [213] or hybrid photonic
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Figure 8 On-chip pump coupling schemes: (a) integrated 980/1530 nm directional coupler (from [114], © 1994 IEE) and (b) distributed

multimode waveguide coupler (from [215], © 2007 IEEE).

crystal waveguides [214] have been proposed to achieve ex-
citation in this manner. A longitudinal multimode pumping
scheme has also been investigated theoretically [215-218]
(see Fig. 8b). Such a method could provide more efficient
pump-chip coupling via broad area lasers. Another pump
method altogether is using top-mounted LEDs to excite the
waveguide. In [106], an array of low-cost GaN LEDs were
used to excite a Si-nanocrystal sensitized Er-doped silica
waveguide over a length of 5 mm. By butt-coupling such
an LED array to the waveguide, power densities of up to
20 W/cm? can be achieved.

The most efficient wavelengths for pumping EDFAs
and EDWAs are 980 nm and 1480 nm. In specific situations
980 nm pumping results in higher maximum population in-
version, hence higher gain at the signal wavelengths around
1530nm [61]. This is because the *1;3/, level with its long
lifetime has a large population density. As a consequence,
stimulated emission at 1480 nm from the upper Stark levels
of the *1;3/, manifold and the *I;5/, ground state becomes
significant at higher excitation densities, making the active
medium transparent for the pump. In contrast, under 980 nm
pumping, Er’* ions experience rapid non-radiative decay
from the *1;,» level to the *1;3, level. Therefore, stimu-
lated emission from the I,/ level is less prominent. As we
have seen, 980 nm pumping is also required in the case of
Er-, Yb-co-doped waveguides in order to excite the Yb**
ions. While in other situations 1480 nm pumping can offer
higher maximum gain, it can also ease waveguide design
and improve amplifier efficiency. This is because it is much
more straightforward to design waveguides which are single-
mode at both 1480 nm and 1530 nm, as opposed to 980 nm
and 1530 nm. It also eases fiber-chip input/output coupling
in the case where pump and signal are injected/collected
through a single fiber. Pumping at 1480 nm also typically
reduces the threshold pump power for achieving net gain
because of better overlap of pump and signal beams and
the higher photon flux per unit pump intensity at this wave-
length as compared to 980 nm.

980 nm and 1480 nm pumping have been compared both
theoretically [219] and experimentally [75, 167]. In Fig.9
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Figure 9 Gain at 1533 nm versus launched pump power for an
AlO3:Er®* amplifier with an Er concentration of 1.17 x 1020 cm—3
and pump wavelengths of 977 nm and 1480 nm (from [75], © 2010
Optical Society of America).

the net gain at 1533 nm is compared when pumping a 5.4-
cm-long Al,O3:Er** waveguide amplifier with a dopant
concentration of 1.17 x 10?° cm™3 at each wavelength. Un-
der 980-nm pumping, the threshold pump power for internal
net gain is 7mW, while the gain begins to saturate above
20 mW, before reaching a value of approximately 9 dB for
a launched pump power of almost 100 mW. By compari-
son, under 1480 nm pumping, the threshold pump power is
almost a factor of two lower (4 mW), while the total gain
saturates at a value of only approximately 6 dB.

4.1.3. Co-doping

In addition to Er, other active co-dopants, in particular other
rare-earth ions, can be of interest for integrated amplifiers.
As mentioned previously, when pumping at 980 nm Yb co-
doping can be advantageous. The higher pump absorption
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rate due to both, a relatively high Yb concentration and
absorption cross-section combined with efficient Yb-Er en-
ergy transfer, reduces performance degradation due to Er
ion-ion interactions (ETU) [43,205]. The effect becomes
particularly important as the Er concentration is increased
and the ETU rate increases. By applying Yb co-doping the
pumping efficiency can be increased and the device length
shortened in both Er-doped waveguide amplifiers and lasers.
The optimum concentrations and doping ratio have been
investigated theoretically [124, 206,207,209, 220], result-
ing in typical Yb:Er concentration ratios of 1:1 to 10:1.
Besides Yb, other rare-earth co-dopants, such as Tm (1460—
1530 nm, 1700-2100 nm) and Pr (1300-1400 nm), can be
utilized for extending or adding additional amplification
bandwidth [221].

In [106], Lee et. al. demonstrated evidence of gain
in a Si-nanocrystal-sensitized, Er-doped silica waveguide.
They reported up to a maximum gain of 3 dB/cm (with
unknown waveguide propagation losses) using 470-nm
LED top-pumping, and predicted full inversion in the top-
pumped region of the waveguide. Silver has also been in-
vestigated for sensitization, resulting in enhanced photolu-
minescence when using short pump wavelengths (360 nm
and 488 nm) [222]. Another Er sensitizer which has been
considered is Eu. It was found to increase the branching
ratio of the *I;1/, level towards the *I;3, state, resulting in a
higher steady-state population of the upper amplifier or laser
level [192]; this can be especially interesting in materials
with lower effective phonon energies.

4.1.4. Device scaling

An important aim of EDWA research has been to reduce the
scale of devices in order to minimize the footprint and im-
prove the efficiency. A key parameter in terms of scaling of
integrated optical devices is the refractive index difference
An between core and cladding. Compared with semiconduc-
tors such as silicon and III-Vs, the refractive index of the
waveguide core in glass materials is significantly lower, thus
reducing the index difference that can be achieved. The re-
fractive index of various dielectric Er host materials is com-
pared in Table 8. Generally, a higher An allows for smaller

Table 8 Refractive index difference between core and SiO»
cladding (ncjadding ~ 1.45) in various Er-doped glass waveguides
(all indices at a wavelength of ~ 1550 nm).

Host Material Refractive  Refractive Index  Ref.

