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Abstract: Photonic crystals (PhC) represent an important class of silicon photonics components
employed as wavelength selective resonators to act as narrow-band mirrors in integrated lasers
due to their small footprint, high surface area, and Q-factor/volume ratio that enables efficient
confinement of light, required for improved performances of the laser. These properties of PhCs
are key for the potential deployment of PhC based high power, energy efficient and versatile
semiconductor lasers for telecom, datacom, optical sensing and biomedical applications. In this
paper, we report the main advances on PhC based lasers from photonic crystal surface-emitting
lasers (PCSELs) to the new hybrid external cavity laser (HECLs) configurations.
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1. Introduction

In recent years, we have seen an unprecedented growth of data communication technology
that has pervasively influenced the very shape of our society. The power now consumed by
Information and Communications Technologies (ICT) far exceeds that generated by solar power
worldwide. Society implicitly expects access to an exponentially growing amount of computing
power, which is integral to applications ranging from social networking and online gaming to
DNA sequencing and planet hunting. The employment of optics in telecom networks, including
the widely used active optical cables (AOCs) have mitigated the overall power consumption
bringing optical interconnects into datacentres and supercomputers [1–4]. However, the still
growing power consumption issue is a direct consequence of the electrical interconnects that
processors use to move data, which dissipate a huge portion of the operating power and are
limited in speed [5]. In order to limit the power consumption further, there is therefore an urgent
need to introduce optical interconnects at much shorter distances: on circuit boards inside each
rack, from processor to processor, on CMOS chips [6,7]. To realize such short-distance optical
interconnects, compact and energy efficient components able to encode light into digital bits
are needed. Moreover, compact and energy efficient semiconductor lasers are also needed for
present and emerging fields such as on-chip optical computing, optical sensing and biomedical
applications such as bioimaging and optical tomography.

Current semiconductor laser technology has many types of compact and energy efficient
devices to offer, depending on the requirements of the application. In the case of optical data
transmission, one of the most interesting solutions is based on ultra-low power consumption
direct modulation of light. For these types of devices, the most critical parameters to achieve
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ultra-low power consumption are the effective size of the light emitting region, and the volume
of the device requiring modulation. One of the most common examples of directly modulated
lasers used in current datacentres are Distributed Feedback (DFB) lasers. They typically contain
active regions spanning hundreds of square micrometres, which leads to data generation energy
costs in the range of 1 pJ/bit [8–10]. A further decrease in the energy budget for data generation
has been achieved by Vertical-Cavity Surface Emitting Lasers (VCSELs), with a reduced active
area of a few square micrometres and a cost per bit of around 100 fJ [11,12]. However, this
energy cost is still an order of magnitude too high for optical interconnects to address the ICT
energy problem [7]. A great research effort has been carried out by various groups to bring the
energy cost of directly modulated lasers down to ∼10 fJ/bit. One step towards a solution has been
made by employing PhCs as part of the laser cavity, which offer low loss confinement of light
in volumes of the order of ∼λˆ3, fine wavelength selectivity and high reflectivity, thus reducing
the length of the active region needed for modulation to a couple of microns. Moreover, PhCs
are unlocking a variety of new functionalities for semiconductor lasers that were not available
before, such as: polarization and beam pattern control, one-dimensional beam steering, and
high-power operation with high beam quality in the watt range [13–16]. For all these reasons,
PhC based relatively high-power semiconductor lasers with completely controllable beams have
been developed, such as Photonic Crystal Surface Emitting Lasers (PCSELs), offering great
potential for optical imaging, LIDAR, biometric and datacentres applications. PCSELs are
described in the first section of this review. The tight spatial confinement at the nanoscale of
PhCs helped reduce the energy cost of directly modulated lasers to 8 fJ/bit, with the development
of Lambda-Scale Embedded Active-Region Photonic Crystal (LEAP) lasers, first proposed by
Notomi et al. [16]. LEAP lasers will be described in the second section of this paper.

