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Abstract—We report on a new concept for InGaAsP—InP ARROW for the feteral confinement

1.55.um lasers with integrated spot-size converters (SSCs) based | T——
on antiresonant reflecting optical waveguides (ARROW). The -
mode expanders consist of a laterally tapered active region on top
of a fiber-matched passive slab waveguide. The large slab mode
is laterally confined by an antiresonant configuration of a couple ‘
of lateral waveguides defined in the same fabrication process
as the active ridge. This feature makes the presented spot-size e
transformer as simple to fabricate as a standard waveguide, only

requiring a planar growth step and a single conventional etch Ejg 1 schematic (notto scale) of the new SSC concept, using a fiber-matched
process. The fabricated tapers exhibit a low transformation loss ARROW waveguide.

and reduce the coupling loss to standard single-mode fibers from 8
to 4 dB. We also analyze by simulation two variants of the concept

proposed in this work, including a taper structure for a buried  reduce the size of the largest mode, improves the coupling loss
waveguide, which are expected to show better performance. jy ;1 4t the expense of the alignment tolerance, which remains
Simulation results show fiber-coupling efficiencies as low as 2.4 der th . t
and 1.1 dB for both variants. under the micrometer. .
_ ) _ _ Over the past ten years, much research has focused on the in-
Index Terms—Optical couplers, optical waveguides, semi- taqration of mode size converters with waveguide components
conductor device modeling, semiconductor device packaging, . der to | th i ffici Most of th
semiconductor lasers. in order to improve the coupling efficiency. Most of these ap-
proaches involve complex growth and/or processing steps, re-
quiring extensive process development [1]. In this paper, we
. INTRODUCTION present a new concept for the fabrication of highly efficient

HERE exist two rationales for the use of integratea”d simple-to-fabricate SSCs by making use of antiresonant re-
T spot-size converters (SSCs) in the development flecting optical waveguides (ARROW) waveguides. We experi-
low-cost optoelectronic devices. One is the pigtailing or fipdPentally demonstrate the concept for a 1/58-InGaAsP—InP
attachment of l1I-V semiconductor photonic integrated circuit§Ser and analyze and propose, by simulation, two interesting

(PIC), mostly active devices containing lasers or semiconduciéiiants of the structure.
optical amplifiers; and the other is the integration of such
PICs with silica-on-silicon waveguides for the development of
hybrid devices. The SSCs provide high coupling efficiencies

and large alignment tolerances that enable the use of passiVR schematic of the SSC concept presented in this work is
alignment schemes that drastically reduce the packaging cQgfown in Fig. 1. The device consists of a standard waveguide
The function of an integrated SSC is to enlarge and to reshapg; is |aterally tapered along its propagation direction (region 1
the small and asymmetric mode of the I1l-V semiconductqq rig 1) and placed on top of a fiber-matched (or silica wave-
waveguide component to a large and circular mode that is betiefije-matched) slab waveguide (region 2 in Fig. 1). Two sets of
adapted to the fiber or silica waveguide. Direct butt-couplingygitional ridges are defined on both sides of the central stan-
with an untapered device typically introduces 7-10-dB cOpq waveguide in the same processing step (region 3 in Fig. 1)
pling loss. The use of microlenses or tapered/lensed fiber thak; creates the tapered ridge one. The adiabatic lateral tapering
causes the spreading of the small mode into the broader slab
Manuscript received July 12, 2002; revised September, 6, 2002. This waskaveguide, increasing its size both laterally and vertically. The
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Fig. 2. Schematic drawing of the adiabatic mode-expanded laser showing t B T T S S S AN T (RN S S A N T
tapered upper active rib, the underlying fiber-matched ARROW slab waveguid Half Width (um) Half Width (jum)

and the lateral confinement rib waveguides.

Fig. 3. Confinement of the output mode in the QWs of the active layer
of a shallow-etched device as a function of the widths of the laterallribs

I1l. DEVICE DESIGN AND THEORY maintaining the gag between ribs constant. The field distributions of the
modes at the points indicated in the graph are also shown.

The transverse structure of the proposed mode-expanded
laser is shown in Fig. 2. The device consists of an active *
multiguantum well rib waveguide that is laterally tapered :§ D D D H g D
from 3 to 0.3 yum, and that contains five 1% compres- = :
sively strained 8QA-thick Ing 7sGay 22ASy 79Po 21 Wells for
emission at 1.55um, and four lattice-matched 158-thick
INo.75G&.25AS0.54P0 46 barriers, surrounded by 400-thick
undoped confinement layers with the same composition as the
barriers. '“,H(a>|”’ » "?.,,',.,F”..,.

