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ABSTRACT

In this work, properties of Ag thin-film ion exchange in Schott IOG-1 phosphate glass has been studied. Emphasis
has been put on finding the proper diffusion parameters (self-diffusion coefficient for Ag+ ions and the mobility
ratio between the participating ions) at process temperatures of 90◦C and 230◦C. In order to extract the diffusion
parameters a following procedure was utilized: An ion-exchanged slab waveguide was fabricated using the same
process conditions as in the case of a two-dimensional waveguide fabrication. After slab waveguide fabrication,
the effective refractive indices of the propagating modes were measured by prism coupling. Thereafter, a smooth
refractive index profile was constructed by improved inverse Wentzel-Kramers-Brillouin method. This refractive
index profile was compared with the Ag+ ion concentration profile calculated from the diffusion equation by
Crank-Nicolson method. The self-diffusion coefficient for Ag+ ions and the ratio of the self-diffusion coefficients
of Ag+ and Na+ ions were varied until convergence between the refractive index profile and the concentration
profile was found. Using the diffusion parameters obtained from these experiments, two-dimensional waveguide
mode profiles were calculated by finite difference method. These theoretically obtained mode profiles were
compared with the measured mode profiles with different mask opening widths.

1. INTRODUCTION

Silver-sodium thin-film ion exchange is a powerful method for fabricating waveguides for integrated optics com-
ponents. Being a dry process, this Ag+−Na+ ion exchange is particularly well suited for fabricating components
in phosphate glass that is known to have chemical durability issues when used with molten salt processes. In
spite of this, phosphate glass is an attractive choice for waveguide lasers due to its high solubility of rare earth
ions enabling high gain values in short cavity lengths. Quite recently, many waveguide lasers have been realized
in phosphate glass, either using Ag+ − Na+ or K+ − Na+ ion exchange.1–4 Compared with K+ − Na+ ion
exchange, Ag+ − Na+ ion exchange produces higher maximum refractive index change in the glass resulting in
smaller mode profile dimensions and wider wavelength tunability in waveguide laser arrays that use a common
feedback grating.

Several key process parameters, e. g., self-diffusion coefficient DAg, the ratio of the self-diffusion coefficients of
Ag+ and Na+ ions (also called mobility M), and diffusion length, can be deduced from the combined information
of refractive index and concentration profiles. Knowledge of these parameters and the maximum refractive index
change ∆nmax obtained from the refractive index profile analysis enables us to find out the light guiding properties
in waveguides and, therefore, to control these properties by choosing proper process conditions. Parameter
extraction through comparing the theoretically calculated concentration profiles with the measured ones from
one dimensional slab waveguides was performed by Honkanen et al.5 These experiments were carried out in
borosilicate glass (Corning 0211) and at temperatures well above (> 299◦C) the postbake temperature of 230◦C
used in this study. Therefore, the diffusion parameters extracted from these experiments are not applicable as
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such at process conditions used to fabricate two-dimensional channel waveguides in phosphate glass. Self-diffusion
coefficient is known to have a strong dependence on temperature; it inceases exponentially with the inverse of
temperature.6 In this work, we adopt a similar approach as Honkanen et al. to define the self-diffusion constant
and the ratio of the self-diffusion coefficients of Ag+ and Na+ ions at ion exchange and postbake temperatures,
and we then proceed to calculate the theoretical mode profiles for waveguides with varying mask opening widths
at signal (1535 nm) and pump (980 nm) wavelengths, and finally compare the results with the measured mode
profiles. The signal wavelength was chosen to be equal to 1535 nm since the gain maximum of erbium doped glass
occurs at this wavelength, and therefore provides the lowest threshold and the highest output power available
from Er3+-doped glass lasers. However, the mode profile dimensions are approximately the same within the
whole C-band.

2. THEORETICAL BACKGROUND

Theory of the waveguide fabrication by Ag+ − Na+ thin film ion exchange has been presented in depth in
Refs. 7–9. In electric field assisted binary ion exchange, the effect of both thermal diffusion and ion migration
due to the force qE caused by the driving electric field must be taken into account. The time evolution of the
concentration profile can be described by the equation9

∂C

∂t
=

D∇2C

C(M − 1) + 1
− D(M − 1)(∇C)2 + MJ0 · ∇C

[C(M − 1) + 1]2
, (1)

where D is the diffusion coefficient of Ag+ ions, M is the ratio of the self-diffusion coefficients of the ions
participating in the ion exchange, or DAg/DNa, C is the normalized Ag+ ion concentration, and J0 represents
the normalized ion flux due to the applied electric field.