PCSELs and LEAP lasers are based on PhCs directly patterned onto III-V materials. This poses
major cost and processing issues regarding their integration on CMOS and Si/Si3N4 photonic
integrated circuit (PIC) platforms as required for optical interconnects. Direct growth on silicon
of the III-V materials used as gain for these types of lasers is extremely difficult, due to lattice
constant mismatches and compatibility challenges [17,18]. These challenges have generated
strong interest towards hybrid [19] and heterogeneous [20] laser integration schemes. The former
relies on the butt-coupling of commercially available reflective semiconductor optical amplifiers
(RSOAs) to wavelength selective reflective components such as Bragg gratings and PhCs to
form the laser cavity (here referred to as Hybrid External Cavity Lasers: HECLs). The latter
consists in wafer or die bonding of III-V material on silicon before the definition of a laser cavity
through III-V and Si patterning and relying on evanescent coupling of the optical mode from
the III-V gain to the PIC. On one hand, the potential for relatively low-cost and relaxed bonding
misalignment tolerances of heterogeneous integration has stimulated significant research interest
– as evidenced by a wide variety of configurations of heterogeneously integrated laser devices
demonstrated in literature, such as quantum dot (QD) lasers [21], Fabry-Perot (FP) lasers [22],
distributed feedback (DFB) lasers [23] and micro ring resonators (MRRs) [24], microdisks [25],
gratings [26] and 1D photonic crystals (PhC) based lasers [27]. Drawbacks of the evanescent
gain-silicon photonic circuit coupling of heterogeneously integrated lasers include lower modal
gain, and the presence of a bonding layer degrading performance. On the other hand, the higher
wall-plug efficiency and possibility to inject light directly into the silicon waveguide offered by
hybrid integration schemes provides great design flexibility and a wider parameter space that
makes the Hybrid External Cavity laser (HECLs) an attractive solution.

The HECL concept allows independent optimization of the gain and of the passive chip
constituting the wavelength selective mirror of the laser cavity, allowing one to externally
modulate the laser and to tailor the laser cavity length, wavelength, bandwidth and reflectance
of the mirrors. It also allows for higher thermal conductivity and wall-plug efficiencies [28,29]
compared to heterogeneous integrated lasers. Although the typical wall-plug efficiencies of
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HECLs in the range 10-13% [29] are still lower than those of monolithic III-V lasers, their
laser output is directly injected into the silicon photonic circuits, leading to equivalent power
propagating in the optical network. As the total energy cost-per bit in data transmission is
recently becoming more and more influenced by the laser power efficiency, HECLs are gaining
popularity in a large number of configurations, using Distributed Bragg Reflectors (DBRs)
[22,30–33], MRRs [34,35], Sagnac interferometers [36] and 2D PhCs [37–40] as wavelength
selective mirrors. These energy-efficient lasers have the potential to be heavily employed not
only for data communication, but also in other fields such as optical sensing, biomedical devices,
compact diagnostics and high accuracy metrology [24]. Particularly, Photonic Crystals based
HECLs, with their high tunability, low footprint and high light confinement characteristics, will
be discussed in further detail in the sections later. Furthermore, this review will also briefly
discuss recent alternatives for light confinement, in the form of Bound-In-Continuum (BIC) states
generated by exploiting symmetric properties in PhCs and PhC based topological lasers. The
BIC states confined in the continuum spectrum of extended states of the medium, which allows
very high Quality factors (up to infinity in the ideal case) are currently becoming very interesting
for potential applications in high power lasing, such as in the case of BIC-based PCSELs ([13,14],
[41–43]), sensing [44] and filtering [45], while topological protected lasing regimes [46] could
enable the development of alternative laser prototypes with exotic physical properties.

2. Photonic crystal surface emitting lasers (PCSELs)

One of the main advantages of Vertical Cavity Surface Emitting Lasers (VCSELs) is the emission
of light normal to the device surface. This geometry allows for the coupling of the laser output
directly into optical fibres normal to the wafer surface, offering easily testable arrays of devices
on a single wafer, which improves yield and lowers manufacture costs. This advantageous
architecture inspired the development of a new family of vertically emitting devices with
improved performance (smaller active area, lower power consumption, better integrability and
new functionalities) by using PhCs as the laser cavity mirrors, rather of the vertical DBRs
typically used in VCSELs. In fact, thanks to the photonic bandgap properties of PhCs, this family
of vertically emitting semiconductor lasers, called PCSELs, maintain similar performance as
VCSELs technology with reduced footprint. In addition, extra beam shaping functionalities,
such as on-chip polarization, beam pattern and directionality control, not possible in the other
semiconductor lasers, eliminate the need for bulky external optical elements.

