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Glasses for Ph43. Glasses for Photonic Integration

Inorganic glasses are the workhorse materials
of optics and photonics. In addition to offering
a range of transparency windows, glasses provide
flexibility of processing for the realization of fibers,
films, and shaped optical elements. Traditionally,
the main role of glass has been as a passive
material. However, a significant attribute of
glasses is their ability to incorporate dopants
such as nanoparticles or active ions. Hence,
glasses promise to play an increasingly important
role in active photonics, as laser, amplification,
switching, and nonlinear media.

For photonic integration, many of the
attributes of glasses are particularly compelling.
Glasses allow numerous options for thin film
deposition and integration on arbitrary platforms.
The possibility of controlling the viscosity of
a glass during processing can be exploited in the
realization of extremely low loss microphotonic
waveguides, photonic crystals, and microcavities.
The metastable nature of glass can enable the
direct patterning of photonic elements by energetic
beams.

This chapter provides an overview of these
unique properties of glasses, from the perspectives
of the technology options they afford and the
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practical limitations they present. Further, an
overview is provided of the main families of glassy
inorganic films studied for integrated optics.
Finally, the main features of rare earth doped
glasses are reviewed, with an emphasis on their
potential for implemention of compact integrated
light sources and amplifiers.

Inorganic glasses have played a central role in optical
science and technology, and more generally within the
electrical and electronic engineering disciplines [43.1].
Amongst optical materials, the unique advantages of
glasses are well known [43.2,3]. Glasses can be worked
relatively easily into various forms, such as bulk lenses,
fibers, and thin films. This is dramatically illustrated
by the modern technology for the manufacture of low-
loss silica fibers, in which a hair-thin glass fiber (with
tightly controlled geometrical and material properties)
is drawn from a heated glass preform at rates as high
as 20 m/s or greater [43.4]. Glass can be manufac-
tured with excellent homogeneity and without grain
boundaries, so that scattering of light is acceptably low.
While perfect crystals typically exhibit even lower lev-

els of scattering, they are difficult to realize in large
sizes and with arbitrary shapes. Optical losses in poly-
crystalline materials, on the other hand, are generally
excessive due to scattering from grain boundaries. Fi-
nally, the standard glass compositions (oxide, halide,
and chalcogenide glasses and hybrids of those) provide
transparency windows from the UV to the mid-infrared
(see Fig. 43.1). It has been estimated [43.2] that more
than 90% of optical components are based on glasses.
Given the massive worldwide installation of telecommu-
nications fibers since the 1980s [43.5], and depending
on the definition assigned to the term ‘component’, this
statistic might actually be closer to 100%.

Befitting their central role in optical technol-
ogy, there are numerous excellent reviews covering
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the optical properties and photonic functionalities of
glasses [43.3, 6]. Further, one of the distinguishing at-
tributes of glasses is their flexibility of composition.
Hundreds of commercial glasses are available, and many
more have been studied in research laboratories and re-
ported in the academic literature. Thus, it is not possible
to capture the full range of glassy materials (even re-
stricted to inorganic glasses) within a short review paper.
The recent monograph by Yamane and Asahara [43.6]
provides a comprehensive and highly recommended
treatment of glass technology and its application to pho-
tonics. The present contribution has relatively modest
aims:

1. With a focus specifically on integrated photonics,
the main advantages of glasses are discussed and the
most studied glass systems are reviewed in brief.
Integrated photonics (integrated optics) refers to
guided wave photonic devices fabricated on pla-
nar platforms. Glass substrates (with waveguides
defined by ion diffusion) have played an impor-
tant role in integrated optics, but the advantages of
glasses (compared to crystalline materials such as
III-V semiconductors or lithium niobate) are less
compelling in that case. For this reason, emphasis
is placed on glassy thin films that can enable pho-
tonic functionality on other substrates. In practice,
substrates of interest might be printed circuit boards
or semiconductor wafers.

2. For the most part, the discussion is restricted to in-
organic glasses. Some reference is made to organic
glasses, since their properties and advantages paral-
lel those of inorganic glasses in many respects, and
because certain practical aspects of organic glasses
have received greater attention in the literature. Good
reviews covering polymer materials for integrated
photonics are available [43.8].

3. To date, the most important inorganic glass system
for integrated photonics is the silica on silicon pla-
nar lightwave circuit (PLC) platform. Several recent
papers [43.9,10] provide an overview of that technol-
ogy, so only brief mention is made here. Rather, the
goal is to provide some insight on advantages that
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Fig. 43.1 Transmission plots are shown for SiO2 glass
and some representative fluoride and chalcogenide glasses.
ZBLAN and BIG are heavy-metal fluoride glasses, 2SG is
a selenide glass, and TeXAs and TeX are tellurium-based
chalcogenide glasses. (After [43.7])

are globally associated with glassy materials. Fur-
ther, an emphasis is placed on the unique advantages
(lower processing temperatures, higher refractive in-
dex contrast, active functionality, etc.) enabled by
some glass systems.

With these goals in mind, the chapter is organized
as follows. In Sect. 43.1, we highlight the main advan-
tages of glasses for photonic integration. These attributes
include the unique processing options afforded by the
existence of the glass transition and by the metastabil-
ity of glasses. Section 43.2 provides an overview of the
most-studied materials for glass-based integrated op-
tics. This includes the standard glass formers (oxide,
halide, chalcogenide glasses) as well as several materials
that are generally classified as ceramics (Si3N4, Al2O3,
etc.) but which can be realized as amorphous thin films.
In Sect. 43.3, some unique advantages of glasses for
realization of integrated light sources are reviewed. Sec-
tion 43.4 provides a summary and some thoughts on
future prospects for glasses in photonic integration.

43.1 Main Attributes of Glasses as Photonic Materials

The essential characteristic of a glass is the existence of
a glass transition temperature (Tg). In short, if a vis-
cous liquid is cooled fast enough, the liquid passes
through the freezing temperature of the material with-

out making a phase transition to the solid crystalline
state (see Fig. 43.2). Rather, it becomes a supercooled
liquid, whose rate of change of specific volume (or en-
thalpy) with decreasing temperature remains constant
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Fig. 43.2 Schematic plot illustrating the change in specific
volume of a glass with temperature (after [43.11])

and equivalent to that of the molten liquid. At Tg, the
slope of these curves (for example, specific volume ver-
sus temperature) changes abruptly (but in a continuous
way) to a value that is approximately that of the corre-
sponding crystal. Below Tg, the material is an amorphous
solid or glass.

While glass forming has been a staple of human tech-
nological innovation for thousands of years, the physical
processes underlying the glass transition are still a matter
of some debate [43.11–13]. Several empirical facts are
well known, however. The glass transition temperature
of a particular material is not a constant, but is somewhat
dependent on processing details such as the rate of cool-
ing from the melt, or more generally on the technique
used to form the glass (melt quenching, thin film depo-
sition, etc.) and even the age of the glass [43.14]. Tg is
slightly higher for a faster rate of cooling from a melt,
for example, but in general Tg ≈ 2Tm/3, where Tm is the
melting/freezing temperature of the material [43.12]. For
glasses that cannot be formed easily by melt quenching,
such as amorphous Si [43.13], the direct experimental
determination of Tg is not always possible, and indirect
methods are sometimes used to estimate an effective Tg.

Central to the technological application of glasses is
the ability to control their viscosity by way of temper-
ature [43.5]. For stable glass formers, it is possible to

transition between states of very low viscosity (molten
liquid), low viscosity (supercooled liquid), and high
viscosity (frozen liquid; i. e. glass). This remarkable
variation in mechanical properties with temperature,
spanning several orders of magnitude in viscosity, un-
derpins both the ancient and modern manufacture of
glass products (by molding, extrusion, float processes,
etc.). It is interesting to note that Tg can be defined
as the approximate temperature at which the shear vis-
cosity attains 1012 Pa s. Further, viscosity varies rapidly
in the vicinity of Tg. For so-called strong glass formers
(such as SiO2), the viscosity η varies according to an Ar-
rhenius equation of the form η = A exp(B/kBT ), where
A and B are temperature-independent constants and kB
is the Boltzmann constant [43.12]. To form glasses into
desired shapes, the temperature is typically controlled
such that the viscosity is in the 102 to 107 Pas range, de-
pending on the process and the stability of the particular
glass composition [43.6, 15].

It was once held that only certain materials could
form glasses, but it is now believed that the glassy
state is attainable for all types of materials [43.11].
Accordingly, the literature contains references to var-
ious families of glasses, including inorganic (ceramic),
organic (polymeric), and metallic glasses.