The electric field assisted diffusion equation (1) must be solved with appropriate boundary conditions. Thin
film Ag+ − Na+ ion exchange can be considered as an electrolysis process in which positively charged Ag+ ions
drift from a solid electrolyte (silver anode) towards the silver cathode.7, 9 The ion flux JAg is perpendicular to
the surface chosen here to be along y-direction. The surface boundary condition is given therefore by

JAg = J0. (2)

The Ag+ ion flux on other surfaces is zero. The normalized ion flux J can be solved if we combine both the
effect of thermal ion diffusion and the ion migration due to the applied field, and can be written as9

J =
−D∇C + MCJ0

C(M − 1) + 1
. (3)

By substituting Eq. (2) into Eq. (3), the boundary conditions for thin film Ag+ − Na+ ion exchange can be
presented in a more useful form as

∂C

∂y
=

{
J0 (CAg − 1) /D surface in contact with a silver thin film source
0 other surfaces .

2.1. Solving the 1-dimensional diffusion equation with the Crank-Nicolson method

Since our method involves calculation of the Ag+ ion concentration profile in a slab waveguide, it is enough to
solve the one-dimensional diffusion equation

∂C

∂t
=

D ∂2C
∂x2

C(M − 1) + 1
− D(M − 1)

(
∂C
∂x

)2

[Cs
i (M − 1) + 1]2

+
MJ0 · ∂C

∂x

[C(M − 1) + 1]2
(4)

with appropriate boundary conditions. Equation (4) is a one-dimensional time-dependent parabolic partial-
differential equation which can be solved efficiently by Crank-Nicolson method.10 In the following we show how
the concentration profile at advanced moment Cs+1 can be determined by solving a matrix equation where
the knowledge of the concentration profile values at different spatial nodes i at the moment s are preserved in
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a tridiagonal matrix Ξ and the inhomogeneous vector Θ. The resulting tridiagonal system can be solved by
Gaussian elimination.11

The partial derivatives in Eq. (4) can be expressed in finite difference form as

∂C

∂t
≈ Cs+1

i − Cs
i

δt
(5)

for the temporal derivative, and
∂C

∂x
≈ Cs

i+1 − Cs
i−1

2δx
(6)

and
∂2C

∂x2
≈ Cs

i+1 − 2Cs
i + Cs

i−1

(δx)2
(7)

for the spatial derivatives. Superscripts describe the value of the concentration profile C at moments s and s+1.
The timestep is equal to δt. The value of C at the moment s is known while the value of C at the advanced
moment s + 1 is to be calculated based on the data at earlier moments s. Subscripts denote the spatial node
indices. The spatial step is equal to δx. By inserting the partial derivatives (5)-(7) we obtain

Cs+1
i − Cs

i

δt
=

D

Cs
i (M − 1) + 1

1
2

[
Cs

i+1 − 2Cs
i + Cs

i−1

(δx)2
+

Cs+1
i+1 − 2Cs+1

i + Cs+1
i−1

(δx)2

]
(8)

− D(M − 1)
[Cs

i (M − 1) + 1]2

[
Cs

i+1 − Cs
i−1

2δx
· Cs+1

i+1 − Cs+1
i−1

2δx

]
(9)

− MJ0

[Cs
i (M − 1) + 1]2

1
2

[
Cs

i+1 − Cs
i−1

2δx
+

Cs+1
i+1 − Cs+1

i−1

2δx

]
. (10)

By arranging the terms and by multiplying both sides by 2δx(Cs
i (M−1)+1), the above equation can be obtained

into a more convenient form
χ−1C

s+1
i−1 + χ0C

s+1
i + χ+1C

s+1
i+1 = θ, (11)

where

χ−1 =
D

δx
+

1
2δx

D(M − 1)(Cs
i+1 − Cs

i−1)
Cs

i (M − 1) + 1
+

J0M

2(Cs
i (M − 1) + 1)

, (12)

χ0 =
−2D

δx
− 2δx(Cs

i (M − 1) + 1)
δt

, (13)

χ+1 =
D

δx
− 1

2δx

D(M − 1)(Cs
i+1 − Cs

i−1)
Cs

i (M − 1) + 1
− J0M

2(Cs
i (M − 1) + 1)

, (14)

and

θ =
−2δx(Cs

i (M − 1) + 1)Cs
i

δt
− D(Cs

i+1 − 2Cs
i + Cs

i−1)
δx

+
MJ0(Cs

i+1 − Cs
i−1)

2(Cs
i (M − 1) + 1)

. (15)

The concentration profile C at advanced time can be therefore determined by solving the matrix equation

Ξc = Θ, (16)

where Θ is a vector of the inhomogeneous terms θ, c contains the desired concentration values, and

Ξ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

χ0 χ+1 0 0 . . . 0

χ−1
. . .