The uqderly|ng passive slap waveguide is realized by a stan-  ° " 2 & 4 © (:m; B0 ;M;\;id;(;m; B0t ;al;“;id;x(;m; 80
dard vertical ARROW waveguide [4]. A quaternary compound
with Ay = 1.3 pm for the two high-refractive index ARROW Fig. 4. Fundamental TE mode evolution along the taper structure of Fig. 2 for
Iayers was chosen. The thickness of the ARROW core was lifg}«w = 3 pm, (b)w = 0.9 um, and (c)w = 0.3 um. A shallow etch is
ited to 3.5.m to avoid the loss of the lateral confinement efS™u'ated
fect when the slab core becomes too thick. The thickness of
the corresponding cladding layers ath;s = 0.32 um and The field profiles for different widths are also shown for illus-
d3 = 1.86 um (TE polarization) [4]. The total epitaxial layertration. A flat and broad minimum confinement is found around
thickness is not attractive form a growth point of view, but we = 1.5 ;m, where the output mode is fit for coupling to fiber.
already demonstrated in previous work that they could be corhe broad minimum implies that the device is tolerant to fab-
siderably reduced without altering the performance of the devidieation errors. Two designs, with a different etch depth for the
[5]. laser rib, are considered (shownBgsandE in Fig. 2) and the

A couple of appropriately designed rib waveguides placed optimum width! for the deep-etched device is also calculated
each side of the tapered central waveguide provides the lateradl found to be 1.am. In both etch options, the optimum gap
confinement of the guided mode. The behavior cannot be exbetween lateral ribs is less thanfin, but has to be increased
plained with the standard vertical ARROW formulas because 1.:m because of fabrication limitations. Fortunately, this does
of the guided modes that appear in the lateral ribs. Considerimgt change the modal shape significantly.
2-D coupled-mode theory, we can treat the new mode intuitively The evolution of the optical field as a function of the upper
as an antisymmetrical combination of the coupled modes of tbentral rib is shown in Fig. 4. As the active waveguide is ta-
upper lateral rib waveguides and the mode of the underlying Ip@red by reducing the ridge width from 3 to Q:&, the mode
slab ARROW core [6]. Thus, the shape of the output mode desuples adiabatically from the upper guide to the underlying
pends strongly on the width of the lateral ribs. Fig. 3 shows tiRROW waveguide (see Fig. 4). The design of the lateral ta-
confinement of the fiber-matched leaky mode in the quantupering is based on the adiabaticity of the mode transformation,
wells (QWSs) of the lateral ribs for the structure of Fig. 2 as and has been evaluated by means of a commercial three-dimen-
function of the lateral rib widtl, while keeping the gap con- sional (3-D) eigenmode expansion algorithm based on a reso-
stant and equal to Am. This confinement should be minimizednance method [7]. Low taper angles are needed for the range
in order to reduce absorption loss in the unpumped lateral rilmghere the modal transformation is produced, in order to avoid
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Fig.5. The optimum taper shape is approximated by a piecewise linear deid@ 6-  SEMimage of the laser cross section, showing the electric contact over
consisting of three linear sections. Tapers for both shallow-et¢E&d and the central tapered rib, the good definition of the lateral ribs, and the high index

deep-etchedF,) laser are designed. ARROW cladding layers.

ot N hi ; TABLE |

ra,dlatlon Iossgs, W_hlle hlgher aﬂgles s allowed_ in the _Other re_M EASUREMENT AND SIMULATION RESULTS ON THEINTEGRATED MODE
gions. The adiabatic shape designs for both etching options have EXPANDED L ASERS CONSIDERED INTHIS WORK
been approximated by a piece-wise linear device consisting aof
three linear sections and are sketched in Fig. 5. A minimum na L, Ma L  FC FF Tol.
rowing of 100 nm per 77sm propagation length yields a safe  Laser @mA) (W/A)  (um) (dB)  (Deg.) (nm)
design from the fabrication point of view. Both designs exhibi g nce, E, 35 0l2 0 8 3154428 £1.6x12
a calculated transformation loss of 1 dB.

