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Abstract. Integrated tunable narrow-linewidth wavelength filters based
on TE-TM mode conversion require a high quality processing. The dis-
cussion is based on numerical simulations of typical technology-induced
defects and on a comparison with experimental results. We show that
uniformity of the LiNbO3 crystal growth currently limits the linewidth to
about 0.6 nm for spectral filters operating at 1.55 mm. Moreover, such a
filter would require a technology with strict conditions of uniformity over
several centimeters. The discussion is focused on electro-optic filters but
the results can be extended to any device based on codirectional mode
coupling, such as acousto-optic filters. © 2001 Society of Photo-Optical Instru-
mentation Engineers. [DOI: 10.1117/1.1418711]
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1 Introduction

Wavelength division multiplexing~WDM! or optical fre-
quency density multiplexing~OFDM! require key devices
such as multiple wavelength laser sources, frequency c
verters, and tunable narrow-linewidth spectral filter1

Though DBR and DFB laser diodes have already attai
very good performance in terms of power, wavelength a
ity, and narrow linewidth,2 manufacturing integrated tun
able narrow optical filters poses a number of technolog
problems that still remain to be solved. Much work h
been devoted during the last 15 years to develop tun
narrow filters based on various physical principles: casc
of Mach-Zehnder interference filters,3 asymmetrical direc-
tional couplers,4 Bragg reflector grating filters,5 acousto-
optic filters,6 and electro-optic filters.7 We deal more spe
cifically with the limitations imposed by the technologic
process on the linewidth of the last two types of filte
based on TE-TM mode conversion. Two main paramet
the coupling coefficient and the phase birefringence, gov
the filtering properties of such filters. Much work has be
devoted to the influence of the coupling coefficient on
filter transmittance,8 but the influence of phase
birefringence defects seems to be underestimated in mo
the results reported so far. The latter are so small~typically
a few 1025) from a region of a waveguide to the next th
they can hardly be directly measured. However, in the s
cific case of spectral TE-TM converters/filters with a na
row linewidth, i.e., based on long interactions of lig
within the waveguide, their resulting cumulative action
responsible for large distortions in the spectral transmiss
curve.

*Current affiliation: Nanyang Technological Univ., School of MPE, 5
Nanyang Ave., Singapore 639798; E-mail: mfachollet@ntu.edu.sg
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In Sec. 2 we briefly recall the principle of a TE-TM
converter filter and the digital model used to describe
behavior when it is affected by three typical types of bir
fringence deviation. This allows us, in Sec. 3, to investig
the filtering limitations for mode coupling-based filte
working around 1.55mm. In the next section, we validat
our model by comparison with experimental and literatu
results, and we try to characterize the cause of the de
tion. This allows us to develop in Sec. 5 the hypothesis t
the technological process is liable for the birefringence
viations within the waveguide that affect the working co
ditions of the filter. We discuss at the same time the u
mate limitations of such a filter.

2 Modeling the Filtering Properties

We focus the discussion on integrated electro-optic filte
such as those reported by Alferness in Ref. 7. A comp
description of the device can be found in Ref. 9 and
briefly recall its principle of operation. The device in i
basic configuration consists of a tunable, wavelength se
tive electro-optic polarization converter set between t
crossed polarizers~Fig. 1!. The tunable polarization con
verter is formed by TE-TM mode coupler~or conversion!
sections interleaved with phase shifter~or tuning! sections.

The conversion between the fundamental TE and T
modes with propagation constantsbTE andbTM , is induced
by a periodic index perturbation with a periodL verifying:

bTM~l0!2bTE~l0!5
2p

L

⇔l05Dnph~l0!L, ~1!
2763© 2001 Society of Photo-Optical Instrumentation Engineers
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where l0 is the central wavelength of the filter an
Dnph(l0) the phase birefringence. The periodic index p
turbation is created via the electro-optic coefficientr 42 and
an alternative X field induced by interdigital electrodes@in-
set ~a! in Fig. 1#. The dispersion of Eq.~1! and the two
polarizers convert this polarization conversion into a wav
length filtering. The full width at half maximum~FWHM!
of the filter is ideally given by9:

dl.0.8
l0

2

Dngr~l0!L
, ~2!

where Dngr(l0) is the waveguide group birefringence
l0, andL is the filter length.