The current versions of PCSELs are based on squared-lattice PhCs, which are better suited
for high power single-mode lasing and beam shaping [47] than triangular-lattice PhCs [48,49].
Square lattice PhCs can be optimized to produce near-diffraction-limited circular output beams
and other finely tuned beam shapes while maintaining a highly coherent single-mode. Schematics
of a PCSEL and a VCSEL are shown in Fig. 1, to highlight the devices differences and similarities.
As depicted in Fig. 1(b), a PCSEL typically consists of a Multiple Quantum Well (MQW) gain
section (although QDs have also been used [50]), sandwiched between cladding layers, with a
Photonic Crystal layer (characterized by the lattice constant a) embedded on top of the active
material. Electron blocking layers and metal contacts are also employed for the optoelectronic
operation of the device.

The vertical emission of the laser is achieved thanks to the tailored properties of the photonic
bandgap arising from the photonic crystal. At a specific singularity point of the photonic bandgap,
four fundamental light waves are allowed to propagate in the photonic crystal plane and can
transfer energy between each other via higher-order Bloch modes related to the diffraction of the
PhC lattice. This results in the generation of four 2D broad-area cavity modes at the band edges of
the PhC bandgap, which can strongly or weakly couple to radiative modes outside of the photonic
crystals through diffraction, giving rise to the vertically emitted output of the PCSEL. Of the four,
two modes characterized by symmetric electric field distributions show high coupling efficiency
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Fig. 1. a) Schematics of a VCSEL, b) Schematics of a PCSEL

with the radiative modes (therefore leaking out of the PhC), and do not contribute to the lasing
due to their high threshold gain. Conversely, the anti-symmetric (and rotationally symmetric)
field distributions of the other two modes overlap weakly with the radiative counterparts, leading
to the confinement of the modes in the laser cavity, which maximizes the interaction with the
gain material and establishes the lasing mechanism. The stable single mode lasing regime is
reached by tailoring the shape of the holes of the PhC to separate the threshold gains of these two
modes. The photonic crystal is fabricated on top of the gain and the overlap of the PhC band
edge with the gain emission is obtained by tailoring the lattice constant a, while beam shaping,
polarization, and directional control of the PCSEL output is achieved by further design of the
air-holes shape and size of the photonic crystal though the study of the related photonic bandgap.
The integration of the photonic crystal onto the gain chip is normally achieved by wafer bonding
approaches [51], and epitaxial growth techniques [52].

In addition to their high-power output and good beam shape, which makes PCSELs well-suited
for LIDAR and imaging applications, their energy efficiency and compact architecture has also
directed interest towards their potential employment for direct light modulation applications in
telecommunications, leading to the development of Modulated PCSELs (M-PCSELS) [53].

3. Lambda-scale embedded active-region photonic crystal (LEAP) lasers

The great need for a semiconductor light source integrated on Silicon Photonic (SiP) circuits,
discussed in the introduction, has stimulated the development of another class of laser devices
based on photonic crystal cavities, characterized by a laser output parallel to the plane of the
wafer and very small sizes, - desirable qualities for SiP integration and low power consumption,
respectively. These edge emitting lasers based on PhC resonators were defined for the first time
in 2012 as Lambda-Scale Embedded Active-Region Photonic Crystal (LEAP) lasers by Takeda
et al. [54].

LEAP lasers consist of a gain section (typically InGaAsP wavelength-scale MQW buried
heterostructures on InP substrates) embedded in an electron-beam lithography patterned PhC
cavity. The active region is normally fully contained in the PhC cavity, with sizes of a few µm2.
The PhC cavity confines the light emitted from the small active region forming the laser cavity –
shown schematically in Fig. 2. The PhC photonic bandgap is engineered to overlap with the gain
spectrum, while the PhC resonances select the lasing wavelengths. Ion implantation of Si and
diffusion of Zn are used to form a p-i-n junction lateral to the PhC cavity, connected to metal
pads acting as electrical contacts for current injection into the gain section.

