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Analysis of Compact Silicon Photonic Hybrid
Ring External Cavity (SHREC) Wavelength-
Tunable Laser Diodes Operating from 1881-

1947 nm

Jia Xu Brian Sia, Wanjun Wang, Zhongliang Qiao, Xiang Li, Xin Guo, Jin Zhou, Callum G.
Littlejohns, Chongyang Liu, Graham T. Reed, and H. Wang

Abstract— The “2 pm waveband”, specifically the 1.9 pm
wavelength region, is playing an increasingly imperative role in
photonics. Development into compact tunable light sources
operating at the wavelength region can unlock numerous
technological applications. Instances, while not exhaustive, include
alleviating the capacity load in fiber communications, H,O
spectroscopy, optical logic, signal processing as well as enabling
the optical Kerr effect on silicon. Silicon photonics is a disruptive
technology. Through mature silicon processing, recent
developments suggest that silicon will emerge as the workhorse of
integrated optics. While the realization of a monolithic light source
has proved to be challenging, the hybrid/heterogenous Si
platforms, consisting of silicon and III-V materials, has stepped to
the fore. In this work, we present the study of Vernier-based
hybrid silicon photonic wavelength-tunable lasers with an
operating range of 1881-1947 nm (66 nm), subject to different
coupling gaps (Gapm,) between the silicon microring resonators
(MRRs) and bus waveguide. Wavelength tuning functionality is
enabled via the thermo-optic effect of MRRs. Gapur, being the
smallest feature in the assemble, is highly influential to the
characteristics of the SHREC. As such, trends in hybrid laser
performance with respect to Gapm,r are measured and analyzed.
Slope efficiency, laser output power and side-mode suppression
ratio of 0.232 W/A, 28 mW and 42 dB respectively are obtained
across the developed lasers. Through the design of the Vernier
spectrum and Gapu,r, tuning of laser wavelength from 1881-1947
nm can be achieved by applying only 47.2 mW of thermal power
to a single MRR.

Index Terms—Silicon photonics, Si hybrid lasers, tunable
lasers, Vernier effect, 2 pm waveband, integrated optics.

I. INTRODUCTION

he immunity of optical interconnection to skin effect and
RC time delay has great potential to limit the scope of
copper wiring with respect to very-large-scale integration
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(VLSD) [1]. However, the implementation of photonic
integrated circuits (PICs) has not been as pervasive as one
would have envisioned. III-V materials constitutes the primary
platform of choice for PICs, allowing for the monolithic
integration of a wide range optical functions [2], most
fundamentally, its highly-efficient light-emission capabilities
[3]. Recent developments suggest that the integration of both
silicon photonics and III-V may further motivate the
development of integrated photonics [4]; fueled by its
compatibility with mature CMOS infrastructure, silicon
photonic-based PICs can be manufactured at high yield and low
cost.

Erbium-doped fiber amplifier (EDFA) [5], low-loss single-
mode fiber (SMF) [6], wavelength division multiplexing
(WDM) [7] and digital coherent transmission [8] are key
components in contemporary telecommunication systems.
However, exponentially increasing bandwidth requirements
have led to concerns with regards to the upper limit of the SMF
[9]. Repotts of the thulium-doped fiber amplifier (TDFA) [10]-
[12], hollow-core photonic bandgap fiber [13]-[15] and
successful demonstration of transmission systems [16]-[18]
have highlighted the possibility of the “2 um waveband” in
serving as an adjunct to the present communication
infrastructure. Applications of the waveband however extends
far beyond fiber-based communications; examples include,
while not exhaustive, spectroscopic gas sensing [19], free-space
communications [20] and LIDAR [21]. More specifically, the
wavelength region centered around 1.9 pm might be decisive in
alleviating the load on the O/C-band; HC-PBGF will reach its
lowest propagation loss near 1.9 um [14]-[15], TDFA has also
demonstrated to be capable of delivering high small-signal gain
at low noise-figure in the wavelength region [10]-[12]. The
vicinity of the 1.9 um wavelength region corresponds to the
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absorption window of H,O [19], [22]-[23] as well as the “prime
region” for the implementation of optical logic, signal
processing [24] and optical Kerr effect on silicon [25]. In the
area of silicon photonics, much of the touted “2 pym waveband”
devices are in fact implemented near the 1.9 um wavelength
range [26]-[32]. As such, there is pertinence for further
development in the wavelength region.

