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Low-Threshold InGaAsP Ring Lasers Fabricated
Using Bi-Level Dry Etching

Giora Griffel, Joseph H. Abeles, Raymond J. Menna, Alan M. Braun, John C. Connolly, and Marvin King

Abstract—We report a novel bi-level etching technique that per- Y-junction or multimode interference (MMI) couplers. In spite
mits the use of standard photolithography for coupling to deeply of the reduced bending loss, deeply etchétlsdemonstrated
etched ring resonator structures. The technique is employed 0 |56 threshold current values, in excess of 170 mA [6]. Vertical

demonstrate InGaAsP laterally coupled racetrack ring resonators s etched th h th itaxial ide h Is0 b
laser with record low threshold currents of 66 mA. The racetrack W&llS €tche roug € epitaxial waveguide have aiso been

laser have curved sections of 15@m radius with negligible used in small diameter<(10 xm) passive ring structures to
bending loss. The lasers operate continuous-wave single modeallow negligible waveguide bending and scattering loss [8],
up to nearly twice threshold with a 26-dB side-mode-suppressi_on [9]. However, strong confinement caused by deep etching
ratio. Bi-level etching is of interest for fabrication of mesoscopic  yaqjires submicrometer lateral separation between the ring and
or mICI’OCc’:IVIty phOtOI’]IC resonator structures without relylng on . . . .
submicrometer processing. coupled_ waveguides to achieve adequate coupling and requires
fabrication tolerances of0.014-0.02 zm [10]. Furthermore,
as shown below, when used as a highly transmissive filter,
coupling coefficients in and out of the ring resonator must be
VANESCENTLY coupled semiconductor racetrack ringhearly identical, tightening fabrication constraints even further.
resonators (Bs) offer several interesting features for apReliance on submicrometer features and tolerances entails
plications such as dense wavelength division multiplexing asynificant impediments to achieving a robust manufacturable
RF photonics. Lacking reflectors, their fabrication is free of lafgechnology that lends itself to large-scale integration and mass
ping, cleaving, facet etching and coating, or of concerns arisipgoduction of ring resonator based photonic circuits.
from high mirror power density. Their spectral characteristics In this letter, we present an alternative design for ring res-
can be determined by photolithography, and single wavelengihator coupling that uses standard photolithography and that
operation can be achieved without gratings. When combinpdrmits excellent control over coupling strength. We employ an
with other components small (<2@6n), low-loss passive and InGaAsP ring resonator waveguide in the form of a racetrack
active ring resonators will enable the fabrication of sophisticat¢gker placed between two straight input/output waveguides as
photonic integrated circuits that take full advantage of two-déhown in Fig. 1(a). Such a configuration was proposed and an-
mensional (2-D) chip layouts. Ultimately, with the developmenilyzed recently for photonics switching and signal processing
of robust and manufacturable fabrication methods, such phe1]. In the racetrack configuration presented here, deep etching
tonic circuits may include composite linking and switching syss needed to reduce bending loss at the curved sections, but is
tems, local oscillator distribution, and true-time delay signal diswvoided at the gap between the straight sections of the racetrack
tribution at wavelengths of 1.3 and 1.55. and the input/output waveguides, where it interferes with cou-
Previous efforts have been carried out to demonstréte Rling. There, a shallower etch which defines the coupling re-
lasers (RLs) in both AIGaAs and InGaAsP material systemgion is halted before removing the epitaxial waveguiding layers
and using different coupling schemes [1]-[7]. ConventiongFig. 1 (b)]. The bi-level etching technique is essentially a mod-
ridge-waveguide (RWG) circular structures are limited to largéication of the MMI method that provides better control of the
diameters ¥300 ;m) due to excessive bending loss. Theoupling in deeply etched structures where, due to the large
low index difference of RWG structures causes a significafidex contrast, a very large number of modes participate in the
evanescent portion of the guided mode, which cannot propag@iigraction. Itis important to note that although a straight section
at group velocities exceedingn.q, to radiatec is the speed of the deeply etched waveguide can support higher-order lateral
of light in vacuum andn.g the effective refractive index of modes, the curved sections of the racetrack, whose first-order
the mode. Even for large-diameter shallow-etched structur&steral mode cutoff radius is 250m, discriminate in favor of
significant bending loss was evidenced by large threshadthgle lateral mode operation [6].
currents ranging from 106 to 150 mA [4], [5]. Coupling into It is apparent that the issues of coupling strength and cou-
deeply etched laser structures was achieved by using eitping efficiency are of utmost importance to the performance
of R2Ls. They not only affect power extraction efficiency, but
Manuscript received July 27, 1999; revised October 15, 1999. This woltroduce intracavity loss that increases the threshold current.
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Fig. 2. Output power characteristic of racetrack lasers with coupling lengths
@) ranging from 50 to 20@m, showing nearly the same threshold current for all
configurations with improved differential efficiency for 100w coupler.
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Fig. 1. (a) Scanning electron micrograph of the racetrack laser. (b) Schematic l
cross-sectional diagram taken at the coupling region between the ring and on