Tuning the wavelengthl0 is obtained by changing the
waveguide modal birefringencebTM to bTE through the
electro-optic coefficientsr 13 and r 33 with a set of tuning
electrodes, which induces a Z field in the waveguide@inset
~b! in Fig. 1#.

Owing to the very low index difference in the wave
guide, the two modes are almost pure TE and TM mod
and thus are mainly polarized along, respectively, the Z a
X axis. Thus, we may use the Jones calculus10 to model the
behavior of the device, where the two orthogonal states
polarization are simply the two fundamental modes of t
waveguide. However, instead of modeling each tuning a
coupling section as a single~2,2! polarization transforma-
tion matrix, as reported by Heismann and Alferness,9 we
have divided11,12 the device inN elementary cells of length
L/2, where the matrix elements are assumed to be cons
This later simplification will appear to be not too restrictiv
and yields results in good agreement with the analytic f
mula. This numerical treatment, already used for acous
optic filters,13 allows us to evaluate the transmittance wh
some physical parameters change along the wavegu
Thus, the transformation matrixT for the complete filter is
given by

Fig. 1 Integrated polarization converter/wavelength filter. Insets (a)
and (b) show the electrical fields along the X and Z axis induced by
the interdigital and planar electrodes, respectively.
2764 Optical Engineering, Vol. 40 No. 12, December 2001
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T5ATNTNS(NC1NT)21•••

•••CNC1NT11TNC1NT
•••

•••TNC12TNC11CNC
•••C2C1P, ~3!

whereP, A, Ci , T i , stand for the polarization transforma
tion matrices of the polarizer, the analyzer, thei’th elemen-
tary cell inside a conversion section and thei’th elementary
cell inside a tuning section, respectively.NS is the number
of coupling and tuning sections in the whole filter, andNC

andNT are the numbers of elementary cells inside the c
pling and the tuning sections, respectively.

The matrix T i of the i’th elementary cell in a tuning
section is derived by considering the first order perturbat
induced on the propagation constant by the electric field14

and is expressed as:

T i5S exp~1 j S iL/2! 0

0 exp~2 j S iL/2!D
3exp~2 j F i1DF!, ~4!

where S i5Dnph
i p/l1DbTM2DbTE , DbTM

' pVT /l0G nX
3r 13GTM , DbTE' pVT /l0G nZ

3r 33GTE , nX

andnZ are the principal indices of lithium niobate along th
X and Z axes,GTE and GTM are the overlap coefficient
between the applied electrical field and the optical field
the TE and TM modes, respectively, andF i5(bTM

i

1bTE
i )L/4, DF5(DbTM1DbTE)L/4.

The matrixCi in Eq. ~3! is the polarization conversion
matrix of the i’th elementary cell in a coupling section
which is derived using piece-wise integration of the equ
tions appearing in the coupled mode formalism15,12:

Ci5S aiexp~1 j d i L/2! biexp~1 j d iL/2!

2bi* exp~2 j d i L/2! ai* exp~2 j d iL/2!
D

3exp~2 j F i !, ~5!

where ai5cos(Di L/2)1 j d i /D isin(Di L/2) and bi

52 j k/D isin(Di L/2) with

D i5Ak21d i
2,

k5
p

l0
AnX

3nZ
3r 41

VC

L/4
CGTE2TM

1

is the coupling coefficient, andd i5Dnph
i (l)p/l2p/L is

the relative phase mismatch. We have improved on
classical solution9 by using the first Fourier coefficient in
the development of the overlap function between the o
cal and electrical fields,CGTE2TM

1 , instead of GTE2TM

itself.12 The coupling coefficientk is the same in all the
cells because, as we see in Sec. 5, it seems that the pro
imperfections do not affect it substantially.

For TE mode input and TM output, the input polariz
and output analyzer are respectively described by the
tricesP andA given by:
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P5S 1 0

0 0D and A5S 0 0

0 1D . ~6!