Finally, to convert the laser output from normal to the plane of the wafer to an in-plane
propagation to enable coupling LEAP lasers with optical filters and photodetectors in planar
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Fig. 2. Schematics of a LEAP laser, in which p and n represent a pn junction fabricated on
the PhC cavity.

photonic circuits, various approaches have been used. Two of the most popular are: i) wafer
bonding the LEAP laser onto a Si grating coupler attached to a Si wire waveguide [55] and
ii) evanescently side-coupling the PhC cavity modes to a photonic crystal waveguide [56,57],
subsequently coupled to a Si wire waveguide to inject light in the PIC (Fig. 2).

Direct modulation of the LEAP laser has also been achieved in a number of works [16] and
[54,11, 59] showing speeds in the GHz range, with a maximum modulation speed of 20 Gb/s
[59], opening the possibility to use these lasers for short-range Telecoms.

In terms of performances of these lasers, apart from the achievement of single-mode lasing
[57], the very small active region allows very low lasing threshold, demonstrated by many works
[56–58], with [56] showing a record low threshold current of 31 µA for a LEAP laser on Si,
[16] reporting the lowest threshold power of 1.5 µW and [54] demonstrating the lowest power
consumption reported, namely 4.4 fJ/bit.

4. Hybrid external cavity lasers (HECLs)

All the above-mentioned lasers have been realized entirely on III-V platforms, while, in order
to take advantage of the high volume and low-cost manufacture of microelectronics industry,
the development of these components needs to be directed more and more towards the silicon
platform. Silicon offers a series of advantages over III-V materials in terms of lower optical
absorption loss and thermal properties, yet the inefficient optical emission of silicon renders III-V
gain media necessary for laser applications.

This led to the development of an alternative approach for the formation of hybrid lasers for SiP
PICs, consisting in the combination of III-V Reflective Semiconductor Optical Amplifiers (rSOAs)
with external wavelength selective reflectors on the SiP chip. This approach has lately gained
considerable popularity, as it allows for the independent design, fabrication, and optimization of
the two parts, in a cost-effective way. At the same time, it relies on mature integration/assembly
technologies (e.g., flip-chip bonding) that can support the low to medium manufacturing volumes
required by the integrated photonics market into the near future.

Hybrid External Cavity lasers (HECLs) consist of a reflective gain chip, typically a reflective
Semiconductor Optical Amplifier (rSOA) die, coupled (typically butt-coupled/edge-coupled)
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to a waveguide of a silicon photonic circuit containing a wavelength selective reflective device
(e.g., Bragg Gratings, Photonic Crystal cavities – discussed more in detail in the next section).
These two components form the laser cavity, delimited by the high-reflection (HR) coated facet
of the rSOA on one side and the reflective component on the silicon platform on the other side,
as shown in the schematics in Fig. 3.

Fig. 3. a) Schematic representation of a HECL composed by an rSOA coupled to a Silicon
MRR, b) 3D schematics of a HECL comprising a rSOA edge-coupled to a DBR on Silicon
Nitride (SiN)

For the operation of the laser, charge carriers are injected in the rSOA, which then recombine
in the quantum wells of the active region generating photons. The emitted light is then coupled to
the waveguide of the silicon photonic circuit and propagates towards the reflector in its path. The
light component that is not selected by the narrowband mirror is transmitted to the output of the
waveguide, while the selected component is partially reflected back to the rSOA, stimulating the
recombination: an amplification loop is therefore generated. The lasing wavelength emitted by
the laser cavity corresponds to the longitudinal laser cavity mode that overlaps with the reflection
band of the selective mirror. The defining parameters of the HECL can be derived from the
overlapping of the resonance characteristics of the laser cavity and the gain spectrum. This is
similar to the case of DBR laser, with the difference that in HECLs the cavity is a composite
between the gain and the passive chip, leading to a longitudinal mode spacing ∆λ that depends
on the total optical path resulting from the sum of the optical lengths of the different materials.
This relation is condensed in Eq. (1):

∆λ =
λ2

2(Lgainngain + Lwgnwg + Lrnr)
. (1)
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Where λ is the wavelength of the laser, Lgain and ngain are the length and refractive index of the
gain chip respectively, Lwg and nwg the length and refractive index of the waveguide and Lr and
nr the length and refractive index of the reflector respectively. The quantity Lgainngain represents
the optical path of light in the gain chip while Lwgnwg + Lrnr is the fraction of the total optical
path corresponding to the passive material. The lasing condition is met when the optical gain
is balanced out by the round-trip losses experienced by light in the cavity, so that the lasing
threshold g in steady-state operation can be defined as:

g = αi +

(︃
1

Lgain

)︃
ln

(︃
1

k2(rgainrr)

)︃
(2)

where αi is the optical loss coefficient, rgain and rr are the reflectivities of the HR coated facet
of the gain chip and the photonic circuit resonator respectively. The definition of the lasing
threshold in Eq. (2) is similar to the one for DFB lasers, with the difference of an added k2 term
representing the coupling coefficient between the gain and the passive chip.