Silicon photonics has the potential for pervasive
technological implications. To date, most fundamental
components has been implemented to great effect [26]-[32],
[33]-[40], but the realization of the laser source has been more
challenging; silicon has an indirect bandgap. Impressive work
has been done in Si Raman [41]-[44] and Ge lasers [45], which
will potentially lead to the resolution of a high-performance
monolithic laser source in the long run. However, in the
meanwhile, the high-performance hybrid/heterogenous silicon
photonic platform provides an interesting alternative [46];
silicon photonics provides low propagation loss and high
integration densities, III-V materials provides high gain values.
Prime example includes the demonstration of high power, sub-
kHz linewidth lasers [47]-[50].

Up to now, impressive developments have been achieved in
hybrid/heterogenous wavelength-tunable lasers operating in the
C-band [50]-[56], enabled by the Vernier effect between two
microring resonators (MRRs). The reach of this class of lasers
is extended above 2 um in 2016, where the effect of coupling
gap between the MRR and bus waveguide (Gapmr) is studied
for the first time [57]. Gapmm, being the smallest feature in the
tunable laser structure, is influential with regards to the
characteristic of the SHREC. Thereby, in this work, the effects
that Gapmr Will have on laser performance is further studied
from [57]. The tunable laser diodes developed in this work
operates near the wavelength region of 1.9 um from 1881-1947
nm (66 nm). Hybrid integration between III-V and silicon
photonics is achieved by edge coupling the III-V waveguide to
the SHREC (Fig. 1(a)). Such an architecture enables the
SHREC and III-V waveguide to be individually optimized,
enabling high-power laser emission via strong mode overlap
with the gain media [58] and easier thermal management; i.e.
[I-V waveguide are prone to thermal degradation, locating the
MI-V component at the edge of the hot VLSI substrate reduces
the complexity of thermal management [58]-[59]. Through
variations in Gapmr, changes in slope efficiency (1), maximum
laser output power, threshold current (Im), phase-shifter
efficiency, side-mode suppression ratio (SMSR) and channel
uniformity is observed. 1s, maximum laser output power and
SMSR as high as 0.232W/A, 28 mW and 42 dB respectively are
obtained across the reported tunable lasers. The lowest I
recorded is 356 mA. With only 47.2 mW of power applied on
one phase-shifter, the entire discrete tunable range of the laser
can be accessed. The scope of the manuscript is as follows.
Firstly, theoretical basis and experimental characterization of
the wavelength-tunable Vernier filter as a function of Gapm is
illustrated. Following, the epitaxial structure and the
spontaneous emission spectra of the designed semiconductor
optical amplifier (SOA) is presented. Lastly, tunable laser
performance is analyzed with respect to variations in Gapmr.

The tunable laser with Gapm: = 180 nm, used for analysis in
this work is reported in our previous work [60].

II. SHREC WAVELENGTH TUNABLE LASER DIODE

Fig. 1(a) illustrates the 3-D schematic of the SHREC
wavelength-tunable laser diode together with the coordinates
that will be standardized in this manuscript. Fig. 1 (b)-(c) shows
the micrograph images of the spot-size converter (SSC),
wavelength-tunable Vernier cavity and SOA respectively. In
order to realize the hybrid laser cavity, a wavelength-tunable
Vernier cavity is edged-coupled to the SOA via the Si slab
waveguide and the SSC; the SOA provides optical gain,
whereas the Vernier cavity enables wavelength-selective
feedback. The wavelength-tunable Vernier cavity comprises of
two MRRs and an MMlI-based reflector; Vernier effect is
facilitated by the two MRRs, the MMI-based reflector allows
full reflectance. The MMI-based reflector is used due to the
fabrication tolerance of the MMI structure [60]. Simulated and

