JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 2, FEBRUARY 2000 185

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 @ Ge:Sio; ®)

in integrated-optical waveguides using magnetooptical coupling Ge;SiO;
between the two principal polarizations of the fundamental Si0;
mode. We demonstrate this measurement technique for directly SiO2
ultrviolet (UV)-written channel waveguides in silica-on-silicon and - silica substrate
silica-on-silica. The dependence of the waveguide birefringence v silicon substrate VLfample type B)
on the UV-writing power and UV polarization is investigated. The ]_‘famp'e type A) %
results are compared with the birefringence of etched waveguides X
in comparable material systems. An analytical formula for the © Ge:SiO; (d)
form birefringence in buried channel waveguides is developed,
and measured data are compared with theoretical results. S0, ™
Index Terms—Bragg gratings, channel waveguides, form bire- TE
fringence, silica-on-silicon, ultraviolet (UV)-written waveguides, v, Sllicon substrate
waveguide birefringence. I—.
X
l. INTRODUCTION 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)
NTEGRATED optical waveguides in silica are used foPefinitions of the polarization states TE and TM.
numerous applications in optical circuits, e.g., [1]-[4]. The

waveguide birefringence is one critical design parameter fgfihe form birefringence of channel waveguides and applied to
the performance of these components. For etched chan@l.\yritten buried waveguides. The contributions of the form

waveguides in silica the birefringence has been inferred frof}efringence and the stress-induced birefringence resulting to
the polarization dependence of the Bragg wavelength @fs net waveguide birefringence are discussed.
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 evenStarting point of the UV-writing of channel waveguides are
be completely cancelled by UV-writing of a Bragg gratinggommercially available (PIRI) planar waveguides on a silicon
[6]. A technique for the direct measurement of the waveguidgibstrate for sample type A and a silica substrate for sample
birefringence has been demonstrated for in-diffused LiNbQype B (see Fig. 1). In case of the silicon substrate there is a 20
channel waveguides [7] and silica fibers [8]. In this paperm buffer layer on top of the substrate. The core layer consists
we combine these two concepts and present a techniqueot@ mol% GeQ-doped silica resulting in a comparatively large
measure the waveguide birefringence of integrated-optidatiex-difference of 0.01 (“higk\”). For sample types A and B
silica waveguides spatially resolved by utilizing magnetooptibe core layers have thicknessegej = 6 ym and2a, = 3.5
polarization-mode coupling. This measurement technique tisn with a top cladding layer of 40m and 20.:m thicknesses,
demonstrated for directly UV-written channel waveguide®spectively.
and etched channel waveguides both in silica-on-silicon andA frequency-doubled Argon-lon laser at 244 nm serves as the
silica-on-silica material systems. The influence of the UV exJV source. The UV beam is focused by a leffis{ 10 mm) to a
posure and UV polarization is investigated and the prospectsspiot diameter oa,, = 7 um. Channel waveguides are written
controlling the waveguide birefringence by UV irradiation aresing a translation stage with a step resolution of hbat a
discussed. An analytic formula is presented for the calculatispeed 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-
Manuscript received January 25, 1999; revised October 18, 1999. uides is written with varying UV-power levelS;y,. For sample
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I1l. EXPERIMENTAL SETUP FOR THEMAGNETO-OPTIC

POLARIZATION-MODE COUPLING analyzer *
The birefringence is defined as
ic field directed ‘EOM
gnet — 88 _ Bre— B ) e ~

wherefSrg is the propagation constant of the mode mainly pc
larized parallel to the: coordinate, according to a pure trans:
verse electric (TE) mode for the planar waveguide without U'
treatment and3ry; is the propagation constant of the mode w

mainly polarized parallel to thegcoordinate, according to a pure
transverse magnetic (TM) mode for the unexposed planar wa
guide as illustrated in Fig. 1(d). The wavenumber is introduceu
ask = 27/}, and\ is the wavelength. Effective indexes aresig. 2. Magnetic probe is scanned along a waveguide for measuring the
defined asst = /j/k_ beat-length of the two principal polarizations of the fundamental mode.
In order to measure the birefringence of integrated-optical

waveguides the two polarization modes of the fundamental 100 N A
mode have to be coupled by some kind of localized perturba- L \ o
tion. This has been demonstrated previously for Ti:LiNbO 5ok
waveguides by a thermooptical and an electrooptical perturba-_,
tion [7] and for silica fibers with a magnetooptical perturbation 2
[8]. When this perturbation is moved along the waveguide a 3
beating between the two principal polarization-modes occurs, &, \
caused by the birefringence of the waveguide. The beat lengtt”2 |