Index Difference

NCore An
Phosphosilicate glass 1.46 0.01 [233]
Phosphate glass 1.55 0.10 [40]
Aluminosilicate glass 1.61 0.16 [167]
Al,O3 1.65 0.20 [75]
Y;,03 (poly-crystalline)  1.90 0.45 [57]
Bismuthate glass 1.94 0.49 [232]

Figure 10  (online color at: www.lpr-journal.org) Top view im-
age of a 4-cm-long spiral Er-doped waveguide wrapped up to fit in
a chip area of ~ 1x1 mm?. Green light owing to spontaneous emis-
sion on the 2Hy1/2/*S3, —*115,2 transition is visible (Reprinted
with permission from [230]. Copyright 2003, American Institute of
Physics.).

waveguide bend radii without resulting in severe leakage of
the optical mode and high losses. However, a trade-off ex-
ists between the lower minimum bend radius and increased
scattering loss at the core-cladding interface due to higher
An. For silica-clad, phosphosilicate-core waveguides, bend
radii in excess of 1 mm are required in order to minimize
losses [32]. Owing to the higher index difference in Al,O3
waveguides, bend radii on the order of 250 um are practi-
cal [223]. Therefore, the potential for miniature devices in
combination with our recent results suggests a promising
future for this material [224]. EDWA layout optimization
has been investigated taking into account the waveguide
geometry and bend losses, with the result being a spiral
or folded approach to reducing the device footprint [225—
229]. Fig. 10 shows a 4-cm-long spiral waveguide amplifier
wrapped up to fit in a chip area of only 1 mm? [230].

In addition to the bend radius, the channel waveguide
cross-section can be decreased in higher index waveguides.
This increases pump intensity and signal confinement in
the waveguide, decreasing the threshold pump power and
improving gain efficiency. By reducing the waveguide cross-
section from upwards of 10 um?, as is the case in silica-
based fibers, to < 2 um?, amplifiers with gain of several dB
and requiring less than 10 mW of launched pump power
have been demonstrated [36,37,40]. At the same time, in
such small-core integrated amplifiers fiber-chip coupling
losses tend to increase due to mode-mismatch. In large-
core EDWAs with waveguide cross-sections which are well-
matched to standard single-mode optical fibers the fiber-chip
coupling loss can be reduced to < 0.2dB [231]. However,
efforts to reduce coupling losses in small-core EDWAS by
using on-chip mode-converters resulted in minimal losses
of 0.25 dB per converter and total coupling losses of only
0.65 dB per fiber-EDWA interface [167]. In order to enhance
the potential for integration of EDWAs within photonic cir-
cuits, investigation of higher index glass hosts will be essen-
tial. One example of such a promising material is bismuthate
glass, with a refractive index of up to 1.94 measured at the
signal wavelength [232].
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Table 9 Comparison of maximum internal net gain measured in different integrated Er-doped waveguide amplifier host materials.

Host Er conc. Yb-co-doped?  Sample  Background Pump Peak internal ~ Ref.
[10%0 cm ™3 length loss power! net gain®
or as indicated] [cm] [dB/cm] [mW] [dB/cm]
Phosphate glass 2.3 wt% Yes 3.1 0.4 460 5.3 [82]
Soda-lime silicate glass 43 No 2.4 1 120 4.2 [234]
Bismuthate glass 0.63 wt% No 8.7 0.2 1050 2.3 [196]
Borosilicate glass 2.4 Yes 3.9 0.15 130 2.3 [132]
Al O3 2.12 No 2.1 0.14 80 2.0 [75]
LiNbO3 Not reported No 5.7 0.1 170 2.0 [34]
(1484 nm)
Aluminosilicate glass Not reported No 5 0.2 130 1.9 [167]
Oxyfluoride silicate glass 1.1 Yes 1 0.34 342 1.9 [179]
(980 and
1480 nm)
Y,03 1.3 No 43 0.9 10 1.3 [37]
(1480 nm)
Fluoride glass Not reported No 1.9 0.6 340 1.3 [125]
(1480 nm)
Aluminophospho-silicate glass ~ 0.25 mol% Yes 5 < 0.2 175 1.1 [139]
Polymer 1 wt% No 1.6 <1 70 0.84 [108]
Phosphosilicate glass 0.48 wt% No 7.5 0.17 420 0.67 [156]
Phosphotellurite glass 0.7 No 2.5 1.35 220 0.5 [147]

'Pump wavelength indicated in brackets if a wavelength other than 975 to 980 nm was used.

2For a signal wavelength ranging from 1530 to 1540 nm or 1555 nm (phosphotellurite glass).

4.2. State of the art

As we have seen, a number of parameters are involved in the
amplifier design, each of which must be carefully selected
in order to achieve the highest possible gain at minimal
pump power and in a minimum device footprint. Selection
of the waveguide dimensions is critical to ensure a large
overlap of the optical signal with the active waveguide core.
The choice of pump wavelength, typically either 980 nm or
1480 nm, also affects the amplifier performance. In addition,
Er-Er ion and impurity quenching effects and the channel
waveguide propagation losses must be minimized. These
last parameters are a strong function of the host material.
Thus, in essence, the maximum gain which can be achieved
is limited by the host material.

A survey of EDWAS of length 1 cm and longer and fabri-
cated from different materials is presented in Table 9. They
are compared in terms of substrate type, Er concentration,
sample length, background loss, pump power, and maxi-
mum small-signal internal net gain. Among these, Er-doped
phosphate, soda-lime silicate, bismuthate, borosilicate, alu-
minosilicate and oxyfluoride silicate glasses, Al,O3, and
LiNbO3 have emerged as excellent EDWA materials due to
ease of fabrication, high Er solubility without introducing
significant quenching effects and, as a result, comparatively
high net gain per unit length. Peak gain of 3-5 dB/cm around
1535 nm are typically reported in Er-doped and Er-, Yb-co-