43.1.1 The Glass Transition as Enabler

The surface tension of liquids is a well-known enabler
of optical quality surfaces [43.16]. Glass devices can
be formed in the liquid state, and can thus accom-
modate manufacturing processes that are assisted by
surface tension mediated self-assembly. The manufac-
ture of modern single mode fibers is a good example
of the enabling nature of the glass transition. In a typ-
ical process [43.4, 6, 17], highly purified glass layers
are deposited either on the inside walls of a fused sil-
ica tube by chemical vapor deposition (CVD) or on the
outside surface of a ceramic rod by flame hydrolysis
deposition (FHD). The hollow glass cylinder (after re-
moval of the ceramic rod in the latter case) is then heated
(sintered) to ≈ 1600 ◦C, such that it collapses to form
a solid glass preform (typically 1 m in length and 2 cm in
diameter). 1600 ◦C is the approximate softening point of
silica glass, typically defined as corresponding to a vis-
cosity of ≈ 107 Pas [43.6]. The fiber drawing process
involves local heating of the preform to a temperature
of approximately 2000 ◦C (corresponding to a viscos-
ity of ≈ 105 Pa s). Thus, viscosity control is critical at
nearly all stages of the process. Further, the drawing
process allows tremendous control over the optical and
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geometrical properties of the fiber, in part due to the
self-regulating properties of surface tension effects in
the supercooled liquid. As an added benefit, inhomo-
geneities in the original preform tend to be averaged out
in the process [43.18]. The amazing properties of silica
fibers (tensile strength comparable to that of steel, low
loss, and extremely tight tolerances for material and ge-
ometrical parameters) are well known, and attest to the
technological versatility of (silica) glasses. It is also in-
teresting to note that the standard technique for splicing
sections of silica fibers together, which is achieved with
less than 0.1 dB loss [43.5], is based on a reflow process
wherein surface tension contributes to their alignment.

Within integrated optics, the manufacture and op-
timization of PLC devices relies directly on the glass
transition in many cases [43.9, 10]. PLC devices are
manufactured in doped SiO2 glasses deposited (by CVD,
FHD, or sol-gel techniques) on a silicon wafer. The un-
dercladding is often pure SiO2, which can be formed by
thermal oxidation of the silicon wafer. Typically, dopants
in the core and uppercladding layers act to modify both
the refractive index and the thermo-mechanical prop-
erties of the glass. In particular, controlled reflow (by
heating the glasses near Tg) of these layers often plays
an important part in the process. Reflow is used to con-
solidate the interface between layers, to smoothen the
rough sidewalls of the waveguide core (formed by dry
etching processes), and to assist in gap filling and pla-
narization of the cladding layer over the patterned core
layer [43.9], [43.18–20]. Typically, the layers are doped
such that the glass transition decreases in the upward
direction. In that way, a layer can be reflowed without
affecting the underlying layers. As an example, a ‘pinned
based reflow’ is shown in Fig. 43.3 [43.19]. The circle-
section shaped core arises from selective reflow of the
core material while its interface with the undercladding
glass remains fixed. The upper boundary of the core is
shaped by surface tension.

Surface tension driven manufacture of more ex-
otic optical components has been widely studied.
Examples include silica-glass based optical microcav-
ities [43.21–23], nm-scale silica wires [43.24], photonic
crystal fibers [43.25], microball lenses [43.26], and mi-
crolenses [43.27, 28]. In these cases, the reduction of
scattering losses by surface tension mediated smoothen-
ing of interfaces is particularly important.

As discussed further in Sect. 43.2, high index con-
trast waveguides, photonic crystals, and microcavities
are major themes within integrated optics. High index
contrast (between the core and cladding of a waveguide,
for example) is desirable because it enables strong con-

Fig. 43.3 A glass waveguide core is shown before (left) and
after (right) a selective reflow process (From [43.19]

finement of light to small waveguides or small resonant
cavities. This is essential to the realization of high-
density integrated optics [43.9]. The downside of high
index contrast is that scattering at interfaces increases
with index contrast. This is clarified by the so-called Tien
model for waveguide loss due to interfacial scattering in
a symmetric slab waveguide [43.29]:

αS = 2σ2k2
0h

β
∆n2 E2

S (43.1)

where σ is the standard deviation (characteristic ampli-
tude) of the roughness, k0 is the free-space wavenumber,
h is the inverse of the penetration depth of the mode into
the cladding, β is the propagation constant of the mode,
and ES is the normalized electric field amplitude at the
core-cladding interface. Further, ∆n2 = n2

core −n2
clad,

where ncore and nclad are the core and cladding refractive
indices, respectively. This equation explicitly shows the
strong dependence of scattering loss on index contrast.
A more accurate expression, derived by considering the
statistics of roughness (not just the amplitude), is the
Payne-Lacey model [43.30]:

αS = 4.34
σ2

k0
√

2d4ncore
· g · f (43.2)

where d is the core thickness, g is a function that de-
pends mainly on the core-cladding index offset, and f is
a function that depends on the statistics of the roughness.
If r(z) is the random function describing the line-edge
roughness (i. e. the deviation of the core-cladding inter-
face from a straight line), the autocorrelation of r(z) is
often well described by an exponential function [43.31]:

R(u) = 〈r(z)r(z +u)〉 ≈ σ2 exp

(− |u|
Lc

)
(43.3)

where Lc is the so-called correlation length. It can be
shown that for waveguide geometries of typical interest,
low scattering loss requires both σ and Lc to be low. As
a second illustration of the impact of interface roughness,
it can be shown that the surface scattering limited quality
(Q) factor for whispering gallery modes in a spherical
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microsphere is approximately [43.23]:

QSS = λ2 D

2π2σ2Lc
(43.4)

where D is the microsphere diameter. Again, minimiza-
tion of scattering losses is correlated with minimization
of σ and Lc.

It is interesting to compare recent results for
high index contrast structures in crystalline mater-
ials and glasses. Much of the work on very highly
confining waveguides and photonic crystals has fo-
cused on semiconductor material systems, especially
the silicon-on-insulator (SOI) system [43.29, 30] and
III-V semiconductor systems [43.33]. Generally, struc-
tures are defined by electron-beam or photolithography,
followed by a dry etching process. Each of these steps
has limited precision and contributes to the overall
roughness [43.31]. With use of sophisticated processes,
roughness parameters are typically on the order of
σ ≈ 5 nm and Lc ≈ 50 nm, resulting in losses on the
order of 3–10 dB/cm for sub-micron strip waveg-
uides [43.30]. Significant improvement in these numbers
is mostly reliant on advancements in lithography or
etching processes. These same issues limit the perfor-
mance of other high index contrast structures formed
in semiconductors. For example the Q factor of semi-
conductor microdisk and microring resonators typically
does not exceed 105 [43.34], and the loss of photonic
crystal defect waveguides in semiconductors remains
impractically large [43.35].

By comparison, glasses (at least certain glasses)
offer the potential for much smaller characteristic rough-
ness. If a glass is formed from a supercooled liquid
state, surface tension effects can produce glass surfaces
with nearly atomic level smoothness. The roughness of
a melt-formed or reflowed glass surface is determined
by surface capillary waves, which are small amplitude
fluctuations at a liquid surface that become frozen in
place at Tg [43.25]. The resulting RMS roughness is
approximately given by [43.36]:

σ ≈
√

kBTg

γ (Tg)
(43.5)

where γ (Tg) is the surface tension of the supercooled li-
quid at Tg. For silica glass, this equation predicts rms
roughness on the order of 0.1 nm or less, and the correla-
tion length of this inherent roughness is estimated to be
as small as 3 nm [43.23]. Note that glasses with lower Tg
and/or higher surface tension can in theory exhibit even
lower values of surface roughness. Interestingly, sub-
nm surface roughness has been experimentally verified

20 µm

60 µm

Fig. 43.4 (a) A submicron silica glass wire with sub-nm
surface roughness is shown [43.24]. (b) A silica glass
toroid sitting atop a silicon post is shown. The atomic-
level smoothness of the toroid surface was achieved using
a selective reflow process. (After [43.32])

for both melt-formed and fractured surfaces of silica
glass [43.36] and indirectly from loss measurements
in photonic crystal fibers [43.25]. Sub-nm roughness
has also been determined for wet-etched surfaces of
SiO2 glass [43.37] and is not untypical for glass films
deposited by evaporation.

The smoothness of glass surfaces has important
implications for realization of low loss microphotonic
devices, as evidenced by several recently reported re-
sults. While little work has been conducted on small
core, high index contrast planar waveguides in glass,
a method for fabricating sub-micron silica wires was
recently reported [43.24] (see Fig. 43.4a). The authors
estimated the rms surface roughness of their wires to
be less than 0.5 nm, and demonstrated losses on the or-
der of 1 dB/cm at 633 nm for 400 nm diameter wires.
Sub-nm surface roughness has also been measured in
the case of sol-gel glass microlenses formed by a reflow
process [43.27]. Silica glass based microsphere cavities,
typically formed by melting the end of fused silica fiber,
exhibit Q factors of nearly 1010 [43.22, 23], the highest
for any solid state microcavity. Recently, this concept
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has been extended [43.21,32] to the manufacture of sil-
ica toroid microresonators on a silicon substrate (see
Fig. 43.4b). The latter devices exhibit Q factors exceed-
ing 108. Finally, glass-based photonic crystal fibers have
been demonstrated to exhibit scattering loss near funda-
mental limits set by surface capillary waves [43.25]. This
last result contrasts with the situation mentioned above
for semiconductor photonic crystals, which to date are
significantly compromised by optical scattering.