. . .
...

0
. . . . . . . . .

0
. . . . . . . . .

...
. . . . . . . . .

0 . . .
. . . . . .

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.
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2.2. Refractive index profile by inverse Wentzel-Kramers-Brillouin method

Determining the refractive index profile (refractive index vs. depth) from the measured mode index data is
an inverse problem utilizing Wentzel-Kramers-Brillouin (WKB) approximation widely deployed in quantum
mechanics to calculate the energy eigenstates of electrons in a potential well.12, 13 WKB approximation is
applicable in cases where the potential, V (x), is a slowly varying function of x. The analogy to the guided modes
in a diffused waveguide is obvious at this point: the graded refractive index profile of an ion-exchanged slab
waveguide represents the slowly varying potential and the guided modes measured by prism coupling method
correspond to the bound states of the electron.14 The characteristic equation for the mth order mode in a slab
waveguide is given by

k

∫ xt(m)

0

[
n2(x) − N2(m)

]1/2
dx = mx + φa + φs, (17)

where k is the wavevector in free space, n(x) is the refractive index profile, N(x) corresponds to the effective
refractive index of the mth mode. m is the mode index number (in case of real physical modes m is an integer),
φa is the phase change at the waveguide-air interface, and φs is the phase change at the turning point xt.

The phase change at the surface-waveguide interface can be derived from Fresnel’s equations of reflection for
s- and p-polatizations and is given by14, 15

2φa = 2 arctan

{
ra

[
N2(m) − n2

a

n2
0 − N2(m)

]1/2
}

, (18)

where na is the refractive index of air, parameter ra is 1 for quasi TE-polarization and (n0/na)2 for quasi TM-
polarization, and n0 is the maximum refractive index reached close to the waveguide-air interface. The phase
shift at the turning point φs can be derived from the boundary conditions in the WKB approximation and
corresponds to a value of π/4.12, 13

In 1984, Chiang16 proposed a novel solution to the inverse WKB problem in diffused waveguides. In this
approach, an advantage is taken of virtual modes corresponding to non-integer mode numbers m. In this way,
a smooth index profile can be constructed, smoothness depending on the number of mode indices in contrast to
the earlier methods in which the index profile consists only as many points as there are real modes propagating
in the waveguide.16 In Chiang’s approach, the measured refractive indices are first arranged in increasing order
of the mode index number mi. By fitting a suitable continuous function to the measured refractive index values,
the estimates for the peak index n0 at m0 and the refractive indices for the virtual modes at mi are obtained.
The mode index number corresponding to the maximum refractive index at x = 0 is obtained from Eq. (17) by
noting that the left hand side of the equation has to be zero (n0 = n(0) = N(m0)) and by substituting the value
of π/2 for the phase change φa (calculated from Eq. (18)). We therefore conclude that the virtual mode number
m0 for the peak refractive index n0 has to be −0.75. In Chiang’s approach, the left hand side integral in Eq. (17)
is replaced by a sum

I ∼= k
{(

N̄2
1 − N2

i

)1/2
(x1 − x0) +

(
N̄2

2 − N2
i

)1/2
(x2 − x1) + . . . +

(
N̄2

i − N2
i

)1/2
(xi − xi−1)

}
(19)

= k

⎧⎨
⎩xi

(
N̄2

i − N2
i

)1/2
+

i−1∑
j=1

xj

[(
N̄2

j − N2
i

)1/2 − (
N̄2

j+1 − N2
i

)1/2
]⎫⎬
⎭ , x0 = 0, (20)

where N̄i is the average value given by N̄i = (Ni + Ni−1)/2 for i = 1, 2, 3, . . . The right hand side of Eq. (17) is
equal to

αi = miπ + φa(N(mi)) + π/4, i = 1, 2, 3, . . . . (21)

