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1. Introduction and review
The process of ion exchange in glass has been known 
for well over a millennium. In large doses, ions intro-
duced into a glass matrix will form metallic clusters. 
The type of ion and size distribution of the particles 
produces a spectral attenuation in the glass, giving it 
a characteristic colouring. The aesthetic properties of 
ion exchanged glass were known to Egyptians of the 
sixth century, who used the process to colour glazed 
earthenware,(1) and the technique is also known to 
have been applied to the staining of window glass 
in the middle ages. Ion exchange as an engineering 
process was originally used to improve the surface 
mechanical properties of structural glass.(2–4) As glass 
fails in tension, the introduction of a compressive 
stress at the surface will increase the modulus of 
rupture. This can be accomplished by exchanging 
sodium ions in the glass with ions of greater size, 
such as silver (the process is often termed ‘ion stuff-
ing’). Interestingly, this concept has recently found 
photonics applications, increasing the thermal shock 
resistance of laser glasses.(5)

The fabrication of optical waveguides in glass 
by ion exchange was first achieved in 1972 using a 
melt containing thallium ions.(6) The Tl+–Na+ system 
was problematic due not only to the mild toxicity of 
Tl+, but also to the large index change (~0·1), which 

causes difficulty in repeatably producing single-
mode waveguides. Subsequently, Giallorenzi et al(7) 
produced waveguides using a melt containing silver 
ions, which today is by far the most common process. 
Other dopant ions include Cs+, Rb+, K+, and Li+.(8)

The creation of integrated optical devices (also 
referred to as ‘planar lightwave circuits’, due to the 
planar processing techniques used to fabricate them) 
in glass offers several obvious benefits over other 
technologies. Intrinsic absorption is very low in the 
near infrared region of the spectrum. Coupling losses 
to optical fibre are minimised due to the similarity in 
refractive index. In addition, glasses are amorphous, 
meaning that they exhibit no intrinsic material bire-
fringence, unlike crystalline semiconductors. This is 
not to say that birefringence is not an issue in glass 
waveguides – both the shape of the waveguide and 
the stresses that arise during fabrication contribute 
to birefringence, but with proper design, these can be 
balanced against each other to produce single-mode 
devices with very low polarisation dependence.(9)

In addition to ion exchange, other processes exist 
through which glass waveguides have been fabri-
cated. Most involve the deposition of thin glass films 
(e.g. chemical vapour deposition, flame hydrolysis 
deposition, sol-gel coating), followed by reactive ion 
etching to define the device geometry, and subse-
quent deposition of the overcladding. The multiple 
deposition steps and etching make these methods 
costly and time consuming. The benefits of ion 
exchange over competing glass based technologies 
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are numerous. Ion exchanged waveguides possess 
many desirable characteristics. It is very easy to make 
waveguides exhibiting very low propagation losses of 
less than 0·1 dB/cm. The increase in refractive index 
between the waveguide and the substrate is relatively 
small, allowing for easy fabrication of single-mode 
waveguides, and excellent mode matching to single-
mode fibre can be achieved through a technique of 
waveguide burial. Ion exchanged waveguides can 
exhibit very low birefringence across a broad range 
of waveguide widths.(10) This is critical for certain 
resonant devices(11) and devices that contain both 
single- and multimode waveguides.(12) The process 
is cost effective, requiring no complicated material 
growth steps following the photolithography that is 
common to all processes. Finally, it is tolerant to im-
perfections in the photolithography – edge roughness 
in the mask that defines the waveguide geometry is 
rendered less damaging due to the diffusive nature 
of the ion exchange.

The applications of integrated optics extend 
far beyond the telecommunications industry. One 
rapidly emerging field of study is the design of 
integrated optical sensors, in which a guided wave 
interacts with the environment, causing a perturba-
tion of the optical field. For sensor applications, glass 
based devices have a distinct advantage over those 
fabricated in semiconductors or inorganic crystals 
such as LiNbO3. Regardless of whether the sensor 
operates on refractometry or absorption, sensitivity is 
proportional to the overlap of the guided mode with a 
sensitised superstrate. Depending on the measurand, 
this layer is commonly based on organic compounds 
having an index of around 1·4–1·6, or an aqueous 
solution with an index near 1·33. These indices are 
very close to that of glass (n~1·5). The small dielectric 
barrier between the glass and the superstrate results 
in a large mode overlap, maximising the sensitivity.(13) 
In contrast, the higher indices of LiNbO3 (n=2·2 @ 633 
nm) and semiconductors (n>3) greatly reduce the 
influence of the superstrate. Of all glass waveguide 
technologies, ion exchange holds the most potential 
for sensor applications due to its low cost. Unlike 
telecommunications devices, many sensors are de-
signed to be disposable. 

