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ARROW-Type Vertical Coupler Filter:
Design and Fabrication
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Abstract—\Vertical coupler filters (VCF) exhibiting narrow  the nondispersive ARROW waveguide is used as one of the
bandwidth and low sidelobe levels have been designed andcoupled waveguides [2].

demonstrated. Narrow bandwidth filter response is achieved due 5 humber of high-performance VCF’s have been fabricated

to the strong asymmetry between the waveguides of the filter and . . . ,
the nondispersive characteristics of the anitresonant reflecting [3], [4] with semiconductor materials. Although these VCF's

optical waveguide (ARROW) structure. An ARROW-type are very narrowband and can operate over a relatively large
VCF with a conventional parallel coupled directional coupler tunning range, the waveguides are not fiber matched and spot
configuration with a full width at half-maximum (FWHM) of  sjze transformers are needed for their deployment in the WDM

1.36 nm and a maximum sidelobe level 0f8.5 dB was fabricated systems. Futhermore, these devices were optimized only for

using a coumpound glass consisting of Siand Si0,/Taz0s. : . .
The filter sidelobe levels were then further suppressed by their bandwidth performance and the sidelobe levels were

using an X-crossing arrangement to provide coupling strength shown to be relatively high, typically higher thanl0 dB.
apodization along the device. The sidelobe levels of this modified Since these filters consist of waveguides in which the upper
X-crossmdg I:f\lj\t;i'r'vlwere ssugpressgrdh to betlo‘f\’—23 ?B ?r:‘d ftrt]ﬁ waveguide runs completely parallel to the lower waveguide,
measure was 3.9 nm. The central wavelength of the . . : N
reported filters are in the 1.55 um region. The measured results ong is not free to !ntroduce CO“F’"”Q strength apodlz-atlon,
are in good agreement with theoretical results from an analysis Which would otherwise enhance the sidelobe suppression.

procedure that combines the coupled mode theory with the finite It is well known that the sidelobe level of the filter response

difference complex mode solver. depends on the coupling strength apodization along the length
Index Terms—Add—drop filters, optical filter, sidelobe suppres- Of the device. In order to obtain high sidelobe suppression, the
sion, wavelength division multiplexed (WDM) components. coupling strength of the filter must vary smoothly along the

waveguide, decreasing toward either end. Any abrupt change
in the coupling distribution raises the sidelobe level.

The coupling interaction can be controlled by adjusting
PTICAL wavelength add—drop filters, which provideyaveguide separation or by applying a weighting function on
channel selective functions, are essential elements tie applied electrodes of the electrooptic devices. The use of

wavelength division multiplexed (WDM) access networksyeighted coupling strength distribution to suppress the side-
The characteristics of these filters limit the capacity of thgpe level of the filter response has been demonstrated recently
network, in terms of channel spacing and channel densipy refs. Smith and Johnson [5], Crostenal. [6], and Little et
One particularly attractive add—drop filter configuration is thgy [7] has outlined the tradeoffs between filter bandwidth and
vertically coupled filter (VCF) [1]. In contrast to the planarsigelobe level and derived the limiting performance in terms of
version, where the two waveguides are placed side-by-sidgjelobe suppression of the coupler filters and compared the
the waveguides of the VCF are placed one on top of thgjelobe levels of the various coupling strength apodization
other. In this configuration one is less restricted in the choigﬁapes_
of geometry or material composition in comparison to the Recently, we reported a VCF configuration where the two
planar version. Thus, it becomes easier to have very diSSiWaveguides are crossed in a X type shape, which achieves a
ilar waveguides which is the key to achieving very narroWigelobe suppression level better thaa7 dB [8]. The AR-
bandwidth characteristics. The narrowing of the bandwidth caib\w waveguide in our earlier reported filter was fabricated
further be enhanced with grating assisted coupling or whgging a wet-etching technique, which introduces a small slope
at the side of the core/cladding interface. The VCF fabricated