(a)

MMI-based reflector
mrrl (Radius = 16.8 pm)
mrr2 (Radius = 18.2 pm

)
2 X

Fig. 1. 3-D schematic of the wavelength-tunable laser diode.
Micrograph images of (a) SSC, wavelength-tunable Vernier cavity (c)
and SOA.

experimental data of the MMI-based reflector is provided in our
previous work [60]; single trip insertion loss of the MMI-based
reflector at L = 1947 nm is 0.538 dB [60]. As indicated in Fig.
1(a), mrrl and mrr2 has a radius of 16.8 and 18.2 um
respectively. Thermo-optic phase-shifters mounted on top of
the MRRs are used to enable thermal control of lasing
wavelength. Lasing output occurs at the facet of the SOA as
indicated in Fig. 1(a).

The SHREC, consisting of the wavelength-selective Vernier
cavity, SSC and Si slab waveguide is fabricated on the 220 nm
silicon-on-insulator (SOI) platform via the standard CMOS
process. We characterize the propagation loss of the single-
mode (TE00) strip waveguide (0.6 x 0.22 pm?) to be 3 dB/cm.
At the coupling facet of the SHREC to the III-V waveguide, the
low-confinement slab (6 x 0.07 um?) waveguide is designed to
enable good overlap between both optical modes [60]. A 200
um-long SSC is used for low-loss conversion from the slab to
the strip waveguide that forms the wavelength-selective Vernier
cavity [60]. Data with regards to the III-V/silicon coupling
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interface as well as the SSC can be found in our previous work
[60]. The coupling loss between hybrid integration of the
SHREC and SOA is experimentally characterized to be 2.7 dB.
This represents the loss from the SOA to the Si slab waveguide,
then SSC to the Si strip waveguide. The radii of the MRRs are
designed to be 16.8 and 18.2 um, corresponding to approximate
FSRs of 8.9 nm (740 GHz) and 8.5 nm (706 GHz) respectively.
After the fabrication of the waveguides, 1.2 pm of SiO;
cladding is deposited followed by 120 nm of TiN (phase-shifter
layer) and 2 um of Al (routing layer). The footprint of the
SHREC is 0.95 x 0.3 mm?,

A. Wavelength-tunable Vernier filter

We can define the power transmittance spectra at the drop
port of a single MRR as (1), where « is the electric-field
coupling coefficient between the bus waveguide and the MRR,
0 is the incurred phase of the lightwave after propagating one
round in the MRR, a is the waveguide loss coefficient. The
theoretical power transmittance spectra of the 2 individual
MRRs is presented in Fig. 2 (a).

%
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Following, the Vernier spectra can be computed as a product of
the power transmittance spectra of the 2 MRRs (2). Fig. 2(b)
shows the theoretical Vernier power transmittance spectra.
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Fig. 2. (a) The red and blue lines indicate the theoretical power
transmittance spectra of mrrl and mrr2 respectively. (b) The grey line
indicates the theoretical power transmittance of the Vernier power
transmittance spectra; basic definitions of the Vernier power
transmittance spectra are indicated. Operation range of the laser is
shaded in grey.

By exploiting the thermo-optic effect of silicon through the
phase-shifters, one will be able to control the wavelength
corresponding to the lowest loss in the laser cavity via the

overlap of the 2 MRR resonant peaks; single and dual shifter
tuning will facilitate discrete and fine tuning of laser
wavelength respectively. Consequently, the cavity longitudinal
mode closest to the Vernier transmittance peak will be the
lasing wavelength. Modal transmittance difference (MTD) as
indicated in Fig. 2(b), is the extent of transmittance difference
between the main and adjacent peaks. It is the primary feature
that determines the extent of mode-selectivity with regards to
the SHREC, enabling lasing of the specific cavity longitudinal
mode nearest to the Vernier peak via mode competition.
Vernier transmittance efficiency (VTE) indicates the insertion
loss at the wavelength of the Vernier peak (Fig. 2(b)). In this
work, the designed Vernier filter has an FSR of 140 nm (1843-
1983 nm). The demonstrated tuning bandwidth (1881-1947 nm)
of the laser reported in this work is shaded in grey at Fig. 2(a)-
(b).