With the introduction of the erbium doped fibre 
amplifier (EDFA) and the resulting importance of 
wavelength division multiplexed (WDM) telecom-
munication systems, there has been a recent em-
phasis on the development of glass-based devices 
that operate in the 1·55 μm wavelength range. Such 
devices include y-branches,(14) Mach-Zehnder inter-
ferometers,(15) and ring resonator gyroscopes.(16) The 
observation of ultraviolet photosensitivity in some 
glasses used for ion exchange(17) has supported the 
successful production of grating based devices.(18,19) 
Furthermore, the recently reported success in form-

ing waveguides by ion exchange in quantum dot 
doped glass shows promise for nonlinear device 
applications.(20) 

The ion exchange process has been utilised for the 
production of active devices as well. The earliest such 
devices were splitters that included an amplifying 
region to compensate for the splitting loss.(21) One tre-
mendous benefit of ion exchange over semiconductor 
based processes is the presence of hybrid substrates, 
glass wafers that consist of active and passive sections 
that have been joined together in the same plane.(22) 
In semiconductor processes, fabricating such a 
waveguide usually requires regrowth techniques.

Ion exchanged waveguide amplifiers have been 
extensively investigated and very impressive results 
demonstrated (Teem Photonics, www.teemphotonics.
com). However, they have achieved little practical 
success. Two major factors contribute to this. First, 
the short length of waveguide devices requires 
an extremely high gain per unit length in order to 
compete with fibre amplifiers. This necessitates a 
high concentration of rare earth ions within the glass, 
which eventually leads to a decrease in pumping 
efficiency due to cooperative upconversion. Second, 
unlike rare earth doped fibre, which has radial 
concentration and index profiles that are optimised 
for pump/signal/gain medium overlap, waveguides 
that are ion exchanged into a homogeneously doped 
substrate exhibit a relatively poor overlap, decreasing 
the gain. Waveguide amplifiers do have an advantage 
over their fibre based counterparts, nonetheless, in 
that the passive elements (pump–signal combiner, 
tap coupler for power monitoring, etc.) can be inte-
grated onto the same substrate as the amplifier. Ion 
exchanged waveguide lasers, however, are becoming 
increasingly popular. High reflectivity dielectric 
mirrors or Bragg gratings can be used to provide a 
net round trip gain in ion exchanged Yb3+/Er3+-doped 
waveguides of a few centimetres in length, leading 
to single longitudinal mode lasing.(23) Alternatively, 
the feedback may be provided by a grating etched 
directly into the active substrate.(24,25)

In the following sections, we first describe the dif-
ferent ion exchange configurations used in channel 
waveguide fabrication by using Ag+–Na+ exchange 
process as an example. Then we briefly describe an 
advanced modelling software that we have devel-
oped(26) and show examples of our recent experiments 
on different types of channel waveguides. Section 5 
gives a brief review of the recent device experiments 
of the ion exchange team at the University of Arizona. 
Finally in Section 6 we will give a short summary. 

2. Ion exchange processes

Previous authors have identified no fewer than seven 
different processing configurations for ion exchange, 
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which are summarized in Ref. 27. Of these, a sequence 
consisting of thermal exchange from a molten salt, 
with or without the presence of an applied electric 
field, followed by field-assisted burial and thermal 
annealing, has been shown to produce waveguides 
with the aforementioned desirable properties.

All ion exchange processes are described here as 
they pertain to the silver-sodium (Ag+–Na+) system of 
ions. Figure 1(a) illustrates the thermal exchange from 
a molten salt source through a metal-oxide mask. The 
mask is used to define the device geometry for the 
exchanges from molten salt. Ag+ ions are driven into 
the substrate from the melt by a chemical potential 
gradient, and in order to preserve charge neutral-
ity, Na+ ions are released into the melt. Once in the 
glass phase, Ag+ ions are redistributed by thermal 
diffusion. The dielectric mask serves to reduce the 
occurrence of metallic silver clusters which would 
otherwise form due to electrolytic deposition at 
the glass/mask interface.(28) Such clusters produce a 
spectral attenuation in the waveguides.