This type of device is compatible with chip bonding integration approaches [60], enabling
high yield and better performances due to the possibility of independent characterization, as well
as independent optimization, of the gain and passive chips and their spatial separation providing
good heat dispersion. Further on, the mode matching between the gain and the silicon PIC can
be engineered through the implementation of spot-size converters (SSC) [61,62] to relax the
alignment procedures, or implementing new integration approaches such as transfer-printing (TP)
[62,63], briefly discussed at the end of this review.

The relatively high output power, independent optimization of the gain and passive components,
and layout flexibility offered by HECLs make these devices a valid solution for energy efficient
optical interconnects. They also offer a high degree of components customization that contributes
to their employment in other fields such as sensing and biomedical – for example in the case
of Fourier domain Mode-Locked Lasers (FDMLs), discussed later in this review as a unique
example of HECL versatility.

5. Thermally-stable distributed Bragg reflector-based HECL on silicon nitride
(SiN)

Current coarse Wavelength Division Multiplexing (CWDM) optical links employed by data
centres use Distributed Bragg Reflector (DBR) lasers and external silicon modulators [63]. This
unavoidably leads to laser stability and power consumption issues due to the high thermo-optic
coefficient (TOC) of silicon [64]. This sensitivity requires active cooling [65] of the laser
and wide channel spacings [66] to avoid channel cross-talk, particularly as datacentres exhibit
wide temperature ranges. To counteract the detrimental effects of thermal drifts many device
configurations have been proposed in literature, ranging from loop mirrors and Mach-Zehnder
interferometers used as thermally tuned frequency discriminators [67,68], to MRR feedback
controls [29]. However, thermal tuning is very power consuming and silicon rings do not provide
athermal references, rendering these solutions incapable to deal with the thermal stability issue
of these class of lasers.

For this reason, research interest has recently started to shift towards other silicon-based
platforms such as Si3N4 on Insulator, which allows for good optical confinement, relatively
low losses, and lower free-carrier absorption. More importantly the much lower TOC of Si3N4
compared to Si on SOI platforms [69] unlocks the possibility of greatly improved laser thermal
stability – as demonstrated in [70].

Indeed in [70], the first thermally stable operation of a HECL based on Si3N4 DBRs has
been achieved exploiting the material intrinsic thermo-optic properties, without the need for
active cooling or feedback controls, in a wide range of temperatures (from 20°C to 80°C). This
demonstrated the hybrid laser advantage of being composed of different materials (with different
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TOCs) which enable the possibility of athermal operation – a feat that single material devices,
such as monolithic lasers, cannot achieve.

This HECL under discussion used a commercially available rSOA based on AlInGaAs, whose
Al3+ ions contained in the QWs deepen the potential well and obstruct carrier leakage at elevated
temperatures, thus facilitating higher temperature operation [71]. The rSOA was butt-coupled
to a Si3N4 waveguide on which Bragg gratings had been patterned with DUV lithography – as
shown by the schematics in Fig. 3(b). In this configuration, the passive and active chips were
optimized independently and the Si3N4 waveguide was tailored to better match the rSOA optical
mode, achieving a relatively high coupling efficiency between the two components of 80% with a
misalignment tolerance of ±1 µm (as shown in Fig. 4(b)).

Fig. 4. a) resonance wavelength shift of a SiN DBR with temperature, showing a temperature
stability of 12 pm/°C, b) False colour plot of the optical spectrum of the HECL based
of the SiN DBR, averaged in time, with the increasing driving current, showing a lasing
wavelength stability of ∼55 mA, c) spectra of the laser at different operating temperature,
showing a lasing wavelength shift <200 GHz in a 60°C temperature difference and d) linear
fit superimposed to the lasing wavelength shift with temperature.