Fig. 3(a)-(f) shows the normalized measured and theoretical
Vernier power transmittance spectra with respect to Gapmr =
160, 180, 200, 220, 240, 260 nm; experimental data are shown
to resemble theoretical expectations closely. The lower-half of
each individual plot corresponds the case when the power
supplied to phase-shifter 1 and 2 (Hmr1, Hmr2) are 0 mW. The
upper-half of Fig. 3(a)-(f) illustrates the resultant spectra when
Hur2 = 0 mW and Hnr = 15.5, 12.4, 11.1, 10.0, 8.7, 7.8 mW
are applied respectively; a larger Gapm: would lead to an
increased MRR Q-factor, as such, the effective MRR optical
length will increase, leading to gains in phase-shifter efficiency.
Due to the detection limit of the detector (Artifex, OPMS500),
we are not able to characterize all the features of the Vernier
spectra. We measured the Vernier filter from 1935-1985 nm
due to the maximum tunable range of our tunable laser light
source (Thorlabs, customized). The wavelength sweep
resolution is 5 pm. Through the appropriate application of Hu1,
we are be able to red-shift the resonant wavelength of mrrl by
approximately 2 nm from Humr = 0 mW (Fig, 3(a)-(f), lower-
half), resulting in a Vernier transmittance peak at A ~ 1947 nm
(Fig. 3(a)-(f), upper-half). This corresponds to the longest
demonstrated wavelength of the tunable laser in this work.

As reference, the theoretical value of k as a function of Gapmr
(140-320 nm) is presented (Fig. 4(a)). The characteristics of the
Vernier filter is summarized experimentally and theoretically in
Fig. 4(b)-(e). It can be seen that there is a close match between
experimental data and theoretical trends. According to Fig.
4(b), when Gapmris increased, MTD rises. VTE however, drops
when Gapmr is increased (Fig. 4(c)); laser cavity loss is
expected to increase. Another important point of consideration
is the full-width half maximum (FWHM) and Q-factor of the
individual MRRs. FWHM decreases and Q-factor increases
when Gapmr becomes larger (Fig. 4(d)-(e)). MRRs with low
FWHM has a greater propensity to be misaligned by
environmental thermal drifts. Furthermore, as indicated in the
previous paragraph, while a higher Q-factor will lead to higher
phase-shifter efficiency, it can also result in greater sensitivity
to inconsistencies in environment temperature [61]-[62]. The
data presented suggests that the implications of Gapmr on the
Vernier filter is critical for subsequent Vernier-based laser
design.
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Fig. 5. (a) Cross-sectional depiction of the InGaSb/AlGaAsSb SOA. (b) Measured spontaneous emission spectra of the InGaSb/AlGaAsSb SOA when

Ibias = 100, 200, 300, 400, 500 mA.

B. InGaSb/AlGaAsSb SOA

In this work, the designed epitaxial structure intended for the
fabrication of the SOA was grown on a (100) n-GaSb substrate
using the molecular beam epitaxy (MBE); cross-section (x-y
plane) of the epitaxial structure is illustrated in Fig. 5(a). The
designed structure is composed of a 10 nm-thick Ing2GagsSb
single quantum well (SQW) sandwiched by 270 nm-thick
Alp25GaAsSb barrier layers. The cladding comprises of 2000
nm-thick AlypsGaAsSb layers. The barrier and cladding layers,
with exception to the SQW layer, are latticed matched to the
GaSb substrate; 1.26 % compressive strain is exerted on the
SQW layer.