Thermal exchange may also be assisted by an 
applied electric field. A voltage Va is applied across 
the substrate of thickness d, with the anode plane at 
the masked surface, as shown in Figure 1(b). Under 
the influence of the resulting electric field, the Ag+ 
ions migrate deeper into the glass than they would 
in a purely diffusive process, and achieve a step like 
profile under the mask. This process is preferred 
when a buried waveguide requires high optical 
confinement.

The field assisted burial process step is shown in 

Figure 1(c). The substrate is placed in a melt con-
taining Na+ ions. A voltage Va is applied across the 
substrate, as with the field assisted thermal exchange. 
As the Ag+ ions migrate deeper into the glass, they 
are replaced by Na+ ions near the surface. Burial of 
the waveguide is beneficial in several ways. Reduc-
tion of the optical mode overlap with the substrate 
surface decreases propagation loss (which is caused 
by surface scattering), and birefringence (which arises 
due to the asymmetric boundary condition of the 
dielectric constant). Furthermore, the buried guide 
can be made to have nearly circular symmetry, which 
improves coupling efficiency to optical fibre.

Figure 1(d) illustrates the process step of thermal 
annealing. No external ion source or applied field 
is present, so the existing Ag+ ions are redistributed 
entirely through thermal diffusion at an elevated 
temperature. This process provides for fine adjust-
ment of the mode shape and birefringence.

3. Modelling of ion exchanged channel 
waveguides

3.1 Process modelling
The time evolution of silver ion concentration is 
derived in Ref. 29:
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where, DAg and DNa are the self diffusion coefficients of 
silver and sodium ions, respectively, and M=DAg/DNa 
is their ratio. CAg is the concentration of Ag+ ions, 
normalised with respect to the saturated concentra-
tion. The saturated concentration is dependent on 
the stoichiometry of the substrate and melt. Its exact 
value is generally unknown, but this problem is 
overcome by setting CAg=1 at the surface and using 
a corresponding value for the index increase Δn0 
at the surface (see Equation (2)) that is determined 
experimentally. Eext is the applied electric field, which 
is modelled as described below. T, k, and q are the 
absolute temperature, Boltzmann’s constant, and the 
electron charge, respectively. The first term on the 
right hand side of Equation (1) is the contribution to 
∂CAg/∂t arising from the concentration gradient of the 
Ag+ ions. The second term arises from the internal 
electric field due to the local distribution of dissimilar 
ions. When there is an externally applied field, as in 
the field assisted burial step, the third term represent-
ing ion drift must be included as well.

Solving Equation (1) subject to the boundary 
conditions listed in Table 1 produces the Ag+ con-
centration profile. The nonlinear Equation (1) has no 
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Figure 1. The four most common processing configurations 
for ion exchange. (a) thermal exchange from a molten salt. 
(b) field assisted exchange from a molten salt. (c) field as-
sisted burial. (d) thermal annealing
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analytical solution and a general solution requires 
numerical methods. In our model we employ the 
alternating direction implicit method of Peaceman & 
Rachford (PR-ADI).(30) This combines the computa-
tional efficiency of explicit methods and the stability 
of implicit methods. Each time step is divided into 
two half steps. In the first, partial derivatives are 
calculated explicitly with respect to one dimension, 
and implicitly with respect to the other. The process 
is then reversed for the second half step.

The boundary conditions on potential ϕ are slightly 
more complicated than those for ionic concentration. 
Realising that only the spatial derivatives of potential 
are required to solve Equation (1), we set ϕ=0 at the 
bottom of our simulation domain (y=h) and ϕ=U at 
the surface (y=0), where U=Vah/d. At the sides of the 
domain, |x|=W/2, we apply the Neumann condi-
tion ∂ϕ/∂x=0. This requires that the side and bottom 
boundaries of the domain are sufficiently far from the 
waveguide that ionic conductivity is homogeneous 
at the boundary.

Field modelling becomes more complicated when 
the field is applied through a mask. This situation 
arises during the field-assisted thermal exchange 
from melt, as shown in Figure 1(b). Furthermore, 
some applications require that the waveguide burial 
process be asymmetric in the x-direction.(31,32) In this 
case, a second mask is deposited onto the substrate 
following the initial thermal exchange. This mask has 
both open and closed regions within the simulation 
domain. As it is not possible for incoming Na+ ions 
to penetrate the mask during burial, a space charge 
layer builds up directly underneath the mask to com-
pensate for the electric field. Effectively, the mask acts 
as an electrical insulator. For these ‘selective’ field as-
sisted processes, the boundary condition on electrical 
potential at the surface is modified to force ∂ϕ/∂y=0 
in the masked regions. The boundary conditions for 
both full and selective burial are shown in Table 2.