doped phosphate glass [40, 82,115,123, 124,198, 199] and
soda-lime silicate glass [38,234] amplifiers with up to 4.1 dB
total gain also demonstrated in a short, highly Er-, Yb-co-
doped (8-wt.% Er** and 12-wt.% Yb>*) phosphate glass
amplifier of only 3-mm length [81]. Gain of 5.3 dB/cm was
demonstrated at 1534 nm using bi-directional pumping, also
in an Er-, Yb-co-doped phosphate glass amplifier [82]. Ultra-
high dopant concentrations and Yb-co-doping bear further
investigation, in particular in combination with smaller
waveguide dimensions, so the pump threshold can be re-
duced. Pump powers in excess of 100 mW are often injected
to demonstrate such high gain. However, in [36], signifi-
cant steps were made towards reducing EDWA footprint
and pump power requirements. A peak gain coefficient
of 0.58 dB/cm was reported at 1.53 um in a miniature 4-
cm-long spiral Er-doped Al,O3 amplifier for a launched
pump power of only 9 mW. Recently higher peak gain of
2.0dB/cm was shown in a similar material [75]. Two dif-
ferent Er-doping methods were used, ion-implantation and
reactive co-sputtering, and the amplifiers had different wave-
guide cross-sections (0.6x2 and 0.9 x4 um?), although each
amplifier had similar dopant concentrations (2.7 and 2.12
x 10%° cm—3). The lower ETU parameters measured in [74]
for the latter fabrication method appear to be offset by other
fast-quenching energy-transfer mechanisms, as discussed in
Sect. 2.4. The primary differences between the two ampli-
fiers contributing to the higher gain in the latter case were
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Figure 11 (online color at: www.Ipr-journal.org) Broadband amplification in Al,O3:Er®* waveguides: (a) measured and simulated

internal net gain as a function of wavelength for an amplifier length of 5.4 cm, Er concentration of 1.17 x 102° cm~2, and a launched
pump power of 80 mW; (b) simulated total internal net gain at 1525 nm, 1533 nm, and 1565 nm vs. waveguide length for an Er
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Society of America).

a lower background loss (0.13 dB/cm vs. 0.35 dB/cm at the
signal wavelength), a higher maximum excitation density
facilitated by the choice of pump wavelength (980 nm vs.
1480 nm), and a greater optical field confinement within the
Er-doped core (85% vs. 36% at the signal wavelength). In
another demonstration of considerably reduced pump thresh-
old, only 10 mW of pump power was required for 5.7 dB
total gain at 1536 nm in a 4.3-cm-long Er-doped polycrys-
talline Y,O3 amplifier [37]. Furthermore, only 21 mW of
pump power was required for 4.1 dB total gain at 1535 nm
in the 1-cm-long Er-doped phosphate glass amplifier re-
ported in [40]. Peak gain of > 2.0 dB/cm has also been
demonstrated in Er-doped bismuthate glass [196] borosili-
cate glass [132], and LiNbOj3 [34]. Other Er-doped materials
exhibiting net gain include various multicomponent silicate
glasses [139, 167, 179], fluoride glass [125], polymer [108],
and phosphotellurite glass [147].

In addition to the peak gain, the gain bandwidth is an
important property, particularly for wavelength division
multiplexing applications. Materials such as Al,O3:Er’*
offer a wider emission spectrum than silica [127], and am-
plification has been demonstrated over an 80 nm range in
Al,03:Er’* channel waveguides (1500-1580 nm) [75]. Fig-
ure 11a shows the measured and simulated internal net
gain vs. wavelength in a 980-nm-pumped, 5.4-cm-long
Al,03:Er** and Fig. 11b shows the predicted gain in a
longer amplifier at the gain peak (1533 nm) and at the edges
of the C-band (1525 nm and 1565 nm). Net on-chip gain
of > 20dB is predicted in a 24-cm-long amplifier over the
C-band. Wide emission spectra have also been demonstrated
in other glass hosts, including bismuthate glass [232] and
phosphotellurite glass [147]. In the latter example internal
gain was also demonstrated over an 80 nm range, covering
the telecom C- and L-bands (1530-1610 nm). With broad-
band amplifier and tunable laser applications in mind, these
figures are highly promising.

cm~3, launched signal power of 1 uW, and launched pump power of 100 mW (from [75], © 2010 Optical

4.3. Applications

EDWA s provide high and broad gain on a miniature chip, al-
lowing for compact fiber-pigtailed components for boosting
the signal in an optical transmission system. Their compact
size and potential for mass production make them ideal
for emerging applications such as fiber-to-the-home. They
also provide the potential for integration with other devices
for compensation of losses or signal boosting within an
integrated photonic circuit. Broad and high gain in stand-
alone fiber-pigtailed devices (fiber-chip-fiber gain) with a
view towards commercial applications and mass-production
has been reported [40, 81, 82, 119, 123, 124]. In addition,
a commercial EDWA, displayed in Fig. 12, has been pro-
duced, which provides 27 dB over a wavelength range of
30nm [235]. Such a device is competitive in terms of per-

Figure 12  (online color at: www.lpr-journal.org) Image of a
commercial packaged Er-doped waveguide amplifier (from [235],
© 2010 Teem Photonics).
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formance and cost with well-established EDFAs and semi-
conductor optical amplifier components [236].

Traditionally, the main motivation for EDWA tech-
nology has been its potential application in telecom sys-
tems. Like EDFAs, the long excited-state lifetime means
they are insensitive to signal transients. Parameters such
as the amplified spontaneous emission (ASE), noise fig-
ure, and bit error rate (BER) have been studied in sys-
tems experiments [38, 39, 167] with results competitive
with widely-employed EDFAs. EDWAs have been deployed
experimentally in various positions in — and in different
types of — networks, including within WDM ring net-
works [237-239], in CATV networks [240], as a high-
output-power post-amplifier [241], and in METRO net-
works [117,242]. In [117, 242], signal-transient insensi-
tive operation was demonstrated, while gain clamping was
demonstrated in [243] using a feedback loop. In [238], flat
gain and noise figures were demonstrated over the C-band
in a regular EDWA and using in-band lasing to suppress
relaxation oscillations and spectral hole burning offset (see
Fig. 13 top and bottom, respectively). The compact size, low
noise figure, and signal-transient insensitivity of EDWAs has
also been exploited by utilizing an EDWA as a pre-amplifier
in a 40 Gbit/s photoreceiver module [244]. In [245], open
eye diagrams and negligible effect on the system bit error
rate was demonstrated in a 170 Gbit/s transmission experi-
ment (see Fig. 14a and b, respectively). This performance
may pave the way for their future use in low-cost compact
optical interconnects and high-speed photonic circuits.