I\S/Ia$U(s:f1riptv\r/etl:Deived Adugusst f4, 199$t;hr§\]/i5§d January A18,d1999- s by wet etching presents three drawbacks. First the width of the

and'Téchng’Iog)./, 3?8’I\";I‘?croplh0?0?1iec‘;eF\::Ioject?Ka?/;]:sgjaalri\lglsf:-%Oelr;)Sgpar?.lewsvegu'des_CannOt b? precisely controlled. Second, the edge
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with the amount of distortion depends on the crossing angle.
In this paper, modified ARROW-type VCF's are fabricated

by an improved planarization technique, which maximizes
the flatness on the top of the ARROW waveguide, and
thus minimizes the cross-over distortion. Using the improved
fabrication procedure, the overall performance of the VCF has
been improved.

In the theoretical design of the ARROW-type VCF, we s
developed an accurate and efficient approach that combines the
coupled mode theory with a finite-difference mode solver. The TN
finite-difference mode solver is used to calculate the compleksic, tcaf— ﬁL :
propagation constant of the leaky modes in the ARROW Pl
waveguide. Using this analysis approach, the response of the t.; '
VCF structure can be calculated very efficiently, provided that t.,! |
only the fundamental mode is launched. It is shown that this il
analysis method can accurately predict the performance of
the device fabricated. In the fabrication step of the ARROW- T
type VCF, which consists of an ARROW and a conventional L The ARROW o o fiter. U e with
ridge or channel waveguide, aift off process is developed faic., icl Gy UaCeq o top of he fat SLC ARROW sricure.
the trench at the core/cladding interfaces on the top surface
of the ARROW waveguide to less than 0dm. First a SLC - ARROW CHANNEL WAVEGUIDE

opmo 1m0 IpIMD oddpy

parallel ARROW-VCF is fabricated, which gives the narrowest N cover 4 um
bandwidth for a given device size [9]. Following this, the il = ,1_155 t core
VCF employing an X-crossing configuration is fabricated to| ;-1 4508 ]tsep o 1/'6528
investigate the role of apodization on sidelobe supression pef-—\ T U N .
formance. In the crossing configuration, the coupling strength \ SR 0.5pm
distribution resembles a hyperbolic secant function which T 6.5 ym
provides much lower sidelobe levels than the conventiona n=1.5562
uniform coupling type VCF. n=1.4508 0.5 pm
n=15562 [ ] 30 m
Il. ARROWTYPE VCF WITH n=3.4780
COUPLING STRENGTH APODIZATION
One method to apply smooth apodization of the coupling @ (b)

strength in the VCF is to separate the two waveguides gradig. 2. Reference waveguides used in the CMT analysis. (a) The ARROW
a”y_ In this approach it is essential that the top surface of t h a thin lower index stripe fO( optical confllnement in the Ia@eral dlrectlon.

. . The upper waveguide consists of a buried channel or ridge waveguide
lower waveguide layer remain flat and smooth. A structuigiing on top of a multilayered structure. The reference mode is the composite
which can satisfy this requirement is shown in Fig. 1. Imode of the rectangular waveguide and the multilayered structure.
the proposed filter, the lower waveguide is an SLC-ARROW

waveguide where the lateral optical confinement is providelq1e mode solver is used to evaluate the exact propagation

by the thin lower index layers placed at the center of thce P : . L .
) onstants of the individual waveguides, in addition to their
ARROW core layer. Since these layers can be made very ”ﬁ' g

) ) o . Bd profiles. The coupled mode theory is subsequently used
(typically 0.5;:m), a relatively flat top surface which 'Ssu'tabl‘:zi_’evgluate the couplipng strength andywavelengqch resyponse.

