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Measurement of the Birefringence of UV-Written
Channel Silica Waveguides by Magnetooptic

Polarization-Mode Coupling
Dietmar Johlen, Gunnar Stolze, Hagen Renner, and Ernst Brinkmeyer

Abstract—We report the measurement of the birefringence
in integrated-optical waveguides using magnetooptical coupling
between the two principal polarizations of the fundamental
mode. We demonstrate this measurement technique for directly
ultrviolet (UV)-written channel waveguides in silica-on-silicon and
silica-on-silica. The dependence of the waveguide birefringence
on the UV-writing power and UV polarization is investigated. The
results are compared with the birefringence of etched waveguides
in comparable material systems. An analytical formula for the
form birefringence in buried channel waveguides is developed,
and measured data are compared with theoretical results.

Index Terms—Bragg gratings, channel waveguides, form bire-
fringence, silica-on-silicon, ultraviolet (UV)-written waveguides,
waveguide birefringence.

I. INTRODUCTION

NTEGRATED optical waveguides in silica are used for
numerous applications in optical circuits, e.g., [1]–[4]. The
waveguide birefringence is one critical design parameter for
the performance of these components. For etched channel
waveguides in silica the birefringence has been inferred from
the polarization dependence of the Bragg wavelength of
ultraviolet (UV)-written gratings [5]. However, the UV-written
grating itself can change the birefringence thus adulterating
the measurements. It has been shown that the waveguide
birefringence of etched silica-on-silicon waveguides can even
be completely cancelled by UV-writing of a Bragg grating
[6]. A technique for the direct measurement of the waveguide
birefringence has been demonstrated for in-diffused LiNbO
channel waveguides [7] and silica fibers [8]. In this paper,
we combine these two concepts and present a technique to
measure the waveguide birefringence of integrated-optical
silica waveguides spatially resolved by utilizing magnetooptic
polarization-mode coupling. This measurement technique is
demonstrated for directly UV-written channel waveguides
and etched channel waveguides both in silica-on-silicon and
silica-on-silica material systems. The influence of the UV ex-
posure and UV polarization is investigated and the prospects of
controlling the waveguide birefringence by UV irradiation are
discussed. An analytic formula is presented for the calculation
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Fig. 1. (a) Endface of sample type A material. (b) Endface of sample type
B material. (c) Cross section of an etched waveguide in silica-on-silicon. (d)
Definitions of the polarization states TE and TM.

of the form birefringence of channel waveguides and applied to
UV-written buried waveguides. The contributions of the form
birefringence and the stress-induced birefringence resulting to
the net waveguide birefringence are discussed.

II. SAMPLE PREPARATION

Starting point of the UV-writing of channel waveguides are
commercially available (PIRI) planar waveguides on a silicon
substrate for sample type A and a silica substrate for sample
type B (see Fig. 1). In case of the silicon substrate there is a 20

m buffer layer on top of the substrate. The core layer consists
of 7 mol% GeO-doped silica resulting in a comparatively large
index-difference of 0.01 (“high ”). For sample types A and B
the core layers have thicknesses of m and

m with a top cladding layer of 40m and 20 m thicknesses,
respectively.

A frequency-doubled Argon-Ion laser at 244 nm serves as the
UV source. The UV beam is focused by a lens ( mm) to a
spot diameter of m. Channel waveguides are written
using a translation stage with a step resolution of 0.5m at a
speed of 2.5 mm/min.

Prior to the writing, the samples have been hydrogen loaded
(3 mol% H ). For both sample types a set of individual waveg-
uides is written with varying UV-power levels . For sample
type A the waveguides are written with a UV-writing beam po-
larization either directed along the waveguides (-polarization)
or perpendicular to the waveguides (-polarization).

