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Single-Mode Lasing Operation Using a Microring
Resonator as a Wavelength Selector

Seoijin Park, Seong-Soo Kim, Liwei Wang, and Seng-Tiong Ho

Abstract—We have demonstrated semiconductor lasers with mi-
croring resonators as frequency-selective elements. We show that
the small resonator inside the laser makes single frequency-mode WG
operation possible with reasonably good side-mode rejection.

Index Terms—Etching, microring resonators, plasma mate-
rials-processing applications, quantum wells, semiconductor
lasers, waveguides.

. INTRODUCTION

. A
ICRORING resonators are proving to be good cand
dates for use in very large-scale integrated (VLSI) pht
tonic circuits such as channel dropping filters, WDM demulti- o _
plexers, and Wavelength space switches [l]—[4]. The main d:dg. 1. Schematic diagram of a PMR-based laser. The black, _Ilght-gr_ay,
. . . and dark-gray colors represent active, transparent, and absorption regions,
vantage that microring resonators have is the large free specigectively.

range of resonance arising from their small cavity size. A free

spectral range of 10-42 nm can be achieved with J0mbdi- to have one dominant transmission frequency, leading to robust
ameter ring resonators. . . . e
single frequency lasing. These results arise from a combination

In this paper, we show that a passive microring resonat&; the wide resonant frequency spacing of the ring resonator

can be used as a frequency selective element to achieve sir%l%l . ;
- : ) the substantial enhancement of the peak of the gain curve.
frequency lasing in semiconductor lasers. We believe that tlgs

. ) : : .~ ~0Our PMR-based laser is quite different from coupled cavity
is the first demonstration of what we call passive microrin . : . - . ;
sers which have inherent instability problems associated with
resonator-based lasers (PMR-based lasers). We show that{ IS " S
: L . g . €ir sub-cavities. The PMR laser uses a microring resonator
possible to obtain single-frequency lasing with a;28 diam- I R
A . . : as a purely transmission style wavelength selector, eliminating
eter passive ring resonator in a 2—-mm-long linear cavity. This . ’ " o .
. o n)é problems associated with sub-cavities within the main laser
PMR-based laser also shows good side-mode rejection and %gwt
areasonably low threshold current. Note that this kind of laseris Y-
different from a microring cavity laser for which the ring cavity
itself is both gain medium and resonator. Here, we take advan-
tage of the large free spectral range of a small microring struc-The device structure we have fabricated is shown in Fig. 1,
ture together with the long gain length to achieve high-powarhere a small ring resonator is inserted into a conventional
single-mode lasing. Separation of the passive ring cavity frofabry—Perot laser. In this figure, the black region is actively
the active medium allows us to tune the ring resonator frequermmymped by injection current to achieve gain, and the light-gray
independently so thatitis not affected by heating or other effectgjion is separately pumped by injection current to achieve
arising from the injection current. Furthermore, we show that ligansparency. We used ring resonator designs with diameters
having the active medium in the ring resonator to be the sam&b, 10, and 2Q:m to give free spectral ranges of 42, 21, and
as that in the linear cavity, we can engineer the ring resonafid.5 nm, respectively. These free spectral ranges are designed
to be large enough so that only one mode is situated around the
Manuscript received April 4, 2001; revised November 29, 2001. This worﬁleak Of. the gain spectra. In Fig. 1, waveguide 1 (WGl) and
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Il. DEVICE STRUCTURE AND FABRICATION
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interfere with the beginning beam to form a standing wave. Tt 6
optical cavity mode formed by this closed path will be referre .
to as the W-R-W (waveguide—resonator-waveguide) cav . 5 |
mode. Let us now follow light not at the resonance frequenc & U
This light, beginning at facet A, will pass by the resonatc 2
and continue to propagate toward the other uncleaved end§
waveguide 1. If this light is reflected back strongly from the¢g
uncleaved end, an optical cavity will be formed. To prevent tké 3 )
two facets of waveguide 1 and 2 from forming Fabry—Per(g
cavities (which we will call theW; and W, cavities), the g

uncleaved ends of waveguide 1 and 2 should either be etct & 2 .

with a rough pattern to drastically reduce reflection, or fi||e(:1w; .

with an absorber. In our case, an absorption section is situa™ 1 *

between the resonator and the uncleaved end of the wavegt .

