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Abstract—Fully packaged2 x 2 and 4 x 4 semiconductor such as lasers, amplifiers, detectors, and other electronic
optical switch modules are successfully developed by integrating driving circuits. As for semiconductor-based switches, various

spotsize converters (SSC's) consisting of lateral tapers, thin-film tvoes have been proposed. Semiconductor optical-amplifier
cores, and ridges in InGaAlAs—InAlAs muliple quantum-well yp prop ) P P

(MQW) directional coupler waveguide switches in the 1.55m gate-type switCheS [9]' []jo] exhibit_ low i,nsertion loss, or
wavelength region. Good reproducibility is obtained for the €VeN netgain, and quite high-extinction ratios. However, have

perfect coupling length of the directional coupler by appropriately the disadvantage of the switching speed, which is limited by
designing the ridge width and gap of strip-loaded optical waveg- the carrier lifetimes in the order of nanoseconds. The carrier
uides and by making use of the G reactive-ion-beam-etching |ifatime also causes the pattern effect, which result in signal
and successive wet-etching. Since the switching time is sufficiently . - . .
short (<70 ps, which is limited by the driver speed) for the degeneratlon..ln contrast above mentioned, switches using the
4 x 4 switch module, no bits are lost during a 10-Gb/s switching guantum-confined Stark effect (QCSE) are good candidates
experiment at a wavelength of 1.55:m. because of their large refractive index change and high speed
Index Terms—Module, optical switch, quantum confined Stark [17]. . . .

effect, semiconductor switches, spotsize converter (SSC). On the other hand, since the spotsizes of semiconductor
waveguides are much smaller than those of single-mode fibers
(SMF’s), they need to be magnified to reduce the coupling
loss between the waveguides and the plane-ended SMF's and

IBER optical communication is developing rapidly and ité0 achieve large misalignment tolerances for the plane-ended

applications now range from long-distance transmissidMF’s. Since arrayed fibers are used in optical waveguide
to high-speed broad-band interconnected networks. Conseitches, compact and efficient spotsize converters (SSC's)
quently, there is an increasing need for optical switch matricB$]-[24] are needed.
for routing, cross connection, add—drop multiplexing, and so on.This paper describe2 x 2 and 4 x 4 directional-coupler
High speed optical switches are especially necessary for packaveguide-switch modules integrated with a SSC [18]-[22],
switching, demultiplexing, and uninterruptive switching. Thahich has a lateral taper, thin-film core, and wide ridge. The
recent progress in wavelength-division-multiplexed (WDMhin-film core confines the propagating field in the vertical
lightwave communication systems will further increase thdirection, while the ridge confines it in the horizontal direction.
necessity of optical-switch [1] modules. Several optical-switdBood reproducibility is obtained for the perfect coupling
architectures have been proposed and implemented in silieagth of the directional coupler by appropriately designing the
on silicon or glass substrates[2], lithium-niobate[3], and sentidge width and gap of strip-loaded optical waveguides and by
conductors[4]-[{16]. The planar lightwave circuit (PLC) can b&aking use of the Glreactive-ion-beam-etching (&RIBE)
used to develop large-scale matrix switches with good perf@énd successive wet-etching. Since the operating wavelength
mance [2], however, these switches are slow. Lithium-niobaoéthe switches is 1.5pm, the exciton absorption peak wave-
switches, on the other hand, are fast, but they have laigegth is determined to be 1.44m for the2 x 2 directional
polarization dependence, and are impossible to monolithicafigupler waveguide switch module [18]-[20]. The respective
integrate with active devices. On the other hand, InP-basttcknesses for the InGaAlAs wells and InAlAs barriers were
matrix switches have a clear advantage because of their gesigned to be 9 and 5 nm. For the< 4 directional coupler
tential for large scale and monolithic integration with devicegyaveguide switch module [21], [22], the optical field propa-

gates farther than it does for tlzex 2 switch module. Thus,
the exciton absorption peak wavelength was set at AmQo

. INTRODUCTION
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the exciton absorption peak. Integration of the SSC’s enabli
us to fabricate& x 2 and4 x 4 optical switch modules with a
UV-cure adhesive.

The connector-to-connector insertion loss, crosstalk ,ar
driving voltage are respectively around 15 dB, —20 dB,
and 7.0 V for the2 x 2 switch modules and around 19 dB,
< —13 dB, and<10 V for the4 x 4 switch modules. Since .
the switching speed is sufficiently fast. {0 ps), no bits of a
10-Gb/s optical signal were lost for thlex 4 switch module
during a switching experiment at a wavelength of 1.55[22].