0733–8724/00$10.00 © 2000 IEEE
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III. EXPERIMENTAL SETUP FOR THEMAGNETO-OPTIC

POLARIZATION-MODE COUPLING

The birefringence is defined as

(1)

where is the propagation constant of the mode mainly po-
larized parallel to the coordinate, according to a pure trans-
verse electric (TE) mode for the planar waveguide without UV
treatment and is the propagation constant of the mode
mainly polarized parallel to thecoordinate, according to a pure
transverse magnetic (TM) mode for the unexposed planar wave-
guide as illustrated in Fig. 1(d). The wavenumber is introduced
as , and is the wavelength. Effective indexes are
defined as .

In order to measure the birefringence of integrated-optical
waveguides the two polarization modes of the fundamental
mode have to be coupled by some kind of localized perturba-
tion. This has been demonstrated previously for Ti:LiNbO
waveguides by a thermooptical and an electrooptical perturba-
tion [7] and for silica fibers with a magnetooptical perturbation
[8]. When this perturbation is moved along the waveguide a
beating between the two principal polarization-modes occurs,
caused by the birefringence of the waveguide. The beat length

yields the birefringence of the channel waveguide under test

(2)

We use magnetooptic polarization-mode coupling by
applying a magnetic field parallel to the waveguide as the
perturbation. A spatial resolution of approximately 100m is
achieved. The width of the magnetic field probe of 500m
makes the alignment along the waveguide uncritical. This is an
advantage for the birefringence measurement of waveguides
with bends such as in directional couplers.

The experimental setup for the beat-length measurement is
shown in Fig. 2. Light of a distributed feedback (DFB)-laser at

nm is launched in either TE or TM polarization into
the waveguide under test. The magnetic field rotates the plane of
polarization of the propagating mode slightly according to the
Faraday effect and a small portion of light power is coupled into
the orthogonal polarization. A phase differencebetween the
waves of the two principal polarizations is accumulated due to
the birefringence beginning at the perturbation up to the end of
the waveguide

(3)

where is the position of the perturbation andrepresents the
total waveguide length. The beat signal is generated by an
interference of the two principal polarization modes by an ana-
lyzer rotated by 45. The magnetic field is modulated in order
to enable synchronous detection of the beat signal.

The accuracy of the measurement is further increased by the
use of an electrooptic phase modulator (EOM) in front of the
analyzer acting as a wave plate. This gives an additional
beat signal, , phase-shifted by . With this additional

Fig. 2. Magnetic probe is scanned along a waveguide for measuring the
beat-length of the two principal polarizations of the fundamental mode.

Fig. 3. Beat length measurement for a UV-written waveguide in
silica-on-silicon (sample type A).

beat signal a very precise detection of the phase difference is
possible [9]. A phase measurement accuracy of rad
over 1 cm corresponds to a resolution of the birefringence
better than .

In Fig. 3 the beat signal and the shifted signal
for a waveguide written with mW and UV-polar-
ization perpendicular to the waveguide is shown. From the two
beat signals and the phase difference is calculated
as and the result is displayed in
Fig. 4. The slope is proportional to the birefringence (see (4))

(4)

From (4), we conclude a birefringence of
for a channel waveguide written with 20 mW

UV power in -polarization in silica-on-silicon.
The relation between the sign of the birefringence and the

sign of the slope of the phase is found by measuring a
waveguide for which the waveguide birefringence is known.
For this experiment a grating is written simultaneously with the
channel waveguide through a phase mask in silica-on-silica. The
two polarization resolved transmission spectra are displayed in
Fig. 5.
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Fig. 4. Phase difference� between the two principal polarizations
accumulated from the probe positionz up to the end of the waveguide due
to birefringence [see (3)] for a UV-written waveguide in a silica-on-silicon
material system (sample type A).

The difference in the Bragg wavelengths is
nm, resulting in a birefringence [5] of

. The beat-length measurement yields a negative
slope of for this waveguide with positive birefringence.
Thus, positive slope means , and
vice versa. The birefringence measured by the Bragg wave-
length technique is in good agreement with the result

obtained from the beat-length measurement for this
waveguide. It has to be stated that the beat-length measurement
is much more accurate compared to the measurement derived
from the optical spectrum analyzer with a spectral resolution of
0.2 nm.