To a first approximation, the electric field present 
during the full burial step is simply the voltage drop 
across the substrate divided by the substrate thick-

ness. However, the conductivity of the glass is inho-
mogeneous in the region of the waveguide, owing to 
the differing conductivities of the two ionic species. 
The result is a perturbation of both the magnitude and 
direction of the electric field lines in the vicinity of 
the waveguide. The field modelling procedure taking 
also the inhomogeneous conductivity into account is 
described in Ref. 26.

3.2 Optical modelling

To model the optical properties of an ion exchanged 
waveguide, we must first convert the Ag+ concentra-
tion profile to a refractive index distribution. The 
presence of Ag+ ions locally perturbs the index via 
three physical mechanisms; ionic size, ionic polaris-
ability, and induced stress. The stress-induced index 
change is relatively small in Ag+–Na+ exchange and 
is complicated to take accurately into account. We 
will concentrate on the other two contributions. 
A basic model predicts that both of them produce 
local changes in refractive index that are linearly 
proportional to the Ag+ concentration, and thus it is 
not necessary explicitly to separate the two effects.

The refractive index profile of the waveguide cross 
section can be expressed as

n(x,y,λ)=nsub(λ)+Δno(λ)CAg(x,y)	 (2)

where nsub(λ) is the substrate index before ion ex-
change and Δno(λ) is the increase in refractive index 
resulting from CAg=1, determined experimentally.

The electric field En of each scalar mode supported 
by the waveguide is found by solving the Helmholtz 
equation

(—2+k2)En=βn
2En	 (3)

where k=kon(x,y)=2πn(x,y)/λ is the wavenumber 
and βn is the propagation constant of the nth mode. 
While the scalar modes are useful in determining 
such waveguide characteristics as burial depth and 
waveguide-to-fibre coupling efficiency, modelling of 
birefringence requires that the individual components 
ETE,n and ETM,n of each mode be evaluated, with

Dn
kn

o
TE,n TM,n= -( )1

b b .
	

(4)

A semivectorial finite difference method intro-

Table 1. Boundary conditions on Ag+ concentration used 
in ion exchange modeling
Process	 Surface 		  Bottom	 Sides	
step	 (y=0)		  of domain	 of domain
			   (y=h)	 (|x|=W/2)
Thermal	 CAg=1	 (mask open)
exchange	 ∂CAg/∂y=0	 (mask closed)	 CAg=0	 CAg=0
from molten
salt
Field-assisted burial:
full	 CAg=0		  CAg=0	 CAg=0
Field-assisted burial: 
selective	 CAg=0	 (mask open)
	 ∂CAg/∂y=0	 (mask closed)	 CAg=0	 CAg=0
Annealing	 ∂CAg/∂y=0		  CAg=0	 CAg=0

Table 2. Boundary conditions on potential used in electric 
field modelling
Process	 Surface		  Bottom	 Sides
step	 (y=0)		  of domain	 of domain
			   (y=h)	 (|x|=W/2)
Full burial	 ϕ=U		  ϕ=0	 ∂ϕ/∂x=0
Selective burial	 ϕ=U	 (mask open)	 ϕ=0	 ∂ϕ/∂x=0
or field-assisted 	 ∂ϕ/∂y=0	 (mask closed)
thermal exchange
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duced in Ref. 33 and extended to variable node 
spacing in Ref. 34 is employed to solve Equation (3) 
with the appropriate discontinuity conditions of the 
normal field components.

To illustrate the accuracy of our modelling soft-
ware, we designed a two-mode waveguide to be 
fabricated in a Schott-BGG31 substrate (50 mm in 
diameter). For predetermined process parameters, we 
used slab waveguide experiments and prism coupler 
measurements to extract the following glass param-
eters for the first process step (thermal ion exchange 
at 553 K): DAg=1·1×10−15 m2/s , M=0·72, and Δn0=0·0340 
(at 1550 nm wavelength). At the burial temperature of 
528 K the value of DAg=5×10−16 m2/s was determined. 
The duration of the first step was 60 min and we used 
5 µm mask opening. The duration of the burial step 
was 5 min with an applied voltage of 275 V across a 
2 mm thick substrate. Figure 2 shows the modelled 
and measured mode intensity profiles for the even 
and odd mode of this two mode waveguide. The 
modes of the fabricated waveguide were selectively 
excited using an adiabatic mode combiner.(19) Next, 
a grating was written into the two mode waveguide 
by exposing the substrate to ultraivolet irradiation 
through a phase mask. Based on the measured Bragg 
wavelengths, the effective indices were determined. 