In summary, processing enabled by the glass tran-
sition clearly offers unique benefits for manufacture
of microphotonic structures. It is necessary to add
a caveat to this discussion, however. Many amorphous
materials are conditional glass formers, and do not of-
fer the full range of processing advantages outlined
above. As an extreme example, amorphous silicon films
typically crystallize at temperatures well below their ef-
fective glass transition temperature [43.13], and are not
amenable to reflow processes. To varying degrees, this
is true of many ‘glassy’ films used in integrated op-
tics, such as silicon oxynitride and alumina. Further,
the tendency towards crystallization varies greatly even
amongst the traditional glass formers, as discussed be-
low. Thus, chalcogenide and fluoride glasses will not
generally support the range of viscosity control that
enabled many of the SiO2-based devices mentioned.
Having said that, novel techniques can sometimes cir-
cumvent crystallization problems. For example, pressure
can be used as a tool for forming glass devices at
temperatures below the onset of severe crystallization
(but high enough to enable the glass to flow). Chalco-
genide glass based lenses molded by the application
of pressure and temperature are now commercially
available [43.38]. Another interesting example is the
recent work on extruded channel waveguides reported
by Mairaj et al. [43.39]. Finally, much research has
been directed at the fabrication of microphotonic ele-
ments in organic glasses by hot embossing [43.8]. In
this technique, a hard master (such as a silicon wafer)
is pre-patterned with the negative image of the desired
photonic circuitry. The glass is heated above Tg and the
master is pressed against the glass such that the image
of its pattern is transferred to the softened glass. While
studied mainly in polymer, this technique might also be
applicable to low cost fabrication of photonic structures
in ‘soft’ inorganic glasses.

43.1.2 Metastability

A glass is a metastable material, having been frozen
as an amorphous solid possessing excess internal en-

ergy relative to the corresponding crystal. Metastability
is a double-edged sword. On the one hand, it presents
technological limitations with respect to the processing
and use of a glass device. As an example, it is well
known that commercial introduction of organic glass
(polymer) based optical devices has been hindered by
poor stability of many polymers at elevated temperatures
or under exposure to high intensity light. On the other
hand, metastability offers unique options for fabrication
and optimization of photonic microstructures. Specif-
ically, glass properties (optical, mechanical, chemical)
can often be tailored or adjusted by the careful addi-
tion of energy, in the form of heat, light, electron beams,
or ion beams. An example is provided by the commer-
cially important fiber Bragg gratings (FBG), wherein
UV light is used to induce a stable refractive index
change in the Ge-doped core of a standard SiO2-based
fiber. In the following subsections, the implications of
metastability for glass-based integrated photonics are
discussed.

Devitrification
Well below its glass transition temperature, a glass sits in
a local energy minimum and is impeded by its own vis-
cosity from reaching the lower energy crystalline state.
A frequently cited example is that of silicate glass win-
dows in ancient buildings, which have not exhibited any
significant crystallization. However, addition of suffi-
cient energy (such as heating a glass to some temperature
above Tg) can result in crystallization of a glass. Con-
trolled crystallization is a technologically useful means
of modifying the mechanical, thermal, or optical proper-
ties of a glass, used in the production of glass-ceramics.
However, devitrification produces a polycrystalline ma-
terial, increases optical scattering loss, and is usually
a problem to be avoided in manufacture of photonic
devices.

As mentioned in Sect. 43.1.1, crystallization tenden-
cies vary widely between various glass systems. The
difference between the onset temperature for crystal-
lization and Tg, ∆T = Tx − Tg, is one of the parameters
that define the stability of a particular glass. The high sta-
bility against devitrification of silicate glasses is one of
numerous reasons that they have traditionally dominated
glass technology. This stability underlies the manufac-
ture of the structures discussed in Sect. 43.1.1. Other
glass forming systems have lower stability against devit-
rification, often making their technological application
a greater challenge [43.39, 40]. For example, a major
research thrust in the field of fluoride and chalcogenide
glass fibers is the identification of new compositions that

Part
D

4
3
.1



Glasses for Photonic Integration 43.1 Main Attributes of Glasses as Photonic Materials 1047

exhibit improved stability against crystallization during
the fiber drawing process [43.41].

For integrated optics, this form of stability is not
always so critical. Amorphous thin films created by
chemical vapor deposition, sputtering, evaporation, etc.
can often be processed at temperatures below the on-
set of any significant crystallization. This enables the
use of conditional glass formers, such as Si3N4, Al2O3
and semiconductors, in their amorphous state. How-
ever, it is interesting to review the early development
of integrated optics, much of it focused on the identifi-
cation of suitable thin film materials. Studies [43.43–45]
that compared waveguide fabrication in polycrystalline
(ZnO, ZnS, Al2O3, etc.) and amorphous (Ta2O5, poly-
mer, sputtered glass) thin films showed that losses were
orders of magnitude higher for the polycrystalline films.
The lowest losses were initially obtained for polymer
films [43.44], attributed to their amorphous structure and
the smoothness of surfaces arising from spin casting of
films.

If present, uncontrolled crystallization within films
can be a dominant source of propagation loss [43.46].
For conditional glass formers, such as Al2O3 and TiO2,
crystallite formation must be carefully avoided during
the deposition process [43.47]. While less of an issue for
natural glass formers, the possibility for crystallization
must always be considered when a glass film is subjected
to high temperature processing steps.
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Fig. 43.5 (a) A plot of the structural relaxation rate parameter versus the supercooling temperature for a wide range of
organic glasses is shown. (b) The predicted change in refractive index versus time for an organic glass, with the rate
constant β as a parameter. (After [43.42])

Structural Relaxation
Having been frozen in some metastable configuration at
the time of formation, an amorphous solid will always
be subject to some degree of aging (changes in the ma-
terial properties on some time scale). At temperatures
below Tg, the glass is usually inhibited from crystalliza-
tion by a significant internal energy barrier. However,
subtler changes in the network structure can occur, such
as the transition from the initial state to a more sta-
ble (but still amorphous) second state. This so-called
structural relaxation is manifested in many ways – ex-
periments often probe the change in time of specific
volume, structural signatures (such as by Raman spec-
troscopy), or optical properties of the glass. The rate of
structural relaxation is highly dependent on temperature,
being relatively fast at temperatures near Tg and signif-
icantly slower for temperatures far below Tg [43.13].
In fact, annealing of glasses at a temperature near Tg
is a standard technique used to promote rapid structural
relaxation and lessen the dependence of material proper-
ties on the processing history [43.6]. In many cases, this
annealing step is not practical, and structural relaxation
over the in-use lifetime of a glass-based device must be
considered.

As the following discussion will illustrate, the rate
of structural relaxation at temperature T1 exhibits a log-
arithmic dependence on the temperature difference
Tg −T1. Thus, Tg is an important parameter in character-
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izing the long-term stability of a glass component. For
example, SiO2 has a very high Tg (≈ 1100 ◦C) and does
not exhibit significant relaxation at room temperature,
either on the time scale of typical experiments or over the
typical lifetimes envisioned for glass devices. In fact, ag-
ing effects in silica fibers are predominately associated
with the growth of defects formed in the glass at the time
of manufacture. Environmental moisture is a particular
contributor to this aging process. On the other extreme,
structural relaxation in low Tg organic glasses is known
to be an issue, and intrinsic aging effects in polymers
have been widely studied [43.48]. In particular, low
Tg glasses exhibit densification with time (relaxation
of their specific volume) and a corresponding change
in their refractive index. This is a particular concern
for interferometric optical devices (gratings, resonators,
Mach–Zehnder interferometers), which necessitate tight
control of material indices.

Volume relaxation can be characterized by a rate
parameter β, defined as:

β = 1

V

[
∂V

∂ (log t)

]
P,T

(43.6)

where V is volume, t is time, P is pressure, and
T is temperature. Using the Lorentz–Lorenz expres-
sion, the following relationship has been derived from
(43.6) [43.42]:

[
∂n

∂ (log t)

]
P,T

= −β
(

∂n
∂T

)
P,t

α
(43.7)

where n is refractive index, ∂n/∂T is the thermo-optic
coefficient, and α is the volume coefficient of thermal
expansion. Zhang et al. [43.42] further showed that, for
polymers, β is approximately a universal function of
Tg − T1 as shown in Fig. 43.5. This implies that the
time rate of change of refractive index due to struc-
tural relaxation is strongly correlated with the parameter
∆TSC = Tg − T1, termed the supercooling temperature.
They also assessed the implications for polymer-based
telecommunications devices, concluding that Tg needs
to be higher than 300 ◦C for many applications. This re-
sult provides a nice illustration of the impact of Tg on
device stability.

While it is not necessarily reasonable to extend the
foregoing results directly to inorganic glasses, the es-
sential features of structural relaxation will be similar.
The chalcogenide glasses in particular are sometimes
called inorganic polymers, partly because of their soft-
ness and mechanical flexibility relative to silica-based
glasses. Further, the range of Tg for chalcogenide glasses

(≈ 50–550 ◦C) is similar to that of organic polymers,
and studies on chalcogenide glasses [43.14] support the
conclusion that structural relaxation would present sim-
ilar restrictions on inorganic and organic glasses. Thus,
lifetime restrictions due to relaxation should be consid-
ered in the application of any glass having relatively low
Tg, including chalcogenide glasses, fluoride glasses, and
many non-silicate oxide glasses [43.6].