The fabrication process steps of the SOA are similar to our
previous work [63]. Firstly, the ridge (6.4 x 1.0 pm?) was
defined using UV lithography and wet chemical etching. After
which, SiO, was deposited using the plasma-enhanced
chemical vapor deposition (PECVD) for injection current
confinement. Following, we defined a contact window at the
center of the ridge using UV lithography and buffered oxide
etch (BOE) process. Chemical-mechanical process (CMP) was
carried out on the GaSb to reduce the thickness of the SOA; the
resultant thickness is approximately 100 um. A thinner SOA
cross-section will facilitate cleaving, reduce series resistance,
as well as allowing responsive thermal control during laser
operation. Ti/Au and Ni/Ge/Au/Ni/Au are deposited using
electron-beam evaporation to form the p and n side ohmic
contacts respectively. Finally, the III-V waveguide is cleaved to
be 2.4 mm-long and bonded onto a heat sink. Due to the fact
that Fabry-Perot (F-P) oscillations can reduce the single-mode
stability of the tunable laser [53], the III-V waveguide is angled
at4.5". The epitaxial structure of the SOA is designed to operate
about 1.9 um wavelength region. By measuring the output at
the facet of the waveguide, the spontaneous emission spectra at
Ibias = 100, 200, 300, 400, 500 mA is presented in Fig. 5(b); the
emission spectra resembles that obtained from our previous
work [64], implying that reflections within the III-V has been
successfully subdued.

III. EXPERIMENTAL CHARACTERIZATION AND ANALYSIS

According to Snell’s law, the Si slab waveguide is angled at
9.8 to in accordant to the slant-angle of the III-V waveguide.
The facet quality of the Si slab waveguide was improved via
polishing to reduce edge-coupling losses. Integration of the
hybrid laser cavity was carried out by placing the SHREC and
SOA on 2 different x/y/z precision alignment stages. Two
separate thermoelectric controllers (Arroyo Instruments, 5305
TECSource) are connected to each stage for thermal
management. The laser output is coupled directly into the
opening of the photodetector (Thorlabs, S148C) or coupled via
a lensed-fiber, connected to optical spectrum analyzer
(Yokogawa, AQ6375) for power or spectra characterization
respectively. The coupling loss between laser output facet and
lensed fiber is 10 dB during spectra characterization. For power
characterization, as all laser emission is coupled into the
opening of the photodetector which integrates the sum of the
power under the lasing spectra, coupling loss of laser power off-
chip is negligible in our setup.

Fig. 6(a)-(d) are obtained when A = 1921 nm. The L-I curves
of the tunable laser up to I, = 470 mA when Gapm: = 140, 180,
250, 320 nm are illustrated in Fig. 6(a); values for m are
indicated at Fig. 6(b).
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Fig. 6. (a) Laser output power against Iy;,s for Gapm. = 140, 180, 250, 320 nm and F-P laser. (b) 1, for Gap,. = 140, 180, 250, 320 nm. (c) Maximum
demonstrated laser output power and Iy, for Gapm, = 140, 180, 250, 320 nm. (d) Fiber coupled spectra corresponding to Gapy = 140, 180, 250, 320 nm when

Tbias = 470 mA.

Room temperature continuous-wave operation is achieved for
all cases. The losses of the SHREC in the laser cavity is the
summation of II-V/Si coupling loss [60], SSC, VTE and MMI-
based reflector insertion losses [60]. The round-trip insertion
loss (Lsurec) of the silicon wavelength tunable cavity can be
defined by the following (3).

L 2(L +L + L

VTE = “MMI 3)

SHREC ~ ssc T Lsoassi)
The simulated insertion loss values of the MMI (L), SSC
(Lssc) and SOA/Si coupling loss (Lsoassi) are 0.274 (A=1947
nm), 0.986 and 1.46 dB respectively [60]. Lyte can be found in
Fig. 4 (c). As a reference at A=1947 nm, the simulated Lspurec
for laser diodes presented in Fig. 6(a) are shown in Tab.1. Due
to high Lsurec, it can be seen from Fig. 6(a) that the Iy of the
hybrid laser diodes is significantly larger, in comparison to a
solitary F-P laser.