The measured effective indices are 1·4637 and 1·4575 
and the modelled ones are 1·4638 and 1·4575. The dis-
crepancy is only 10−4 – which is well within the limits 
of both measurement and processing uncertainty (the 
change in effective index change due to the grating, 
for instance, is on the order of 10−4).

4. Channel waveguide experiments

4.1 Burial depth of waveguides with different 
widths
In many devices, there is a need to use waveguides 
of different widths at different sections of an inte-
grated optical circuit. Examples of such devices are 
arrayed waveguide gratings (AWGs)(12) and devices 
based on multimode interference (MMI).(35) If these 
devices are fabricated using buried ion exchanged 
waveguides, significant losses are expected due to 
vertical waveguide misalignment at the junction be-
tween two waveguides having different widths. This 
is due to the fact that the burial depth is different for 
a channel waveguide and a slab waveguide having 
no lateral confinement.

We investigated the burial depth dependence 
on the waveguide width by fabricating buried 
waveguides in Schott-BGG31 glass (75 mm in diam-

Figure 2. (a) Modelled mode intensity profiles of the two-mode waveguide. (b) Measured mode intensity profiles of the 
two-mode waveguide
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eter) using mask opening widths ranging from 2–9 
µm.(36) The burial depth of the waveguide is defined in 
terms of the mode profile since that is more relevant 
in practical applications. The first step, thermal ion 
exchange, was performed in a 50:50 AgNO3/NaNO3 
melt at T=553 K for 4500 s. The second step, an 
unmasked field assisted burial, was done at T=523 
K for 2400 s with an applied voltage of 320 V across 
a 2 mm substrate thickness. To model these buried 
waveguides we used the following glass parameters: 
The self diffusion coefficient for Ag+ ions of 1×10−15 
m2/s at T=553 K and 3·5×10−16 m2/s at T=523 K, M 
value of 0·2 and the maximum index change of 0·03 
at the glass surface. The parameters were extracted 
from slab waveguide experiments and by using 
prism coupler measurements. The experimental 
results are plotted in Figure 3 and they agree well 
with the modelling results for M=0·2. The figure also 
shows the modelling results for M values of 0·5 and 
1 (keeping the self diffusion coefficient for Ag ions 
the same). As expected, the burial depth dependence 
on waveguide width decreases with increasing value 
of M and vanishes completely when Ag and Na ions 
have equal self diffusion coefficients.

4.2 Birefringence of buried waveguides

We also investigated the birefringence of buried 
waveguides having different widths.(10) The measured 
birefringence values for the fundamental waveguide 
modes, defined as Neff(TE-mode)–Neff(TM-mode), as 
a function of a mask opening width are shown in 
Figure 4. These very low values clearly demonstrate 
one of the most attractive features of ion exchanged 
waveguides, i.e. negligible birefringence. The values 
without post annealing are on the order of 10−5 for 
all mask opening widths. The modelling resulted in 
about 5×10−6 or larger values for the birefringence. 
These slightly larger values are due the fact that our 
model does not take the stress induced index increase 
into account, which is larger for TM modes compared 
to TE modes. The birefringence increases as a function 

of a mask opening width, since the wider waveguides 
are more elliptical increasing the form birefringence, 
while the stress induced birefringence has much 
smaller dependence on waveguide width.

The ellipticity of the waveguide can be significantly 
reduced by post annealing. During the annealing, Ag+ 
ions further diffuse and the waveguides become more 
circular. The more the sample is annealed the smaller 
the form birefringence becomes and at some point 
the stress induced birefringence becomes dominant. 
Eventually the sign of the birefringence is changed 
as demonstrated in Figure 5. With proper annealing, 
extremely low birefringence can be achieved for 
waveguides width broad range of widths.

4.3 Quantum dot doped channel waveguides 

One of the strengths of ion exchange technology is 
that it is well suited for active devices, which have 
gained a lot of attention recently. We have studied 
ion exchanged waveguides in semiconductor doped 
glasses(20) that have several advantages over their epi-
taxially grown counterparts. Doped glasses are easier 
and less expensive to fabricate than structures grown 
through epitaxial techniques. Suitable thermal treat-
ment of a glass containing the chemical components 
of a semiconductor can precipitate semiconductor 
quantum dots (QDs) with narrow size distributions, 
few substitutional defects, and few dangling bonds. 
The 3D quantum-confinement of the semiconduc-
tor QDs allows us to tailor the optical absorption. 
These properties make QD-doped glass an attractive 
candidate for the production of nonlinear photonic 
devices.