for both waveguide A and B. This absorption sectionisshow . s oo o « o .s |

as the dark-gray region in Fig. 1. 0 50 100 150

The devices reported here were fabricated from a particu
layer structure of InGaAsP grown epitaxially on an InP substra..
with lattice matChmg'The Iayer structure comprises gn lnp_sq'gé. 2. Experimental plot of light versus current characteristic of the
strate, an n-doped region, an InGaAsP-graded barrier regioPMR-based laser. Lasing characteristic.
quantum-well region, and a p-doped region. The n-doped region

consists of a 30-nm-thick InGaAsP buffer layer £ 1.1 ;m, sure, and 250 C temperature. In order to make a clear gap be-

— 18 _ .
7(1”__ é: 110?7 /é(irﬁni)szggr:;tiﬁ)r;al crjftzzz :25 g:laﬁ(ldr'g%é?ﬁ:ﬁween the coupled waveguide and the resonator, the gap region
a dopant density of — 1 x 10'%/cm?® from the InP substrate. was etched down to a depth of.@n. However this resulted in

g . ; 54:m etching depth for the relatively wide open waveguide
The graded barrier region follows the n-doped region. It has i . .
nm of INGaASP & = 1.08 zm), 70 nm of INGaAsPX = 1.16 a?ea due to the etching rate difference between the narrow gap

o \ region and the widely open region. The effective gap size ob-
pm), and 30 nm of INGaAsPA(= 1.25 um) successively. The taiped at the narrow gap region is less than /&2 due to the

quantum well is situated between the graded barrier region a pe of the etched profile around the gap region. In order to

the top p-doped region. The quantum well consists of four 9-nm : . o
ill the gaps in the etched region planarization processes fol-
InGaAs quantum wells separated by three 22-nm InGaAs® ( lowed the etching processes that had formed the microring res-

1.25 pm) layers. The top p-doped region consists of a0.5- . ; . : )
m p-doped InP cladding layep (= 3 x 10+7/cm?), a 20-nm onators and the waveguides. First we depogsini-thick SiQ,

X i B s using PECVD before filling the opening area with benzocy-
8 doped énGag\lsPPIalyzpd\(_ |1'3 4, p _101177 ing /cr;;), a  clobutene (BCB). The BCB was spin-coated to a thickness of
.?m F:j Iong nP lca )\lng alyg.w(: 0 X = 10 1)(33%/ n'T?m 5 pum to fill the gaps, and then baked at 30@ for 30 mins.
p—Oog)e n ] Sd Ia)F/>erI( ddin I“m’ p=-X 1017/Cmg)’ The baked BCB was etched down to the waveguide top sur-
:n d. aﬂ(;nlp?r_n %F_’gopen d Ir(:g aA!llg c?éelg }(/(; (i j 3 umcp 1 face using RIE with a 10/30 sccm B, plasma at 150-W
1 x 10*%/cm?). In order to fabricate microring lasers couple F power, 273-V dc bias, and 100 mTorr. Photolithography was

: . . ; hen carried out to open the window and remove the,S6®
to submicron-wide waveguides (nanoscale waveguides), a ngo: top of the waveguides. After removing the Sian the top

ative NEB-22 e-beam resist was spun at 380—nm thickness o H . . .
. ; . . he waveguides and making a photoresist pattern for elec-
3_40(:—nrlr;-th|ck S!? m?_ik aSCEigazttzerneq \tN'th a Itf 'CaC;EBPIG' rodes, 400/300/5000-nm Ti/Pt/Au metal layers were deposited
rect e-beam writer. ne ~<< resist was then developefl |irieq off to form the p-side contact, and 800/200/4000-nm

using a Shipley MF 319 developer. The area not written by tI:l\%Ge/Ni/Au metal layers were deposited on the back of the sub-

e-beam was dissolved, unlike the usual PMMA (positive) res'%&rate to form the n-side contact. The fabricated chips were then

The waveguide width of the microring resonators and the col=. .1 10 obtain W-R-W Fabry—Perot cavities long enough

pled W?vegU|d;?hwas O’ﬂm d The gap% between thtetmlcrorlgg[o avoid a mismatch between the resonant frequency modes of
resonators and the coupled waveguides were set to hen. the ring resonator and the W—R-W resonator. This is achieved

V\llgdtheg zattgdrggd rér;g dlrz;rge;irs:f 5a,r?gé§f:)¢0tﬁﬁ The_;:r? l;' with a cleaved length of around 2 mm. The 2-mm-long W—R-W
pled wavegul were gradually exp ut for2wi Fabry—Perot cavity has a free spectral range of about 0.2 nm.