1560

1570

Besides signal losses after propagation over long dis-
tances, certain optical functions performed in components
in a fiber-lightwave system or on a chip result in an imme-
diate reduction in signal power. One such basic function is
splitting an optical signal into multiple channels. Amplifi-
cation before, after, or during splitting can compensate for
the 3 dB loss each time a signal divides. The short device
length associated with Er-doped waveguides means compact
lossless splitters are possible. Lossless 1x2 and 1x4 power
splitters [132,203,231,246,247] and an amplifying 4 x 1
combiner [115] have been demonstrated using Er-doped
waveguides. In [203], we demonstrated zero-loss power
splitting for low pump power (< 50 mW) over a wavelength
range of 40 nm (see Fig. 15). Commercial planar 1x4 and
1x8 power splitter modules based on EDWAs have also
been developed [235].

EDWASs have been utilized in numerous other experi-
ments, wherever signal enhancement is required using a
compact device. Another useful application of EDWASs is as
an amplifying element in a fiber ring laser [248-250], where
such a device is practical due to its short length (see Fig. 16).
EDWASs have also been investigated for amplification of
laser signals for large-scale sensing applications [251].
Several applications have also been demonstrated using
Er:LiNbO3; waveguides. These include an acoustically tun-
able wavelength filter with gain [252], see Fig. 17, a spec-
trum analyzer with internal gain [253], and production and
interference of photon echoes for demonstrating the feasibil-
ity of long-distance quantum communication [254]. In ad-
dition, pump-controlled all-optical switching in non-linear
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Figure 14

(online color at: www.lpr-journal.org) (a) Eye diagrams and (b) bit error rate (BER) curves for transmission experiments

at 170 Gbit/s with and without (reference) EDWA included in transmission system (from [245], © 2009 Optical Society of America).
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Figure 15  (online color at: www.lpr-journal.org) lllustration of
planar on-chip power splitter with amplifying Er-doped waveguides
(from [203], © 2010 IEEE).

Two-Stage Erbium-Based Fiber Amplifier

Output

Figure 16 Experimental setup for an Er-doped fiber laser with
tunable power-equalized output (from [250], © 2007 Optical Soci-
ety of America).

waveguides [255] and a high-temperature sensor based on
green upconversion have been investigated [172].

Ps
LED
PC
H WDM |
A oo CCL
Er:Ti:LiNbO, ec

Figure 17  An acoustically tunable Er:Ti:LiNbO3 wavelength fil-
ter with gain: CCL = tunable colour center laser, a = unidirectional
interdigital transducer, b = 130- um-wide acoustical waveguide,
¢ = 7- um-wide optical waveguide, d = acoustical wave absorber
(from [252], © 1994 IEEE).

5. Er-doped waveguide lasers

Rare-earth-ion-doped dielectric lasers are of great interest
for their high stability, low noise, narrow linewidth emis-
sion, broad wavelength tunability, and application as either
continuous-wave (CW) or short-pulse coherent light sources.
Er lasers offer emission at the frequently used wavelengths
around 1.5-1.6pum in the 3’ telecommunications win-
dow. Also a quasi phase-matched self-frequency-doubling
laser emitting frequency-doubled radiation at 765.5 nm has
been reported [256]. Besides, lasing on the transitions
4111/2 —>4113/2 at 2.7-2.9 um [257] and 4S3/2 —)4115/2 at
550 nm [258] has been extensively investigated. In the fol-
lowing sections, progress on EDWLs around 1.5-1.6 um is
surveyed, including the design of on-chip micro-resonators
for EDWLs, the various approaches to CW and short-pulse
lasers, and their applications.
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5.1. Resonator design

The leap from amplification of an existing signal to signal
generation requires a suitable cavity structure. This includes
the gain element (in this case the Er-doped waveguide) and
a feedback mechanism. The losses induced by the feedback
or reflection mechanism must also be sufficiently low to
maintain roundtrip gain in the cavity. EDWL resonator de-
signs can be divided into those utilizing external or off-chip
reflector elements and fully-integrated cavities where lasing
is achieved on the chip. A combination of both can be used,
whereby one element is located off-chip.

Oft-chip resonator designs include external mirrors, butt-
coupled or end-deposited mirrors, and butt-coupled fibers
with fiber Bragg gratings (FBGs). Advantages of these meth-
ods are the straightforward fabrication and ready availabil-
ity of reflection elements, especially if a stand-alone fiber-
pigtailed laser component is desired, and the ability to select
and adjust the reflectivity of the cavity elements. A disad-
vantage with such methods is the difficult alignment and
inherent sensitivity to minor misalignments. Also, the out-
put laser signal exits the chip, hence it cannot be easily used
for subsequent applications on the same chip.

Several methods have been used to fabricate on-chip
laser cavities. End-reflecting mirrors can be replaced by dis-
tributed Bragg reflectors written directly into the waveguide,
resulting in a distributed Bragg reflector (DBR) laser. A
distributed feedback (DFB) laser is based on a distributed
Bragg reflector written into the center of the waveguide.