Next, Eqs. (20) and (21) are combined and solved for the turning point xi corresponding to a refractive index
Ni:

xi =
αi − k · ∑i−1

j=1

{
xj

[(
N̄2

j − N2
i

)1/2 − (
N̄2

j+1 − N2
i

)1/2
]}

k
(
N̄2

i − N2
i

)1/2
i = 1, 2, 3, . . . (22)
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3. SLAB WAVEGUIDE EXPERIMENTS AND PARAMETER EXTRACTION

An IOG-1 phosphate glass sample was coated by a 500 nm-thick silver layer on both sides of the substrate. Silver
ions were driven with an electric field assisted ion exchange into the glass in a temperature controlled oven. At
the anode, which acts also as an ion source, the oxidation reaction (Ag −→ Ag+ +e−) takes place. The reduction
of Na+ ions occurs at the cathode side. Ion exchange was performed at temperature of 90◦C with a voltage of
200 V applied over a 1.5 mm thick substrate. During the process, the silver ion current and the temperature
were detected with a multimeter and a thermocouple. After ion exchange, the remnants of the silver film were
removed in NH4OH/H2O2 wet etch. The effective indices of the modes propagating in a slab waveguide were then
measured by prism coupling. The refractive index profile was constructed according to Chiang’s recursive IWKB
algorithm described in Section 2.2. Thereafter, Ag+-ion concentration profile was simulated by Crank-Nicolson
method (Section 2.1) by varying the self-diffusion coeffient (D) and the ratio of the self-diffusion coefficients of
Ag+ and Na+ ions (M) until convergence with the refractive index profile was achieved. It was concluded that
the self-diffusion coefficient of Ag+ ions and the ratio of the self-diffusion coefficients of Ag+ and Na+ ions in
IOG-1 glass are approximately 5 × 10−18 m2/s and 0.7 at process conditions used to fabricate two-dimensional
waveguides (T = 95◦C, U = 200 V).

Ion exchange was followed by annealing at 230◦C for 90 min during which the silver ions driven into the glass
diffuse deeper to the glass. The self-diffusion coefficient of Ag+ ions and the ratio of the self-diffusion coefficients
of Ag+ and Na+ ions were estimated in a similar manner as described above but this time with a zero current
J0 in Eq. 1, since no electric field was applied during the thermal postbake. The diffusion coefficient obtained
in this way was approximately 2 × 10−16 m2/s (diffusion coefficient 3 × 10−16 m2/s giving an equally good fit)
and the ratio of the self-diffusion coefficients of Ag+ and Na+ ions ratio was equal to 0.7. The maximum index
change produced by replacing Na+ ions by Ag+ ions was estimated to be 0.074 and 0.075 at 1535 nm and 980 nm
wavelengths, respectively.

4. CHANNEL WAVEGUIDE RESULTS

Using the above estimates for the self-diffusion coefficients, the ratio of the self-diffusion coefficients of Ag+ and
Na+ ions, and the maximum refractive index change, waveguide mode profiles were theoretically calculated by
finite difference time method using a software developed earlier in our group. The calculated and measured mode
profiles are presented in Fig. 1 for mask opening width of 3 µm at signal (1535 nm) wavelength. The corresponding
calculated and measured mode profiles at pump (980 nm) wavelength are shown in Fig. 2. Measured mode profiles
appear to have a slightly elliptic shape with increasing ellipticity as a function of a mask opening width while
the theoretical mode profiles show the smallest ellipticity for the waveguide with a mask opening width of 3 µm
at signal wavelength. Other theoretically modeled waveguides show increasing ellipticity with a mask opening
width. Here, ellipticity is defined as

e =

√
a2 − b2

a2
, (23)

where a is the major semiaxis and b is the minor semiaxis. Zero ellipticity indicates that the mode width and
height are equal. It does not mean, however, that the mode is circular since ion-exchanged waveguide modes
are typically asymmetric with regards to the horizontal axis. Both annealing and burial reduce this asymmetry.
Theoretically modeled and experimentally measured mode profile dimensions defined at 1

e2 -intensity point, and
ellipticities are given in Tables 1 and 2 for the signal and pump wavelengths, respectively.