Both the processing temperatures (during manufac-
ture) and the in-use temperatures are important consider-
ations in assessing the stability of a glass. Telecommuni-
cation devices are typically designed to withstand in-use
temperatures between −40 ◦C and 85 ◦C [43.49]. As an
example of a more demanding application, it has been
proposed that glasses are good candidates for fabrica-
tion of integrated photonic elements on future integrated
circuit chips [43.50]. In-use temperatures on modern
microprocessors can reach 100–200 ◦C.

Finally, it should be noted that any energy applied to
the glass (light, electron beams, etc.) might induce struc-
tural relaxation. This has been most widely studied for
the chalcogenide glasses, which exhibit a wide array of
photoinduced structural changes [43.51]. A fascinating
example is the so-called photoinduced fluidity phe-
nomenon [43.52], in which intense sub-bandgap light
can reduce the viscosity of a chalcogenide glass by sev-
eral orders of magnitude (causing the glass to flow or
melt). This effect is completely athermal, and in fact is
often enhanced at low temperatures. While an extreme
example, it illustrates the possibility of aging effects due
to non-thermal processes in glass devices. For photonic
devices, the main concern is usually the effect of light
exposure over the in-use lifetime.

Metastability as Enabler
One highly desirable implication of metastability is the
possibility for direct patterning of photonic structures
in glasses using energetic beams (electron beams, ion
beams, light). These effects can also be exploited for
post-fabrication trimming of devices [43.53], which is
important since many optical components have toler-
ances beyond the capabilities of practical fabrication
processes.

Beam induced effects in glasses are generally linked
to their random network structure. That is, unlike crys-
tals, glasses contain a range of internal ‘defects’ – wrong
bonds, dangling (missing) bonds, impurity atoms that act
as network modifiers, as well as their inherent variation
in bond angles. Addition of energy can cause a glass to
undergo a transition from one metastable state to another.
This transition is often accompanied by a change in the
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b)a)

Fig. 43.6 (a) A directional coupler is shown, as written in
a multicomponent silicate glass by an ultrafast Ti:sapphire
laser [43.54]. The black arrow indicates the coupling region.
(b) Microscope image of a rib waveguide formed by direct
exposure of a chalcogenide glass (As2Se3) in a UV mask
aligner, followed by wet etching [43.55]

density of defects or by a structural change – rearrange-
ment or reorientation of bonds. Associated with these
structural changes are changes in the physical, chem-
ical, and optical properties of the glass. Most existing
knowledge about these induced structural changes is of
an empirical nature, whereas the underlying physical
mechanisms are still the subject of research.

The ability to induce transitions between metastable
states is probably a universal property of amorphous
matter. Perhaps for practical reasons, such as the
availability of light sources of suitable wavelength,
metastability was initially studied in amorphous semi-
conductors and low band gap chalcogenide glasses.
It should be added, though, that chalcogenide glasses
seem to be unique with respect to the variety of in-
duced structural changes they exhibit or at least the
magnitude of those changes [43.51]. This might be re-
lated to the relatively weak, highly polarizable covalent
bonds that are characteristic of chalcogenide glasses.
Nevertheless, the later discovery [43.56] of photoin-
duced refractive index changes in Ge-doped silica glass
prompted a huge research and development effort be-
cause of the technological importance of silicate glasses.
The main outcome of this work was the fiber Bragg
grating (FBG), which is a critical component in mod-
ern telecommunications and sensing networks. FBGs
are manufactured by inducing a quasi-permanent index
change within the Ge-doped core of a standard silica
fiber, by exposure to an UV laser beam. Writing wave-
lengths are in the 150 to 350 nm range, corresponding
to photon energies below the nominal bandgap of SiO2.
The mechanisms underlying the index increase are still
debated [43.9, 56]. However, it is believed that con-
tributing factors are absorption by defects in the glass

(possibly generating further defects) and densification
due to some sort of structural relaxation [43.57]. Typi-
cal index changes for standard fiber cores are in the 10−4

to 10−3 range, but several techniques (addition of other
dopants, hydrogen-loading, etc.) have been developed
to enable changes as high as 10−2. Given the discussion
in the preceding section, it is reasonable to ask whether
photoinduced changes are themselves stable. The an-
swer, in some cases, seems to be yes. Researchers have
concluded that fiber Bragg gratings can have an opera-
tional lifetime of greater than 20 years, even at elevated
temperatures of 80 ◦C [43.58].

Photosensitivity has been widely explored as
a means to directly pattern integrated optics devices,
especially in silica-based glasses [43.59]. In general, di-
rect patterning is induced using photon energies close to
the nominal bandgap energy of the glass or using intense
light of lower photon energy [43.57]. In the latter case,
photoinduced effects arise from nonlinear effects such as
multi-photon absorption. In particular, the widely avail-
able Ti:sapphire laser has been applied to the writing of
microstructures in a variety of glasses [43.54]. Because
of the nonlinear nature of the writing process, writing
with sub-band gap light allows the direct patterning of
3-dimensional structures (see Fig. 43.6).

Photosensitivity has been demonstrated within all of
the standard glass families, and in many other amor-
phous thin films (see Sect. 43.2). Because of their large
photosensitivity, direct patterning of integrated optics
structures in chalcogenide glasses is possible using low
power light sources [43.55, 60].

43.1.3 Glass as Host Material

For completeness, it should be mentioned that glasses
are unique in their ability to incorporate a wide range
of dopants, sometimes in very high concentration. This
is related to the random network structure of a glass.
Foreign species are much more likely to find a suitable
bonding site, or simply space to reside, inside a glass
versus a crystal. These foreign species can be rare-earth
ions, transition metal ions, or semiconductor or metal
nanoparticles, for example. As a result, a glass pro-
vides significant scope for active functionality. We can
transform a passive glass into a laser glass, a nonlinear
optical glass, or a magneto-optic glass, for example, by
appropriate doping [43.3, 6].
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43.2 Glasses for Integrated Optics

In general, thin films can be amorphous, polycrystalline,
or crystalline. Tien and Ballman [43.45] provided an
early review of waveguide results achieved for various
materials lying within each of these categories. Unless
the crystal grain size is sufficiently small relative to the
wavelength of interest [43.47], polycrystalline films are
too lossy for integrated optics. It should be noted that
high attenuation might be tolerable if circuit length is
sufficiently short. The present discussion is concerned
with amorphous films, which Tien further sub-
categorized as low index (n < 1.7), medium index (n <

2), and high index (n > 2). For convenience, we will fol-
low a similar approach in the following sections. This
categorization is somewhat arbitrary, especially when
considering material systems (such as the silicon oxyni-
tride system) that enable a range of refractive index. It
is interesting to note that 1.7 is the approximate upper
limit for the refractive index of organic glasses [43.49]

As noted in Sect. 43.1, increased circuit density
is one of the primary goals of integrated optics re-
search [43.9]. Whether employing traditional total
internal reflection effects or photonic band gap ma-
terials, increased density relies on high index contrast
between at least two compatible materials. Note that
the terminology ‘high index’ and ‘high index contrast’
are rather imprecise. For example, in silica PLC tech-
nologies core-cladding index differences of ∆n ≈ 0.02
have been labeled as ‘superhigh’ index contrast [43.10].
This is a very small value, however, relative to the index
contrasts that characterize SOI photonic wire waveg-
uides [43.30].

43.2.1 Low Index Glassy Films

SiO2-Based Glasses
As mentioned in the introduction, the SiO2 on silicon
PLC system is the most widely used and developed
glass-based integrated optics platform. PLC develop-
ment (mainly in the 1990s) was driven by fiber optic long
haul communication systems, especially the emergence
of wavelength division multiplexing (WDM). Vari-
ous devices, but especially arrayed waveguide grating
(AWG) wavelength demultiplexers, were developed to
a very high degree of sophistication by the telecommuni-
cations industry. Good early [43.18] and recent [43.9,10]
reviews are available in the literature. A brief overview
of the technology is given below, as it illustrates some
of the advantages and challenges associated with glass-
based photonic integration.

As mentioned in Sect. 43.1.1, commercial PLC
waveguides are fabricated primarily by FHD [43.10] or
by CVD [43.9]. In addition, considerable research has
been conducted on sol-gel synthesis [43.61], with the
aim of reducing fabrication costs and providing greater
flexibility over the choice of glass compositions. Typ-
ically, the undercladding is pure silica glass. To raise
its refractive index, the core layer is doped with Ge
or P. Ge-doped SiO2 is known for its photosensitiv-
ity, as discussed in Sect. 43.1.2. Addition of P lowers
the viscosity and characteristic reflow temperature, en-
abling the processing options discussed in Sect. 43.1.1.
Typical relative index offset ∆ between the core and
cladding is in the 0.3 to 2% range, corresponding to
minimum waveguide bend radius R in the 2 to 25 mm
range [43.10]. After RIE to form an approximately
square waveguide core, an upper cladding is deposited
and subjected to heat treatment. The upper cladding is
often a boro-phosphosilicate glass (BPSG), partly to en-
able reflow. Further, the B and P dopants have opposite
effects on refractive index allowing a nearly symmetric
waveguide structure to be obtained.