Section Il briefly describes the structure20f2 and4 x 4 op-
tical waveguide switches and the design procedure. Section
explains the fabrication, and Section IV discusses the measur

characteristics for the SSC'’s, switch chips, and switch modules. @)
Il. STRUCTURE AND DESIGN n 1 sSSC PSW1 oSW3 [ SW5 SSC out 1
Fig. 1(a) and (b), respectively, shows a bird’'s-eye view of a 'I'r’lg N N 8‘1:%
2 x 2 optical waveguide switch and a top view oftax 4 op- Ind T T 03t4
tical waveguide switch. Conventional optical directional cou- Sw2 “swa4 -Swé
plers with strip-loaded optical waveguides were used, and the -« {g5cm————»
Benes network architecture was applied to4he 4 switches, (b)

where six2 x 2 switch elements were used. To expand the . _ _ . _

spotsizes of the semiconductor optical waveguides to those (g 1 (2) Bird's-eye view of & x 2 optical waveguide switch and (b) top
L " . view of a4 x 4 optical waveguide switch.

polarization-maintaining SMF’s (PANDA SMF’s), whose spot-

size was 4.1:m, the SSC’s with lateral tapers, thin-film cores,

and ridges were integrated in the input and output ports of the

switches. The lengths of tiex 2 and4 x 4 optical waveguide

switches are, respectively, 6 mm and 1.65 cm.

p*-InGaAs 0.2 um

p-InP cladding 1.5 um

i-1.3 Q etching stopper

0.01 um
.04 um

A. Switching Section

A cross-sectional view of the switching section, i.e., the direc-
tional coupler section, is shown in Fig. 2. Since operation undel
transverse electric (TE)—poIarized F:onditions is assumed, eleg n-inb dry-elohing butter layer 0.2 um
tror_l—to—heavy-hole_ exciton abs_orptlorj was used_. In actual fabri: v 7 A n-1.1 Qthinilm core Y777 77’] 0.08 ym
cation, the2 x 2 optical waveguide switches are first processed,
and then the x 4 optical waveguide switches are fabricated.

Fig. 3(a) shows the measured propagation loss increase as
function of the detuning wavelength between the operating and
the exciton absorption peak wavelengths. The plots indicate ffig 2. Cross-sectional view of the directional coupler.
measurement points and the hatched region shows the loss vari-
ation. Fig. 3(b) shows the measured results of the product of theAs shown in Fig. 3(a), th€ x 2 optical waveguide switch
half-wavelength voltage and interaction lengifin(e L) as a suffers from a slightloss increase due to exciton absorption. The
function of well width, where the parameters are the detuniragptical field propagates farther in tdex 4 switch than it does
wavelength and the sample length of 7@0. Note that refrac- in the2 x 2 optical waveguide switch. In order to suppress the
tive index change caused by QCSE has a nonlinear functieffiect of exciton absorption, the detuning wavelength between
for the applied voltage. The required phase shift for the direttie operating wavelength (1.28n) and the exciton absorption
tional coupler switch is equal t¢37. And the sample length is peak wavelength has to be larger than Qufrl. Thus, the exciton
chosen as 700m since the interaction length for the directionahbsorption peak for théx 4 switch was set at 1.40m to reduce
coupler-type switch is 1200m. Therefore the half-wavelengthpropagation loss caused by the exciton absorption. However,
voltage and interaction lengtlVgr e L) of 5V e mm results in the driving voltage will be increased as shown in Fig. 3(b). As
the driving voltage of 7.2 V. The barrier width was the same ishown in this figure, the driving voltage can be decreased by
all cases (5 nm). Since the operating wavelength of the switchesng wider wells. Hence, the InGaAlAs well width of 13 nm
is 1.55,m, the exciton absorption peak wavelength was deteras chosen.
mined to be 1.44m from Fig. 3(a) and (b) for th2 x 2 optical The next step is to determine the structural parameters of the
waveguide switch. The thicknesses for the InGaAlAs wells amgbtical directional coupler waveguide. The MQW primary core
InAlAs barriers were designed to be 9 and 5 nm, respectivelywas determined to be 0;/m thick considering the confinement