The PbS QDs studied here have radii (2–5 nm) 
smaller than the bulk exciton Bohr radius (18 nm), 
which places them within the strong 3D-confine-
ment limit. The small bulk bandgap energy (0·4 
eV @ 300 K) allows us to tune the ground excited 

Figure 3. The burial depth variation as a function of mask 
opening width. The solid line corresponds to the linear fit 
for the experimental data and the dashed lines correspond 
to the linear fit for the modelled data
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state transition throughout the near infrared, which 
includes telecommunications wavelengths (1300 and 
1550 nm). Figure 5(a) shows the room temperature 
absorption spectra of PbS QD-doped glasses with 
different dot radii.

We first tried Ag+–Na+ ion exchange for channel 
waveguide fabrication. However, metallic silver na-
nocrystal formation within the glass resulted in lossy 
waveguides. Due to the high loss in these silver ion 
exchanged waveguides, we investigated K+–Na+ ion 
exchange. At a given temperature, the self diffusion 
coefficient of K+ ions is several orders of magnitude 
smaller than that of Ag+ ions. By increasing the 
temperature and exchange times, we were able to 

produce low loss surface channel waveguides using 
a pure KNO3 salt melt. Excluding the absorption due 
to quantum dots, we measured a guide loss of <0·5 
dB/cm for our QD-doped channel waveguides.

These waveguides not only provide optical con-
finement, but they are semi-homogeneously doped 
with PbS QDs. Figure 5(b) shows luminescence from 
samples with and without ion exchange and from 
an ion exchanged waveguide. There is no noticeable 
difference between these spectra, which demonstrates 
that the optical properties of the quantum dots remain 
unchanged through the ion exchange process.

5. Device demonstrations

5.1. Add-drop wavelength filter
In a point-to point dense wavelength division mul-
tiplexing system (DWDM), multiple wavelengths 
are coupled into optical fibre by a wavelength mul-
tiplexer at the transmitter end. At the receiver end, 
those wavelengths are fanned out by a wavelength 
demultiplexer. This point-to-point fibre optic network 
forms the backbone of the DWDM transmission sys-
tem. Wavelength add/drop filters are required to have 
access to the individual wavelengths at any point of 
the system. The difference between a demultiplexer 
and an add/drop filter is that the add/drop filter not 
only has the function of demultiplexing, but also 
has the function of wavelength routing or coupling. 
It can drop (or add) the required one wavelength 
from (or to) the fibre network without affecting the 
transmission of other wavelengths. A wavelength 
channel add/drop filter is a key device in fibre optical 
networks.

The device we have proposed for this application 
is an ion exchanged waveguide add/drop wavelength 
filter(18) shown schematically in Figure 6(a). Two 
buried single mode waveguides of different widths 
are brought together adiabatically into a two mode 
section. The two mode section is later separated 
again into the two single mode waveguides. Bragg 
gratings are ultraviolet written at a small angle in 
the two mode section. The filter functions as fol-
lows: input signals on the narrow waveguide are 
coupled to the odd mode of the two-mode section. 
For wavelengths on resonance, a tilted grating breaks 
the orthogonality of the two modes and reflects the 
signal to the backwards propagating even mode. 
This propagates back out of the wide ‘drop’ port. 
Wavelengths off resonance pass through the Bragg 
grating and continue on to the narrow output port. 
Additionally, a signal on resonance at the dropped 
wavelength can be added through the fourth port. A 
fabricated device yielded excellent results (see Figure 
6(b) with a 20 dB extinction ratio and a 0·4 nm 3 dB 
bandwidth. More recently, we have performed a 
detailed theoretical and experimental analysis of our 
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Figure 5. (a) Room temperature absorption spectra of 
PbS QD-doped glasses with mean QD radii R. The solid 
line (R=2·2 nm) represents the sample in which the ion-
exchange waveguides have been fabricated. (b) Lumines-
cence from PbS QD-doped waveguides (solid line) and in 
this glass before (dotted line) and after (dashed line) ion 
exchange along with QD absorption (open circles)
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add/drop devices.(19) The theoretical analysis includes 
the ion exchange modelling, optical modelling of the 
waveguides, grating modelling and full analysis of 
the device. The theoretical results are in excellent 
agreement with the experiments.