To investigate the effects of the birefringence deviat
on the transmittance profile, we take a birefringence t
varies along the waveguide, that is

Dnph
i 5Dnph1dn~i!, ~7!

where Dnph is the normal birefringence and dn~i! is the
birefringence deviation for thei’th section. We choose thre
broad classes of deviation that are justified later: a rand
deviation, a symmetrical deviation with the symmetry ce
ter in the middle of the filter, and a monotone deviation

dn~i!55
dn N~0,1! random

6dnS i 2N/2

N/2 D 2

parabolic

dn
i 2N/2

N/2
linear

. ~8!

We use a linear variation as the odd function needed
simulate the monotone deviation, while a parabolic var
tion is taken as the even function to model the symmetr
deviation. We checked that any other odd~respectively
even! functions yield results similar to the linear~respec-
tively parabolic! case. For the random case,N(0,1) is the
standard normal distribution (m50 and s51). Figure 2
shows the filter transmittance calculated for these th
types of birefringence deviation.

In the case of a monotone deviation of birefringen
@Fig. 2~a!#, the birefringence varies continuously along t
waveguide above and below the birefringenceDnph at the
middle of the filter. Thus the phase-matched condition
Eq. ~1! is now also verified for wavelength above and b
low l0, increasing their transmittance and gradually me
ing the sidelobes with the central lobe. Moreover, the fil
maximum transmittance decreases. Canceling out this
effect by increasing the coupling coefficient (k51.8k0 re-
stores a 100% transmittance atl0) is plagued by a further
increase of the sidelobe transmittance and of the FWH
The effect of a parabolic deviation has already been
cussed for the acousto-optic filters.16,13For a negative sym-
metric deviation@Fig. 2~b!#, the birefringence decreases
each end of the filter, with its maximum value at th
middle. Thus the phase-matched condition is also veri
for wavelengths lower thanl0, increasing their transmit
tance. For a positive parabolic deviation, the effect is
posite, and we observe an increase of the sidelobes for
wavelengths and a decrease in the other side of the s
trum. Interestingly, the zeros of the transmission curve
not affected. The overall shift of the transmittance towa
lower wavelengths is due to the change in the mean b
fringence of the filter for the parabolic case in Eq.~8!

(Dnph
i 5Dnph1dn/3).

When the filter features simultaneously a linear and
parabolic birefringence deviation, the transmittance f
tures a combination of the two previous effects. Numeri
simulations show that the filter characteristics can be
r

h
-

-

proximated by computing the effects of the two deviatio
separately. Namely, its FWHM will be the FWHM of
filter of same length with the linear deviation alone, and t
level of its sidelobe will be that of a filter featuring th
parabolic deviation only. This holds especially for sm
birefringence deviations (,5•1025), even if the set of
equations describing the filter behavior altered by birefr
gence deviation is not linear.

Comparatively, a random birefringence deviation h
less impact on the filter transmittance, as shown in F
2~c!. Nevertheless, a random variation in the convers
efficiency for all the wavelengths is observed with a slig
decrease of the maximum transmittance. Further invest
tions indicate that significant degradations of the fil
transmittance start to be observed whendn>35•1025.

With this model, tuning the filter to another waveleng
(VT.0 V! creates a negligibly small degradation in th
original filter transmittance. Actually, the mean birefrin
gence in the waveguide is changed but the change indu

Fig. 2 Filter transmittance for (a) linear, (b) negative parabolic, and
(c) typical random birefringence deviation with dn55•1025 and N
52160, i.e., a filter length of 46 mm. For comparison, the dashed
curves show the transmittance of an ideal filter (l051.55 mm, VT50
V). The coupling coefficient k is expressed in function of k0

5p/2L NC /NC1NT that would yield a 100% transmittance at l0 for
a filter with a constant birefringence.9
2765Optical Engineering, Vol. 40 No. 12, December 2001
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Chollet, Goedgebuer, and Ramantoko: Limitations imposed by birefringence . . .
by the tuning voltage is almost position independent a
thus it does not add any birefringence gradients.