. . . . 1]
I yields the birefringence of the channel waveguide under test g !

polarizer

oncft = li ) -100}
B I

We use magnetooptic polarization-mode coupling by _;5q M . . .
applying a magnetic field parallel to the waveguide as the 0 5 10 15 20 25 30
perturbation. A spatial resolution of approximately 0@ is Z position of the perturbation [mm]
achieved. The width of the magnetic field probe of 500 rig. 3. Beat length measurement for a UV-written waveguide in
makes the alignment along the waveguide uncritical. This is aifica-on-silicon (sample type A).
advantage for the birefringence measurement of waveguides
with bends such as in directional couplers. beat signal a very precise detection of the phase difference is

The experimental setup for the beat-length measuremenpisssible [9]. A phase measurement accuragy.®ix 10~ rad
shown in Fig. 2. Light of a distributed feedback (DFB)-laser aiver 1 cm corresponds to a resolution of the birefringefacé
A = 1549 nm is launched in either TE or TM polarization intobetter thar2 x 10—7.
the waveguide under test. The magnetic field rotates the plane ofn Fig. 3 the beat signad ( z) and ther /2 shifted signaps(z)
polarization of the propagating mode slightly according to tHer a waveguide written withPyy = 20 mW and UV-polar-
Faraday effect and a small portion of light power is coupled inieation perpendicular to the waveguide is shown. From the two
the orthogonal polarization. A phase differeng®etween the beat signalg; (=) andp. (=) the phase difference is calculated
waves of the two principal polarizations is accumulated due és¢(z) = arctan[p2(z)/p1(2)] and the result is displayed in
the birefringence beginning at the perturbation up to the endfiy. 4. The slope is proportional to the birefringence (see (4))

the waveguide A dp(z)
e € € — i
ént =n§h —nly = I 2 <—7> (O]

L
o) = [ rete) - rsats] @ ®
* From (4), we conclude a birefringence &<* = —5.51 x

wherez is the position of the perturbation addrepresents the 10~* 4 5 x 10~ for a channel waveguide written with 20 mw
total waveguide length. The beat sigpal~) is generated by an UV power in s-polarization in silica-on-silicon.
interference of the two principal polarization modes by an ana-The relation between the sign of the birefringence and the
lyzer rotated by 45 The magnetic field is modulated in ordersign of the slope of the phas# z) is found by measuring a
to enable synchronous detection of the beat signal. waveguide for which the waveguide birefringence is known.

The accuracy of the measurement is further increased by far this experiment a grating is written simultaneously with the
use of an electrooptic phase modulator (EOM) in front of thehannel waveguide through a phase mask in silica-on-silica. The
analyzer acting as a/4 wave plate. This gives an additionaltwo polarization resolved transmission spectra are displayed in
beat signalp:(z), phase-shifted byr/2. With this additional Fig. 5.
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Fig. 5. Polarization resolved spectra of a UV-written Bragg grating in

Fig. 4. Phase differencep between the two principal polarizations
accumulated from the probe positienup to the end of the waveguide due

silica-on-silica (sample type B).

to birefringence [see (3)] for a UV-written waveguide in a silica-on-silicon 3
material system (sample type A). ol x . ]
//X X
The difference in the Bragg wavelengthsis ; = A\p tr — o i (ssig‘:pf:?;;gg)

A, v = 0.48 nm, resulting in a birefringence [5] ohett = =0 silicon substrate
2.0 x 10~%. The beat-length measurement yields a negative . 5. — le type A

. . . o . . s E-1 *  s- polarization (sample type A)
slope of¢(z) for this waveguide with positive birefringence. ¢ o p- polarization
Thus, positive slope meart®*® = ngfL, — n, < 0, and s8-2 e
vice versa. The birefringence measured by the Bragg wave- = -3} . °
length technique is in good agreement with the resutf! = 5 %
2.13 x 10~* obtained from the beat-length measurement for this o "
waveguide. It has to be stated that the beat-length measurement | e 2
is much more accurate compared to the measurement derived -6 : : : -

20 40 60 80 100

from the optical spectrum analyzer with a spectral resolution of
0.2 nm.