Er-Doped
Silica-Based Core

Output
Mirror

Si Substrate

Qutput FBG

976 nm
Pump
Laser Diode

Feedback may also be achieved by means of an integrated
ring resonator. An advantage of this last approach is the
ability to pattern the Er-doped channel waveguide and laser
cavity in a single processing step. However, a disadvantage
of such ring lasers is that relatively long device lengths are
required, with the result that the laser output tends to be
multi-longitudinal mode. While DBR and DFB lasers re-
quire extra processing steps and an available method for
patterning low-loss grating structures directly into the wave-
guide, they offer highly stable single-frequency operation.
An advantage of each of these methods is that the laser cav-
ity itself is highly stable, because it is imprinted on the chip.
Another significant advantage is that the laser signal can
either be coupled from the chip for external use or it can be
used by other integrated devices and to perform other func-
tions on the same chip. The increased level of integration is
also desirable for large-scale production.

5.2. Continuous-wave lasers

Numerous CW Er-doped lasers have been realized in dif-
ferent host materials using the approaches described in the
previous section. The performance of different lasers is
compared in Table 10. The first EDWLs demonstrated in
the early 1990’s were based on an external butt-coupled or
end-deposited mirror approach [31, 33, 130], see Fig. 18a.
Figure 18b shows another external cavity configuration us-
ing fiber Bragg gratings. Examples of on-chip laser cavi-

Figure 18 (online color at: www.lpr-
journal.org) External-cavity CW EDWLs:

é‘aﬁt (a) lllustration of an Er-doped phosphosil-
@1.5pm  icate glass channel waveguide laser with
end-coated mirrors. (Reprinted with per-

Optical mission from [31]. Copyright 1996, Amer-
Isolator  jcan Institute of Physics.); (b) illustration
and photograph of experimental setup

980 nm for an Er-doped waveguide FBG laser
Pump cavity (from [41], © 2008 Optical Society

Laser Diode  Of America).
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Table 10 CW Er-doped and Er-, Yb-co-doped waveguide lasers.

Cavity Type Host Material Threshold Maximum Slope Efficiency Ref.
Launched Output VS.
Pump Power Power Launched Pump Power
[mW] [mW] [%]
External
End-deposited mirrors Phosphosilicate glass 49 1.2 0.81 [31]
Zinc-silicate glass 32 to 87 19.6 1.3t06.5 [116]
Ti:LiNbO3 8 0.011 0.4 [33]
13 3 3 [266]
? 0.500 ? [268]
BK-7 glass 150 0.40 0.55 [130]
Phosphate glass 23/51 125/170 28 [264]
40 130 33 [265]
Butt-coupled FBG Oxyfluoride silicate glass 250 0.012 0.001 [269]
Phosphate glass 85 0.8 2.0 [122]
83 1.7 4 [270]
190 0.7 1.1 [271]
831096 >1.0 2.04.0 [199]
240 1.7 3.0 [204]
110 30 8.4 [272]
142 80 21 [202]
135 22 17 [41]
~ 150 160 46 [41]
External FBG/mirror Phosphate glass 35 2.2 10.6 [273]
On-chip
DBR/end-deposited mirror ~ Ti:LiNbO3 40 5 7 [274]
Phosphate glass 60 11 13 [275]
50 80 26 [120]
DFB/end-deposited mirror ~ Ti:LiNbO3 90 8 22 [263]
DBR Phosphosilicate glass 60 0.34 ~0.3 [259]
Ti:LiNbO3 70 1.1 2 [260]
Al-doped germano-silicate glass 21 0.4 0.16 [276]
DFB/DBR Ti:(Fe):LiNbO3 90 8.0 22 [268]
DFB Phosphate glass 60 4.5 2.2 [277]
14 4.2 5.7 [42]
? 0.37 ? [278]
Al O3 2.2" 3 41.3" [46]
Ring Phosphosilicate glass 93 0.600 0.3 [279]
Ti:LiNbO3 70 0.150 ~0.17 [268]
Al O3 6.4 0.01 0.11 [267]
Toroidal micro-resonator SiO, 0.0159 0.0001 0.16 [45]
0.0007 0.0008 23 [262]
0.0042 0.0004 34 [261]

* Threshold absorbed pump power.

** Slope efficiency vs. absorbed pump power.

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser Photonics Rev. 5, No.3 (2011)

REVIEW
ARTICLE

391

Ti:LiNbO, waveguide

thermally-fixed PR-grating thermally-fixed PR-grating
Fe:LiNbO, Fe:LiNbO,
80 mm
> ! >

Er:LiNbO,

AR (488nm)
(a)

Output Coupler 2 va;?;::uri:e

Coupler 1

(©)

ties are shown in Fig. 19a—c. A fully integrated laser was
demonstrated by use of a phosphosilicate glass waveguide
and a DBR cavity which also allowed for stable, single-
frequency output [259]. In that specific case Bragg gratings
were written using H, exposure and ArF eximer laser irra-
diation. Variations of this grating definition method have
been utilized to fabricate DBR and DFB lasers, including
photorefractive grating writing in Er-doped LiNbO3 wave-
guides [260], see Fig. 19a, and interferometric exposure and
etching in Er-doped phosphate glass [42]. In a novel ap-
proach, miniature toroidal Er-doped and Er-, Yb-co-doped
silica lasers have been realized [45,261], see Fig. 19b. A
threshold pump power < 1 uW, output power of 0.8 uW, and
slope efficiency of 23% have been demonstrated in a micro-
toroid laser with a diameter of 60 um [262]. Such a device
has highly promising implications for integration within
micro- and nano-photonic circuits. However, coupling to
and from the micro-toroid in an integrated manner remains
a challenge which must be overcome.