Thermo-optic measurements conducted on the Si3N4 chip in the work under consideration
show a low thermal sensitivity of the Bragg reflectors of 12.4 pm/◦C, also depicted here in
Fig. 4(b) resulting in a measured Si3N4 TOC of 1.62 ∗ 10−5RIU/◦C and greatly contributing to
the laser improved thermal stability – Fig. 4(d) The characteristics of the resulting hybrid laser
based on the Si3N4 DBRs also show a low current threshold of 10 mA and a wide mode-hop free
single-mode lasing regime of ∼50 mA, while maintaining power outputs in the range of mWs,
compatible with the power requirements of current WDM technology. The laser in question
has shown a wavelength thermal stability of 2.7 pm/◦C, corresponding to a thermal drift well
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below the 200 GHz and 400 GHz channel spacing standards in CWDM, potentially enabling the
employment of arrays of these devices as compact transmitters in datacentres, without active
cooling.

The replacement of the DBRs in Si3N4 with resonators, such as 1D and 2D photonic crystal
cavities, with higher Q factors and much smaller footprints compared to gratings, could lead
to further improved performances in terms of accurate lasing wavelength control and wider
mode-hop-free regime.

6. Thermo-optic dynamics of 2D photonic crystal cavities

The most unique characteristic of PhC cavities is their ability to tightly confine light at wavelength-
scale footprints, leading to a greatly enhanced light-matter interaction useful for the exploitation
of the small non-linearities of silicon [24]. This microcavity effect is even more relevant for the
thermo-optic behaviour of the component (i.e., the interaction between the confined light with the
thermal and optical properties of the PhC cavity) as significant optical power gets absorbed in the
very small volumes of the structured material. If the PhC is included in a laser cavity, the high
intracavity power further enhances this effect, as will be discussed in greater detail in Section 7.
Therefore, the study of the thermo-optic dynamics involved in PhC cavities becomes paramount
to understand their response and loss mechanisms, especially with the relatively high powers they
are subjected to in a laser configuration like HECLs. It follows that to use 2D photonic crystals
effectively in HECLs (and in general as integrated photonic components) it is necessary to fully
understand the dynamics underlying PhC resonators, before diving into the discussion regarding
PhC cavity-based HECLs.

In the near MIR/C-band, the dynamics of optically pumped silicon microcavities is dependent
on their thermal response, dominated by two phenomena:

- the heat generation related to optical absorption – either through defect/surface states, or
through absorptive non-linearities such as two photon absorption (TPA) and free carrier
absorption (FCA)

- the heat transfer through the chip, following Fourier’s Law of Heat Conduction.

The high Q-factor and surface to volume ratios (Q/V and S/V respectively) of microcavities also
leads to enhanced thermal effects as thermal processes and heat dissipation are size dependent,
rendering their effect more pronounced on the PhC cavity dynamics.

A first principles model to fully describe the thermo-optic nonlinear dynamics of optically
pumped silicon PhC cavities (shown in Fig. 5(b)) is reported in [72]. In this model, the space-time
temperature distribution of an integrated PhC cavity and chip is calculated – shown by the
thermal volume expansion in time depicted as enlarging warm-coloured ellipses in Fig. 5(b).
This represents the material progressively heating up in time by a laser beam incident on the chip.
In this way the possibility is unlocked to calculate a realistic representation of the pump-cavity
system’s response, demonstrated by the good match with the experimentally measured dynamics
on all relevant timescales.

The optically pumped system is subjected to three main phenomena: the light trapped in
the microcavity is partially absorbed by defect/surface states (linear absorption), two-photon
absorption (TPA) and free carrier absorption (FCA). Subsequently, the carriers generated by
TPA and FCA relax transferring energy to the material atomic lattice as heat, which in turn is
dissipated through heat conduction mechanisms. The FCA decreases the refractive index of the
material through plasma dispersion effect, while the heat generated by all absorption processes
increases it through thermo-optic effect. The concurrence of these opposite effects allows the
pump-microcavity system to reach stable and unstable equilibrium states.