No change in birefringence is observed in a UV-written wavéig. 6. Dependence of the birefringence of UV-written waveguides on the
guide which hosts a Bragg grating at the transition “WaveguiélJé/'W”ting power for silica-on-silicon and silica-on-silica substrates.
section with grating”/“waveguide section without grating.” In
this case, the waveguide and the Bragg grating are simultakéiting powers, in excess of 50 mW, the irradiation with UV
ously written through a phase mask. Thus, only the UV expbght of s-polarization has more effect on changing the birefrin-
sure is of importance not the fine structure of the UV-induce@ence, whereas it has less effect at lower writing powers (see
index change. Note that the spatial resolution (108 of the Fig. 6) It cannot be decisively determined here if this behavior

measurement cannot resolve the grating fringes in the subiit lower writing powers is significant. Due to the realignment
cron range. 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
A. Sample Type A +5 mW for the power of waveguides written iapolarization
For sample type A two sets of waveguides have been writtamould be sufficient here to have always more effectsqolar-
with UV-laser powersPy ranging from 10 mW to 100 mW ization on the change of birefringence thanepolarization of
in steps of 10 mW irs- andp-polarization of the writing beam. the writing beam. Please note that for low writing powers the
The result of the beat-length measurement is displayed in Figh@&efringence of both groups of waveguides has to converge to
In addition to the UV-written waveguides the birefringence dhe birefringence of the planar waveguide.
the planar waveguide has also been measured and is displayed ithe measured waveguide birefringence consists of stress
Fig. 6 atPyyv = 0. For both UV polarizations a decrease of théirefringence and form birefringence. By considering the
waveguide birefringence with the UV-fluence can be observeéifferent thermal expansion coefficients of silica and silicon
by more than a factor of 2 compared to the birefringence tfe stress-induced birefringence is calculated to be about
the planar waveguide. In waveguides written with even highén = —6 x 10~*. This is in good agreement with the birefrin-
UV-powers the birefringence is not further reduced. gence of the planar waveguide in sample type A. The calculation
Fig.6 indicates a weak dependence of the waveguide bitd-the form birefringencesnét [see Fig. 9(a) below] shows
fringence on the polarization of the writing beam. For highdhat the planar waveguide has a positive form birefringence 25

UV- power [mW)]