.4 um

n-InP buffer layer 1.0um

n*-InP substrate
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Fig. 3. (a) Propagation loss increase as a function of detuning wavelength
between the operating and the exciton absorption peak wavelengths andr{B) 4. () Calculated perfect coupling length as a function of the gap of the
driving voltage(V sw) as a function of well width, where the parameter is thelirectional coupler, where the parameter is the ridge width of the directional
detuning wavelength. coupler. (b) Calculated perfect coupling length as a function of the gap,
where the parameter is the center-to-center distance of two waveguides for the
directional coupler, and the ridge width is varied from 1.4 to;2n2.
factor (64%) of the optical field in the MQW primary core and

the perfect coupling length of 1.2 mm. Lateral taper

Fig. 4(a) shows the calculated perfect coupling length as
function of the gap of the directional coupler. The perfect cot 2 “rl(
pling length was calculated by the finite element method [25 p-inP l
where the parameter is the ridge width of the strip-loaded o~ MAW
tical waveguides. Although the perfect coupling length of th
directional coupler is very sensitive to the gap for a fixed ridg t},i'nl_ﬁ?m core
width as shown in this figure, the structural parameters shot /
be determined so that good reproducibility for the direction:

couplers can be obtained. Im4_5 m

/
4 10 um

Fig. 4(b) illustrates the concept mentioned above. It shows t|
calculated perfect coupling length as a function of the gap of tl
directional coupler, where the parameter is the center-to-cen 1 1 gq —»
distance between the two waveguides of the directional coup f
and the width of the ridge is varied from 1.4 to Z:&h. Even S
if the ridge width is varied, the tolerance of the coupling lengt Small spot $SC  Large spot
is relatively large as long as the center-to-center distance t section section
tween the two optical waveguides is constant. This is becai|ngaaiAs/inalas —J 1L InGaAsP(1.1Q)
when the ridge becomes narrower, the optical field expancMQW 0.4 pm -08um
which reduces the perfect coupling length. However, when ti T -

. . . Small spot section .

ridge narrows, the gap between two ridges widens as long _._ Large spot section

the center-to-center distance between two optical waveguides o ,

. .. . Fig. 5. Schematic views of the SSC section.

is constant. This increases the perfect coupling length. Thus,

the influences caused by the variations of the ridge width and

gap cancel each other out. This cancellation can also occur fgaveguides is constant. Since a stepper for 2-inch wafers was
the opposite case, in which the ridge is wider and gap is narsed for patterning the photoresist and-®IBE and succes-
rower when the center-to-center distance between two optisale wet-etching were used in the fabrication, we assumed that

p-InP — 1.5 um SMF
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Fig. 6. (a) Calculated coupling loss as a function of the ridge width for tH:eig,' 8. Schematical diagram of the fabrication procedure of optical waveguide
SSC, where the parameter is the thickness of the 1.1 Q thin-film core and Féfftches:
calculated coupling loss as a function of the taper length.
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Bendmg radius (mm) Fig. 9. SEM photograph for the endface of the SSC.

Fig. 7. Additional loss increase as a function of bending radius. o ) o . . . .
spotsize is confined by the thin-film core in the vertical direction

o ) and by the ridge in the horizontal direction.

the variation of the center-to-center distance between two op—p,o coupling loss between the SSC’s and SMF’s was esti-
tical waveguides was small. Thus, good reproducibility of theateq by using the finite element analysis [25]. Fig. 6(a) shows
directional couplers can be achieved in actual fabrication.  ha calculated coupling loss as a function of the width of the
. large ridge in the SSC, where the parameter is the thickness of
B. SSC Section the 1.1 Q thin-film core. A small coupling loss of less than 0.5

Fig. 5 shows a schematic view of the SSC section. As showB is expected for a 1.1 Q thin-film core approximately 0.08
in the figure, the MQW primary core, which is etched dowthick and a ridge approximately around Afh wide. Fig. 6(b)
from a thickness of 0.4 to 0.1pm, is laterally tapered off in shows the calculated coupling loss as a function of the taper
the SSC section. As the transversal crosssection of the MQ#vigth. The lengths of the tapered and untapered regions were
lateral taper becomes smaller in the longitudinal direction, tiset at 300 and 200m, respectively.
propagating optical beam is expanded. Next, the expanded field'he center-to-center distance between the SSC’s, which was
transfers to the 1.1 Q thin-film core. The optical field with largenade to agree with the center-to-center distance between ar-
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1) The epitaxial layers are grown by metal organic vapor
phase epitaxy on an n-doped InP substrate. The layers are
a 1¢um-thick n-InP cladding layer, 0.08m-thick n-1.1

Q thin-film secondary core layer, and Q.2a-thick n-InP

buffer layer for C4-RIBE, whose doping levels are x

107 cm~3. Next, a 0.4um-thick i-InGaAlAs—InAlAs

MQW primary core layer<€<10'® cm—3) is grown.