3 Limitations Induced by the Birefringence
Deviations

We now explore the limitations introduced by the birefri
gence deviation when fabricating a narrow bandpass fi
Matching exactly the experimental transmittance with
simulation is a complex problem when different types
deviations are combined together. Thus, we have chose
consider some significant features of the transmittance
tried to find a correlation with the birefringence deviatio
The main limitations to consider deal with the transm
tance maximum, the linewidth of the filter, and the level
the sidelobes that determines the level of cross talk in
plications on dense wavelength multiplexing.

3.1 Limitations Imposed on the Transmittance
Maximum

In a first step, we analyze the evolution of the transmiss
peak of a narrow filter~FWHM 5 0.5 nm! with the mono-
tone birefringence deviation. Figure 3 shows that the s
exchange of energy, which is known to occur for a perf
filter15 with dn50, evolves quickly as the birefringenc
deviation increases. With a 1024 birefringence deviation, to
obtain a high conversion efficiency~20 dB or 99%!, we
need a coupling coefficient 3.8 times larger than that of
ideal device. Practically, this means an operating volt
3.8 times larger than for the perfect filter.

The influence on the transmittance maximum of a r
dom and a symmetric deviation of birefringence is ve
small and can be neglected in a first approximation.

3.2 Limitations Imposed on the Filter Linewidth

In a second step, we computed the FWHM of filters ver
their lengths for different monotone birefringence dev
tions ~Fig. 4!. As dn increases, the maximum transmittan
of the filter is reduced, except if the coupling coefficie
~i.e., the conversion voltage! is increased. Thus we used fo
the computation an optimal coupling coefficient defined
the lowest one yielding a maximum transmittance of 99
For example, in the case depicted in Fig. 2~a!, the optimal
coupling coefficient will be 1.8k0. The effective FWHM of

Fig. 3 Calculated evolution of the maximum of transmittance versus
the normalized coupling coefficient for different values of a linear
birefringence deviation (N52160, l05 1.55 mm).
2766 Optical Engineering, Vol. 40 No. 12, December 2001
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the filter is then defined as the central lobe linewidth
50% obtained with this optimal coupling coefficient.

To validate further the numerical model expressed
Eqs. ~3!–~6!, we have also drawn in Fig. 4 the analytic
curve given by Eq.~2! in the case of a perfect filter. Th
curve thus obtained is exactly superimposed with the cu
dn50 of the numerical model. Fordn.0, as the device
length is increased, Fig. 4 shows that the filter FWHM d
creases down to a minimum and starts to increase. In
last part of the curve, thelonger the device is, thewider the
filter FWHM is! This point has been completely overlooke
in previous works and does not appear when using the a
lytical expression of Eq.~2!. This effect starts earlier for
large birefringence deviations as can be clearly seen in
4. This behavior can be understood by considering the
terference occurring at the device output. At the cen
wavelength, all the partially converted waves~or wavelets!
interfere constructively at the output to yield a 100% tran
mittance. But, this ideal situation is corrupted by the bi
fringence deviation that disturbs the phase of the wavel
Thus, a reduced number of wavelets can interfere const
tively at the device output. It can be overcome by incre
ing the local coupling coefficient, as explained before. F
long devices~i.e., narrow FWHM!, a very small local phase
error spoils the transmittance since a very high numbe
wavelets is expected to interfere constructively at the
vice output. The jumps observed in the curves are nec
sary to keep the maximum transmittance above 99%. A
a region where the coupling coefficient needs to be
creased continuously, we have to jump to the next ma
mum in the transmittance. For example, in the case of F
2~a!, we can see in Fig. 3 that we need to havek51.8k0,
because the peak at aboutk'k0 has too low of a transmit-
tance. Still, note that the jump appears substantiallyafter
the minimum of the FWHM curve is attained and thus do
not affect the existence and position of the minimum.