In terms of laser performance, high slope efficiencies, in
excess of 20%, have been demonstrated in Er:Ti:LiNbO3 [263]
and Er-doped phosphate glass [120,202,264,265]. A slope
efficiency of up to 46% using bi-directional pumping was
reported in [41]. Output powers of several mW are typically
reported, with a high output power of 160 mW reported
in [41]. In general, the highest output powers have been
achieved using an external cavity approach via fiber Bragg
gratings (see Fig. 18b) or end-deposited mirrors. However
an output power of 80 mW was achieved in [120] using
a combination of an integrated grating structure and end-
deposited mirror. While relatively high pump powers are

Figure 19 (online color at: www.lpr-journal.org) On-chip cavity
configurations for CW EDWLs. (a) An Er:Ti:LiNbO3 DBR laser
(With kind permission from Springer Science+Business Media:
Applied Physics B, Single-frequency Ti:Er:LiNbOg3 distributed
Bragg reflector waveguide laser with thermally fixed photore-
fractive cavity, vol. 73, 2001, pg. 439, B.K. Das, H. Suche, and
W. Sohler, Fig. 1). (b) SEM image of a micro-toroidal Er-doped
silica glass laser (Reprinted with permission from [280]. Copy-
right 2006, American Institute of Physics.)., (c) lllustration of an
integrated Er-doped Al,O3:Er* ring laser (from [267], © 2010
Optical Society of America).

usually required, threshold pump powers below 20 mW were
reported in [33,42,266,267]. High-threshold, high-output-
power and low-threshold, low-output-power laser curves are
compared in Fig. 20a and b, respectively. Recently, a fully-
integrated, narrow-linewidth (1.7 kHz) DFB laser source
emitting at 1545.2 nm with a low pump threshold of 2.2 mW
and a slope efficiency of 41.3% has also been realized in
A1203:Er3+ on silicon [46], see Figs.21a and b.

The broad gain provided by Er in glass hosts also intro-
duces the potential for tunable lasers. An acousto-optically
tunable laser with output over the wavelength range 1530—
1577 nm was reported in [268]. The principle of tunability
using a ring laser and adjusting the output coupling was
introduced in [267] (see Fig. 19¢). In that case, multiple
wavelengths in the range 1530-1557 nm were demonstrated.

5.3. Pulsed lasers

The inherently broad gain in EDWLs presents the possibility
to realize short-pulse laser sources. Pulsed operation can be
achieved by a number of methods, including gain-switching,
mode-locking via saturable absorbers, and Q-switching by
optical modulators. Integrated waveguide lasers offer high
gain in short cavity lengths as compared to free-space or
fiber lasers, allowing for ultra-compact devices. Further-
more, integration leads to enhanced stability.

Pioneering work on integrated Er-doped short-pulse
lasers focused on LiNbOs3 as a host medium [35]. This
material offers the advantage of integrating mode-locking
and Q-switching elements directly into the laser cavity, thus
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(circles), along with the theoretical RF power spectrum (line) which represents a Lorentzian linewidth of 1.7 kHz (from [46], © 2010

Optical Society of America).

providing a fully-monolithic solution. Mode-locking was
achieved in an Er:Ti:LiNbO3; waveguide laser cavity with
end-deposited dielectric mirrors by means of an intracavity
travelling-wave phase modulator [281]. Repetition rates of
5 GHz and pulse widths of 3.8 ps were demonstrated. A
peak pulse power of 650 mW and pulse energy of 5.6 pJ was
reported. A depiction of the device is shown in Fig. 22a. A
fully fiber-pigtailed soliton laser source in Er:LiNbO3 based
on the same principle was reported in [282]. Q-switching
was demonstrated in an Er:Ti:LiNbO3 laser cavity using an
intracavity Mach-Zehnder interferometer (MZI) amplitude
modulator. A repetition rate of 2 kHz, pulse width of 100 ns,
and peak pulse power of 2.4 W were demonstrated [283].
Recently, research has focused on phosphate and multi-
component silicate glass waveguides for short-pulse laser ap-
plications. Sub-microsecond pulse widths were first demon-
strated in a phosphosilicate glass waveguide laser in [233].
Gain switching was achieved via acousto-optic modulation
of 651 nm pump light. Pulsed laser operation has also been
investigated using an external-cavity approach and Er-doped

phosphate glass waveguides. In [284], the cavity was formed
using a butt-coupled fiber Bragg grating at one end of the
waveguide and a circulator at the other. Q-switching was
achieved by means of a LiNbOj electro-optic modulator
(EOM). Mode-locking was demonstrated using an exter-
nal semiconductor saturable absorber mirror in [121], and
using a fiber-pigtailed carbon nanotube saturable absorber
in [285]. The laser cavity was formed using a butt-coupled
fiber mirror and the reflecting saturable absorber element
in the first case (see Fig. 22b) and using a fiber-ring layout
in the second case (see Fig. 22c). Repetition rates of up to
100 MHz [121], pulse widths down to 1.6 ps [285], and peak
pulse powers of up to 13.5 W [284] were demonstrated in
such external-cavity approaches. Recently, a more highly
integrated approach to short-pulse generation was demon-
strated in [286,287]. The laser cavity was formed using
an Er-doped aluminosilicate glass waveguide, an integrated
reflecting mirror fabricated in P-doped silicate glass, and a
butt-coupled saturable Bragg reflector, as shown in Fig. 22d.
440fs pulses were demonstrated with a repetition rate of
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394 MHz. An average output power of 1.2mW was mea-
sured for pump powers of 400 mW. Ultra-low timing jitter
of 24 fs was measured, in comparison to the typically 100’s
of fs to ps observed in semiconductor pulsed laser sources.
In addition, passive mode-locking was employed and the
laser self-started, eliminating the need for complex control
circuitry. Short-pulse lasers based on Er-doped waveguides
and their characteristics are compared in Table 11.

5.4. Applications

Owing to their emission in the third telecom window, ED-
WLs could be highly useful for telecommunications applica-
tions. One specific example is a laser array providing multi-
ple single-mode, narrow linewidth sources. The high poten-
tial of integration is that multiple devices can be fabricated
within a compact chip. Arrays of single-frequency emitting
lasers have been demonstrated in [42, 199,270, 275,277],
see Fig.23. In [42], 130-MHz linewidth sources ranging

15% OQutput
Coupler

Figure 22 (online color at: www.lpr-journal.org) Pulsed EDWLs: (a) mode-
locked Er:Ti:LiINbO3 waveguide laser cavity with intracavity travelling-wave
phase modulator (from [281], © 1995 Optical Society of America); (b) mode-
locked external-cavity Er-doped phosphate glass waveguide laser using
a semiconductor saturable absorber mirror (from [121], © 2000 IEEE), (c)
mode-locked external-cavity Er-doped phosphate glass waveguide laser
using a carbon nanotube saturable absorber (Reproduced with permis-
sion from [285]. Copyright 2006, American Institute of Physics.), and (d)
schematic and photograph of a highly-integrated Er-doped aluminosilicate
waveguide femtosecond laser source using a butt-coupled saturable Bragg
reflector (SBR) (from [287], © 2009 IEEE).

from 1533 to 1542 nm and spaced on the 25- and 100-GHz
International Telecommunications Union (ITU) grid were
realized. A low threshold pump power of 14 mW and output
powers of up to 4.2 mW were demonstrated.