IV. EXPERIMENTAL RESULTS
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times smaller than the measured total waveguide birefringennet birefringence reduction is observed in contrast to material
The form birefringence of the UV-written waveguides with aystem A.
channel width of aboua, = 8 um is nearly constant [see Nearly polarization independent gratings fabricated in a
Fig. 9(a)] up to a UV-induced indeanyy = 0.012. Thus, the silica-on-silica material system from PIRI in so-called “Iaw/
form birefringence can be neglected for waveguides in samgl@mples have been reported [11]. In our case we use “high
type A. The UV-writing powerPyy = 100 mW corresponds samples from PIRI and the higher germanium concentration
to a UV-induced index chang&nyv of 0.008 measured by can be responsible for the results observed in our experiments.
the refractive-near-field method. According to these results the _ )
UV writing leads to a net stress relieve or change in the stréss Further Discussion
profile expressed in a reduction of the waveguide birefringence.The dependence of the birefringence in Bragg gratings on the
This does not explain why the birefringence is not reducegV-writing polarization has been investigated for fibers [13].
further down to the size of the form birefringence. The birefringence of a fiber Bragg grating is reported there to be
Itis instructive to compare the results for UV-written buriedsn<f| ~ 5 x 10~ for s-polarization andénsf| ~ 0.5 x 1072
waveguides with those of buried waveguides fabricated Ifyr p-polarization. The sign of the birefringence was not deter-
etching in a material system comparable with sample typgined in that experiment. We observe a similar polarization de-
A [see Fig. 1(c)]. The index profile of these etched channgkndence of the birefringence for the planar sample type A if
waveguides is nominally square (6n by 6 xm). For such the sign of the birefringence in [13] is assumed to be positive
waveguides no form birefringence occurs. The birefringenq;yaﬁrffE > ”%ff\q) as observed in our experiments with fibers. The
is measured to be about5 x 10~* and corresponds to thedifference in the UV-induced birefringence in [13] for the two
birefringence observed in the planar waveguide or UV-writtegriting beam polarizations is then given for fibers &y:® —
waveguides with low UV-power (Fig. 6) for sample typesn;;“ = 4.5x10~°. We have analyzed the fiber birefringence by
A. This birefringence is also reduced by UV exposure tafiber Fabry—Perot interferometer consisting of two UV-written
typical values ofin™ = —2 x 10~* for a UV writing power Bragg gratings [12]. The polarization-dependent shift of the res-
Py = 100 mW. onances of the Fabry-Perot interferometer yields the UV-in-
The waveguide birefringence reported in [3], [5], [6] for maduced birefringence with a typical value &% = 5 x 10~3.
terial systems comparable to sample type A is of opposite sihe fiber was cleaved directly behind the gratings and TE and
compared to the results presented in this paper. This mightTi@ polarization is understood as polarization perpendicular and
explained by a different dopant composition of the glass laygsarallel to the direction of the UV writing beam, respectively.
which affects the stress induced birefringence of the wavephe reduction of birefringence for a waveguide written with
uides. Py = 100 mW for s-polarization is larger by x 10~? than for
p-polarization yielding a polarization-dependent difference of
sne—6ngl = 4x107° (see Fig. 6). This suggests the presence
of a small positive polarization-dependent UV-induced birefrin-
For sample type B a set of waveguides has been written wighnce which is larger fos-polarization and thus reduces a neg-
UV-powers ranging from 20 mW to 100 mW in steps of 20 mVitive birefringence more strongly.
without UV beam polarization control. The waveguide birefrin-
gence is almost independent of the UV-writing power and i CALCULATION OF THE FORM BIREFRINGENCE OFCHANNEL

B. Sample Type B

equal to the birefringence measured for the planar waveguide WAVEGUIDES
H efl __ _ell ell
(seeFig. 6). Compared to sample type#h™" = nfp—nfy < In order to analyze the form birefringence of the UV-written

0) the waveguide birefringence is found to have opposite SigRannel waveguides we apply Marcatili's method [14]. Since
for sample type Bén" = nf, — nfl > 0). the latter gives reliable results for the form birefringence up to

The form birefringence of the planar waveguide for sSampigt order in the small refractive-index difference [15], we use a
type B has been calculated in Fig. 9(b). This does not fully 8Berturbation method in this small refractive-index difference for
countfor the observed birefringence, and in consequence, alsQg |ating the birefringence in the planar waveguides involved.

stress-induced birefringence is present although material SyS\g optain an explicit analytical formula for the form birefrin-

B is nominally silica-on-silica neglecting the germanium dope&ence in weakly guiding rectangular channel waveguides.

core layer of the planar waveguide. This is comparable to eIIip—-I-he refractive-index profile of our UV-written channel

tical fibers where the stress-induced birefringence can be of Wﬁveguides can be modeled in cartesian coordirfates [see
order ofn° = 10~* [10]. Regarding Fig. 9(b) the form bire- Fiq. 7(2)] ‘

fringence increases for stronger waveguides. However, the tota
waveguide birefringence is unchanged (see Fig. 6). This sugxz,y) =
gests that similarly to sample type A areduction of the stress-in- n%\, for |z| < az, |y| <ay,, (UV-written core)
duced birefringence occurs. By comparing the results of Figs. 6 / ;2 for |z| > a ly| < a (film)
. . ! . _4 f T Y

and 9 the stress-induced birefringence is reduceiy 10~ *. n2 for |z| > a ly| > a (substrate)