When the mode is expanded in the shallow etched device, Reference, £, 28 012 0 -83  30.7x406 *1.5x:2

will be slightly confined in unpumped active quaternary layer:

. . . . Tapered, E1 55 0.1 520 -4 13.8x30.8 +£23x+2.4
[see Fig. 4(c)]. This may introduce some absorption losses
the shallow-etched lasers that are not present in the deep-etcl Tapered. £, 48 012 490 43 13x327 #22x:23
designs.
Variant 1 (Fig. 9) — - 490 2.4 72x14  £23x+1.9
IV. DEVICE PROCESSING Variant 2 (Fig. 10) — - 270 -1.1 7249 129x23

The epitaxial layers were grown by metal—organic chemical

vapor deposition (MOCVD). By plasma etching, we defined thl% the passive section of the taper. Untapered lasergibi@dng

SiO, pattern with conventional photoresist as a mask. The cen- . .
P P d 3um wide and fabricated from the same wafer as the ta-

tral and lateral ribs were etched by reactive ion etching (RII":af1 ed lasers were also prepared as a reference. Both reference
to a depth 100 nm above the active layer. Next, a selective et Prep )

etch of the remaining InP down to the confining layer of the a@-nd tapered lasers have a similar total active area.
tive layer was carried out. This etch was done using@, :
HCI (7:3). Finally, an extra 40 (shallow etch) or 140 nm (deep
etch) of RIE etching into the active layer was performed. Next, All the measured parameters are shown in Table I. The de-
polyimide was spin coated on the sample to form an insuleices were operated in continuous-wave (CW) operation. The
tion layer. The thickness of the polyimide is less on top of th@om temperature light intensity versus curréht-I) curves
ridges compared to the rest of the sample. Therefore, by a cohmode-expanded and untapered reference lasers are shown in
trolled plasma etch, the dielectric was removed on the rid§ég. 7 for both etch depths. The deep-etched reference devices,
while dielectric coverage remained elsewhere resulting in gowdth a threshold current of 28 mA, present a better laser per-
electric isolation [8]. Scanning electron microscope (SEM) pi¢éermance than the shallow etched ones (35 mA). Fairly uniform
tures of the taper (Fig. 6) revealed that the metal contact ovhreshold current distributions were found along the laser array.
this upper ridge was good and that the thin ribs were fabri- Regarding the mode-expanded lasers, an increase of about
cated reproducibly. Next, using a negative photoresist and2@ mA in the threshold current with respect to the reference
metal liftoff process, the metallization pattern was defined. Hasers is found. This can be attributed to the mode transfor-
nally, the thinning of the substrate was done and the back caonation loss within the taper, to the losses in the n-doped-thick
tact was deposited. Arrays of devices, each with p&0long InP ARROW core layer, and to the nonuniform pumping of the
straight active sections, were mounted on electrically cool¢apered active rib as a function of its width. The fact that the
copper heatsinks with silver epoxy and were tested without apgwer of the tapered device is measured at the expanded mode
coatings. The entire device is electrically pumped because fheet, which has a lower reflection coefficient than the reference
metallization also covers the entire length of the SSC. This chaser facet, influences positively in the external efficiency of the
have a negative impact on the threshold current and efficientagers. Nevertheless, the higher absorption loss in the unpumped
but on the other hand, it avoids the risk of high absorption loss@¥Vs of the lateral ARROW rib waveguides for the shallow-

V. RESULTS AND DISCUSSION
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7 VI. VARIANT 1: WEAKLY GUIDING FIBER-ADAPTED
------- Tapered Laser, Eq o
R WAVEGUIDE
6 - Tapered Laser, Ep L, ::_.
——a—Ref. Laser, E1 ‘ The SSC concept proposed in this work has been demon-
51 ——Ref Laser, B strated experimentally as discussed in the last section. Never-
W theless, the waveguide structure of Fig. 2 has a limitation on the
-f- vertical direction because the lateral ribs lose their confinement
$ 3 effect when the slab core becomes too thick. The structure of
c Fig. 9 is similar to that of Fig. 2, but it makes use of a thin weak-
21 guiding core of only 80 nm and buried in InP beneath the active
. layer. The mode at the active rib and the mode at the end of the
tapering are also shown. The MQW gain in the straight section
0 - e T of the laser remains unalterable (see Figs. 4(a) and 9(a) for com-
0 50 100 150 parison). The fiber-matched mode presents a quite asymmetrical
_ _Current (mA) field distribution in the vertical direction, but the fact that its
Fig. 7. LI characteristics of several shallow-etchdd, ) and deep-etched . . .
(E») mode-expanded and untapered reference lasers. maximum is closer to the upper lateral couple of ribs strengthens

their influence. Moreover, from a coupling and far-field point of

_ ) view the typical exponential decay of weak-guiding waveguides
etched devices [see Fig. 4(c)] causes a decrease of the extg{ilces an improvement of the coupling efficiency and FWHM