of the straight waveguide showing the shallow- and the deep-etched regions. 1588.0 1598.0 1608.0
WAVELENGTH A [nm]

wheret; » are the coupling coefficients of the upper and lower @
coupling regions, ang, . are the propagation constants in the
curved sections and in the straight section of the racetrack, re-
spectively.L, is the total length of the curved sectiofsa, a
being the radius of the ring, arid. the length of each straight i T=20°
section.ry o represent the fraction of incident field which is m
not transmitted from one waveguide to the other in the cou- _
pling region, where it can be shown, using the coupled-mode ﬂ “
formalism and power conservation, that »|* + |1 2|? = 1. : i

I=140mA

o ot v
N

U 4
This transmission function, (1), reveals that a ring resonator _ g, il atMPIRN! I mw
is analogous to a Fabry—Perot (FP) resonator. That is, at zerc 1 “

gain, the spectrum is characterized by Lorentzian-like trans-
mission peaks at resonance with free spectral range (FSR) o
¢/(nlgLa + 2nleL.). The couplers play a role analogous to

FP mirrors. To obtain unity transmission at resonance with zero

1588.0 1598.0 1608.0
WAVELENGTH A [nm]

gain the coupling coefficients should be equal, itg.,= t2, (b)
which fO!’ the Ca_SG (_)f deeply e_tChed structure predlcates %)IS 3. (a) Lasing spectra of the racetrack laser at drive cufrentl 10 mA,
tremely tight fabrication constraints. showing single mode operation with SMSR = 26 dB. Single longitudinal mode

Our OMCVD-grown epistructure includes three comoperation is maintained up to nearly twigg, and (b) lasing spectra dt =
pressively strained InGaAsP quantum wells imbedded in'#’ ™A showing noniinear change to a broad spectrum.
70—nm waveguide structure of two compositions with bandgap
energy £, = 1.13 and 1.00 eV. Cladding layers are InP2) both shallow and deep etching with no feature undercutting.
The fabrication involves several steps not normally used kor the coupling channel between parallel waveguides [cross
conjunction with conventional RWG laser processing. Thesection in Fig. 1(b)] an asymmetric structure is fabricated. The
include: 1) liftoff metal deposition of closely spaced lines andiaveguiding geometry is first defined bysHCH, reactive
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ion etching, timed to remove the p-type cladding layer armperation with a side-mode suppression ratio better than 26 dB.
reveal the upper surface of the waveguide structure. Nektany ring laser modes are clearly visible as noise peaks below
the coupling region is coated with a second dielectric layahat level. Single mode lasing is obtained up to nearly twice
Smooth sidewalls extending through the waveguide structuhgeshold. As shown in Fig. 3(b), at 140 mA, the spectrum
are etched, except in the coupling region protected by thbruptly changes to a broad spectrum of the same ring laser
second dielectric layer. modes, suggestive of passively modelocked self pulsation. The
A bend radius of 15Q:m is combined with four different separation of these modes was observed to match and scale
coupler lengths of 50, 100, 150, and 2pn, positioned at inversely with the circumference of the racetrack.
the center of the straight section of the racetrack, which is 50In conclusion, we have demonstrated an InGaAsP racetrack
wm longer. The width of ridges throughout the structure is 21ihg resonator laser employing a novel bi-level etched structure,
#m and the gap between resonator and coupling waveguidésich can be defined by conventional photolithography, that in-
is 2 um. The coupling waveguides, which extend beyond therporates low-loss curved waveguides and lateral couplers. The
racetrack ring resonator, are cleaved, and output facets ofssers exhibit a threshold current of 66 mA, which is the lowest
cally coated ta=3% reflectivity. Fig. 1(a) is a scanning electronvalue of any InP ring resonator lasers reported to date. They op-
microscope (SEM) image showing the racetrack resonator agrate in a single mode to nearly twice the threshold with a 26-dB
the straight coupling waveguides. Biasing electrodes are pside-mode suppression ratio. This novel fabrication technique
vided separately for the ring resonator and the portion of eachn be also applied to the construction of passive ring resonators
of the two coupling waveguides extending from the resonatdevices such as filters, modulators, routers, and detectors.
to the autoregressive-coated facet. The latter are biased approx-
imately to transparency to facilitate laser characterization. The
remaining portion of the coupling waveguides extending toward
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