No change in birefringence is observed in a UV-written wave-
guide which hosts a Bragg grating at the transition “waveguide
section with grating”/“waveguide section without grating.” In
this case, the waveguide and the Bragg grating are simultane-
ously written through a phase mask. Thus, only the UV expo-
sure is of importance not the fine structure of the UV-induced
index change. Note that the spatial resolution (100m) of the
measurement cannot resolve the grating fringes in the submi-
cron range.

IV. EXPERIMENTAL RESULTS

A. Sample Type A

For sample type A two sets of waveguides have been written
with UV-laser powers ranging from 10 mW to 100 mW
in steps of 10 mW in - and -polarization of the writing beam.
The result of the beat-length measurement is displayed in Fig. 6.
In addition to the UV-written waveguides the birefringence of
the planar waveguide has also been measured and is displayed in
Fig. 6 at . For both UV polarizations a decrease of the
waveguide birefringence with the UV-fluence can be observed
by more than a factor of 2 compared to the birefringence of
the planar waveguide. In waveguides written with even higher
UV-powers the birefringence is not further reduced.

Fig.6 indicates a weak dependence of the waveguide bire-
fringence on the polarization of the writing beam. For higher

Fig. 5. Polarization resolved spectra of a UV-written Bragg grating in
silica-on-silica (sample type B).

Fig. 6. Dependence of the birefringence of UV-written waveguides on the
UV-writing power for silica-on-silicon and silica-on-silica substrates.

writing powers, in excess of 50 mW, the irradiation with UV
light of -polarization has more effect on changing the birefrin-
gence, whereas it has less effect at lower writing powers (see
Fig. 6). It cannot be decisively determined here if this behavior
for lower writing powers is significant. Due to the realignment
of the setup in order to change the UV writing beam polarization
a small experimental error might be imposed on the UV writing
power. This can lead to a writing power offset between the two
groups of waveguides. For example, an offset of approximately

5 mW for the power of waveguides written in-polarization
would be sufficient here to have always more effect for-polar-
ization on the change of birefringence than for-polarization of
the writing beam. Please note that for low writing powers the
birefringence of both groups of waveguides has to converge to
the birefringence of the planar waveguide.

The measured waveguide birefringence consists of stress
birefringence and form birefringence. By considering the
different thermal expansion coefficients of silica and silicon
the stress-induced birefringence is calculated to be about

. This is in good agreement with the birefrin-
gence of the planar waveguide in sample type A. The calculation
of the form birefringence [see Fig. 9(a) below] shows
that the planar waveguide has a positive form birefringence 25
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times smaller than the measured total waveguide birefringence.
The form birefringence of the UV-written waveguides with a
channel width of about m is nearly constant [see
Fig. 9(a)] up to a UV-induced index . Thus, the
form birefringence can be neglected for waveguides in sample
type A. The UV-writing power mW corresponds
to a UV-induced index change of 0.008 measured by
the refractive-near-field method. According to these results the
UV writing leads to a net stress relieve or change in the stress
profile expressed in a reduction of the waveguide birefringence.
This does not explain why the birefringence is not reduced
further down to the size of the form birefringence.

It is instructive to compare the results for UV-written buried
waveguides with those of buried waveguides fabricated by
etching in a material system comparable with sample type
A [see Fig. 1(c)]. The index profile of these etched channel
waveguides is nominally square (6m by 6 m). For such
waveguides no form birefringence occurs. The birefringence
is measured to be about and corresponds to the
birefringence observed in the planar waveguide or UV-written
waveguides with low UV-power (Fig. 6) for sample type
A. This birefringence is also reduced by UV exposure to
typical values of for a UV writing power

mW.
The waveguide birefringence reported in [3], [5], [6] for ma-

terial systems comparable to sample type A is of opposite sign
compared to the results presented in this paper. This might be
explained by a different dopant composition of the glass layers
which affects the stress induced birefringence of the waveg-
uides.