efficiency of the laser from 0.12 W/A, for the reference lasergs the output beam, in spite of its asymmetrical shape.
to 0.1 W/A. This fact is not observed in the deep-etched de-gjmylation results on the propagation of this new structure
vices that maintain the same external efficiency as the referengg snown in Table |I. Only the design for the deep etching
Iasers.. o through the QWSs has been considered (see Fig. 2) because of
Far-field emission patterns for both tapered and referenge petter lasing performance. The same tapering sketched in
lasers were measured by using a rotating stage and a pinfiglg 5 has been simulated, because it also provides an adiabatic
detector (see Fig. 8). The theoretical curves obtained from th@yde transformation for this new structure. We observe that
Fourier transform of the theoretical near fields are also overlaige peam divergence angles and the coupling efficiency are
in Fig. 8, for comparison. The measured full-width at ha”'ma)improved to 7.2x 14°, and —2.4 dB, respectively. Due to
imum (FWHM) values are shown in Table I. A considerablyye yertically asymmetric modal shape, the vertical alignment

lateral divergence improvement is achieved in the lateral dirggjerance is slightly reduced t51.9 um, while the lateral value
tion for both groups of lasers, reaching a minimum of 1& 5 maintained.

the deep-etched lasers. On the other hand, due to the not so
thick ARROW slab core (3..xm), the achieved vertical field
divergence is still slightly higher than 30improving it by 10
with respect to the reference laser. A further improvement inThe mode transformation concept proposed in the present
the vertical far-field pattern could be obtained by thickening thgork can also be integrated in a second variant, being a buried
ARROW core layer and defining more than two ribs on each sigigser structure as shown in Fig. 10. A buried 194-nm-thick
of the output ARROW waveguide in order to provide a good latIQW active layer having an equivalent refractive index of 3.45
eral confinement for thick cores. is tapered from 1 to 0.2m following the tapering shown in

A coupling efficiency measurement was performed betwegite inset of Fig. 10(a). The slab waveguide core of quaternary
the expanded mode laser and a standard cleaved single-megi@pound with\, = 1.1 zpm Q(1.1) is buried 0.22m beneath
fiber (SMF) with a spot size of 1@m at 1.55um. Maximum the active core and is 70 nm thick. The optimum lateral con-
fiber coupling efficiencies of around4 dB are obtained for finement ARROW ribs are 0.2m wide and are separated by
both etch depths, including the Fresnel losses occurring 28tm. All this is embedded under a/@n-thick top layer of InP.
the air-glass interface. The improvement in the fiber coupling The fact that the tapered active central core is totally em-
with respect to the untapered devices amounts up to 4 @Bdded in InP makes the mode transformation efficiency much
(see Table I). As the alignment tolerance with respect to thégher for buried than for rib structures. This is the reason why
fiber depends on the large fiber mode, only slight improvehe length of the buried SSC (270n) is much shorter than the
ments in the lateral direction are observed with respect iy SSC (490:m).
the reference untapered lasers. A maximum 1-dB alignmentSimulation results on the SSC propagation are shown in
tolerance of+2.3 (lateral) x +2.4 (vertical) is obtained for Table I. They show fiber butt-coupling losses as low as 1.1 dB,
the shallow-etched devices. The fact that the vertical alignmajgam divergence angles of 7:2 9°, and alignment tolerances
tolerance is higher than the lateral value is due to the fact th#t+2.9 x +2.3,m, compared to the 8.5-dB coupling loss and

the fiber facet was somewhat moved away from the taper outpgp x 32° divergence angles of the untapered devices.
facet. These measurement restrictions were considered to avoid

the contact of the fiber end with the laser output facet during
the sweep of the transverse position of the fiber.

All the results are in good agreement with theoretical In this paper, we have presented a new concept for the fabrica-
calculations. tion of highly efficient and simple-to-fabricate SSCs that make

VII. V ARIANT 2: BURIED LASER

VIIl. CONCLUSION
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integrated SSCs have been demonstrated. The taper transforms
the small active laser mode into the fiber-adapted mode of the
underlying slab ARROW waveguide. The lateral confinement
of the slab mode is achieved by means of an antiresonant effect
provided by two sets of lateral rib waveguides defined in the
same etch process as the central active ridge. Therefore, only
a single planar growth step and a single conventional etching
process are required, leading to the simplest SSC concept ever
reported. Threshold currents of around 50 mA were measured,
which have to be compared with 30 mA for untapered lasers.
The far-field FWHM divergence angles were significantly re-
duced and a 4-dB improvement of the coupling efficiency to
SMF was observed.

Two variants of the demonstrated concept have also been an-
(fyzed by simulation and are expected to show a better perfor-
mance. In a first variant, a weak-guiding slab waveguide sub-
stitutes the thicker slab core of the first structure. In a second
variant, the SSC concept of this work is integrated in a buried
laser structure. Simulation results show considerable improve-
ments in the far-field divergence angles and fiber-coupling effi-
ciencies.
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