Given the target applications, it is not surprising that
PLC technology placed a great emphasis on efficient
coupling between the integrated waveguides and exter-
nal fiber waveguides. Thus, waveguide cross-sectional
dimensions and refractive index contrast between core
and cladding layers were tailored to provide a good
impedance match (low reflection and good modal over-
lap) to standard fiber. By employing essentially the same
glass (doped SiO2) as that used to construct fiber, it is
even possible to achieve intimate reflowed (fusion type)
coupling between the integrated and fiber guides [43.18].
The emphasis on impedance matching is due to the great
importance of minimizing insertion loss in fiber systems,
but presents some practical limitations:

1. The relatively low index contrast (≈ 10−3) between
core and cladding necessitates thick glass films. For
example the undercladding or buffer layer, often
a thermally grown SiO2 layer, must typically exceed
12 µm in order to negate radiation losses into the
high index silicon substrate. Further, high temper-
ature anneals (typically 900–1150 ◦C) are required
to drive out hydrogen impurities and to reflow the
core and upper cladding layers. The combination of
thick films, high temperature anneals, and thermal
expansion mismatch can result in wafer bending and
damage to the glass films. This is partly alleviated
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in practice by depositing identical layers on both
sides of the Si wafer [43.9], which adds cost and
complexity.

2. Since modal area and minimum bend radius scale in-
versely with core-cladding index contrast, traditional
PLC waveguides do not support high-density opti-
cal integration. As mentioned above, index contrasts
in the 0.3 to 2% range correspond approximately to
bending radii in the 25 to 2 mm range [43.10].

In recent work at Corning [43.62], very low loss
(< 0.1 dB/cm) waveguides and ring resonators were re-
alized in PECVD grown silica-germania waveguides
having index contrast as high as 4%. Such high in-
dex contrasts can accommodate bending radius of less
than 1 mm, which is comparable to the range explored
recently by IBM researchers using silicon oxynitride
materials [43.63].

Amorphous Aluminium Oxide
Sapphire (crystalline Al2O3) is amongst the most im-
portant solid-state laser hosts. Alumina (polycrystalline
or amorphous Al2O3) is an important industrial mater-
ial in its own right, possessing outstanding mechanical
and thermal properties [43.15]. Amorphous Al2O3 films
are of interest for integrated optics for several rea-
sons [43.47]. First, the refractive index is relatively high
(although falling within the low index range specified
above), typically n ≈ 1.65. Second, Al2O3 is an excel-
lent host for rare earth and transition metal dopants. As
discussed in Sect. 43.3, rare earth dopants of interest are
typically trivalent, matching the valency of Al ions in
Al2O3 [43.64]. As a result, rare earth ions can be incor-
porated easily into the alumina matrix. In short, Al2O3
can homogeneously dissolve large concentrations of rare
earth ions and is therefore of interest for realization of
integrated amplifiers and light sources. Finally, Al2O3
films typically have excellent transparency from the UV
to mid-IR range.

Fluoride Glasses
Heavy-metal fluoride glasses (typically fluorozirconate
glasses) such as ZBLAN have been widely studied since
their discovery in 1974 [43.41]. One of their outstanding
attributes is a wide transparency range, extending from
the UV well into the mid-IR (see Fig. 43.1). They have
received considerable attention as fiber optic materials,
because theory predicts a minimum absorption well be-
low that of silica glass. Further, rare earth ions exhibit
the greatest number of useful radiative transitions when
embedded in fluoride glasses [43.65]. This is due to

their wide transparency window and low characteristic
phonon energies (see Sect. 43.3).

Fluoride glasses typically have refractive indices
in the 1.47–1.57 range, which is advantageous in
terms of being well matched to silica glasses. Thin
film deposition of these complex multicomponent
glasses is difficult, and thermal expansion mismatches
with standard substrates create further challenges. For
these reasons, fluoride glasses have not been widely
explored for applications in integrated optics. The
so-called PZG fluoride glasses (PbF2 −ZnF2 −GaF3)
have been successfully deposited using straightforward
evaporation techniques, enabling relatively low loss
waveguides and erbium-doped amplifiers on a silicon
platform [43.66].

43.2.2 Medium Index Glassy Films

Silicon Oxynitride
Silicon oxynitride (SiON) films are generally deposited
by a CVD technique. The promise of this material system
for integrated optics was identified in early work [43.45].
One of the main attributes of SiON is that it is a standard
material system employed in silicon microelectron-
ics, and the thin film technology has been developed
accordingly [43.47, 63]. Because of this, SiON is cur-
rently being studied as potential material for on-chip
interconnects [43.50]. Further, the system enables a con-
tinuous range of refractive index from approximately
1.45 (SiO2) to 2 (Si3N4) at 1550 nm wavelength. This
index range has been extended to approximately 2.2
by deposition of non-stoichiometric, silicon-rich nitride
films [43.67]. SiON and SiN have been amongst the most
explored materials for realization of microring resonator
structures [43.53, 67].

As an optical material, SiON has some drawbacks.
The main one is the presence of hydrogen impurities in
films deposited by traditional techniques. Overtones due
to hydrogen bonds (mainly N−H and O−H) can produce
impractically large values of loss in the 1300 nm and
1550 nm telecommunications bands [43.62]. Long term,
high temperature annealing (typically at >1000 ◦C) is
required to reduce this loss. Interestingly, structural re-
laxation on the time scale of hours and days has been
observed in such annealed films [43.47]. Perhaps related
to this metastability, UV light has been used as a means
to trim the refractive index of SiN-based microring res-
onators [43.53]. Modified deposition processes that can
produce SiON films having low stress and low hydrogen
content (without requiring a high temperature annealing
step) have been reported recently [43.63, 67]. However,
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inherent film stress can limit the maximum thickness to
a few hundred nanometers in some cases [43.50].

43.2.3 High Index Glassy Films

Amorphous Metaloxides
Many amorphous metaloxides (Y2O3, Nb2O5, Ta2O5,
etc.) have traditionally been used as high index layers
in optical thin film stacks [43.49]. It is logical to look at
these materials in the hunt for high index thin films for
integrated optics. Often these oxides are miscible with
SiO2, making it possible to tune the refractive index and
other material properties over a range of values (as in
the case of silicon oxynitride) [43.69].

TiO2 films are used as dielectric layers, optical
coatings, and to protect underlying materials from
mechanical damage or corrosion [43.47]. The high
dielectric constant of TiO2 is widely exploited in mi-
croelectronics applications. It also has useful optical
properties, including a refractive index as high as
2.6 (depending on film deposition details) and good
transparency from the UV to mid-IR. The TiO2–SiO2
material system has good properties for sol-gel synthe-
sis of thin films [43.61]. Integrated waveguides based
on TiO2 have been studied [43.47, 69], and AWG de-
vices in TiO2-rich oxide glass with n ≈ 1.9 were recently
reported [43.70].

Ta2O5 (With n ≈ 2.1) is another well-studied ma-
terial, used for example as a high dielectric constant
material in microelectronics. It has low absorption in
the visible to near infrared wavelength range, and has
been recently studied as a material for active integrated
optics [43.71,72]. Further, Ta2O5/SiO2 has been applied
to the study of compact microring resonators [43.73].

TiO2 and Ta2O5 have been used in the fabrication of
three-dimensional photonic crystals with fundamental
bandgaps in the visible and near infrared [43.68,74]. An
example is shown in Fig. 43.7.

Heavy Metal Oxide Glasses
These glasses are based primarily on the oxides of bis-
muth (Bi2O3) and lead (PbO). They have relatively low
phonon energies and transmit further into the infrared
than most oxide glasses [43.75]. They also have inter-
esting magneto-optic [43.6] and nonlinear optical [43.3]
properties.

Chalcogenide Glasses
Many chalcogenide alloys, based on S, Se, or Te, are
excellent glass formers. In fact, Se is the only element
able to easily form a glass on its own [43.14]. These

Multilayer

Substrate

200 nm

Fig. 43.7 A three-dimensional photonic crystal fabricated
using the autocloning growth technique is shown. The
bright and dark layers are TiO2 and SiO2 glass, respec-
tively [43.68]

glasses are characterized by very low phonon energies,
good transparency in the mid-infrared, and a wide ar-
ray of beam-induced structural changes [43.51]. Further,
chalcogenide glasses are essentially amorphous semi-
conductors, with electronic absorption edge typically in
the visible to near infrared. Related to this, they have
very high refractive indices, ranging from 2.2 for sul-
fide glasses to greater than 3 for some telluride glasses.
They are currently of industrial interest for night-vision
optics [43.38], fibers for infrared transmission [43.41],
and optical and electronic memory elements [43.51].

Chalcogenide glasses have many appealing features
for integrated optics. High quality thin films can of-
ten be deposited by straightforward techniques such as
evaporation or sputtering. Their high indices make them
suitable for realization of compact waveguides [43.55]
and photonic crystals [43.76]. Their beam-induced
properties enable many unique processing options.
Some chalcogenide alloys have good potential as laser
glasses [43.41], with the ability to uniformly dissolve
large concentrations of rare-earth ions. Perhaps of great-
est interest, the chalcogenide glasses are amongst the
most promising materials for nonlinear integrated op-
tics [43.77, 78]. On this last point, several chalcogenide
glasses have ultrafast optical Kerr response 2 to 3 orders
of magnitude higher than that of SiO2, while satisfying
basic figure of merit criteria for all-optical switching.
Results for metal-doped chalcogenide glasses [43.78]
suggest even higher nonlinearities might be attainable.
Combined with the possibility of realizing highly confin-
ing waveguides, this makes chalcogenide glasses one of
few material systems that can realistically satisfy long-
standing goals for nonlinear processing in integrated op-
tical circuits. For example, it has been estimated [43.77]
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that 1 pJ pulses of 1 ps duration (≈ 1 W peak power)
could induce phase shifts (due to self phase modulation)
greater than π in feasible chalcogenide glass waveg-
uides with length on the order of a few centimeters.
This is predicated on realization of low loss waveguides
with modal area of ≈ 1 µm2. Recent experimental results
suggest that this goal is within reach [43.55].