. . . . . . 5 T & Y
This corresponds to 38 % reduction in stress-induced birefrin- (5)
gence due to the UV illumination. This reduction is compen-
sated for this material system possibly by an increase in fomheren, andn; are the refractive indexes of the silica sub-
birefringence of the UV-written channel waveguides and reirate and of the GeQOdoped planar film waveguide, respec-
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(@) Once the propagation constayitsand3, for the two planar
TMi Ns TE <> waveguides with index profiles2 () andn?(y), respectively,
| A , have been found, the propagation consfaf the composite
f UV % f 23y rectangular channel waveguide is given by [14]
Ng Ns 2 _ 2 2 2 2
2a, B =+ B, —k'ny (12)
b . . . .
®) ' ' wherek = 27 /X is the wave number as defined in Section Ill.
g & N 1 Ng The propagation constangs, and 3, of the two constituting
1 planar waveguides are obtained from the well-known eigenvalue
Ny Ne =% Ny Izay equations [16] for the fundamental TE mode
1
K W, = U tanll,, t=a,y (13)
—
2a, and for the fundamental TM mode
Fig. 7. (a) Refractive-index distribution of a channel waveguide fabricated by W, = (1 _ 2At)Ut tanl,, t=ux,1. (14)

direct UV-laser beam writing in a germanosilicate film. (b) Equivalent
rectangular waveguide profile composed of two planar step-ind
waveguide profiles. For the present analysis of UV written Waveguidjéere
Ne = Nuy = Ny +ARYY, e = Ns, Ny =Ny, Ng = (ni—}—n?—n%v)l/z.

Ut = aﬂ/ ]%27'Lt2 — /3t27

tively. The refractive-index in the core of the channel waveguide 5 5
is nuv = ny + Anyyv, whereAnyy represents the UV-in- W= a % Pi = kg, t=umy (15)

duced increase of the refractive-index in the photosensitive ger-

manosilicate film. According to Marcatili's analysis [14] we caff'© the usual modal parameters [16], and
approximate the profile by the superposition of two planar wave- n2—n2  ny,—nyg
guide profiles Ay =t~ , t=zy (16)

2
2n; Ty

n*(z,y) =n3+ (n>—n2)S <ﬁ> + (n2—n3) S <£> are relative refractive-index differences. More explicitly, we

Ay G have
(6)
I I 2 2
as shown in Fig. 7(b). Here A= Mg =Ny Ne—Ty  Ne—Ny a7)
¥ 2n2 T n T oon
_J1 forjt <1 .7: x c
S0 = {O for |t > 1 (7)
defines a step function of unity height. The refractive indexes in A — n; —ni e = Na  Ne— Na (18)
the coresn., and in the regions adjacent to the cotg,andn,,, Y 202 ny T ne

are related to those of our UV-written channel waveguides as o . ]
For the small refractive-index differences considered here, any

ne =nuv =Ny +Anyy, ng=ns, ny=nys  (8) ofthe known refractive indexes., n,, orn, can be inserted in
the denominator, as this would only introduce a very small error
The model differs from the exact profile by the depression @k second order in the refractive-index differences. Notesthat
the refractive-index appears im\,,, andn,, appears im\,.

g = (”i n ”52; _ ng)l/Q < sy ) For our UV-written waveguides we have
2 .2
in the corner regiong:| > a,, Jy| > a,, marked by the shading A, = 2OV , "} nuv =y Anuy (19)
in Fig. 7(b). 2n; ns N
Neglecting the influence of the field in the corner regions,
Marcatili solved the problem by decomposing the waveguide s o o Anoy 4+ —
structure into two planar waveguides [14], one with the profile A, = Ay By Ps RUVTRs  SRUV RS TR (20)
along thez direction 2ny s s
) n2 for|z| < ap The approximations are valid for the small index differences of
ng(x) = {ng for x| > ay 10)  the waveguides considered here.
. _ o The solutions of the modal eigenvalue equations (13) and (14)
and the other with the profile along thedirection depend only on the values of the normalized frequencies
2
2 _ n, for |y| < ay
n,(y) = {ng for |y| > a, (11) Vi = kayy/ni —n?