The time-varying linear and non-linear response of the 2D PhC is, therefore, governed by
the generation and transfer of the heat related to the absorption of the optical power coupled
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Fig. 5. a) schematics of the chip-integrated 2D PhC cavity, where the warm-coloured
concentric ellipses represent the portion of material progressively heating up with time due
to the optical pumping. The model calculates the temperature distribution in space and time
at each time step, dividing the material in elliptical increments, b) plot of the calculated
dynamic response of a silicon PhC Dispersion-Adaptive cavity generated by sweeping the
wavelength of the exciting optical pump.

into the cavity. This can be realistically described by time-dependent classical rate equations
for the optical energy, the free-carrier number density, the thermal energy density and the heat
loss rate [72], used in combination with the Laplacian heat transfer equations that outline the
system temperature distribution in both time and space. Fig. 5(b) shows the calculated response
of a PhC cavity (in this case the dispersion adapted design [37–40]) obtained by sweeping the
wavelength of the exciting pump laser.

A deep understanding of the thermo-optic dynamics dominating the response of these
microcavities becomes of considerable importance to predict and tailor the behaviour of these
components for a vast range of applications, such as in the case of self-tuning and power tuning
mechanisms in PhC-based HECLs – described at the end of Section 7.

7. 2D photonic crystal cavity-based HECL on crystalline silicon platform and
power-tuning

Following up on previous demonstrations of such hybrid, HECLs [31], [60], and especially
those using DBRs [26], we present in this section an EC laser architecture that utilizes a silicon
PhC cavity-based resonant reflector [73], which allows for reduced footprint, high side-mode
suppression ratio (SMSR), and high-precision wavelength control. More specifically, the Si-based
mirror of choice is a low refractive index (e.g., polymer or SiNx) waveguide vertically coupled to
an oxide-clad 2D PhC cavity on SOI. The top oxide cladding of the cavity acts simultaneously as
an accommodating platform for the waveguide and as a buffer layer, as light can evanescently
couple through it between the waveguide mode and the cavity mode at the resonant frequency
of the PhC [74] (Fig. 6). The vertical coupling configuration allows for lower insertion and
transmission losses, isolation, and maximization of the area available for electronic circuitry on
Si and offers the possibility of precisely controlling the coupling between the bus waveguide and
the Si PhC cavity.

The functionality of the system as a resonant mirror stems from the narrow-band wavelength-
selective optical feedback provided by the backward propagating light component that is coupled
into the waveguide from the PhC cavity [38]. A conceptual representation of the system’s
function is given in [ Fig. 7]. Under weak coupling assumption, the transmittance and reflectance
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Fig. 6. Schematics of the HECL based on vertically coupled Photonic Crystal Cavity, in
which an RSOA (in orange) the SU8 polymer waveguide is represented in purple and the
actual silicon PhC cavity in grey.

in the waveguide at resonance are given by [74]:

T =
Q2

total

Q2
cavity

R =
Q2

total

Q2
coupling

. (3)

where Qcavity is the intrinsic Q-factor of the PhC cavity, Qcoupling describes the coupling between
the waveguide and the cavity, and Qtotal is the overall Q-factor of the system, given by

1
Qtotal

=
1

Qcavity
+

1
Qcoupling

. (4)

Fig. 7. (a) 2D schematics of a dielectric bus waveguide vertically coupled to a PhC cavity
at the resonant condition. The red arrows represent light propagating in the waveguide,
coupling in the cavity, being confined and consequently coupling back into the waveguide in
backward and forward directions. (b) Normalized transmission (magenta) and normalized
reflection (black) for the vertically waveguide-PhC cavity system, with intrinsic Q-factor,
Q0, of 40000 and coupling Q-factor, Qc, of 20000.

An oxide-clad PhC cavity design is selected for higher compatibility with the various SiP
technology platforms, but also because the oxide cladding offers improved mechanical and



Review Vol. 11, No. 9 / 1 Sep 2021 / Optical Materials Express 3256

thermal stability compared to silicon membranes [75], [76] without inhibiting the achievement of
Q-factors which are high enough (>106) for most practical applications [77] For the SiP reflector
chip, an oxide-clad Dispersion Adapted (DA) Si PhC cavity [78,79] was vertically coupled to an
SU8 polymer bus waveguide, as described in [74]. The waveguide facets were finally coated with
an AR layer. A conceptual representation of the above-described laser configuration is shown in
Fig. 6.

