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Abstract

®

CrossMark

InAs quantum dot ridge waveguide lasers comprising single-port multi-mode-
interference-reflectors (MMIR) and single-cleaved reflectors are designed, fabricated, and
characterised, to demonstrate capability for optoelectronic-integrated-circuits. Simulations of an
MMIR show high values of fundamental mode reflectivity (> 80%) and good selectivity against
higher order modes. Deep-etched MMIR lasers fabricated with 0.5 mm long cavities have a
threshold current of 24 mA, compared to 75 mA for standard Fabry—Perot cleaved—cleaved
FP-RWG lasers of the same length, both at 25 °C, and 56 mA compared to 102 mA at 55 °C.
MMIR lasers exhibit stable ground state operation up to 50 °C and show promise as small

footprint sources for integrated photonics.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Much work is currently focussed on developing platforms for
the integration of light sources and other photonic elements
and ultimately, for the co-integration of photonic and elec-
tronic functions. Probably the most elegant approach involves
direct epitaxial growth of III-V semiconductors on silicon and

* Authors to whom any correspondence should be addressed.
Original content from this work may be used under the terms
5Y of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOIL.

1361-6463/23/384001+9$33.00 Printed in the UK

the best performing lasers, in terms of current density and reli-
ability, use 1.3 pm-emitting InAs quantum dots (QDs) [1-4].
However, this good performance has only been achieved with
low optical loss per unit length structures, often with very long
cavity lengths or coated facets. It is also well understood that
the optical gain achieved from the QD materials is relatively
low. Consequently, any increase in mirror loss that occurs due
to poorer quality reflectors is particularly detrimental. This
poses a difficulty for III-V QD lasers directly grown on sil-
icon as part of an integrated circuit, where a small footprint is
required and where coated facets can be difficult to implement.

Mirror losses play a crucial role in the performance of
a laser. The quality of the mirrors used in a laser cavity
determines the threshold current, including its temperature

© 2023 The Author(s). Published by IOP Publishing Ltd
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dependence, the amount of light that is lost from the cavity and
the overall efficiency of the laser. Reducing the mirror loss is
important in QD lasers because of the relatively low maximum
gain and has produced the lowest threshold current density of
any type of laser [5] and can improve the reliability of QD
lasers [6].

Several different reflector types have been suggested for
photonic integrated circuits and must be of high quality for
integrated lasers. These include cleaved or etched facets,
distributed feedback (DFB) elements, deep-etched distrib-
uted Bragg reflectors (DBRs) and loop-mirrors; each having
pros and cons. Cleaved facets can only be used at the edge
of the integrated circuit and etched facets are generally of
slightly lower reflectivity due to imperfect side wall angle
and roughness [7] that can be introduced during the etching
process. DFBs [8], which can be of the sidewall or lateral
type [9] to avoid localised or multiple regrowth steps, and
photonic crystal or deep-etched DBRs, can be effective, the
latter with only a few grating periods, to achieve high reflectiv-
ity. However, these generally require e-beam lithography for
the feature size required, increasing cost and manufacturing
time. Furthermore, the combination of process steps required
for these fine-featured, deep etched structures, with the fab-
rication required for other process steps increases fabrication
complexity considerably if the performance of all components
is to be maintained. While first-order gratings require e-beam
lithography for most wavelengths of interest for integrated
photonics, higher order gratings (N > 10) have been suggested
for standalone lasers [10—12]. DBR periods above approxim-
ately 2 um can be achieved using photolithography, which is
already multiple order gratings for an operating wavelength,
A 2 1.3 um. An increase of the DBR period gives rise to
high diffraction orders emitting outside the plane of the hetero-
structure waveguide, increasing parasitic optical output losses
[13]. Consequently, increasing DBR period adds a loss pen-
alty on the laser performance, whereby the threshold current
is increased and the laser efficiency reduced, when compared
with Fabry—Perot lasers of the same cavity length [14]. Loop-
mirrors can be highly reflective but require a relatively large
footprint on chip, on the scale of ~mm, = mm in addition to
the fabrication requirement of low side-wall roughness to min-
imise the bend loss [15, 16].

Here we focus on the multi-mode-interference reflector
(MMIR) [17, 18], which offers advantages with regard to
reflectivity and footprint, and demonstrate it can be effective
when creating InAs QD semiconductor lasers.