Tellurite Glasses
While TeO2 is a conditional glass former, the addi-
tion of other oxides can result in stable glasses with

many interesting properties [43.75]. They typically have
refractive index greater than 2, low phonon energy,
large optical nonlinearities, and a high acousto-optic
figure of merit. Further, they have been widely stud-
ied as hosts for rare-earth ions. Of particular interest
has been the wide bandwidth of the 1550 nm emis-
sion exhibited by erbium in tellurite glass [43.79].
Because of these numerous attractive properties, tellu-
rite glasses and amorphous TeO2 films (n ≈ 2.2) have
received some attention for applications in integrated
optics [43.80].

43.3 Laser Glasses for Integrated Light Sources

Active functionality includes means to generate and
detect light (especially stimulated emission and absorp-
tion) and means to control (switch, modulate, etc.) light
signals. Numerous material properties are employed
in active photonics, including thermo-optic, acousto-
optic, magneto-optic, electro-optic, and nonlinear Kerr
effects. Many glasses have attractive thermo-optic or
acousto-optic properties, and a few examples were cited
in Sect. 43.2. Also in Sect. 43.2, some glasses with
promising nonlinear optical properties were discussed.
Elsewhere in this volume, K. Tanaka has provided an
excellent review of nonlinearities in photonic glasses.
A recent, thorough review of magneto-optic glasses is
also available [43.6].

Arguably, the most critical element for photonic in-
tegration is an integrated light source. Rare-earth doped
glasses are well-established laser media, used especially
for the realization of bulk and fiber lasers. Considerable
effort has been directed towards development of inte-
grated amplifiers and lasers based on such glasses. In the
following, we attempt to highlight some ways in which
light sources based on glasses are uniquely enabling,
relative to those based on crystalline materials. The per-
formance advantages discussed below combined with
the properties discussed in earlier sections (fabrication
options) make glasses particularly attractive.

43.3.1 Advantages
of Glass-based Light Sources

Stimulated emission devices in glass are almost always
based on trivalent rare-earth dopants [43.6]. Thus, the
term laser glass can usually be equated with the term
rare-earth doped glass. Rare-earth doped laser glasses
have been widely studied and reviewed [43.64,65]. Fur-

ther, recent and comprehensive reviews on Nd- and
Er-doped integrated glass amplifiers and lasers are avail-
able [43.6, 81]. Relative to single crystal hosts, glass
hosts result in rare-earth ions exhibiting broadened lu-
minescence lines and lower peak stimulated emission
cross-sections [43.65]. This property is a result of the
random network structure of glasses; embedded rare
earth ions exist in a range of local environments. The
broadened, weaker emission is of great importance for
the realization of broadband, low noise fiber amplifiers.

It should be noted that the semiconductor injec-
tion laser is an extremely advanced technology, and is
the dominant type of integrated light source at present
and for the foreseeable future. Semiconductor lasers
have important advantages over any glass-based de-
vice demonstrated to date. First, semiconductor gain
media typically have gain coefficients of the order
≈ 100 cm−1 [43.17]. By comparison, glasses require
high rare-earth dopant concentration to achieve gain
coefficients exceeding 1 cm−1. Thus, semiconductor op-
tical amplifiers (SOAs) and lasers have cavity lengths
measured in tens to hundreds of µm while it is typical
for glass waveguide amplifiers and lasers to be meas-
ured in cm. Second, semiconductor light sources are
pumped electrically while glass devices are typically
pumped optically. Electrical pumping is highly desir-
able for optoelectronic integration of photonic devices
on electronic chips. However, as discussed below, inte-
grated glass waveguide lasers have important advantages
of their own [43.82].

The lifetime of the metastable lasing level in rare-
earth doped glasses is usually on the order of ms, much
longer than the ns lifetimes typical of semiconductor
gain media. This long lifetime implies that the gain does
not change rapidly with variations in input power (pump
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or signal). This is an essential feature of the commer-
cially important erbium-doped fiber amplifier (EDFA);
the long lifetime (≈ 10 ms) of the 4I13/2 level of erbium
in silicate glass contributes to low noise operation, high
pump efficiency, and low crosstalk between wavelength
channels in a WDM system [43.83]. Further, since the
relaxation oscillations in glass waveguide lasers occur at
relatively low frequency, glass lasers can be modelocked
at correspondingly much lower repetition rates com-
pared to semiconductor lasers [43.82]. This can enable
much higher peak intensities from the glass laser.

Related to the discussion in Sect. 43.1, lower cavity
loss (higher cavity Q) is generally possible for glass
devices. Further, the long metastable lifetime of the rare-
earth transition allows glass lasers to have linewidths
approaching the Schawlow–Townes limit [43.84]:

∆ν = 2πhν0 (∆νc)
2

P

(
N2

N2 − N1

)
(43.8)

where ν0 is the laser center frequency, P is the laser out-
put power, N2 and N1 are the population densities of the
upper and lower lasing levels, and ∆νc = (1/2πtc) with
tc the photon lifetime in the cavity. The high Q of glass
laser cavities coupled with relatively high output powers
enables linewidths less than 10 kHz, orders of magni-
tude below that of semiconductor DFB lasers [43.82].
The high cavity Q and long metastable lifetime is also
advantageous for achieving ultrastable passive mode
locking, with low timing jitter and pulse-to-pulse power
variation.

Finally, glasses offer the possibility of integration
on various substrates. While semiconductor lasers are
inherently integrated structures, they are not easily
transportable between platforms. For example, III-V
semiconductor lasers have not shown great promise (in
spite of heroic efforts in some cases) to satisfy the desire
for a compact, truly integrated light source on the silicon
electronics platform. Glasses (perhaps doped with semi-
conductor nanocrystals) are increasingly viewed as the
more promising route to achieving such a goal [43.64].

43.3.2 Alternative Glass Hosts

The theoretical maximum gain (cm−1) of a rare-
earth doped glass waveguide amplifier can be ex-
pressed [43.81] as γp = Γσp NRE, where σp is the peak
(versus wavelength) stimulated emission cross-section
(cm2) for the transition of interest and NRE is the volume
density (cm−3) of the rare-earth ions. Γ is a dimension-
less factor (lying between 0 and 1) that accounts for
the spatial overlap of the waveguide mode (at the wave-

length to be amplified) and the active ions producing the
gain. It can be optimized through waveguide design, ir-
respective of the glass host, and will not be considered
further here. The expression for γp neglects all waveg-
uide losses (due to scattering, etc.) and assumes that all
of the rare-earth ions have been promoted to the desired
lasing level; i. e. a complete population inversion. It is
therefore an ideal and unattainable limit, but is useful
for framing the following discussion.

Since compactness is a central goal of integrated
waveguide lasers, alternative glass hosts can be com-
pared on the basis of the maximum gain (γmax) that they
enable in practice (for a given transition of a given rare-
earth ion). Further, since low noise operation relies on
a near complete population inversion [43.81], it is de-
sirable that γmax ≈ γp. In simple terms, the glass should
dissolve a large concentration of the rare earth ion (high
NRE), should result in a large stimulated emission cross-
section for the desired transition, and should enable the
realization of a nearly complete population inversion.
The importance of other practical considerations, such
as stability, processing options, and physical properties
of the glass, will depend on the intended application.
Some hosts provide unique advantages, such as flexible
pumping options, as discussed in Sect. 43.3.3.

As mentioned, laser transitions in glasses are gen-
erally provided by radiative decay between two energy
levels of a trivalent rare-earth ion. Perhaps the most im-
portant example is the 4I13/2 to 4I15/2 transition of Er3+,
which produces luminescence in the 1500–1600 nm
wavelength range. Once an ion has been promoted (by
pumping) to the upper lasing level, it will eventually
transition to another state by interactions with the glass,
impurities in the glass, the photon fields (at the signal
or pump wavelength), or with other rare-earth ions in
its vicinity [43.65]. The metastable lifetime of the upper
lasing level can be expressed [43.81]

1

τ
= A + WMP + WET + WIMP (43.9)

where A is the effective rate of spontaneous radiative
decay to all lower lying levels, WMP is the rate of non-
radiative decay due to multi-phonon energy exchanges
with the glass, WET is the rate of non-radiative energy
transfer due to interactions between closely spaced rare-
earth ions, and WIMP is the rate of energy transfer to
quenching impurity centers in the glass. The first three
terms on the right will be discussed below. For the last
term, a classic example is the quenching of the 1550 nm
luminescence band of erbium due to resonant energy
transfer to OH− impurities in silica glass [43.65].
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The choice of a particular glass host will impact
several important properties of a given transition: pump-
ing efficiency, peak gain, linewidth, metastable lifetime,
etc. Alternative glasses can be compared on the basis
of a few key parameters, as discussed in the following
sub-sections. Representative data for erbium in various
glasses is given in Table 43.1.