Figure 4 also gives an estimate of the quality of t
technological process needed to achieve a filter with
given linewidth. It is worth noting that to obtain a 0.5-nm

Fig. 4 Digital simulation of the FWHM versus the filter length for
different values of the linear birefringence deviation (dn) and for
l051.55 mm. The dotted curve is obtained after Eq. (2) for a perfect
filter using Dngr50.0825 and L521.4 mm. (We reported the values
on the top scale for comparison.) For N52160, the profile of the
transmittances at points (a) and (b) are given in Fig. 2(a) for the
curve with k51.8k0 and the dotted curve, respectively.
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Chollet, Goedgebuer, and Ramantoko: Limitations imposed by birefringence . . .
linewidth filter instead of a 1-nm-linewidth filter, it is no
enough to increase the device length by a factor of 2.
also need to improve the technology to decrease the m
nitude of the eventual birefringence deviation by a factor
3. Moreover, the filter length and the FWHM are not sim
ply governed by Eq.~2!; the length has to be increase
substantially in comparison with a perfect filter to obta
the desired linewidth.

Again, we have also studied the limitation imposed
the filter FWHM by the magnitude of the symmetric devi
tion of birefringence. This effect may again be neglected
view of the large sensitivity of the lateral lobe level to su
deviation, as we see now.

3.3 Limitations Imposed on the Level of the
Sidelobes

Even though a symmetric deviation of birefringence h
few effects on the transmittance of the main lobe and on
FWHM, it may still degrade the filter transmittance by i
creasing quickly the sidelobe level. In Fig. 5, the sidelo
level is plotted as a function of the filter length for differe
values of the parabolic birefringence deviation. For la
values ofdn (.1024), we observe a slight decrease of t
maximum transmittance if we keep the coupling coefficie
k5k0. Therefore the curves are plotted using the optim
coupling coefficient as defined previously.

The relationship between the lateral lobe level and
length of the filter with a given parabolic birefringence d
viation appears to be linear. If we want to keep the sidelo
level below 20% rather than 12% as expected theoretic
for an ideal filter, we see that the birefringence deviat
has to be very small to satisfy the requirements o
narrow-linewidth filter, for example below 3•1025 for a
0.5-nm FWHM filter. Thedn51024 parabolic birefrin-
gence deviation discussed previously would increase
sidelobe level to 50%, making indeed the device useles
most applications.

Linear deviation of birefringence also modifies the lev
of the sidelobes. However, this effect is much smaller th
the equivalent parabolic deviation, and thus may usually
neglected.

Finally, we may note that the effects of the parabo
deviation starts with a smaller deviation magnitude than
FWHM broadening seen before. Actually, even short filt

Fig. 5 Numerical simulation of the evolution of the first sidelobe
transmittance with the device length for different parabolic birefrin-
gence deviation (l051.55 mm).
-

will be significantly affected by such deviation and it
likely that the increase in the sidelobe transmission will
observed more often than the broader central lobe, wh
will mainly affect long filters~i.e., filters with a FWHM
,1 nm!.

4 Observation of Filter Limitations

We now use our model to comment on experimental res
obtained in our laboratory and in the literature.

Figure 6 shows the theoretical and experimental spec
transmittance curves for two devices with different leng
~15 and 46 mm!. The experimental results were obtaine
for two devices fabricated in our laboratory with the sam
standard process.12

We observe that the discrepancy between the experim
tal and theoretical curves is very large in the case of
long filter. In addition to a broader central lobe and stro
asymmetrical sidelobes, the mode-coupling voltageVC re-
quired to get the maximum transmittance is increased b
factor of 3.2 when compared with the model~10 V, with
CGTE2TM

1 50.08,12 to be compared with an experiment

value of 32 V!. On the other hand, the short filter behav
essentially as predicted by a model where the birefringe
deviation is neglected. These first results indeed show
the cause of these effects creates larger transmittance
tortions for long filters than for short ones.

However, a direct measurement of the birefringence
viation is difficult to obtain~with an acousto-optic filter, the
pulse-probing technique may indirectly determine such
variation17!. Still we obtained an indirect proof of a mono
tonic birefringence gradient with the long filter by cutting
in two parts of the same length.12 The two half filters fea-
tured two different center wavelengths (l0)1 and (l0)2,
spaced by 1.1 nm. This can be attributed to a mean b
fringence difference of 5.5•1025 along the filter, corre-