The principle of a single port MMIR is shown in figure 1,
and it should be possible to create this type of device with low
loss and in a format that is relatively insensitive to wavelength
and polarization [17, 18]. An MMI can also be an import-
ant element in the loop mirror, but here it is used with two
superimposed 45° mirrors forming the MMIR, whereby total
internal reflection occurs, and light is imaged back on the input
waveguide. MMIs are established components [19] and are
widely used in photonic integrated circuits, and their wide-
spread and successful use suggests they offer relatively stable
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Figure 1. (a) Schema of the MMIR laser used here—not to scale.
The length of the MMIR is always less than 10% of the total length.
(b) Operation principle: field distributions simulation of a

1 x 2 MMI with the position of two superimposed angled facets
marked.

performance to typical variations arising in the fabrication
process [20]. Adding an angled end mirror does not add signi-
ficant complexity to the fabrication. One-port MMIRSs provide
higher reflectivity and lower loss [21, 22], which translates to
higher efficiency and a simpler design, compared to two-port
MIRs, making them a versatile choice for a range of applic-
ations where a simple reflector is required. We test the single
port MMIR in a laser cavity.

In this work, we describe the modelling and design, fab-
rication, and characterization of MMIR lasers based on InAs
QDs grown on GaAs. Here, both the laser active region and
the reflector components are made from the same material, as
a means to qualify the performance of these reflectors for use
with QD material.

2. Device design

Unlike a simple MMI, the propagation inside the MMIR mir-
ror element is multi-directional. As a result, the simulation
approach has to be changed from that conventionally used for
an MMI. With the assumption that the mirrors are perfect,
then the simulation can be carried out with a combination of
bidirectional and unidirectional methods. Here modelling of
the MMIR is carried out using the commercially available

Photon Design software. The first part of the MMIR is
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Figure 2. The MMIR is divided into two parts: an eigenmode expansion (EME) method is used to simulate the first section. The field is
stored and launched into a finite difference time domain (FDTD) simulation. The output field of the FDTD is then launched back into the
EME simulation. The overlaps with the access waveguide modes are then calculated to obtain device reflection and transmission coefficients.

simulated using an eigenmode expansion (EME) method. The
field is then stored and launched into a finite difference time
domain (FDTD) model as represented in figure 2. The output
is subsequently launched back into the EME model. The over-
laps with the access waveguide modes are then calculated to
obtain device reflection and transmission coefficients.

The MMIR reflectivity, Rior, is determined from the simu-
lation using the following expression:

Riotal = % X % X % (1)
where P; and P, are the input and output power from the
MMI propagating into the mirror section; P3 is the reflected
power at the 45°mirror, and P, is the output power transferred
from the MMI back into the RWG of the laser. Figure 2 illus-
trates the mode profile within the sections of the MMIR. The
EME solver (Fimmwave software) was used to determine the
optimum length of the MMI in order to maximise Py, P>, Py
of the MMI while an FDTD solver (OmniSim software) was
used to optimise the reflectivity (P3) as a function of mirror
angle and wavelength. By dividing the MMIR into two parts
and selectively applying either EME or FDTD, the simulation
can be optimised in terms of speed and accuracy, so both the
accuracy and the speed of EME and the multi-directionality of
FDTD can be utilised.

This approach was used to optimise an InAs QD laser with
a deep etched waveguide. The simulated 1 x 2-port MMI was
designed for a layer stack with an effective index of 3.3 as
shown in figure 3(a). The MMI length is optimised at 46 ym
as shown in figure 3(b) to create a 50/50 light distribution at the
output of the MMI. The MMIR mirror tip (see figure 2) should
ideally be placed at a null in the intensity in the x-direction
such that the reflectors are at the calculated peak output intens-
ity of the MMI in the z-direction [19]. Due to lithographical
effects, the mirror’s tip is often rounded (see later). As a result,
any light projected there will not be properly reflected, result-
ing in a loss penalty.

The mirror reflectivity is simulated using FDTD (OmniSim
software) as a function of mirror angle and wavelength, as

shown in figures 4(a) and (b). Figure 4(b) shows the intensity
reflectivity (Ry) resulting from the fundamental TEy, mode,
which is calculated from the overlap of the total power through
the simulation sensor with the fundamental TEyy mode of the
waveguide.

For the MMIR reflector with a 46 ym MMI length and 45-
degree mirror angle, the intensity reflectivity obtained for the
fundamental TEy, mode can be higher than 80% and this is
obtained over a wide wavelength range between 1.2—1.35 pm.
The MMIR has maximum reflectivity at 45 degrees at a desired
operating wavelength of 1.31 pm for the fundamental mode
power.