Stimulated Emission Cross-Section
Stimulated transitions of rare-earth ions in glass tend
to be predominately driven by electric dipole interac-
tions [43.65]. For a given transition of interest, the
spontaneous emission probability can be expressed in
cgs units as [43.6, 85]:

A = 64π4e2χ

3h (2J +1) λ3
p

S (43.10)

where J is the total angular momentum of the up-
per lasing level, λp is the peak emission wavelength,
and χ is the local field correction factor. For electric-
dipole interactions of an ion in a dielectric medium,
χ ≈ n(n2 +2)2/9, with n the refractive index of the host
glass. S is the quantum-mechanical line strength for the
transition. Further, the peak stimulated emission cross-
section can be expressed in terms of the spontaneous
emission probability:

σp =
(

λ4
p

8πcn2∆λeff

)
A (43.11)

where ∆λeff is the effective linewidth of the tran-
sition. From (43.10) and (43.11), the host-dependent
factors that influence σp are the refractive index, the line
strength, the effective linewidth, and to a lesser extent the
peak emission wavelength (which typically varies only
slightly between different hosts). The local field cor-
rection factor is significant in hosts with large refractive

Table 43.1 Representative parameters for erbium ions embedded in various types of glass (after [43.61, 64, 65])

Glass host Refractive
index n

Peak stimulated
emission
cross-section
σp (10−21 cm2)

Metastable
lifetime τ (ms)

Quenching
concentration
ρq (1020 cm−3)

Effective
luminescence
bandwidth (nm)

Silica 1.46 7 12 − 11

Amorphous Al2O3 1.64 6 7.8 − 55

Aluminosilicate 1.5 5.7 10 3.9–6.0 43

Phosphate 1.56 8 10 3.9–8.6 27

Fluoride 1.53 5 9 3.8–5.3 63

Tellurite 2.1 13 3.3 − 80

Sulfide 2.4 20 2.5 3.2 −

index, and can result in an enhancement of the stimulated
emission cross-section and a reduction of the radiative
lifetime. This is especially true for chalcogenide glass
hosts, which typically have refractive index in the 2 to 3
range.

Metastable Lifetime
In the limit of low rare-earth dopant concentration, WET
in (43.9) is zero because the ions are sufficiently well
separated to negate their interaction. If the difference
in energy between the upper lasing level and the adja-
cent state is several times the effective phonon energy,
then WMP can be neglected to first order. Further ne-
glecting impurity quenching, we can then assert that
τ0 ≈ 1/A, where τ0 is the metastable lifetime in the
limit of low rare-earth concentration. From Einstein’s
relations, A ≈ σp, so it follows that τ0 ≈ 1/σp. In short,
hosts that result in an enhancement of the peak stimu-
lated emission cross-section (due to an enhancement of
the electric-dipole interaction or because of a high local
field correction factor) will also result in a reduction in
metastable lifetime. In other words, both stimulated and
spontaneous emission rates are enhanced.

The inverse scaling of stimulated emission cross-
section and metastable lifetime represents a tradeoff, as
it is generally desirable for the lifetime to be as large as
possible. Some of the advantages of long lifetime were
discussed in Sect. 43.3.1. In addition, the pumping effi-
ciency (gain per applied pump power) of a waveguide
amplifier scales directly with τ [43.6, 81] and, there-
fore, the threshold for CW lasing scales inversely with
τ [43.86].

Concentration Quenching
Glasses differ greatly in the amount of a given rare-earth
dopant that they are able to dissolve. To avoid problem-
atic ion–ion interactions, the rare-earth ions should be
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incorporated homogeneously into the glass structure. In
the extreme case of high concentration, the rare-earth
ions will form microscopic clusters (phase separation).
Such clustering is highly detrimental, as typically all
of the ions within a cluster are effectively removed
from the desired stimulated emission process [43.81].
As is well known [43.64, 65], the onset of clustering
occurs at quite small values (≈ 0.1 at %) in pure silica
glass. The addition of Al2O3 to SiO2 allows silica-based
fibers to dissolve a significantly higher concentration.
For example, a value of 10–20 for the Al ion to Er ion
concentration ratio has been shown to greatly reduce
clustering of Er ions in silica glass [43.86]. Interestingly,
the addition of Ga (with similar ratio) to chalcogenide
glasses has been shown to provide a similar reduction
in rare-earth ion clustering [43.41]. These additives es-
sentially modify the glass network, and create sites for
isolated rare-earth ions to be incorporated. For similar
reasons, multicomponent alumino-silicate and phospho-
silicate glasses have been favored in the development of
integrated waveguide amplifiers, where the rare-earth
concentration must be orders of magnitude higher than
in fibers [43.81].

Even in the absence of significant clustering, ion–
ion interactions can occur at high concentrations. This
is simply due to the reduction in inter-ion spacing, and
is exacerbated by any non-uniform (non-homogeneous)
distribution of the rare-earth ions in the glass host.
These interactions are manifested by a reduction in
the metastable lifetime, often well described by the
semi-empirical expression [43.61, 65]:

τ(ρ) = τ0

1+ (
ρ/ρQ

)p (43.12)

where ρ is the rare-earth ion concentration, ρQ is the
so-called quenching concentration, and p is a fitting
parameter (p ≈ 2 for interactions between pairs of ions).
The parameter ρQ is useful for comparing glasses in
terms of their ability to uniformly dissolve a given ion.

Phonon Energies
The characteristic phonon energies of a glass depend
on the weights of its constituent atoms and the strength
and nature (ionic or covalent) of its bonds. Typical val-
ues are shown in Table 43.2. The rate of multi-phonon
decay (WMP) between two energy levels depends expo-
nentially on the number of phonons required to bridge
the energy gap. Thus, the phonon energy has a great
impact on the ultimate efficiency of a desired radiative
transition. Low phonon energy can be a good or bad

thing, depending on the transition of interest and the
particular pumping scheme.

Mid- to far-infrared transitions of rare-earth ions
can exhibit reasonably high quantum efficiency in low
phonon energy hosts, such as fluoride, tellurite, and
especially chalcogenide glasses. If the same ions are em-
bedded in silicate or phosphate glasses, these transitions
are completely quenched by non-radiative processes at
room temperature. For this reason, rare-earth doped
chalcogenide glasses are of interest for realization of
long wavelength amplifiers and lasers [43.41, 64]. Also
unique to low phonon energy hosts is the possibil-
ity of efficient upconversion lasers [43.87]. In simple
terms, the long lifetimes of numerous energy levels al-
lows processes such as ion–ion interactions and excited
state absorption (ESA) to efficiently populate the higher
energy levels. By contrast, these levels are rapidly de-
populated by phonons in oxide glasses. On the other
hand, population of the higher levels is highly detri-
mental if the desired transition is between two lower
levels. For example, the efficient pumping of EDFAs
using 980 nm wavelength sources relies on the rapid
decay (via multiphonon processes) of ions from the
4I11/2 pumping level to the 4I13/2 lasing level. In flu-
oride and chalcogenide glass hosts, ions raised above
the 4I11/2 level tend to become trapped in higher
levels (so-called ‘population bottlenecking’ [43.65]).
Cerium co-doping has been shown to alleviate this
problem [43.66]. Another approach is addition of light
elements to the glass network, to increase the phonon
energy [43.79].

43.3.3 Progress Towards Integrated Light
Sources in Glass

Per the preceding discussion, important goals for
glass-based lasers include size reduction and the need
for simplified optical or (ideally) electrical pumping

Table 43.2 Characteristic maximum phonon energies for
a variety of glass hosts (after [43.6, 65])

Glass host Phonon energy (cm−1)

Borate 1400

Phosphate 1200

Silicate 1100

Germanate 900

Tellurite 700

Heavy-metal fluoride 500

Chalcogenide (sulfide) 450

Chalcogenide (selenide) 350
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Fig. 43.8 Spiral geometry demonstrated for Al2O3-based
waveguide amplifiers, where erbium was introduced by
ion implantation (left) and co-sputtering (right). The bright
green emission is a result of ion–ion interactions causing
up-conversion for the co-sputtered sample [43.89]

schemes. It should be noted that integration brings its
own advantages. As is well known, waveguide lasers
have greatly enhanced pump efficiency (gain per applied
pump power) relative to their bulk solid-state counter-
parts. This is due to the confinement of the pump beam
and the stimulated emission beam within a small vol-
ume. As explored recently in [43.88], this benefit scales
with confinement. Amplifiers based on very high index
contrast waveguides can have extremely high pump ef-
ficiency, as well as requiring only a small amount of
wafer real estate. Thus, while the gain per unit length is
limited by concentration quenching in rare-earth doped
glasses, devices can still be very compact through the
use of folded spiral waveguide layouts as illustrated in
Fig. 43.8 [43.89].