5. DISCUSSION

Comparison between the experimental and theoretical results presented in Tables 1 and 2 shows that the self-
diffusion coefficient of 2 × 10−16 m2/s at postbake temperature provides better agreement with the measured
data only for the waveguide fabricated with the narrowest mask opening width of 2 µm while for the rest of
the mask opening widths the self-diffusion coefficient of 3 × 10−16 m2/s produces better agreement with the
measured mode profiles. It can be also observed that the theoretically calculated mode profile dimensions for
the narrowest mask opening width are larger than those for the wider mask opening widths (at 1535 nm). We
believe that this results from the fact that the waveguide with the narrowest mask opening width (2 µm) has the
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Figure 1. Theoretical (a) and measured (b) mode profiles at signal (1535 nm) wavelength. Waveguide mask opening
width is equal to 3 µm, and at postbake temperature a value of 3×10−16 m2/s for self-diffusion coefficient has been used.
The intensity difference between the isocontours is 10% of maximum intensity.
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Figure 2. Theoretical (a) and measured (b) mode profiles at pump (980 nm) wavelength. Waveguide mask opening
width is equal to 3 µm, and at postbake temperature a value of 3×10−16 m2/s for self-diffusion coefficient has been used.
The intensity difference between the isocontours is 10% of maximum intensity.

lowest amount of Ag+ ions, therefore producing the weakest mode confinement, and furthermore, a relatively
large mode size. The modes propagating in other waveguides are more confined which results in a smaller mode
profile dimensions. The discrepancies between the theoretically modeled and the measured mode profiles can
be explained by the inaccuracies in the lithography process, especially in the case of the mask opening width of
2 µm. At signal wavelength the waveguides with mask opening widths of 2 µm and 3 µm are singlemode while
the rest of the waveguides are multimode. At pump wavelength, all the waveguides are multimode. The larger
measured mode dimensions in lateral direction compared with the theoretical mode profiles at pump wavelength
can be explained by the difficulty to couple light exclusively to the fundamental propagating mode. Calibrations
with a standard singlemode fiber (SMF28) at 1550 nm wavelength revealed that the IR-camera itself used in the
mode profile measurements is accurate.
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Table 1. Mode profile dimensions at different mask opening widths at wavelength of 1535 nm.

Mask opening D Width Heigth Ellipticity
width
[µm] [m2/s] [µm] [µm]

2 measured 8.9 6.4 0.69
2 2 × 10−16 9.8 6.8 0.73
2 3 × 10−16 11.0 7.0 0.77
3 measured 9.1 6.3 0.72
3 2 × 10−16 8.0 5.7 0.70
3 3 × 10−16 9.6 6.4 0.75
4 measured 8.0 5.4 0.74
4 2 × 10−16 8.3 5.2 0.78
4 3 × 10−16 9.1 5.8 0.77
5 measured 9.7 5.7 0.81
5 2 × 10−16 8.4 4.9 0.81
5 3 × 10−16 9.0 5.4 0.80

Table 2. Mode profile dimensions at different mask opening widths at (pump) wavelength of 980 nm.

Mask opening D Width Heigth Ellipticity
width
[µm] [m2/s] [µm] [µm]

2 measured 5.9 3.8 0.76
2 2 × 10−16 6.1 4.0 0.75
2 3 × 10−16 7.0 4.7 0.74
3 measured 7.7 4.1 0.85
3 2 × 10−16 5.0 3.5 0.78
3 3 × 10−16 6.6 4.1 0.78
4 measured 7.7 3.9 0.86
4 2 × 10−16 6.0 3.4 0.82
4 3 × 10−16 6.5 3.7 0.82
5 measured 8.9 4.0 0.89
5 2 × 10−16 6.3 3.3 0.85
5 3 × 10−16 6.7 3.7 0.83

6. CONCLUSIONS

In this work, we have studied in detail ion exchange and postbake processes used to fabricate single-mode
channel waveguides into IOG-1 phosphate glass. Diffusion parameters and the maximum refracive index increase
due to the ion exchange were determined. It was concluded that the self-diffusion coefficient is approximately
5× 10−18 m2/s at the ion exchange temperature of 90◦C and increases to about 3× 10−16 m2/s at the postbake
temperature of 230◦C while the ratio of the self-diffusion coefficients of Ag+ and Na+ ions is approximately 0.7 at
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both temperatures. Theoretically calculated mode profile dimensions are in good agreement with the measured
mode profile dimensions. Knowledge of the self diffusion constant and the ratio of the self-diffusion coefficients
of Ag+ and Na+ ions has importance in the design of new waveguide components in IOG-1 phosphate glass.
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