After the MQW primary core layer is etched down from

a thickness of 0.4 to 0.15m by wet-etching, the tapered

. = section is formed to a length of 3Qam by Ck-RIBE.

\%Q ﬁ.ﬁf A SiNx film is then deposited and patterned in the SSC
section for selective growth. The width and window of
SiNx film patterns are 90 and 3@m, respectively.

3) A 0.04u:m-thick i-InP side-cladding layer, 0.01-
m-thick i-1.3 Q etch-stop layer, 1.m-thick p-InP
cladding layer 2 x 10'7 to 5 x 10 cm—3), and
0.2-um-thick p-cap layerZ x 10'® cm~2) are grown. At
this step, a p-InP cladding layer approximately 4r8-

S et BT B B R e thick is also grown automatically in the SSC section by

3 ; : selective growth with a SiNx mask.
‘ 4) After the p-electrode is deposited, strip-loaded optical

o~ 2

,
~

,';{\\E waveguides are formed by £RIBE and successive wet-
i etching. Next, the grooves are formed for electrical isola-
it <
i tion.
e = 5) The wafers are then cleaved into samples approximately
: 1 cn?. After these samples are thinned and the n-elec-
‘ f \ trode is formed, they are cleaved to make suitable facets
. e for fiber coupling. AR coatings are then deposited on both
- é - %‘-‘, endfaces of the SSC waveguides to reduce Fresnel reflec-
3 tions.

6) Finally, a coplanar waveguide (CPW) electrode for
microwave feeding and Au-wire bonding are set up and
plane-ended-arrayed-PANDA SMF’s with spotsizes of

(b) 4.1-»m (in radius) are butt-coupled by using UV-cure ad-

hesive. Since the spotsizes of the switches are expanded

and coupling tolerance is enhanced by integrating the

SSC's in the input and output ports, switch modules can

be easily assembled with good reproducibility.

rayed PANDA SMF’s, was set at 25@m for module fabrica-  Fig. 9 shows a SEM photograph of the endface of the SSC,

tion. where the 1.1 Q thin-film core can be observed. Fig. 10(a) and

(b) is a set of photographs of tBex 2 and4 x 4 switch modules.

Fig. 10. (a) Photograph of thiex 2 switch module and (b) photograph of the
4 x 4 switch module.

C. Waveguide Bending

As mentioned above, the center-to-center distance between IV. M EASURED CHARACTERISTICS
the SSC’s (25Q:m) is much wider than that in the directional The devices were measured by focusing an 166 light

coupler region in the actual optical waveguide switches. Thyg, \ 2 DEB-LD. And a polarization maintained fiber (PANDA)
waveguide bending is indispensable. Fig. 7 shows the additiopals |,sed to assure the input of the TE polarized light
loss increase as a function of the bending radius, where the solid '

line is the calculation based on the BPM and symbols are tﬂe S
measured results. Since the center-to-center distance between
the SSC's is 25Q:m, the waveguide offset was assumed to be Fig. 11 compares the measured near-field patterns for a field
125,m. As shown in this figure, a bending radius longer than@onverted from a large spot to a small one and a field converted
mm does not bring about an additional loss increase. WaveguftM @ small spot to a large one. The spotsize of the optical

bending with a 4-mm radius is used for the present switch. field emitted from the SSC was successfully expanded com-
pared with that for an optical field emitted from the small-spot

optical waveguide.
Table | summarizes the measured lateral and axial misalign-
The procedure for fabricating optical waveguide switches ment tolerances for a plane-ended PANDA SMF that has a spot-
shown in Fig. 8 is explained as follows. size of 4.1um. Misalignment tolerances for 1-dB down for the

potsize Conversion by SSC

I1l. FABRICATION
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(b)
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TABLE |
Tolerances (um/1-dB down)
axie——SSC| without SSC | with SSC
+0.8 2.0
+0.7 +1.9
2 6 18

Fig. 12 shows the histogram for the sum of the measured
spot-conversion loss and coupling loss. The results were ob-
tained by subtracting the propagation loss from total insertion
loss measured with two plane-ended SMF's for straight optical
waveguides that have SSC's in the input and output ports. As
shown in this figure, an average value of 2.3 dB was obtained
for the sum of the coupling loss and spot-conversion loss for a
facet.