Fig. 6 Experimental spectral transmission curve of (a) a 46-mm and
(b) a 15-mm-long filter obtained using the same process. Dashed
curves show the theoretical transmittance obtained with Eq. (3) for
dn50, and l051.55 mm, k5k05p/2L, using (a) N 5 2160 and (b)
N5720 elementary cells.
2767Optical Engineering, Vol. 40 No. 12, December 2001
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Chollet, Goedgebuer, and Ramantoko: Limitations imposed by birefringence . . .
sponding todn'5.5•1025 in the model. In Fig. 4, the
curve obtained fordn56•1025 best fits the characteristic
of the two previous 15- and 46-mm-long filters. Actual
the longest (N52160) presents a FWHM of about 1.5
nm, slightly larger than the shortest (N5720). Measure-
ment errors~temperature drift! and also the coupled effect
of the parabolic deviation could explain this slight discre
ancy. Moreover, Fig. 2 shows that for such a birefringen
deviation, the coupling coefficient of the long filter shou
be 3.8 times higher than its ideal value to obtain a go
conversion efficiency. This is in good accordance with
experimental filter that needed an operating voltage
times higher than the expected value. The discrepancy
tween these two values may be attributed to a slight un
estimation of the coefficientCGTE2TM

1 .

It may be observed that the small kinks, shown by
arrow on the left part of the central lobe in Fig. 6~a! and
with a period of about 0.5 nm, appear to be the remnan
the lateral lobe whose transmittance has increased du
the monotone birefringence gradient, as was simulate
Fig. 2~a!.

The presence of exaggerated sidelobes in the trans
tance of the polarization converter-based filters has b
observed since the first publications related to the subj
with either electro-optic7,18 or acousto-optic16,19 filters.
Clearly, the maturity of the process had a beneficial eff
on the magnitude of this effect. According to Fig. 5, t
increase to 45% of the transmittance of the first lateral lo
in Fig. 6~a! may be attributed to a parabolic gradient
magnitude 1024. This effect should increase the transm
tance of the first lateral lobe of the short filter to about 23
However, we can see in Fig. 6~b! that its level is only about
15%, corresponding to a parabolic birefringence deviat
of about 3•1025. Thus the magnitude of the deviation
the shorter filter is about three times smaller that in
longer one. This figure matches quite well with the ratio
the length of the two filters. This result suggests that
symmetric deviation of birefringence is proportional to t
length of the filter.

It is confirmed experimentally that tuning the filter (VT

.0 V! imposes a negligibly small degradation in the orig
nal filter transmittance, justifying the assumption made
develop our model.

Referring to Figs. 4 and 5, it appears that the proc
used for the devices presented in Fig. 6 is suited for fa
cating LiNbO3 filters not longer than 1400L, i.e., 30 mm
for a 1.55-mm operating wavelength. According to Fig.
the narrowest achievable linewidth that could be expec
is about 1.1 nm~instead of 0.8 nm for a perfect filter o
same length! without substantial process improvements.
cidentally, this value is similar to the lowest value ofte
reported by different teams in the literature for a single p
filter.7,13,16,18

5 Origin of the Birefringence Deviations

We now have enough experimental evidence to justify
profile of the birefringence deviation chosen in the analy
It is obvious that a random variation of the birefringen
along the waveguide exists. However, it is less clear w
systematic symmetrical and antisymmetrical birefringen
deviations with a magnitude depending on the length of
2768 Optical Engineering, Vol. 40 No. 12, December 2001
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filter also appear. Clearly, their origin may be split in tw
classes, either the gradient is induced during the opera
of the filter or during its fabrication.

The large dependence of the lithium niobate refract
index with temperature (4•1025 K21 at 1550 nm as de-
duced from Ref. 20! may be at the origin of an operation
induced gradient. A difference of temperature of 2.5
along the waveguide while the filter is operated cause
birefringence deviation of 1024. Thus, thermal grease an
an aluminum plate should be placed on the back of
crystal to minimize any systematic temperature gradie
For the electro-optical filter, such approach is facilitated
the absence of heat source in the device, but with acou
optical devices it may become more complex.16 In any
case, the heating induced by the absorption of the li
inside the waveguide, that may give rise to a monotonou
decreasing gradient of temperature, may be neglec
rough calculation shows that the increase in temperatur
only 0.05 K with the cooling plate.