TABLEI
SIMULATED Lsyrec FOR LASER DIODES PRESENTED IN FIG. 6(A)

Gap e (nm) Lsurec (dB)
140 5.956
180 6.35
250 7.564
320 10.498

The VTE, is presented in Fig. 4(c); increasing Gapm: would
result in a reduction of VTE and vice versa. It can be seen that
as Gapmrr decreases from 320 nm to 140 nm, 1, reaches a peak
value of 0.232 W/A at Gapmr = 180 nm, before dropping
drastically to 0.152 W/A at Gapmr = 140 nm. A similar trend is
observed with regards to maximum demonstrated laser output
power in Fig. 6(c); maximum laser output power reaches a
maximum at 28 mW when Gapm, = 180 nm, minimum of 13
mW when Gapmr= 140 nm. The inverse trend to ms and
maximum laser output power is observed with regards to I in
Fig. 6(c); I decreases with Gapmr and reaches a minimum
value of 356 mA at Gapm = 180 nm before increasing again at
Gapmer = 140 nm. Fig. 6(a)-(c) point to Gapm: = 180 nm being
the optimal value with regards to mns, maximum laser output

power and Ii. At Iiiss =470 mA, single-mode lasing with side-
mode suppression ratio of 26, 35, 39, 42 dB corresponding to
Gapme = 140, 180, 250, 320 nm respectively was obtained (Fig.
6(d)).

The improvement of s, maximum laser output power and Iy,
when Gapmr decreases from 320 to 180 nm can be attributed to
the reduced laser cavity losses brought about by a decrease in
VTE (Fig. 4(c)). However, Gapm:= 140 nm bucks the trend in
all the above-mentioned laser performance metrics. According
to Fig. 6(d) when Gapmq reduces from 180 to 140 nm, there is
a large drop in SMSR from 35 to 26 dB. Significantly increased
amplified spontaneous emission (ASE) due to low MTD is the
reason behind the phenomena; the roll-off value of MTD occurs
when Gapme = 140 nm, is predicted to be 3.97 dB theoretically
(Fig. 4(b)). When Gapm is small (Gapmr = 140 nm), the
reflectance difference between the wavelength corresponding
to the Vernier peaks and the rest of the spectrum will be low, as
a result of a low MTD (Fig. 4(b)). Consequently, unwanted
reflections at the secondary peaks of the Vernier spectrum is
more significant in the laser cavity leading to the significant
onset of ASE. This effect can be seen from the relative strength
of ASE when Gapur = 140 nm in comparison to larger Gapm
(Fig. 6(d), 7(a)-(d)). ASE is incoherent and limits the maximum
gain in the SOA [65]. Thereby, attributing to the degradation in
1s, maximum laser output power and Iy. Lasing performance in
terms of 1, maximum output power and Iy are determined by
the interplay between the MTD and VTE of the SHREC.

Fig. 7(a)-(d) shows the superimposed lasing spectra
pertaining to lasers with Gapmr = 140, 180, 250, 320 nm
respectively when Ipias = 450 mA. Tuning range of 1881-1947
nm (66 nm) are achieved. We are unable to state definitively,
the limiting factor in regard to the tunable range of the laser
diodes. As confirmed in Fig. 6(d), 7(a)-(d), increases in Gapm
will lead to clear improvement in SMSR due to larger MTD
(Fig. 4(b)); strength and number of parasitic oscillations are
significantly reduced, indicating lower ASE. Through the
increase of Hmwi, the resonant peaks of mrrl will red-shift,
subsequently, the Vernier transmittance peak will blue-shift in
step sizes corresponding to FSRumo via the overlap of the 2
resonant peaks (Fig. 2(a)-(b)), lasing will occur at the
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longitudinal mode that experience the least cavity loss through
mode competition. The values of Hunr corresponding to each
demonstrated lasing wavelength of the laser diodes (Fig. 7(a)-
(d)) are illustrated in Fig. 7(e). Although only Hmm is utilized
in this work, tuning of Hnm can also achieve discrete tuning.
The only exception is that lasing wavelength will shift towards
longer wavelength in steps of FSRme1 in regard to increment in
Hmm. Fig. 7 (e) illustrates an increase in phase-shifter efficiency
when Gapm is increased, this is in line with the trend for Hur1
values observed in Fig. 3(a)-(f). As mentioned earlier, the
increase in phase-shifter efficiency can be attributed to longer
effective optical length of the MRR due to larger Gapm (higher
Q-factor) [51]. With Hur as low as 47.2 mW, discrete tuning of
lasing wavelength from 1881-1947 can be obtained.