fodrdt.?_e pl?cemer_g of tfr;etuppfer Wfavetgr]]mde c?n tt.)e obftalned.l this manner, once the exact modes are solved, and the
aadtion, to provide a fiat surtace for the application of Smookg, profiles stored, the responses of filters with arbitrary
apodization, the ARROW-type VCF offers several attractive_ .= . L .
] S . “apodization shapes can be evaluated and optimized quickly.
features: The ARROW waveguide is well matched to a fibe : )
In the proposed VCF, a stripe lateral confinement (SLC)

mode and thu; coupling IOS.S can be. kept s_mall [10]. T%?ROW and a channel waveguide placed on top of a multi-
ARROW mode is based on high reflection confinement, rathler Y
ayered structure, as shown in Fig. 2, are used as the reference

than total internal reflection, the dispersion of the mode Ca\}vryve Lides. Because of the leaky nature of the modes. the
be made relatively flat [10]. Thus, when evanescently coupledﬂjl 9 ‘ y '

10 a highly dispersive channel waveguide, narrow band ﬁItszmivectorial version of the finite-difference mode solver
characteristics can be expected. F 1] which can effectively calculate the complex propagation

constants of these leaky modes were used to determine the
propagation constants and field distributions of the reference
modes.

In the design of the filter, the coupled mode theory (CMT) The main consideration in the design of the ARROW-
was used in conjunction with a finite difference mode solvetype VCF was to ensure that the VCF had to operate in the

I1l. DESIGN AND ANALYSIS OF THE ARROW-TYPE VCF
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waveguide. The waveguide parameters of the waveguides are the same as in
1542 | 3 Fig. 3 but withtcore = 0.86 pm andncover = 1.0 for the ridge waveguide.
154 : : :
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Wavelength (um) the passband location by 20 nm, whereas a change.,of

, , _ , by 0.10 um only shifts the passband by 1.5 nm. Although
Fig. 3. Dispersion curves of the reference modes of the filter used fr?/ hick b lled . v b .
the CMT analysis Withteore = 0.70 pm, teep = 2.25 pm, and IIm thickness can be controlled quite accurately by sputtering

neover = 1.4508. Due to the multilayer in Fig. 2(b), the reference mode haeleposition, nonuniformity in the sputtered film can shift the
a cutoff value the same as the lower multilayered structure. location of the passband away from the desired location. Post
processing such as trimming or tuning are necessary for the