Thus it seems that the origin of the systematic gradie
have to be sought in the fabrication itself. The process u
for titanium in-diffused LiNbO3 integrated devices is wel
known.21 The waveguide is fabricated by diffusing at a hig
temperature a thin stripe of titanium. Generally, this step
followed by the deposition of a dielectric buffer layer, b
fore the deposition and the patterning of the electrodes

To estimate the impact of the process parameters on
waveguide birefringence, we have used the effective in
method, with the index model described by Fouchet et a22

extended to the 2-D case with the use of the standard Fi
equation and of the classical long time diffusio
approximation.12 For our standard process atl051.55mm,
the titanium width is 8mm, the titanium thickness is 800 Å
the diffusion time is 8 h, and the diffusion temperature
1016°C. We used a diffusion constant along the X axis
4.3•1011 mm2/h and an activation energy along the X ax
of 3.0 eV as determined separately.12 These constants ar
slightly larger than those usually reported in the literatu
for a Y-cut crystal, however, X-cut crystals have receiv
very little attention and no other results are known in t
open literature. With these values, a birefringence devia
of about 1024 may be attributed to a variation of the tita
nium stripe width by 0.3mm or thickness by 10 Å, or to a
diffusion temperature gradient of 2 K.12,13

The symmetrical deviation of birefringence may be
tributed to the sputtering process used to deposit the
nium layer that has been shown to produce symmetr
deviation in the thickness on a large plate. Moreover,
width of the titanium stripe is usually considered to va
randomly with the crystal abscissa, but we have sho
recently23 that the spinning process induces a slight sy
metrical variation of the stripe width from the substra
center to each of the substrate ends. For the process us
manufacture the filters in Fig. 6~a!, we measured symmetri
cal change in the waveguide width in the order of 0.4mm.
This value would account for a deviation of 12•1025, close
to the 11•1025 needed, according to Fig. 5, to explain th
observed increase of the sidelobe level to 45%.

The monotone variation may also be created during
deposition of titanium when an e-beam evaporator is us
We have observed parallel interference fringes when a



tes
in a
ice

rde

ea-
r-
e

lso
use
te-
a
all

n-
se
ue
ro
ien
is

ure
or,
e

ion

n
hat
re

it-
atic

he
t bi
on

the
sly
oe
ort
n
ns-
r-
gh
in-
ur

r a
o-

a
se

ak

e

y
the
rs,
l to

M

t,
er-
s,
M

se-
m-
cts
ter

that
ring
e in
ally,
p-

a-
ss
,
tal

on
g for
ed
tal

ire-
to

e
on-
the
ued
ed
ase
gly,
for

TM

w
e
sis
s
e
de

M
et-

e,
al

Chollet, Goedgebuer, and Ramantoko: Limitations imposed by birefringence . . .
electric material is evaporated on large size glass pla
suggesting that improper evaporation conditions result
monotone increase of the titanium thickness with the dev
abscissa. Measurement of thickness variation in the o
of a few Å, needed to keep the deviation to a few 1025,
were not possible and we could only take corrective m
sures blindly~e.g., two step deposition with sample reve
sal!. Similarly, the monotone thickness variation of th
SiO2 buffer layer evaporated over the waveguide a
modifies the birefringence within the waveguide, beca
the optical field does not completely vanish at the nioba
SiO2 interface. During patterning of the titanium stripe,
poor contact between the sample and the mask, usu
resulting in an air wedge~that will be evidenced by the
presence of fringes of equal thickness!, will cause a minute
change in the waveguide width that will affect the birefri
gence. Careful operation of the mask aligner suppres
this problem. On the other hand, during the diffusion, d
to the constant gas flow often used at this step of the p
cess for different reasons, a monotone temperature grad
along the waveguide may appear if the long crystal
placed parallel to the gas flow. Checking the temperat
uniformity inside the furnace should correct this behavi
and a shielded boat~e.g., a platinum box as used in som
groups! could be beneficiary.