SMSR implies the amount of power that is generated in the
main longitudinal mode. High SMSR is required for a wide
range of applications such as high-end optical communications
and spectroscopic sensing. In addition, high channel uniformity
(extent of variability of SMSR) across the lasing channels is
desirable. Low channel uniformity can introduce noise into
measurement/detection,  potentially  impacting  system
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performance [66]-[67]. Fig. 8(a) illustrates the distribution of
SMSR across the discrete tuning wavelengths obtained from
Fig. 7(a)-(d). While larger Gapm can result in a higher SMSR
(minimum  (SMSRuin), maximum (SMSRpma.) average
(SMSRav.)), channel uniformity decreases. In Fig. 8(b), we
show population standard deviation (o) of the SMSR as a
function of Gapm:. Increases in ¢ as a result of larger Gapm: can
be attributed to the increased tendency for MRR resonant peaks
with lower FWHM (Fig. 4(d)) and higher Q-factor (Fig. 4(e))
to be misaligned by environmental thermal drifts [61]-[62],
impacting wavelength-stability of the wavelength tunable
cavity.

IV. DISCUSSION

In response to the potential of the 1.9 um wavelength region
in enabling a wealth of applications, we developed the SHREC
wavelength-tunable lasers with an operating range of 1881-
1947 nm (66 nm). This is made possible through the integration
of appropriately designed SHREC and SOA chips. s,
maximum laser output power and SMSR up to 0.232 W/A, 28
mW and 42 dB respectively are achieved across the developed
laser diodes. Via the increase in MRR Q-factor through Gapr,
higher phase-shifter efficiency can be obtained. The Vernier
transmittance spectra of the SHREC is highly sensitive to
Gapmr, the smallest feature of the laser. By changing Gapmr,
trends in laser performance metrics are studied and analyzed.
The findings of this manuscript can be summarized as follows:
1) Optimal n,, maximum laser output power and I can be

achieved when Gapm: = 180 nm. Increasing Gapm: beyond
180 nm will lead to degradation of these parameters due to
decreased VTE (Fig. 4(c)); laser cavity loss is increased.
Decreasing Gapm: from 180 nm to the roll-off value 140 nm
will also diminish laser performance. The drop in the
mentioned laser performance metrics is due to significant

onset of ASE brought about by the low MTD of the Vernier
spectra (MTDestimated = 3.97 dB).

2) Phase-shifter efficiency increases as Gapm becomes larger;
increasing Gapmr will result in a higher MRR Q-factor,
resulting in a longer effective MRR length.

3) SMSR rises with increasing Gapme. A high MTD resulting
from a large Gapmr will enhance the wavelength-selectivity
of the SHREC (Fig. 4(b)).

4) Channel uniformity decreases with increments in Gapm.
Larger Gapm will serve to reduce the FWHM and increase
the Q-factor of the 2 MRR resonant peaks, increasing the
propensity to be misaligned by environmental thermal
fluctuations [61]-[62].

V. CONCLUSION

In this work, we demonstrate SHREC wavelength tunable
laser diodes, subjected to a range of Gapmm, operating from
1881-1947 nm. We conclude that influence of Gapm: on laser
performance is multi-faceted, under the condition that the roll-
off value of Gapm: is not violated (i.e. Gapme = 140 nm),
improving a specific performance index will lead to the
degradation of another. Laser design should therefore be aimed
at optimizing the value of Gapm. to fulfil the performance
requirement of the targeted application (i.e. high SMSR or high
output power). Besides the demonstration of high-performance
SHREC wavelength-tunable laser diodes operating near the 1.9
pum wavelength region (1881-1947 nm), the proceedings of this
work aim to provide useful data and trends in enabling future
Vernier-based laser design.
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