The MMI is designed and optimised for TE, based on the
symmetric interference mechanism [17, 19], to combine the
reflected light from both mirror sides. The MMI interference
pattern produced by the input field (power, P;) from the funda-
mental TE mode (TEy) is illustrated in figure 5(a) and the first
and second order TE mode (TEg;) and (TEy;,) in figures 5(b)
and (c). When a TE(y mode, enters the input port of the 1 x 2
MMI, its power will be equally split and constructive inter-
ference occurs at the centre of the two MMI outputs [16] as
shown in figure 5(a). Figure 5(d) illustrates the power reflect-
ance of the MMIR TE, TEy; and TE(, modes (y-axis) for
inputs in each of these modes (x-axis). For input in TEqy 80%
is reflected in TEy, a few percent in TE, and 0% reflected in
TEo;.

The MMI performs very efficiently as a power splitter,
and simulation shows that the combined power transfer effi-
ciency to the two ports of the MMI is approximately 99%
for TEy, (twice the power per port of figure 3(b)), indicat-
ing that the output field from the MMI will be two replicated
TEny modes which are subsequently reflected back to the input
MMI when the reflectors are inserted. As shown in figure 5(b),
the asymmetric-order modes TEy; interfere destructively at
the centre, whereas the symmetric-order modes TEy, (see
figure 5(c)) interfere constructively at the centre. In figure 5(d),
simulations show that outgoing fields from the MMIR are
combined by the MMI coupler, with resulting reflectivity of
83% for TEyy and 38% for TEy, (symmetric mode) when the
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Figure 3. (a) 1.31 pum InAs QD epi-structure of grown and simulated samples with seven DWELL layers. (b) Simulated 1 x 2MMI output
power per MMI port as a function of MMI length by Fimmwave (EME method). Note: data for port 1 and port 2 overlay each other.

input mode (P;) is the TEq and TE, respectively. However,
the reflectivity of the TE(; (asymmetric mode) is less than
2%. It is noted that the outgoing power (P4) from MMIR con-
tains mostly the TEy mode, which is a symmetric-order mode.
The missing TEq; mode will be reflected in the comparison of
the laser spectra for the MMIR and the standard Fabry—Perot
with two-cleaved facet ridge waveguides (FP-RWG) lasers
(see later).

In summary, the MMIR can be used to filter out the asym-
metric order modes created in an input waveguide and so the
single mode ridge part of the laser can be made slightly wider
(and thus more tolerant to fabrication uncertainty) than a stan-
dalone RWG laser structure.

3. Device fabrication and testing

To investigate actual performance, we fabricated 3 pym wide
InGaAs-InAs QD MMIR RWG lasers, with 6 yum wide, 46 pm
long MMI section terminated with two, 45-degree angled,

deep-etched mirrors (layout figure 1(a)). To avoid ambigu-
ity the reflectors were demonstrated here in lasers where the
other mirror is a cleaved facet and will be used with simple
etched facets or other reflector elements in integrated cir-
cuits. Both the MMIR and RWG were defined using a single
photolithography step, and the pattern transferred by way of
a Cly-based inductively coupled plasma etch. The devices
were etched through the entirety of the epitaxial layers, to
the substrate. Spin-coating of benzocyclobutane (BCB) and
subsequent back-etching provided planarisation to the height
of the MMIR and RWG. A Ti/Au stack was deposited, and
patterned via a liftoff process, for the p-Ohmic contact, fol-
lowed by standard AuGe/Ni/Au blanket deposition for the
global n-metal contact. Prior to the n-contact deposition, the
sample was thinned to approximately 100 pm,to allow for
a high-quality cleaved facet of the RWG. Following fabrica-
tion, devices were cleaved into either 0.5 mm, 1 mm, 2 mm, or
3 mm lengths. An example of a fabricated device is pictured
in figure 6(a), with a plan view image taken using an optical
microscope, showing a section of the 3 ym wide RWG covered
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Figure 4. (a) The MMIR reflectivity as a function of wavelength at mirror angle 45°. (b) MMIR reflectivity as function of mirror angle at

1.31 pm wavelength.

in p-metal, and the relatively short and slightly wider MMIR
section. A separate image of the etched-angled end section of
the MMIR is shown in figure 6(b), taken using a field-emission
scanning electron microscope (FE-SEM). Characterization
was carried out to compare the performance of these MMIR
lasers with simple Fabry—Perot RWG lasers with two cleaved-
facets (FP-RWGQG) of the same ridge width and fabricated in an
identical manner. The cleaved facet reflectivity is estimated
theoretically from the Fresnel equation for normal incidence
using the effective index of the mode and for the 3 um RWG
width, this was calculated to be 29%.