B. Sample Type B

For sample type B a set of waveguides has been written with
UV-powers ranging from 20 mW to 100 mW in steps of 20 mW
without UV beam polarization control. The waveguide birefrin-
gence is almost independent of the UV-writing power and is
equal to the birefringence measured for the planar waveguide
(see Fig. 6). Compared to sample type A

the waveguide birefringence is found to have opposite sign
for sample type B .

The form birefringence of the planar waveguide for sample
type B has been calculated in Fig. 9(b). This does not fully ac-
count for the observed birefringence, and in consequence, also a
stress-induced birefringence is present although material system
B is nominally silica-on-silica neglecting the germanium doped
core layer of the planar waveguide. This is comparable to ellip-
tical fibers where the stress-induced birefringence can be of the
order of [10]. Regarding Fig. 9(b) the form bire-
fringence increases for stronger waveguides. However, the total
waveguide birefringence is unchanged (see Fig. 6). This sug-
gests that similarly to sample type A a reduction of the stress-in-
duced birefringence occurs. By comparing the results of Figs. 6
and 9 the stress-induced birefringence is reduced by .
This corresponds to 38 % reduction in stress-induced birefrin-
gence due to the UV illumination. This reduction is compen-
sated for this material system possibly by an increase in form
birefringence of the UV-written channel waveguides and no

net birefringence reduction is observed in contrast to material
system A.

Nearly polarization independent gratings fabricated in a
silica-on-silica material system from PIRI in so-called “low”
samples have been reported [11]. In our case we use “high”
samples from PIRI and the higher germanium concentration
can be responsible for the results observed in our experiments.

C. Further Discussion

The dependence of the birefringence in Bragg gratings on the
UV-writing polarization has been investigated for fibers [13].
The birefringence of a fiber Bragg grating is reported there to be

for -polarization and
for -polarization. The sign of the birefringence was not deter-
mined in that experiment. We observe a similar polarization de-
pendence of the birefringence for the planar sample type A if
the sign of the birefringence in [13] is assumed to be positive

as observed in our experiments with fibers. The
difference in the UV-induced birefringence in [13] for the two
writing beam polarizations is then given for fibers by

. We have analyzed the fiber birefringence by
a fiber Fabry–Perot interferometer consisting of two UV-written
Bragg gratings [12]. The polarization-dependent shift of the res-
onances of the Fabry-Perot interferometer yields the UV-in-
duced birefringence with a typical value of .
The fiber was cleaved directly behind the gratings and TE and
TM polarization is understood as polarization perpendicular and
parallel to the direction of the UV writing beam, respectively.
The reduction of birefringence for a waveguide written with

mW for -polarization is larger by than for
-polarization yielding a polarization-dependent difference of

(see Fig. 6). This suggests the presence
of a small positive polarization-dependent UV-induced birefrin-
gence which is larger for-polarization and thus reduces a neg-
ative birefringence more strongly.

V. CALCULATION OF THE FORM BIREFRINGENCE OFCHANNEL

WAVEGUIDES

In order to analyze the form birefringence of the UV-written
channel waveguides we apply Marcatili's method [14]. Since
the latter gives reliable results for the form birefringence up to
first order in the small refractive-index difference [15], we use a
perturbation method in this small refractive-index difference for
calculating the birefringence in the planar waveguides involved.
We obtain an explicit analytical formula for the form birefrin-
gence in weakly guiding rectangular channel waveguides.