EDWLs are also of interest for many niche applications.
One such example is as a highly stable, high-power inte-
grated laser for clock circuits for satellites. Rare-earth-ion-
doped polycrystalline and crystalline materials have peaked
emission spectra and higher absorption and emission cross
sections, thus satisfying the requirements of this and other
applications which may demand higher output power with
good pump efficiency and lower lasing threshold. Active
microcavities are also useful for sensing applications [289].
Tunable lasers could provide multiple signal wavelengths
for on-chip applications, including optical sensing in mi-
crofluidic glass channels in the same substrate. In addition,
such lasers could be used for compact, hand-held medical
devices. The possibility to dope with other rare-earth ions
to achieve lasing over a wide wavelength range is extremely
attractive.
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Table 11 Performance comparison of pulsed Er-doped and Er-, Yb-co-doped waveguide lasers.
Laser Description Host Material Output Repetition ~ Pulse Width Pulse Peak Ref.
wavelength(s) Rate Energy Power
[nm] [GHz] [uT] [W]
Gain-switched by Phospho-silicate 1608 0.018-0.060 660-2600 ns - 0.001-0.0065 [233]
acousto-optic modulation of ~ glass
pump light
Passively mode-locked fiber Phosphate glass 1531, 1539 0.130 116fs 0.16 0.021% [288]
ring laser
Mode-locked by intracavity Ti:LiNbO3 1532 1.441 95 ps - 0.0015 [35]
travelling-wave phase
modulator
Mode-locked by intracavity Ti:LiNbOj3 1602 5.124 38ps 5.6x107° 0.650 [281]
travelling-wave phase
modulator
Mode-locked by intracavity Ti:LiNbOj3 1575, 1562 5.148 7.4ps - 0.310 [282]
travelling-wave phase
modulator
Q-switched by intracavity ~ Ti:LiNbO3 1561 0.002 ~ 100ns 0.18 2.4 [283]
MZI amplitude modulator
Q-switched by external Phosphate glass 1536 0.002 200 ns 2.7 13.5 [284]
LiNbO3; EOM
Mode-locked by external Phosphate glass 1534 0.1 9.8ps - 0.0014"  [121]
semiconductor saturable
absorber mirror
Mode-locked by external Phosphate glass 1535 0.0167 1.6ps - - [285]
fiber-pigtailed carbon
nanotube saturable absorber
Mode-locked by Alumino-silicate ~ 1558 0.394 440 fs - 0.0012"  [286,287]
butt-coupled saturable glass (8.4nm FWHM)
Bragg reflector
* Average power.
Pump inputs @ 976 nm
Backward signal outputs / /
; 1533 - 1542 nm
Bragg grating =

_.a" __t-l '.."‘
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Dielectric overlayer i 3
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Figure 23 An Er-, Yb-co-doped phosphate glass
DFB waveguide laser array (from [42], © 2003 IEEE).

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser Photonics Rev. 5, No.3 (2011)

REVIEW
ARTICLE

395

6. The future: Integration of multiple
active/passive functionalities on a
single chip

The potential advantages of device integration are the ability
to achieve high functionality in a miniature sized device
and at low cost. Ideally, in integrated optics, it is desirable
to combine active functions such as light emission, ampli-
fication, modulation, and detection with passive functions
such as power splitting and wavelength filtering on the same
chip. III-V semiconductor materials demonstrate superior
optoelectronic properties, including efficient light emission
and passive and active device integration in a single mate-
rial system. However, integrated optics platforms such as
silicon and silica-on-silicon are much more attractive than
III-V semiconductors due to their significantly lower cost.
III-V materials require epitaxial growth on lattice-matched
substrates and are not as widely available as silicon and
silica. Furthermore, a much broader fabrication knowledge
base and infrastructure exists for silicon- and silica-based
integrated devices. Nonetheless, active elements in the those
materials remain a challenge, particularly in pure silicon,
where light emission is inefficient due to its indirect bandgap.
The ability to integrate active and passive devices on the
same substrate allows for full optical functionality and com-
plex photonic circuitry to be realized. An example of such
a device is an integrated transceiver, whereby a signal is
generated, transmitted, and detected all on the same chip.
This principle is highly interesting for its application in high-
speed optical interconnects. Er-doped waveguide devices
may yet play a role in such applications.

Simultaneous passive and active optical device integra-
tion has been investigated in various Er-host materials. Fab-
rication techniques such as ion implantation and ion indiffu-
sion inherently result in Er-activation in only certain regions
of the chip. Therefore, pump and signal power are not highly
attenuated by Er absorption in regions intended for passive
devices. In order to facilitate gain in passive waveguide plat-
forms, evanescent-wave amplification can be employed by
simply depositing Er-doped layers as a cladding material in
specific regions of the chip. This principle was utilized for
amplification in silicate glass waveguides in [177]. Bonding
of active and passive substrates has also been reported, using
Er-, Yb-co-doped and undoped phosphate glasses [265]. Im-
ages of the bonded glass substrates are shown in Figs. 24a—c.
This technique allows for separate passive and active regions.
However, it fundamentally limits device design flexibility by
completely separating the two regions. Selective placement
of active regions has also been demonstrated in silica-based
waveguides by a double PECVD deposition method [138].
Where active waveguides were required, the passive layer
was etched and an Er-doped layer was deposited. The Er-
doped layer was then removed in regions where it covered
the passive layer. An array for testing the interfacial losses
using this technique is illustrated in Fig. 25 (top). As shown
in Fig.25 (bottom), interfacial losses as low as 0.022 dB
were achieved, demonstrating the practicality of this and
similar methods.