singlemode region. However, higher order modes do exsitiPlementation of these types of devices. Recently, we have
the ARROW and these leaky modes are rejected only by Iod4cceeded in the trimming of the filter passband location by 59
discrimination. The dispersion of the waveguide in Fig. 2(d)M using an ultraviolet (UV) sensitive polymer as the cover
differs from the conventional channel waveguide (without tHayer of the ARROW VCF [12].
lower multilayered structure) because its cutoff propagation To obtain the overall filter response, the VCF are first
constant depends on the lower multilayered structure. Wheipdivided into a cascade df independent sections with
the propagation constant of the upper waveguide is smalféhstant coupling coefficient, the overall transfer matrix at
than the propagation constant of the leaky modes in the lov@gingle wavelength relating the power at the input pi()
structure, the power carried in the upper waveguide leal@sthe final output pord(L) is then solved from the cascaded
into ARROW cladding and couples into the lower waveguidéansfer matrix equations.
even when the cores of the upper and lower waveguides arén the calculation, thex’s of the transfer matrices are
separated far apart. Therefore, it is necessary to keep €fdermined by numerical integration at a range of sampling
cutoff wavelength outside of the wavelength range of operati§gparations using the calculated reference modes. The value
in the design. Furthermore, the operation wavelength ranger at a particular separation can then be determined using
depends on the dispersion of the channel, when the disperdigigrpolation. Once:(z) is evaluated, the CMT procedure can
is increased (with large refractive index difference between the used to determine the filter response of any apodization
ARROW core and the channel waveguide core), the passhafi@pe very efficiently.
will be closer to the cutoff wavelength. Fig. 3 shows the The layout of the VCF'’s investigated in this paper is shown
typical dispersion characteristics of the transverse electiit Fig. 5. The lower ARROW of the VCF is kept straight
(TE) reference modes with its cutoff value, the waveguidgong the length of the device, while the upper waveguide has
parameters are the same as in Fig. 2, with. = 0.70 ym, a straight section of. = 1 cm with two curved sections with
teep = 2.25 pum andneover = 1.4508. R =25 cm at the ends for the detachment of the waveguides.
The dispersion of the upper waveguide can be increastde buffer thickness.., and upper core thickness,.. are
by using a higher index core and/or using a ridge structugjusted for phase matching and maximum coupling efficiency
where the Si@ cover is removed or replaced by a lower indefor a given crossing anglé.
material. Fig. 4 shows a comparison of the dispersion curvesFig. 6 shows the filter responses of the filters with=
between a buried channel and a ridge waveguide, both sittiéfy 0.05°, and0.10°. The waveguide parameters are the same
on top of the same multilayered structure as in Fig. 2(b). Bs in Fig. 2, witht,, = 2.25 um, teere = 0.85 um,
order to provide phase matching within the range of interestnd n..ve. = 1.0. It can be seen that the sidelobe level is
the thickness of the ridge waveguide.. has to be increasedreduced when the waveguides are crossed, with the effect
to 0.86 pm. of the suppression increases with the crossing angle. For the
Of all the waveguide dimensions, the size of the uppstuctures used in this comparison, the sidelobe levels of the
waveguide controls the passband location as compares to iten sidelobe are-8.5, —20,—40 dB até = 0°,0.05°, and
size of the ARROW waveguide. For the structure in Fig. 2.10°, respectively. Because of the different filter shapes and
a slight change of... by 0.01 um results in a shift of the length of the effective coupling region, the bandwidth
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Fig. 6. Sidelobe level comparison of the filter configuration in Fig. 5
at vaiousf. The waveguide parameters are the same as in Fig. 2 with
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w

Fig. 8. Fabrication procedure of the lower SLC-ARROW structure. A lift-off
process is required for the maximum flatness on top of its surface after
fabrication.

'S

FWHM (nm)
@

and SiQ and it can be dry etched with GFThe fact that
TapOs/SIO, can be dry etched is essential for the planarization
of the ARROW waveguide and the improvement of the VCF
performance. In the fabricated devices;®@a (8 mol%)/SiG
(92 mol %) (n = 1.5562 at A = 1.55 pm) was deposited
to form the core and 2nd cladding layer of the ARROW
waveguide. TgOs (17 mod %)/SiQ (83 mod %)(n = 1.6528
at A = 1.55 pm) was deposited to form the core of the
upper waveguide. SiD(n = 1.4512 at A = 1.55 ym) was
deposited for the 1st cladding and SLC layer of the ARROW,
and the buffer separation layer between the ARROW and the
upper waveguide. The waveguide pattern was formed using a
reactive ion etching (RIE) with Cf A lift-off technique was
used to planarize the SLC region. The fabrication process of
The waveguides of the ARROW-type VCF were depositdtie SLC region is shown in Fig. 8. This process consists of
using RF sputtering of Siand TaOs/Si0O, compound glass. the deposition of a lower half core, evaporation of a 200 nm
The TaOs/SiO, compound glass is used because its refractiv& mask, patterning of the Cr mask with photolithography and
index can be adjusted by the ratio of the composition g0ka wet chemical etching of the Cr mask with HY solution, RIE

N

Sidelobe Level (dB)

—

0.00 0.05 0.10 0.15 0.20
Crossing Angle 0 (degree)

Fig. 7. Variation of the FWHM and sidelobe level with the crossing afigle
For a device at a fixed length, FWHM is compromized for the crossing ang

of the filter increases witl#. The relationship between the
bandwidth and the crossing angle is shown in Fig. 7.