A random birefringence deviation withs>35•1025,
that could significantly affect the transmittance~Sec. 2!,
implies that 5% of the cells should present a deviat
larger than 7•1024 (2s rule!. This means a variation of 2
mm in the waveguide width, or of 15 K in the diffusio
temperature, which is rather unlikely. Hence it seems t
random deviations~due to an inhomogeneous temperatu
bath or UV illumination, for example! will only account for
small deviation in the transmittance, and large transm
tance distortion can safely be attributed to the system
deviations.

It should be noted that the variation of the period of t
conversion electrodes may also introduce an equivalen
refringence deviation by changing the phase-matched c
dition in Eq. 1, which will probably be random.

As we suggested in the previous section, most of
cause of birefringence deviation described here obviou
depends on the length of the substrate. Thus not only d
the deviation of birefringence have less effect on the sh
filters ~Sec. 3!, but the magnitude of the deviation will eve
be smaller, decreasing further the distortion in their tra
mittance. Then, the fabrication of the long filter with na
row FWHM becomes a real challenge. But this thorou
study has allowed us to identify the main cause of birefr
gence deviation, and we were able to improve o
process12,23to obtain a filter with 0.7-nm FWHM.24 That is,
as far as we know, the best results reported so far fo
single pass polarization-conversion filter on lithium ni
bate.

The ultimate limitation on linewidth is dictated by
cause of birefringence deviation that we have not discus
so far: the uniformity in the LiNbO3-crystal itself. Recent
measurement by the NIST25 using the Maker fringe
analysis26,27 reveals for an X-cut crystal a peak-to-pe
fluctuation of the extraordinary index of 7•1025 ~Fig. 6 in
Ref. 25!. This fluctuation is linked with variations in th
,

r

y

s

-
t

-
-

s

d

LiO2 molarity that do not significantly affect the ordinar
index, and thus they can be taken as fluctuations of
crystal birefringence. Interestingly, as noted by the autho
these fluctuations appear to present a gradient paralle
the Y axis of about 3.5•1025 superimposed with random
fluctuations. If our model is applied to this data, a FWH
of 0.6 nm is the best result that can be obtained forany
lengthof single-pass filter on LiNbO3 ~the crystal needs to
be about 46 mm long!. We have almost attained this limi
but new improvements, such as laser writing of the conv
sion electrodes28 and e-beam patterning of waveguide
may be needed to reduce further the linewidth of TE-T
spectral filters.

6 Conclusion

We show that the influence of small systematic pha
birefringence defects within a waveguide can be very i
portant on the filter transmittance. Their cumulative effe
yield large distortions on the sidelobes and on the cen
transmission peak. We simulate three types of defects
were assumed to be met in a conventional manufactu
process. They yield spectral transmission curves that ar
very good agreement with those observed experiment
and confirm the validity of the model and of the assum
tions. Having identified the cause of the linewidth limit
tion, we were able to improve our manufacturing proce
obtaining a filter of length 44 mm with 0.7 nm FWHM
near the limit of 0.6 nm estimated from the current crys
birefringence uniformity measured by the NIST.

Besides improving crystal growth and the fabricati
process, we may use alternate structures compensatin
the manufacturing defects. For example, mirror-fold
structures29 have the great advantage of reducing the crys
length by a factor 2~or more if multiple total reflections are
used!, and of decreasing the problems related to the b
fringence deviation. This structure has been reported
yield a FWHM of 0.6 nm. Another solution is to provid
along the waveguide an additional short tuning section c
trolled with independent voltage to compensate for
phase mismatch. However, these two solutions are plag
by a higher operation complexity to obtain phase-match
conversion along the filter, because they sharply incre
the number of independent voltages to adjust. Interestin
cascaded filters have also shown good characteristics
FWHM down to 1 nm.30 However, decreasing the FWHM
further is hindered by the availability of large crystals.

Generalizing the present results to acousto-optic TE-
filters is straightforward using our model withNC5N and
NT50 ~no tuning section!.

Finally, it appears that the fabrication of a narro
TE-TM converter/filter is a very powerful tool to test th
quality of fabrication processes. As we show, the analy
of the transmittance curve will help identify the problem
in the fabrication steps. Moreover, their extent will b
hinted at by using the curve of Figs. 4 and 5 that will deci
the appropriateness of corrective measures.
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