(b)

Figure 24  (online color at: www.lpr-journal.org) Active and pas-
sive optical device integration by bonding Er-doped and undoped
glass substrates: (a) a hybrid preform, (b) hybrid substrates, and
(c) a hybrid disk (from [265], © 2001 Optical Society of America).
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Figure 25 lllustration of double-deposition technique resulting
in Er-doped and undoped regions (top) and plot of measured
interfacial loss between active and passive regions (bottom) (With
kind permission from Springer Science+Business Media: Applied
Physics B, Planar Er- and Yb-doped amplifiers and lasers, vol. 73,
2001, pg. 435, J. Hibner, S. Guldberg-Kjzer, M. Dyngaard, Y. Shen,
C.L. Thomsen, S. Balslev, C. Jensen, D. Zauner, and T. Feuchter,
Fig. 1.).

Significant efforts have also been focused on realiz-
ing amplification and lasing in silicon photonic circuits
via Er-doping. Lasing based on electrically pumped Er-
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Figure 26 (a) Top view and (b) cross-section of an electrically-
driven light emitting device based on Er-doped silica and silicon
slot waveguides (from [290], © 2005 Optical Society of America).

doped silica-embedded silicon slot waveguides [290] and
Si-nc-sensitized Er-doped silica microdisks [291] has been
investigated theoretically. Figures 26a and b show an envi-
sioned integrated slot waveguide ring laser based on the first
scheme. A key challenge in such an approach is compensat-
ing for the high propagation losses (> 1 dB/cm) in the slot
waveguide, which are on the same order as the highest gain
demonstrated in Er-doped waveguides. Another approach

SOI waveguide

Inverted taper

Al O :Er¥*

waveguide
& Si substrate

(@)

Figure 27

5i0, buffer layer

involves depositing and structuring Er-doped waveguides di-
rectly on top of silicon photonic devices [292]. We recently
demonstrated coupling directly from a silicon nanophotonic
waveguide to a larger-cross-section Al,O3:Er’* waveguide
via an inverse-tapered waveguide coupler, as illustrated in
Fig.27a and shown in a SEM image in Fig. 27b. A coupling
loss of 2.5 dB was measured and 0.5 dB seems theoretically
possible, demonstrating the feasibility of achieving net gain
when coupling from silicon to EDWA and back to silicon.
In future such approaches may lead to low-cost methods
of achieving simultaneously light generation and amplifica-
tion in addition to high passive optical functionality on chip.
Furthermore, the large selection of Er-host materials and
fabrication methods enhances the potential of integrating
active Er-doped waveguide devices with other on-chip tech-
nologies, including microelectronics, microfluidics and mi-
cromechanics. Integrated systems based on such combined
technologies would be useful in a number of applications,
including short-range optical interconnects, lab-on-a-chip
devices, and hand-held devices for medicine and sensing.

7. Summary

The widespread success of Er-doped fiber amplifiers and
lasers has led to a significant research effort towards com-
pact, integrated Er-doped planar waveguide amplifiers and
lasers. Numerous Er-doped host materials have been inves-
tigated, including crystalline dielectric materials, semicon-
ductors, glasses, and polymers. Several different integrated
Er-doped waveguide fabrication methods have been estab-
lished, thus providing a wealth of technological solutions to
choose from for designing EDWAs and EDWLs.

EDWAs have demonstrated performance similar to ED-
FAs. Devices have been developed which provide high gain
(10s of dB) and broad gain bandwidth (net gain over 80 nm)
over rather short waveguide lengths in a number of ma-
terials, each with different advantages and disadvantages

(b)

(online color at: www.lpr-journal.org) Monolithic integration of Al,O3:Er3* active waveguides and passive Si nanophotonic

devices. (a) illustration of coupling from the Si waveguide to the Al,O3:Er3* waveguide via an inverse-taper coupler; (b) SEM cross-
section of the coupling region showing the active Al,O3:Er®* layer directly above the Si waveguide (from [292], © 2010 Optical Society

of America).
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depending on the desired application. Gain is typically car-
ried out over lengths ranging from 1 cm to 10’s of cm, the
latter being reduced in size using a spiral layout. Material
and design optimization has led to devices with low pump
power requirements (< 10 mW) with a minimal device foot-
print. EDWASs have been demonstrated to be highly useful
for telecommunications, sensing, and other on-chip ampli-
fying applications.

EDWLs are of great interest for their potential as com-
pact, highly-stable and narrow-linewidth, tunable or short-
pulse sources in the 1.5-1.6 um wavelength range. Lasing
has been demonstrated with Er-doped waveguides as the
active gain element using a number of resonator designs.
Of these, DFB lasers provide a narrow-linewidth source,
while ring lasers potentially point the way towards tunable
on-chip light sources. Low-threshold (~ pW), low-output-
power (~nW) micro-lasers as well as higher-threshold
(~ 100 mW), high-output-power (> 100 mW) laser sources
are feasible. Short-pulse EDWL sources have been devel-
oped with narrow pulse width (< ps) and high peak pow-
ers (up to 13.5W) using a variety of mode-locking and
Q-switching techniques and highly integrated approaches.

Future research directions include exploiting Er sensi-
tizers and increasing functionality by integrating multiple
components on the same chip. Sensitization methods which
could enhance Er excitation, potentially leading to smaller,
more energy-efficient devices, are currently being inten-
sively studied. Integration of EDWAs and EDWLs with
other on-chip devices will result in compact, stable, energy-
efficient components for applications in telecommunica-
tions, computing, medicine, spectroscopy, and sensing.
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