according to Fig. 7(b). = \JUF+W?, t=umxy (21)
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and, in case of the TM modes, on the relative refractive-indet the two constituting planar waveguides described by (11)
differencesA;. More explicitly and (10), respectively. This may greatly simplify the analysis
if the results of planar waveguides are used. In particular, for
Ve =kaz\/nZ —nd, V, =ka,/n2—n3. (22) the present small index differences, linearization of the eigen-

) ) value equation (14) ia\, relates the eigenvaluéry; of the TM

Here, n, appears inV;, and n, appears inV,. For the mode on a planar waveguide to the eigenvdlug of the cor-

UV-written waveguides we have responding TE mode of the same mode number as
Ve = kagy/niy — 0%, Vy = kayy/ngy —n2. (23) 2UrpWig
© z\/ oV v/ oy 5 Uy 2 Urp + ———2 A 32
TM TE VZ(1 1 Wrp) (32)

In order to obtain the form birefringence of the UV-written
channel waveguide accurately to first orderip andA,, [15], WhereV = \/UZ, + Wiy is the normalized frequency of the
we could proceed by searching for the propagation constantsgfresponding planar waveguide according to (22). With (15)
the two orthogonally polarized fundamental modes of the corwe find a simple expression for the form birefringence

posite structure according to (12) and afterwards subtracting

2 2 2 2
them from each other. However, we may simplify the problem  gpeff — ;| A2 U, W, — A2 AU W .
as follows. TV W) Vi + Wa)
The birefringence is defined as [see (1)] (33)
snel — % _ BrE — Bt™m The modal parametef$ andW, have to be calculated only for
kl k the TE modes of the waveguides with the profile variation along
~ (PR — Ry (24) x(t =z)ory(t =y).
2kn. ( " TM) With Garmire's approximation [17] for the fundamental
With the definitions below (1) [see Fig. 7] the TE-mode problenhE-mode eigenvalue
of the composite structure requires to find the propagation con- A7 -1
stants3,. tv of the TM mode of the planar waveguide varying as Urg ~ % (34)

n2(z) along ther direction and the propagation const@ytrr . ) o
of the TE mode of the planar waveguide with proﬁ%(y) along We may approxmate the norr_nallzed form birefringence of a
they direction. Analogously, the TM-mode problem of the comWeakly guiding planar waveguide

posite structure requires to find the propagation consiant: _ 2 1172

of the TE mode of the planar waveguide varying:déz) along Br(V) = /BT: AﬁQTM = Vi[éTiWI;;E ) (35)
the = direction and the propagation constatytry; of the TM e TE

mode of the planar waveguide with proﬁ@(y) along they by a formula, which is explicit in the given normalized fre-
direction. The propagation constants of the TE and TM modéygencyV, as

gfsthe composite channel waveguide structure are then obtaineg . 4 (VIF2VZ - 12Vt — (VIT V2 — 1)}
PV =gy [Vi— (VI+2V2—1)21/2
Bir=Fmm+ /35 R — kN (25) (36)
and Fig. 8 shows the normalized form birefringenBe (V') as cal-
5 5 5 5 o culated from the exact formula (35) by a solid line and from the
Prm = Fore + Pyra — kng (26) explicit approximation (36) by a dashed line. The agreement is

sufficiently good for most practical applications.

respectively. Inserting into (24) yields i -
From (33) to (36), we obtain an explicit formula for the form

1 birefringence of the general weakly guiding rectangular channel
5 eff _ }2 _ }2 ) — 32 _ 32 ’ 27 Ire g g VA g g
" 2k2n,, (Fyre = Fymna) = (Forn = Fonn)] @D waveguides of Fig. 7 as
1
= 2By re = Ayrne) = (Bere — Borm)] (28) 5n°T = n. [A2Bp(V,) — A2Bp(V,)) 37)
= M = 6n§ﬂ — &ncft, (29) for which no numerical iterations are necessary. According to

