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Abstract—In this letter, we demonstrate a lossless 22 optical monolithically integrating active and passive devices in a single
switch utilizing resonant vertical coupling between an active and a  epitaxial growth. The PARC platform uses resonant coupling
passive waveguide. Optical power is coupled into the passive wave-gyar 4 taper [6] to couple an optical mode from a highly

guide and split into two ports using a 3-dBY -junction splitter. The ) . . . .
mode is then coupled up to a 1-mm-long active waveguide where confined QW region to a well-confined passivaweguide.

gain is provided. A 100z:m-long taper is utilized in each arm for ~ The active waveguide (AW) consists of four QW's in a sepa-
coupling the mode from the passive to the active waveguide. In- rate-confinement heterostructure and is designed to give high
ternal gain greater than 22 dB is obtained in each arm of the inte-  gain at 1.55:m. The passive aveguide (PW) is 0.4m thick.
grated splitter. High yield and good uniformity of devices are ob- |t consists of a 20-layer stack of InP and lattice-matched quater-
tained over multiple processing runs. . . . . . . .
nary and is designed for efficient passive devices like splitters
Index Terms—Lossless splitters, monolithic integration, optical and directional couplers. The mode is transformed from the
switch, photonic integrated circuits, resonant couplers, semicon- AW to the PW and vice versa, using a 1p6-long taper with
duct tical lifi litt twi ides. . ' . .
tcfor optical amplmers, spitters, win waveguides less than 0.06 dB of simulated coupling loss. We have achieved
a coupling loss of less than 0.15 dB experimentally. The
|. INTRODUCTION PARC platform offers attractive features like single epitaxial
s growth and conventional fabrication techniques. Also, the two

ITH THE increasing complexity of optical module des in the platf be desianed. ind dentl
there is a need for integrating various active and passiyéwegu' es in the platiorm can be designed independently

devices on a single substrate to increase the functionality 8t their _d|menS|or_15 and band_ga_lps. This al_low_s for great_er
optical chips. Several approaches for integrating various actﬁggedom_m the design of photonic integrated circuits. In fact, in
and passive devices have been reported [1]-[4]. One of {4 previous work [7], we have glso de_monstrated an expanded
methods is to use regrowth for creating a low-loss passi pde laser on PARC _by coupling optical power from an AW
waveguide butt-coupled to the activeaveguide [1]. Besides toa Iar_ge loosely confined P W. .

being a complex technology, issues like low-loss coupling over!N this work, we ha\_/e deS|gned, f_abncated, and demonstrated
multiple runs are still a challenge. A second technique us@dossless 1_2 Y—Junctl_o_n optical switch on the .PARC platform

for integration is selective area growth [2]. The selective aréjg monstratmg t_he ut|I|t_y of the plgtform for mtegratlng both
growth technology, in general, does not allow for freedom fActive and passive qu'Ces on asingle subgtrate. In this paper,
the design of the various layer thicknesses and bandgaps of"l\f?ed'scus_s the design and the results obtained on the lossless
integrated vaveguides. Quantum-well (QW) interdiffusion [3],0pt|cal switch.

[4] has also been used for integration by altering the bandgaps

of the waveguides but also suffers from a lack of freedom in Il. DEVICE DESIGN
the design of the aveguide vertical dimensions and in the The schematic of the ridge on the PW used for the 10ss-
selection of the proper bandgaps. less optical switch is shown in Fig. 1. The optical power is cou-