5.2. Er-doped waveguide lasers

Perhaps the most attractive recent use of ion 
exchanged waveguides is to employ them in an 
Er-doped glass substrate, with the goal to develop 
compact glass waveguide amplifiers and lasers for 
1550 nm wavelength region. We have investigated 
the use of an Ag film ion exchange technique for fab-
rication of waveguide lasers in Er-doped phosphate 
glass.(37,23) The first process step introduces Ag+ ions in 
the glass just beneath the surface, where they replace 
Na+ ions and locally increase the refractive index of 
the glass, thus forming a waveguide. In contrast to 
conventional ion exchange processes using molten 
salts as ion sources a thin silver film is used as an ion 
source in Ag film ion exchange. The silver ions are 
released from the film and driven into the glass with 
an electric field. The second step of the process is a 
simple thermal annealing to modify the waveguide 
profile. Compared to the molten salt ion exchange 
processes the Ag film ion exchange has its unique 

advantages, especially when a ‘difficult’ substrate 
such as a phosphate glass is used. Phosphate glasses 
are preferred for erbium doped waveguide amplifiers 
(EDWA) and lasers because of the high solubility of 
rare earth ions in phosphate glasses, which allows 
doping high erbium concentrations without signifi-
cant lifetime reduction. However, phosphate glasses 
react easily with molten salt baths and etchants used 
to remove the diffusion mask, resulting in damage 
to the surface. Also, hybrid substrates containing 
active and passive regions are required when active 
and passive devices are integrated monolithically in 
a single substrate. Molten salt baths can easily dam-
age the joint between the active and passive regions. 
Therefore a gentle waveguide fabrication process, 
which does not damage the surface of the glass nor 
the joint between the active and passive regions, is 
preferred. This will ensure low propagation losses 
and allows repeatable subsequent photolithographic 
processing of the glass, e.g. for fabrication of DBR 
gratings for waveguide lasers. 

We have demonstrated that Ag film ion exchange 
is a gentle technique without the use of salt melts 
or strong etchants and causes no damage to the 
surface of phosphate glass. High quality surface 
waveguides can be fabricated in rare earth doped 
phosphate glasses. The process can be performed at 
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Figure 6. (a) Schematics of the add/drop wavelength filter. (b) The measured performance of a fabricated device
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low temperatures and a photoresist can be used as 
a diffusion mask. The use of a photoresist as a mask 
makes the channel waveguide patterning as simple 
and accurate as possible. 

 We have recently developed the process to fabri-
cate Ag film ion exchanged waveguides in commer-
cially available Schott IOG-1 phosphate glass, which 
is doped with very high concentrations of erbium 
and ytterbium. Typical doping levels are 1·15 wt% 
Er2O3 (1·0×1020 ions/cm3) and 4·73 wt% Yb2O3 (4·0×1020 
ions/cm3). For single mode channel waveguides the 
mask aperture widths in the photoresist range from 
2–10 µm and the ion exchange is done at ~100°C for 
about 1 h with a voltage of ~100 V. After removing the 
remaining silver film and resist, the glass substrate 
is annealed at ~230°C for about 2 h. The propagation 
losses of our waveguides are ~0·15 dB/cm.

Multi wavelength laser arrays can conveniently be 
fabricated by using a simple surface relief grating and 
varying the width of waveguides in the array. These 
were first demonstrated by molten salt potassium ion 
exchange.(24) The wavelength range demonstrated was 
only about 0·3 nm (less than 50 GHz) due to the low 
index change resulting from potassium ion exchange. 
Our group recently demonstrated that the use of Ag 
film ion exchange in this type of a DBR waveguide 
laser array can result in much broader wavelength 
range (covering six ITU grid wavelengths).(37) Molten 
salt silver ion exchanged multiwavelength DFB 
laser arrays based on the same idea have also been 
demonstrated.(25)

A schematic diagram of our waveguide laser array 
is shown in Figure 7(a). The laser cavity is imple-
mented with a broad band high reflection dielectric 
mirror on one end and a surface relief grating on the 
other end. An array of lasers lasing at different wave-
lengths can be fabricated by changing the width of the 
waveguides and keeping the period of the grating the 
same. The effective index of the waveguide depends 
on the width of the waveguide, which changes the 
Bragg wavelength. By controlling the width of the 
waveguides, each channel can be designed to lase 
at different ITU (International Telecommunica-
tion Union) specified wavelengths. The number of 
wavelengths that can be implemented with a single 
grating depends on the maximum index change that 
can be obtained by the fabrication process. Our Ag 
film ion exchange has the advantage of producing a 
larger index change compared to molten salt proc-
esses. The surface relief gratings in our lasers were 
fabricated holographically on the photoresist at the 
surface of the glass and then transferred into glass by 
Argon ion milling. Figure 7(b) shows the measured 
performance for the 5 µm wide waveguide at 1540·2 
nm wavelength. For a coupled pump power (980 nm 
wavelength) of 145 mW, the output power was 11 mW 
with a threshold of 60 mW and a slope efficiency of 

13%. The inset shows the output from a Fabry–Perot 
scanning interferometer measurement demonstrating 
single frequency operation. The resolution of our 
interferometer is 2·7 MHz, which is insufficient to 
measure the narrow linewidth of this laser.