200+:m transition region. We used proximity correction to (.:O“I'hus, the lengths of waveguides 1 and 2 are about 1-mm long.
rectly develop the 0.2:m gap between the coupled waveguides
and the microring resonators. After developing the patterned
e-beam resist, a SiOmask was etched down using RIE with
31/6 sccm CE/H, plasma, at 100 W of RF power, 289-V dc Fig. 2 shows the lasing characteristics of the PMR-based
bias, and 30 mTorr. The wafer covered by the patterned Si@ser, where data were taken from the lasing peak in the
mask was then etched using ICP with 10/35/10 sccsiNGVAr  emission spectrum, and the laser was pumped wijtim5long

plasma at 140 W ICP power, 354-V dc bias, 2.3 mTorr presiectrical pulses at 9ps intervals. The current in the ring

current (mA)

Ill. RESULTS AND DISCUSSION
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Fig. 3. Lasing spectra of the PMR-based laser. Insets (a) and (b) show fhg 4. Schematic illustration of the longitudinal-mode spectrum of the ring
lasing spectra of the PMR-based laser and q &Bdiameter microring laser resonator, its dependence on the gain spectrum, and the optical loss from the
with 8-um-wide waveguide, respectively. transmission through the resonator.

resonator is set to be around 0.4 mA, a level low enougtell. However, the above effects are not sufficient to explain the
that the ring resonator did not lase. The threshold curresffective side-mode suppression of the PMR-based laser. This is
was around 70 mA, corresponding to a 1.75 kAfcourrent because, unless the gain spectral range of the laser is so narrow
density. When we brought the current from threshold up tothat it contains only one longitudinal mode, the side modes next
value of 140 mA, well above the lasing threshold, no mode the lasing mode should be observable just as in the case of
hopping was observed throughout this entire current rangke microring laser. As the required narrow-gain spectral range
In Fig. 3, we show the emission spectra of the laser with &ems to be unrealistic with the large threshold current density
and 108 mA injected currents. The lasing wavelength of thig the PMR laser, we need to look for an additional explanation.
devices is located around 1.548n. In the emission spectra, In addition to the high ratio of FSR of the ring resonator to
the side-mode peaks of the ring resonator are not cleagsin spectral range (or the small number of longitudinal modes
visible. The intensities of the side modes may be too small ith positive gain), the side longitudinal modes in the PMR-
be distingushed from the noise levels. The lasing wavelegthlsdsed laser seem to be additionally suppressed by the lower
the PMR-based laser is around the calculatee: 1 exciton transmissions of the side modes through the ring resonator. The
level (1.55pm). This shows that the lasing wavelength of thearrier density of the ring resonator is controlled separately in
PMR-based laser is at the first ring resonance wavelength néx PMR-based laser. Therefore, the transmission of the reso-
to then = 1 exciton level. In the insets of Fig. 3, the lasinghance modes of the ring resonator can be controlled separately
spectrum of the PMR-based laser [inset (a)] is compared witirough current injection into the ring resonator. At the current
that of a microring laser [inset (b)] that was fabricated usingjection level where the gain peak is located aroundithe 1
the same wafer with a 0.8m waveguide width and 2pm exciton level, the resonant transmission through the ring res-
ring diameter. In this inset, an arbitrary logarithmic intensitgnator itself in the PMR-based laser decreases as the resonance
scale is used. From the inset, we see that the microring lagetvelength is more distant from the exciton level. Transmission
has two resonant modes at wavelengths shorter than thabbthese resonance modes is determined by the gain values of
the PMR-based laser, along with clear side-mode excitatiofise modes. Thus, the transmission of the mode around the gain
Furthermore, the threshold current density of the microringeak will be much higher than that of the next mode in the ab-
laser is found to be 2.28 kA/chwhich is higher than that of sorption. From this reasoning, we see that the lasing mode of
the PMR laser. the PMR-based laser is determined not only by the PMR-based
These phenomena result from three effects. First, side Idaser gain, but also by the ring resonator transmission. In this
gitudinal modes are suppressed by the gain spectra. Generabperiment, the current density of the ring resonator is tuned
side longitudinal modes are more suppressed as the ratio of ¢hase to the threshold current density of the PMR-based laser
gain spectral range of the laser to the free spectral range of tvl is at 1.62 kA/crh This means that the gain curve of the
laser cavity is reduced [5]. Second, the gain peak shifts. As ttieg resonator is close to that of the PMR-based laser (which
threshold carrier density increases, the gain spectral range Walbe clamped at the threshold level), as is the location of the
comes wider and the gain peak shifts to shorter wavelengthbsak gain of the ring resonator. Therefore, among the resonant
Thus, the gain spectral range of the PMR-based laser is expectaaties, the lasing mode would have the highest gain and the
to be narrower than that of the microring laser. The gain peakvest optical loss through the ring resonator, as shown in Fig. 4.
of the PMR-based laser will be located at longer wavelengthslfso, the side-mode suppression can be significantly larger be-
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