The refractive-index profile of our UV-written channel
waveguides can be modeled in cartesian coordinates [see
Fig. 7(a)]

for (UV-written core)
for (film)
for (substrate)

(5)

where and are the refractive indexes of the silica sub-
strate and of the GeOdoped planar film waveguide, respec-
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Fig. 7. (a) Refractive-index distribution of a channel waveguide fabricated by
direct UV-laser beam writing in a germanosilicate film. (b) Equivalent
rectangular waveguide profile composed of two planar step-index
waveguide profiles. For the present analysis of UV written waveguides
n = n = n +�n ; n = n ; n = n ; n = (n +n �n ) .

tively. The refractive-index in the core of the channel waveguide
is , where represents the UV-in-
duced increase of the refractive-index in the photosensitive ger-
manosilicate film. According to Marcatili's analysis [14] we can
approximate the profile by the superposition of two planar wave-
guide profiles

(6)
as shown in Fig. 7(b). Here

for
for

(7)

defines a step function of unity height. The refractive indexes in
the core, , and in the regions adjacent to the core,and ,
are related to those of our UV-written channel waveguides as

(8)

The model differs from the exact profile by the depression of
the refractive-index

(9)

in the corner regions , marked by the shading
in Fig. 7(b).

Neglecting the influence of the field in the corner regions,
Marcatili solved the problem by decomposing the waveguide
structure into two planar waveguides [14], one with the profile
along the direction

for
for

(10)

and the other with the profile along thedirection

for
for

(11)

according to Fig. 7(b).

Once the propagation constantsand for the two planar
waveguides with index profiles and , respectively,
have been found, the propagation constantof the composite
rectangular channel waveguide is given by [14]

(12)

where is the wave number as defined in Section III.
The propagation constants and of the two constituting
planar waveguides are obtained from the well-known eigenvalue
equations [16] for the fundamental TE mode

(13)

and for the fundamental TM mode

(14)

Here

(15)

are the usual modal parameters [16], and

(16)

are relative refractive-index differences. More explicitly, we
have

(17)

(18)

For the small refractive-index differences considered here, any
of the known refractive indexes , or can be inserted in
the denominator, as this would only introduce a very small error
of second order in the refractive-index differences. Note that
appears in , and appears in .

For our UV-written waveguides we have

(19)

(20)

The approximations are valid for the small index differences of
the waveguides considered here.

The solutions of the modal eigenvalue equations (13) and (14)
depend only on the values of the normalized frequencies

(21)
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and, in case of the TM modes, on the relative refractive-index
differences . More explicitly

(22)

Here, appears in , and appears in . For the
UV-written waveguides we have

(23)

In order to obtain the form birefringence of the UV-written
channel waveguide accurately to first order in and [15],
we could proceed by searching for the propagation constants of
the two orthogonally polarized fundamental modes of the com-
posite structure according to (12) and afterwards subtracting
them from each other. However, we may simplify the problem
as follows.

The birefringence is defined as [see (1)]

(24)

With the definitions below (1) [see Fig. 7] the TE-mode problem
of the composite structure requires to find the propagation con-
stant of the TM mode of the planar waveguide varying as

along the direction and the propagation constant
of the TE mode of the planar waveguide with profile along
the direction. Analogously, the TM-mode problem of the com-
posite structure requires to find the propagation constant
of the TE mode of the planar waveguide varying as along
the direction and the propagation constant of the TM
mode of the planar waveguide with profile along the
direction. The propagation constants of the TE and TM modes
of the composite channel waveguide structure are then obtained
as

(25)

and

(26)

respectively. Inserting into (24) yields

(27)

(28)

(29)

We see that the birefringence of the composite weakly
guiding waveguide structure simply equals the difference of the
birefringence values

(30)

and

(31)

of the two constituting planar waveguides described by (11)
and (10), respectively. This may greatly simplify the analysis
if the results of planar waveguides are used. In particular, for
the present small index differences, linearization of the eigen-
value equation (14) in relates the eigenvalue of the TM
mode on a planar waveguide to the eigenvalue of the cor-
responding TE mode of the same mode number as

(32)

where is the normalized frequency of the
corresponding planar waveguide according to (22). With (15)
we find a simple expression for the form birefringence

(33)

The modal parameters and have to be calculated only for
the TE modes of the waveguides with the profile variation along

or .
With Garmire's approximation [17] for the fundamental

TE-mode eigenvalue

(34)

we may approximate the normalized form birefringence of a
weakly guiding planar waveguide

(35)

by a formula, which is explicit in the given normalized fre-
quency , as

(36)

Fig. 8 shows the normalized form birefringence as cal-
culated from the exact formula (35) by a solid line and from the
explicit approximation (36) by a dashed line. The agreement is
sufficiently good for most practical applications.