IV. DEVICE FABRICATION
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Fig. 9. SEM cross-sectional image of the fabricated device. The trench left o
on top of the SLC-ARROW core/cladding interface has been reduced to less ‘g -4 T
than 0.1 um. <
g 6r -
o
£
etching of the lower half core to 500 nm depth and resputtering 581 .
of a 500 nm thick Si@ layer onto the Cr mask. In the lift-off I 0k i
process, the sample was first soaked into the BHF solution for E
10 s to remove the SiDdeposited on the vertical surface of E 12 I I ! !
the Cr. Finally, the Si@ on top of the Cr mask was lifted 1.55 1-555W1-5|6 1tf1565 1.57 1575
from the sample by removing the Cr with wet etching. Fig. 9 avelength (um)
shows the SEM cross-sectional image of theOsSiO, cores (b)

of the ARROW and the upper waveguide. It can be seen fify. 10. Filter responses of an ARROW-type VCF with = 0°: (a)
Fig. 8 that the top surface of the ARROW was kept flat witfeasured (solid line) and calculated (dashed line) of the power at the output

. port. (b) measured power at the throughput port. The waveguide parameters
the lift-off process. are the same as in Fig. 6.

V. EXPERIMENTAL RESULTS B. VCF with a Crossing Angle af

) o ] For a given directional coupler length, the VCF wiih=

A. Conventional Directional Coupler with = 0° 0° gives the longest coupling region, thus the narrowest

The normalized output and throughput responses of thandwidth value. However, it is also difficult to detach the
ARROW:-type VCF withé = 0 and waveguide parameterswaveguides smoothly from each other and higher sidelobe
which are the same as in Fig. 6 is shown in Fig. 10. It cdavel is resulted. The sidelobe level can be reduced at the ex-
be seen that the measured response is in good agreement péthse of its bandwidth performance by applying apodization of
calculation. A small central wavelength shift between the twibe coupling strength along the device. One filter configuration
response is observed, which is probably caused by the snth#it can provide a lower sidelobe level is the X-crossing filter,
index distribution on the deposited film and the difference afhere the coupling strength distribution along the length of
exact shape of the upper waveguide from the rectangular sh#fpe device turns out to resemble a hyperbolic secant function.
assumed in the calculation. The full width at half-maximuriio investigate the sidelobe level of the X-crossing ARROW-
(FWHM) of the measured device is 1.36 nm which is slightlyype VCF, the upper and lower waveguides of the VCF were
larger than the 1.12 nm obtained from the calculation. Thisade to cross at an angle. The crossing was fabricated in
discrepancy can also be attributed to the difference betwabe photo lithograthy process for the upper waveguide with
the calculated and fabricated structure. The response measaratight rotation of the photo mask. The filter has a crossing
from the throughport in Fig. 10(b) shows that the extinctioangleé = 0.12° and the buffer thicknesg,,, was reduced to
ratio of the filter is below—9 dB as the separation thicknesd.8 um to optimize the coupling efficiency.
tsep Of the fabricated device was approximately 0.0 Fig. 11 shows the filter responses of the X-crossing filter.
thicker than the designed value. Furthermore, scattered lighite measured FWHM and sidelobe levels are 2.88 nm and
could not be isolated from the detector because he lateral8 dB, respectively, compared to values of 2.50 nm and
separation between the two waveguides at the output plan85 dB, from calculation. It can be seen that the sidelobe
was 90um and a single-mode fiber was used to couple lighevel was reduced with the crossing waveguides, however,
out from the waveguide to the detector. The extinction ratibe value was not nearly as low as the predicted result. One
of the fabricated filter might be below the measured value. factor for the sidelobe level discrepancy could be due to
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'é -6 I -1 Fig. 12. Output response of the filter in Fig. 11 with a polymer cover layer
S with n = 1.438, and tcore = 0.72 pm.
3 o 1
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© ol | sidelobe level of the filter can be reduced by compromising its
ﬁ i bandwidth. By crossing the waveguide at a small angle®9.12
g -4r 7 the sidelobe levels was suppressed to beldl@ dB, however,
g -16 L . : the bandwidth was increased to 2.88 nm. The sidelobe level
1.54 1-5\%6\/6';%% (uﬂz)'57 1.58 can further be reduced by increasing the crossing angle or by
reducing the noise from surface scattering with a cover layer.
() When applied a layer of polymer cover layer, the sidelobe