In terms of maximizing gain per unit length, phos-
phate glasses have produced the best results to date. This
is due to their ability to uniformly dissolve large concen-
trations of rare-earth ions, and the high cross-sections
exhibited by those ions. The high phonon energy can
also be an advantage as discussed above. Phosphate
glass disks (typically ≈ 1 mm thick) have been widely
used for realization of compact microlasers [43.90]
and ultrafast modelocked lasers with pulse length as
short as 220 fs [43.91] and repetition rate exceed-

ing 40 GHz [43.92]. Phosphate glass fiber lasers with
a length of only 7 cm have recently generated 9.3 W of
output power [43.93]. Sputtered phosphate glass waveg-
uides have produced gains exceeding 4 dB/cm [43.94].
More recently, a phosphate glass co-doped with 8 at %
erbium and 12 at % ytterbium was used to realize ion-
exchange waveguides exhibiting 4.1 dB gain in only
3 mm length [43.95]. At such high concentrations, the
rare-earth constituents can hardly be called dopants as
they exceed the concentration of some of the host glass
constituents.

On the theme of simplified pumping options, so-
called broadband sensitizers [43.96] are of great interest.
A broadband sensitizer is essentially a co-dopant that is
able to efficiently absorb pump energy over a wide wave-
length range and subsequently excite nearby rare-earth
ions to the desired lasing level. This might enable pla-
nar waveguide amplifiers that are pumped transversely
using low cost broadband light sources [43.64]. Silicon
nanoclusters (embedded in oxide glass) are receiving the
most attention at present. In addition to acting as a broad-
band sensitizer, there is evidence that these nanoclusters
can enhance the stimulated emission cross-section of
co-doped rare-earth ions by 1–2 orders of magnitude.
Han et al. [43.97] have reported a waveguide amplifier
(on a silicon platform) exhibiting signal enhancement of
7 dB/cm, in spite of a very low erbium concentration.
The same group has also reported gain using transverse
pumping by LED arrays [43.98]. Finally, the presence
of a large concentration of silicon clusters makes electri-
cal pumping a realistic possibility for some silicon-rich
oxide glasses [43.64].

It seems very likely that chip-scale glass-based lasers
are on the verge of playing a central role in pho-
tonics. These lasers will deliver moderate power in
a very small package, and will offer extreme spec-
tral purity or stable, high-repetion rate pulses. They
might even satisfy the long-standing desire for a silicon-
based laser [43.64, 91], facilitating the convergence of
photonics and electronics.

43.4 Summary

Glasses have numerous advantages (ease of component
fabrication, low scattering loss, flexible atomic struc-
ture) that have made them the workhorse material for
traditional bulk optics applications. These properties can
provide equal or greater advantage in the realization of
microphotonic devices and circuits. The glass transi-

tion can enable manufacturing techniques unavailable
to other materials, and realization of devices having sur-
face roughness approaching fundamental limits. Owing
to this, glasses underlie the highest Q microcavities and
some of the lowest loss photonic crystal and micropho-
tonic waveguides reported to date. The metastability
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of glass enables a rich array of processing and post-
processing options. Direct patterning of waveguides,
gratings, and other microphotonic elements by energetic
beams is widely studied. These methods of material
modification are also promising for post-fabrication
trimming of devices. On the other hand, metastabil-
ity has implications for processing and aging of glass
devices.

Rare-earth doped glasses offer numerous advantages
relative to other solid-state laser media, especially for
realization of ultra-low noise single frequency and ul-
trafast lasers. Recent advances have greatly increased
the maximum gain per unit length, and point to the po-
tential for compact, on-chip glass-based light sources.
Progress with respect to 2nd and 3rd order nonlinear ef-
fects in glasses is ongoing. It is expected that cm-scale
switching or pulse shaping devices based on glasses will
become feasible, at least for niche applications.

Overall, it is clear that glasses can contribute greatly
to the development of compact, low-loss, multifunction
optics integrated with electronics.

Defining Terms
Amorphous Metaloxides are glassy alloys of a transi-
tion metal with oxygen, typical examples being TiO2,
Ta2O5, Nb2O5, and Y2O3. In bulk form, these mater-
ials are typically polycrystalline or crystalline ceramics.
However, amorphous thin films can be deposited with
relative ease, and they have been widely used as high in-
dex layers in optical filter design and as dielectric layers
in the microelectronics industry.

Broadband Sensitizer is typically some species co-
doped along with rare-earth ions into a glass host,
in order to increase the pumping efficiency or radia-
tive efficiency of the rare-earth ions. Various sensitizers
have been demonstrated, including silicon nanoclusters,
silver ions, and other rare earth ions (such as in the
sensitization of erbium by ytterbium).

Chalcogenide Glasses are amorphous alloys containing
S, Se, and/or Te. Typical examples include Se, GeS2,
GeSe2, As2S3, As2Se3, and As2Te3. By intermixing
these and other binary chalcogenide glasses, a wide
variety of multicomponent glasses can be formed. Fur-
ther, a wide range of non-stoichiometric compositions
is possible. Several compositions have become stan-
dard industrial materials, including Ge33As12Se55 and
Ge28Sb12Se60. The chalcogenide glasses are character-
ized by narrow bandgaps and good transparency in the
mid to far infrared wavelength range.

Concentration Quenching refers to the reduction in
luminescence efficiency and luminescence lifetime of
a laser glass when the rare-earth dopant concentration is
high. Quenching is due to interactions between closely
spaced rare-earth ions at high concentrations. These in-
teractions create new pathways, other than the desired
radiative decay, for the ions to relax to the ground state
after they have been raised to a desired lasing level by
pump energy.

Devitrification refers to the transition of a glassy ma-
terial to its lower energy crystalline state. This process
is usually driven by thermal energy, such as if the ma-
terial is held at some characteristic temperature above
its glass transition temperature. The difference between
the crystallization temperature and the glass transition
temperature for a particular glass is one measure of its
stability.

Fluoride Glasses are multicomponent glasses, typically
based on fluorides of zirconium, barium, lead, gal-
lium, lanthanum, aluminium, and sodium. They have
a wide transparency range, from ultraviolet to mid-
infrared wavelengths. They also have low characteristic
phonon energies and can dissolve large concentrations of
rare-earth ions. For these reason, they are extremely pop-
ular as hosts for rare-earth doped amplifiers and lasers
operating in the UV-vis and mid-infrared regions.

Glass Transition Temperature is the approximate tem-
perature at which a material changes from a supercooled
liquid to an amorphous solid, or vice versa. The transi-
tion is marked by an abrupt but continuous change in
slope of the specific volume and enthalpy versus tem-
perature curves. Viscosity varies rapidly near the glass
transition temperature, which is also sometimes called
the softening temperature.

High Index Contrast refers to waveguides or devices
fabricated using two or more materials that have very
different refractive index. High index contrast is the basis
for the confinement of light to very small cross-sectional
area waveguides or very small volume optical cavities,
either using total internal reflection or photonic bandgap
effects. High index contrast thus is the basis for increased
density of optical integrated circuits.

Integrated Optics/Photonics refers to the manufacture
of photonic elements and circuits on a planar substrate,
typically using thin film deposition, lithography, and
etching steps. Typically, the substrate is a glass or semi-
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conductor wafer and the photonic elements are guided
wave devices.

Metastability is a term that refers to the non-equilibrium
nature of glasses or amorphous solids. Amorphous solids
have excess internal energy relative to the correspond-
ing crystalline state or states of the same material. The
method of manufacture, such as melt quenching, inhibits
a transition to the lowest energy crystalline state.

Microphotonics refers to the chip-scale manufacture of
optical and photonic waveguide circuitry, using pro-
cessing techniques borrowed from the microelectronics
industry. Related to this is the need for high-density
integrated optics, as facilitated by high index contrast
waveguides and photonic crystals. By usual definition,
microphotonics refers specifically to the monolithic
manufacture of optical and photonic elements on silicon
(CMOS) chips.

Photoinduced Effects are changes in the properties of
a glass induced by light, involving transitions between
metastable states of the glass or changes in defect sites
within the glass. Typically, a laser beam is used to locally
modify the refractive index, density, absorption coeffi-
cient, etc. of the glass. These processes are widely used
to pattern photonic structures such as Bragg gratings,
waveguides, and refractive lenses into glasses.

Planar Lightwave Circuit or PLC refers to the industri-
ally established processes for manufacturing integrated

optics devices in silica-based glasses deposited on sili-
con wafers. Typically, the glass layers are deposited by
chemical vapor deposition or flame hydrolysis. These
technologies were developed mainly for applications
in fiber optics, and are widely used to manufacture
wavelength multiplexers.

Reflow is the process of heating a glass above its glass
transition temperature, to the point that its viscosity is
sufficiently reduced to enable the material to flow. In
combination with surface tension effects or other exter-
nal forces, reflow is often exploited in the reshaping of
optical devices.

Supercooling Temperature is the difference between
the glass transition temperature and the in-use tem-
perature for a glass-based device. For a large (small)
supercooling temperature, the structural relaxation rate
is low (high).
Structural Relaxation is essentially an aging effect as-
sociated with glasses. Because glasses are metastable
materials with random network structures, they are in-
herently subject to short or long term changes in material
properties. Often, structural relaxation is manifested by
a change in specific volume (densification) at fixed
temperature versus time. The rate of such changes is
extremely sensitive to the difference between the glass
transition temperature and the observation temperature.
Structural relaxation can be induced rapidly by an an-
nealing step, in which the glass is heated near its glass
transition temperature for some period of time.
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