B. Characteristics o x 2 and4 x 4 Switch Chips and
Modules

1) 2x 2 Switch: The measured near-field pattern fa2 & 2
optical waveguide switch chip is shown in Fig. 13. Crosstalk is
small.

Fig. 14 shows the histogram of the measured total insertion
loss for2 x 2 switch chips including coupling loss between
SSC'’s and plane-ended SMF’s. Insertion loss of around 14 dB
was obtained. Table | shows the loss budget of a fabricated typ-
ical 2 x 2 switch module, where “others” in the table means con-
nector losses and loss increase at pig-tailing with UV cure adhe-
sive. Fig. 15 shows the histogram for the loss variation at module
assembly using UV-cure adhesive. Since the misalignment tol-
erances between the optical waveguides and SMF’s were ex-
panded by integrating the SSC’s as shown in Table I, the loss
variation at module assembling is small.

Fig. 16 shows measured insertion loss as a function of the
applied voltage for the fabricate?l x 2 switch module. The
measured total insertion loss, including optical connector losses,
was around 15 dB and crosstalk was less th&® dB. The
driving voltage was 7.0 V.

2) 4 x 4 Switch: Fig. 17 shows the measured near-field pat-
tern for thed x 4 switch chip. Crosstalk was also small similarly
to the2 x 2 switch case.

Fig. 18(a) shows the measured insertion loss as a function of
the applied voltage for thiex 4 switch module, where the optical
field was coupled to the port of In 1 and SW4 in Fig. 1(b) was
biased. Optical outputs from the four ports are shown. Measured
connector-to-connector insertion losses were around 18-21 dB

Fig. 11. Measured near-field patterns for: (a) a small-spot optical waveguigigy || ports. Crosstalk was less thar13 dB and the switching

and (b) SSC.

voltage was from 9.2-9.8 V.
Fig. 18(b) shows the measured dynamic response of the

SSC can successfully be expanded by three times in both the 4 switch module for 10 Gbit/s optical pulses gener-
lateral and axial directions compared to those for the small-s@ded by a LiINDQ modulator using the same experimental
optical waveguide. This improvement of misalignment tolessetup as that in [20] and [22]. Optical power &f3 dBm

ances enables the fabrication2of 2 and4 x 4 switch modules was coupled to one of the input fibers. Then, a driving

with a UV-cure adhesive.

voltage of 9.8 V was applied. The optical outputs from two
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Fig. 14. Histogram of the measured total insertion los2fgr2 switch chips
including coupling loss between SSC’s and plane-ended PANDA SMF’s.

fibers were enhanced by a fiber amplifier and were couplg
to an O/E receiver. Switching time was sufficiently shor
(<70 ps, which is limited by the driver speed) and no bitsig. 17. Measured near-field pattern for thex 4 switch chip.
were lost during 10-Gb/s switching. Furthermore, crosstalk

is sufficiently small. These high-speed switching characterigs ihe first trial of the4 x 4 SW and therefore we hope that

tics were obtained for all switch elements. This device USGS, can improve the crosstalk characteristics, in the future.
directional coupler-type switches, and therefore is polariza-

tion sensitive. By applying MZ and MMI couplers to the

switches polarization insensitive characteristics can be ob-
tained as demonstrated in [8] and [14]. The channel crosstalkBy integrating SSC’s consisting of lateral tapers, thin-film
of —13 dB is not low enough for packet switching, but thicores, and ridges in InGaAlAs—-InAlAs MQW directional

V. CONCLUSION
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Fig. 18. (a) Measured optical insertion loss as a function of the applied voltage
for the4 x 4 switch module and (b) dynamic response for 10-Gb/s optical pulse:{ll]
for the4 x 4 switch module.

[12]

coupler waveguide switches, fully-packaged x 2 and

4 x 4 switch modules were successfully fabricated with
a UV-cure adhesive. Good reproducibility was obtaine
for perfect coupling length of the directional coupler
by appropriately designing the ridge width and gap of
strip-loaded optical waveguides and by making use of th%4
Cl; reactive-ion-beam-etching and successive wet-etching.
In the SSC’s, the 1.1 Q thin-film core confines the propa-
gating beam in the vertical direction and the ridge confineqlS]
it in the lateral direction. Since the switching time was
sufficiently short €70 ps, which was limited by the driver
speed) for the4 x 4 switch modules, no bits were lost 44
during a 10-Gb/s switching experiment at a wavelength o#
1.55 pm.
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