Fig. 11. Filter responses of an ARROW-type VCF with= 0.12°, except |evels of the VCF was reduced to below23 dB. Although
for t.cp = 1.8 um the waveguide parameters are the same as in Fig. 6. yha FWHM of these devices is relatively large for the current
DWDM systems, both the filter bandwidth and the device size

scattering from the surface roughness of the exposed ridg#h be scaled down if semiconductor materials are used.

waveguide, although the trench depth has been reduced to led lift-off procedure which can reduce the surface roughness

than 0.1m, nevertheless the trench shape is imprinted one the SLC-ARROW waveguide after its fabrication was

the upper waveguide when it is crossed the boundary whipresented. The overall performance of the ARROW-type VCF

increases the overall scattering. was improved from the flathess of the ARROW waveguide
To reduce the noise from the scattered lights, a polymehere coupling strength apodization can be applied to the

cover layer withn = 1.438 was deposited onto the devicevertical coupler filters.

The thickness of the upper waveguide was reduced,.te =

0.72 pum for phase matching with the ARROW waveguide. ACKNOWLEDGMENT

The output response of the VCF with a cover layer is shown intpg 5,thors express their sincere thanks to S. Shikii of Oki

Fig. 12, where the sidelobe levels are reduced to less2  £|actric Company, Ltd., Japan, for supplying a fiber amplifier

dB. The cover layer also reduced the differential dispersion 9f4 5 0zawa of Furukawa Electric Company, Ltd., Japan, for

the waveguides and the3 dB bandwidth was increased tog,551ving optical fibers. S. T. Chu would like to thank C. L.
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VI. CONCLUSION

We have described a method to analysis the ARROW-
type VCF and fabricated ARROW-type vertical coupler filters[1] R. C. Alferness, L. L. Buhl, U. Koren, B. I. Millar, M. G. Young, T.

; ; ; ; ; L. Koch, C. A. Burrus, and G. Raybon, “Broadly tunable InGaAsP/InP
with Si0, and S_IQ/TaZO5 Compound glass.usmg a lift off buried rib waveguide vertical coupler filterAppl. Phys. Lett., vol. 60,
procedure. The filter responses of the VCF filter were found to  pp. 980-982, 1992.
be in very good agreement with the calculated result from th&] S.T. ICh;JI, M. IIVIEiILEJrEa,P arl]nd Y. ﬁokﬁbuln,L“Comlpgct AFﬁgz\Nﬁgz \gggal

TR : : coupler filter,” oton. Technol. Lettvol. 8, pp. — , .

finite d|fferer_10e mode solve_r/CI\_/IT analysis proceglure. _Usm C. Wu, C. Roland, F. Shepherd, C. Larocque, N. Puetz, and J. M. Xu,

the conventional parallel directional coupler configuration, a = “inGaAsP/InP vertical directional coupler filter with optimally designed

narrow band filter with FWHM at 1.36 nm was obtained. wavelength tunability,IEEE Photon. Technol. Lett., vol. 4, pp. 457-459,
. . . 1993.

The filter has a parallel section of 1 cm with the totaly,; 'y park, D. B. Kim, T. H. Yoon, J. S. Kim, K. R. Oh, S. W. Lee,

device size of approximately 3 cm. It is found that the S. M. Lee, J. H. Ahn, H. M. Kim, and K. E. Pyun, “Fabrication of
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