Recently [5], [6], we have demonstrated a platform techyeq into a 2um wide waveguide defined on the PW of the
nology called a passive active resonant coupler (PARC) fBARC. The input vaveguide is 30:m long and feeds into a
300«m-long mode expansion region. Here the mode is trans-
Manuscript received November 23, 1999; revised March 9, 2000. formed from the initial 2=m width to a width of 4um. Two
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The devices were mounted p-side up on copper heat sinks.
They were first tested by injecting current into each arm sep-
Fig. 2. 'Schematic of the_ mode'transformation from the passive to the act'maatew and observing the lasing characteristics. The devices
waveguide. The 1-mm gain sections are also shown.
lased at a mean threshold current~080 mA and a slope ef-
L ) ) ficiency of ~0.05 W/A with good uniformity. Thé&”-junction
the initial width of O'3Ffm toa re;onant width of 1.§m OVer' \vas cleaved from the gain section for some devices and-tfie
a 50um-long taper of inverse third-order e>_<pone_nt|al [6]- Iti$,rves were again measureld-/ curves for a typical device
then tapered from the width of 1,6m t_o the final Wldth_of 2.5 with and without theY -junction are shown in Fig. 3. The de-
pm over another 5@qm-long taper using an exponential Shapgraase in threshold and increase in the slope efficiency after
of th'r_d order. Previously, this taper shape was shoyvn to haV%I@aving theY -junction is expected as the reflected power is
_coupllng loss _Of less than 0.15 dB. A 1-mm-|0r_19 gain section §hared between the two arms in the former device. Comparing
incorporated into each arm where the mode is well coupled jfpse s/ curves, we calculate the excess loss, including the
the AW. propagation loss in th& -junction, to be less than 1.5 dB.
The two facets of the device were antireflection (AR) coated
lll. DEVICE PROCESSING (<10~3) and the small-signal gain was measured at Ly
The epitaxial layers were grown using solid source moleasing free space optics to inject an optical signal from a tunable
ular beam epitaxy (MBE) on a 3-in InP substrate. The ridgémser source into the PW. As the QW's in the active waveguide
were defined using a conventional photoresist (OCG-OIR H2e compressively strained, the device will not be polarization-
MK) and an opticallOz-projection aligner. The ridges on theinsensitive. Hence, only TE gain was measured. However, the
AW were etched to 0.3m below the active region. This etchstructure can be made to be polarization-insensitive by using
was done using Ar:Ch H, chemistry in a parallel-plate re-tensile strain and will be part of our future direction. Each arm
active ion etching (RIE) chamber. No metal or dielectric magif the splitter was driven separately with:s-current pulses and
was used for the etching of the sharp tapers. Adrbwide, 14+ maintained at 20C. The coupled input power was determined
m-high mesa was then dry etched using the same chemistrjrtam a measurement of the sum of the photocurrents across the
create the confinement for the underlyingweguide and define unbiased arms in the device, with a 100% quantum efficiency
the 1x 2 Y -junction splitter on the PW. A spin-on-glass (SOGassumed. The difference in the photocurrent between the two
process was used to create the dielectric isolation. This procassis was less than 5%. The measured device internal gain (this
is self-aligned and eliminates the critical alignment of the ddoes not include the 3-dB split) for both arms is shown in Fig. 4.
electric-opening window on top of the ridge. Thus, the whol€he difference between the gain in the two arms is less than 1.5
taper region can be electrically pumped, resulting in a better diB. A gain of~22 dB was achieved at a current of 275 mA. We
vice performance. The samples were thinned to 260 and have achieved a coupling loss of 1.3 dB to a single-mode fiber
p-side (TiPtAu) and n-side (AuNiGeNiAu) ohmic contacts werérom the passive waveguide employed. Assuming this coupling
deposited. The samples were then annealed at@@6r 1 min. loss to a single-mode fiber at each facet, lossless operation can
Using negative photoresist and a metal lift-off process, selectibe obtained at a current of less than 85 mA in this particular
p-side metallization was carried to obtain electrically isolatedevice. The on-chip lossless operation is achieved at a current

amplifiers in each arm. of about 50 mA.
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Fig.4. Theinternal signal gain in each arm of the splitter. A gain of 22 dB w
achieved with less than 1.5-dB imbalance.
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Fig. 5. The internal gain of one arm as a function of wavelength

The measurement of the TE internal signal gain as a funct
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passive devices. A yield of greater than 95% was achieved over
multiple processing runs. The threshold current variation for

various devices without AR coating the facets was less than
+4%. Though this data is not exhaustive, it does give indica-

tions that high yield can be achieved in the integrated devices
based on the PARC platform.

V. CONCLUSION

We have designed and demonstratedx& " -junction op-
tical switch integrated with amplifiers to obtain lossless split-
ting. On—chip gain of 22 dB after the splitter has been achieved
with less than 1.5-dB imbalance between the two arms. The de-
vice is designed on our PARC platform and uses resonant cou-
pling over a short taper to couple optical power between an ac-

g[cye and a passive awveguide. In this way, we have been able

to integrate both active and passive functions on a single plat-
form. This platform uses single epitaxial growth and standard
processing techniques. Future work will reduce the length of the
Y -junction splitter. A higher ratio lossless splitter is also being

designed.
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