Figure 7 shows peak power and efficiency as a function
of current for the one port MMIR-cleaved facet and two-
cleaved-facet FP-RWG lasers with pulsed sources operated on
0.5% duty cycle. Figure 7(a) shows that 0.5 mm and 1 mm
long MMIR lasers have significantly lower threshold current
and higher slope efficiency than FP-RWG lasers of the same

length. The threshold current of 1 mm long MMIR laser is
18 mA compared to 70 mA for the FP-RWG laser and the
single facet external differential efficiency is also signific-
antly increased for the 0.5 mm and 1 mm long MMIR lasers
compared to the FP-RWG lasers. The 1 mm MMIR lasers
also exhibit a less temperature-sensitive threshold current,
albeit over the limited temperature range measured here, com-
pared with FP-RWG lasers for the same cavity length (see
figure 7(b)). The improved threshold current density and slope
efficiency of the MMIR laser is too large to be caused by the
very small difference in cavity length and is consistent with
the much lower mirror loss of the MMIR reflector. This has a
dramatic effect on threshold current and temperature depend-
ence of threshold current because of the very saturated nature
of the QD gain-current density curve (e.g. [23]).

The threshold current density for different cavity lengths
is plotted in figure 8 as a function of temperature and shows
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Figure 5. Electric field intensity in the MMI coupler showing the
wave propagation for (a) fundamental mode TEq, (b) second order
straight mode TEo; as an example of asymmetric -order modes, and
(c) third-order straight mode TEq; as an example of symmetric-order
modes. (d) The MMIR reflectivity for these different order input
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MMIR reflectivity of these different input order modes.
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Figure 6. (a) Optical microscopic image of InAs QDs based MMIR
laser (left), (b) FE-SEM micrograph of zoomed area of MMIR
(right).

improved performance for all lengths and temperatures for the
MMIR lasers, demonstrating the effectiveness of the reduced
mirror loss. Notably, the MMIR laser with 0.5 mm cavity
length achieves a lower current density than the FP-RWG laser
with 1 mm cavity length. The slope efficiency and threshold
current data are consistent with a much higher mirror reflectiv-
ity for the MMIR mirror than the corresponding cleaved mirror
for the FP-RWG lasers. Figure 9 shows that MMIR lasers oper-
ate on the QD ground state (at wavelengths around 1300 nm)
down to 0.5 mm cavity length. This is the case up to temper-
atures of 50 °C, compared to the FP-RWG lasers where the
0.5 mm long laser operates on the excited state (wavelengths

— MMIR
14 4===~FP
0.5mm
1241 mm

Power / mW
(=]

Current / mA

Power / mW

0 20 40 60 80
Current / mA

Figure 7. (a) Pulsed P-I curves for MMIR (solid) and FP-RWG
(dashed) 0.5 mm (black) and 1 mm (red) cavity length lasers 25 °C,
(b) P-I for MMIR (solid lines) and FP-RWG (dashed lines) laser for
1 mm cavity length as function of temperature.

around 1200 nm) even at 15 °C. Again such results are consist-
ent with a reduced mirror loss and gain requirement meaning
sufficient gain can be obtained from the ground state for the
MMIR lasers even at higher temperatures where the increased
thermal distribution of carriers reduces the available gain [24].

Figure 10 shows the wavelength spectra at 20 and 45 °C
for MMIR and FP-RWG lasers with 0.5 mm cavity length,
in (a) and (b) respectively, and FP-RWG with 1 mm cavity
length in (c). The spectra exhibit multiple lateral and longit-
udinal modes. The MMIR 0.5 mm lasing spectrum covers a
smaller wavelength range and has a larger mode spacing com-
pared with the FP-RWG laser spectrum with cavity lengths
0.5 mm and 1 mm. The larger spacing reflects the low MMIR
reflectivity for the asymmetric lateral mode as presented in
figure 5 meaning that the MMIR acts as a mode filter removing
the asymmetric lateral modes. The narrower spectrum of the
MMIR lasers reflects the fact that the lower mirror loss leads to
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a lower gain requirement and a lower threshold carrier density
and thus narrower spectrum [24].

4. Summary

High reflectivity on-chip reflectors, fabricated with a single
etch step, were used to improve the performance of InAs QD
lasers. This demonstrates their suitability as reflectors and for
use as one of the mirrors in lasers for integrated photonics.
The reflectors formed from an MMIR have a small footprint,
can be flexibly positioned and oriented anywhere in the cir-
cuit. The results shows that the lasers with one MMIR and
one cleaved facet have lower threshold current, which is also
less temperature dependant, compared to FP-RWG lasers with
two cleaved facets and of equivalent length. The higher optical
slope efficiency measured from the cleaved end of the MMIR
laser indicates a mirror reflectivity higher than 80% compared
to 30% for as laser with both facets cleaved. The laser incor-
porating a single port MMIR outperformed simple—FP-RWG
devices with operation on the QD ground state up to 50 °C.
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