Fig. 7, the required quantitie&, andV; with ¢ = z, 5 follow
We see that the birefringenda® of the composite weakly from (17), (18), and (22). For our UV-written channel waveg-
guiding waveguide structure simply equals the difference of thides these quantities are obtained from (8). Due to the small re-

birefringence values fractive-index differences, any of the almost equal refractive in-
3 _3 dexesu., n,, Orn, can beinserted in front of the square brackets
snft = M (30) in (37).
Fig. 9 shows the form birefringence calculated from (37)
and and (36) for our UV-written waveguides for various channel

half widthsa,, versus the UV-induced refractive-index contri-

P BeTE — PoTM 31 ! :
Ne =~ 3. (31) pution Anyy. The unexposedAn ;v = 0) planar waveguide

i k
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Fig. 8. Normalized form birefringenc& (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 thicknesse8a, 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
ly| = a,, which causes the birefringence, is weaker. The
difference can directly be read from Fig. 8 wilh, = 2.06 0
for type A andV, = 1.20 for type B. The UV writing
(Anyv > 0) increases the refractive-index difference which
leads to an increase of the form birefringence. For broad -0.4
UV-written cores, e.g.q, = 10 um, the channel waveguides

behave very similarly like planar waveguides and the bire-

fringence increases monotonously witkny. The asymp- Fig. 9. Form birefringencén= for (a) waveguides in sample type A with
totic behavior for growingAy o (nf — ne + AHUV)/HC film thickness2a,, f 6 pm and for (b) waveguides in sample type B with film
and thus fOI’Vy > 1, while Ay < 1, follows from [16] thicknes2a, = 3.5 pm as calculated by (37) and (36).

UV > 1) = «/2 for the planar waveguide and from

Bp(V » 1) = n*/V? as én¢" = n%,/24, /4k*aSn?, and VI. CONCLUSION

the slope oféngjﬂ versus Anyy decreases while remaining
positive according to the asymptotic square-root functior}

V2A,. For smaller core widths, e.g., =1 pm, the planar ot Integr d i h b d We h
character gets lost as the field becomes also confined al arization-mode coupling has been presented. We have

the z coordinate. Effectively, the field becomes nearly cir: oqstrated this method fpr mgasuring .t'he birefr.ipgence of
cularly symmetric and the form birefringence is cancelleuv'wr'tten channel waveguides in both silica-on-silicon and

to zero similarly like in round optical fibers. For Waveguideg'l'C‘_'J‘_'O”'S'“Ca_' It has been shown fqr UV.'W”t.ten wave_gwdes
A, this happens fora, = 1 um and Anyy = 9.2 x 102 in silica-on-silicon that the waveguide birefringence is sub-

as well as fora, =2 pm and Anyy = 1.18 x 102 Fo’r stantially reduced with increasing UV-writing power. It has
even larger valufes ahnuy, the form biref}ingence o.f these been demonstrated further that for UV-written waveguides in

waveguides increases again with opposite sign. silica-on-silica the waveguide birefringence is nearly indepen-

Practical UV-written refractive-index profiles are nonsymgent O_f th? UV-writing power. An analytical form_ula for the
orm birefringence of rectangular channel waveguides has been

metric due to the attenuation of the writing UV-laser bearﬁ . :
This asymmetry can be taken into account by calculating t gveloped and the theoretical results have been compared with
e measurements.

birefringence by the effective-index method [18] using th
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[ll G. E. Kohnke, C. H. Henry, E. J. Laskowski, M. A. Cappuzzo, T. A.
the form birefringence of this section have been compared in Strasser, and A. E. White, “Silica based Mach-Zehnder add-drop filter

) fabricated with UV induced gratings,Electron. Lett, vol. 32, pp.
Section IV. 1579-1580, 1996.

0 0.002 0.004 0.006 0.008 0.01 0.012
Anyy

In conclusion a technique for measuring the birefringence
integrated optical waveguides by using magneto-optical
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