From (33) to (36), we obtain an explicit formula for the form
birefringence of the general weakly guiding rectangular channel
waveguides of Fig. 7 as

(37)

for which no numerical iterations are necessary. According to
Fig. 7, the required quantities and with follow
from (17), (18), and (22). For our UV-written channel waveg-
uides these quantities are obtained from (8). Due to the small re-
fractive-index differences, any of the almost equal refractive in-
dexes , , or can be inserted in front of the square brackets
in (37).

Fig. 9 shows the form birefringence calculated from (37)
and (36) for our UV-written waveguides for various channel
half widths versus the UV-induced refractive-index contri-
bution . The unexposed planar waveguide



JOHLENet al.: MEASUREMENT OF THE BIREFRINGENCE OF UV-WRITTEN CHANNEL SILICA WAVEGUIDES 191

Fig. 8. Normalized form birefringenceB (V ) of weakly guiding planar
step-index waveguides. The solid line shows exact values from (35), and the
dashed line was calculated from the approximation formula (36).

sample type A in Fig. 9(a) has a smaller form birefringence
than sample type B in Fig. 9(b). This comes clearly from
the different thicknesses of the two planar waveguides.
Since type A has a larger thickness than type B, the field in
waveguide type A is more strongly confined to the core and
the intensity at the index step of the film/substrate interface

, which causes the birefringence, is weaker. The
difference can directly be read from Fig. 8 with
for type A and for type B. The UV writing

increases the refractive-index difference which
leads to an increase of the form birefringence. For broad
UV-written cores, e.g., m, the channel waveguides
behave very similarly like planar waveguides and the bire-
fringence increases monotonously with . The asymp-
totic behavior for growing
and thus for , while , follows from [16]

for the planar waveguide and from
as , and

the slope of versus decreases while remaining
positive according to the asymptotic square-root function

. For smaller core widths, e.g. m, the planar
character gets lost as the field becomes also confined along
the coordinate. Effectively, the field becomes nearly cir-
cularly symmetric and the form birefringence is cancelled
to zero similarly like in round optical fibers. For waveguide
A, this happens for m and ,
as well as for m and . For
even larger values of , the form birefringence of these
waveguides increases again with opposite sign.

Practical UV-written refractive-index profiles are nonsym-
metric due to the attenuation of the writing UV-laser beam.
This asymmetry can be taken into account by calculating the
birefringence by the effective-index method [18] using the
analytical eigenvalue equation for step-index waveguides with
an exponential UV-written contribution to the refractive-index
profile [19]. Experimental results for the birefringence in our
UV-written channel waveguides and theoretical results for
the form birefringence of this section have been compared in
Section IV.

Fig. 9. Form birefringence�n for (a) waveguides in sample type A with
film thickness2a = 6 �m and for (b) waveguides in sample type B with film
thickness2a = 3:5 �m as calculated by (37) and (36).

VI. CONCLUSION

In conclusion a technique for measuring the birefringence
of integrated optical waveguides by using magneto-optical
polarization-mode coupling has been presented. We have
demonstrated this method for measuring the birefringence of
UV-written channel waveguides in both silica-on-silicon and
silica-on-silica. It has been shown for UV-written waveguides
in silica-on-silicon that the waveguide birefringence is sub-
stantially reduced with increasing UV-writing power. It has
been demonstrated further that for UV-written waveguides in
silica-on-silica the waveguide birefringence is nearly indepen-
dent of the UV-writing power. An analytical formula for the
form birefringence of rectangular channel waveguides has been
developed and the theoretical results have been compared with
the measurements.
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