In addition to the waveguide lasers using a sin-
gle-mode pump laser diode, we recently proposed 
and demonstrated a novel erbium doped planar 
waveguide laser configuration, which enables easy 
pumping using low cost multimode semiconductor 
lasers.(23) The device was fabricated by Ag film ion 
exchange in a hybrid phosphate glass having Er-
doped and passive regions monolithically integrated 
in a single substrate. To our knowledge this is the first 
successful device demonstration using the monolithic 
hybrid glass, which enables integration of active and 
passive ion exchanged devices in a single substrate. 
This feature is crucial for the success of active planar 
waveguide devices for fibre optic communications.

6. Summary

Ion exchange in glass has been used successfully for 
many years in the fabrication of waveguide devices. 
Accurate modelling and design of these devices has 
become more important as the complexity of the 
devices has increased and more exotic glass sub-
strates are being used. Previous efforts at modelling 

Figure 7. (a) Schematics of a DBR waveguide laser array 
implemented with a surface relief grating and a dielec-
tric mirror on Ag film ion exchanged waveguides. (b) 
Laser output power as a function of pump power for a 5 
µm waveguide. Inset shows the output from a scanning 
Fabry–Perot interferometer measurement
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the process were simplistic at best, neglecting such 
important effects as conductivity variations within 
the waveguide and influence of the mask structure 
during electric field assisted process. In addition, 
previous models were based on algorithms that ex-
hibited instability for commonly encountered vales of 
M. We have developed a model using the more stable 
Peaceman–Rachford alternating direction implicit 
algorithm to solve the two-dimensional binary dif-
fusion equation describing ion exchange. Arbitrary 
mask configurations – and the resulting electric field 
profiles – are allowed, as is concentration dependent 
electrical conductivity in the region of the waveguide. 
To analyse properly the modelled waveguides, a 
semivector finite difference method was developed 
to calculate the mode fields and effective indices.

We have used our waveguide design model in 
connection with a variety of waveguide and device 
experiments, which have demonstrated an excellent 
agreement between theory and experiments. Our 
channel waveguide experiments show that the burial 
depth of ion exchanged waveguides depends on 
the waveguide width. This undesirable feature has 
to be taken into account when designing devices. 
Properly tapering the waveguides between sections 
of different widths should solve the problem in most 
cases. We have also demonstrated that extremely low 
birefringence in ion exchanged channel waveguides 
having different widths can easily be achieved, which 
is a highly attractive feature especially in telecom-
munications applications. Regarding the passive 
devices, we described an ion exchanged add/drop 
wavelength filter utilising an ultraviolet written 
grating. This filter is a good example of a device, in 
which low birefringence is required in waveguides 
with varying widths.

For our passive devices we have mostly relied 
on molten salt Ag+–Na+ ion exchange. However, 
in active devices employing doped substrates this 
process is not always the best choice. We have shown 
that K+–Na+ ion exchange gives excellent results in 
connection with quantum dot-doped glasses. With 
luminescence measurements we demonstrated that 
the optical properties of the quantum dots are not 
affected by the ion exchange process. Regarding 
Er-doped waveguide lasers using phosphate glass 
substrates, we have demonstrated that a dry Ag 
film ion exchange technique is an excellent choice. 
Using this process we have demonstrated novel high 
performance waveguide laser configurations.

To conclude, ion exchange in glass continues to 
be an important fabrication technology for planar 
photonic circuits. It has unique features, which 
makes it an attractive choice compared to other glass 
waveguide technologies. The low birefringence in 
passive devices is one of them. To fully benefit from 
the ‘chip’ scale integration, in future studies it will 

be beneficial to put emphasis on array devices. These 
could include arrays of dispersion compensators and 
all-optical packet header recognition devices.(38) As for 
the active devices, there are numerous possibilities in 
using rare earth and quantum dot-doped glasses as 
well as other even more exotic glass hosts.
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