To demonstrate lasing with low threshold current, it was necessary to maximize the power
coupling between the rSOA and the polymer waveguide. The optical mode overlap between
the two waveguides determines the highest achievable coupling efficiency. Finite Difference
Eigen-mode (FDE) simulations were performed using FIMMWAVE and FIMMPROP by Photon
Design. The simulated modal area of the fundamental TE mode of the bus waveguide was found
to be 4.2 µm2, which is a close match to the rSOA waveguide’s TE modal area of 4.557 µm2,
resulting in a nominal coupling efficiency of 85%. The high coupling efficiency between the
rSOA and the bus waveguide resulted in threshold currents in the 10-25 mA range at an optimal
alignment position. Fig. 8 show the simulated and experimentally measured power coupling
between the rSOA and the bus waveguide. During the experimental measurements, the SiP chip
was kept at a fixed position and the rSOA waveguide was moved to different horizontal and
vertical position relatively to the centre of the bus waveguide. Given the large modal area of the
polymer waveguide, excess coupling losses of < 0.5 dB were measured for +/- 0.5 µm vertical
and horizontal misalignments from the maximum coupling position.

Fig. 8. Experimental (blue) and simulated (red) normalized power coupling coefficient, as
a function of (a) horizontal (y-axis) and (b) vertical (x-axis) misalignment of the rSOA from
the (SU8) bus waveguide on the reflector chip, relative to the optimal coupling position.
Threshold current as a function of (c) horizontal and (d) vertical rSOA-waveguide offset,
relative to the optimal coupling position.

Output powers of several mW were measured in every case, with a maximum waveguide-
coupled wall-plug efficiency of 8% at 40 mA. Fig. 8 shows the data obtained for an indicative
device. The measured side-mode suppression ratio (SMSR) was determined to be in the excess
of 40 dB over the full considered current range, with a maximum value of 50 dB.
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The use of a PhC cavity in the Si reflector results in very high stored energy densities (in the
PhC cavity), and therefore in increased local heat dissipation in the resonator’s small modal
volume, due to nonlinear absorption in silicon [72,73], as explained in Section 6. As the PhC
cavity temperature sets its resonant wavelength, and the energy stored in the PhC cavity is
proportional to the intra-cavity power in the laser cavity, the emitted wavelength of the examined
HECL configuration is a sensitive function of the laser power. Based on that, the tuning of the
lasing wavelength in such a HECL configuration through the laser output power was proposed in
[73].

Wavelength stability in this laser configuration can be realized for uncooled operation by
balancing the variation in the ambient temperature with changes in the PhC cavity temperature
through heating caused by carrier recombination. If the laser power is appropriately decreased as
higher operating temperatures are reached, the two effects can be adjusted to cancel each other out,
giving a zero-net shift of the emitted wavelength. This inherent passive mechanism (referred to as
power tuning) was exploited to balance ambient temperature changes with controlled absorptive
heating in the PhC cavity. Using power tuning, a lasing wavelength stability of +/- 0.38 nm over
a temperature range of 20-80°C under uncooled operation was demonstrated [73].

8. 2D photonic crystal cavity-based HECL on an amorphous silicon (a:Si) plat-
form

The silicon on insulator platform is not ideal for electronics-photonics integration as the thick
buried oxide required for the optical confinement of SiP components is detrimental to the
dissipation of the heat generated by the operation of transistor, rendering the electronic-photonic
packaging extremely difficult on the same platform. This translates into the need for laterally or
vertically integrated solutions in which the optical components are fabricated onto deposited
island of silicon-based materials on thick silica, embedded into the bulk silicon wafer (where
the electronics lie), thus excluding the possibility to employ the only-grown c:Si. This becomes
relevant in view of further reducing optical interconnect energy consumption and increasing their
data rates, where new schemes requiring photonic routing and processing electronics packaged
on the same substrate are becoming popular [5]. To face this challenge, interest has been directed
to CMOS compatible materials with optical properties similar to c:Si, such as amorphous silicon
(a:Si), with a refractive index as high as c:Si offering good optical confinement and waveguiding.

Despite a:Si showing higher propagation losses at telecom wavelengths due to dangling Silicon
bonds (partially resolved by H+ implantation), it offers the possibility to be deposited at low
temperature (<300°C) directly onto other layers (i.e., processing electronics) [9], without affecting
the performances of transistor [7], unlocking the possibility of CMOS back-end-of-the-line
processing. Recent optimization of deposited hydrogenated a:Si has led to high performance
waveguides, multiplexers, grating couplers, MZIs, MRRs and power splitters ([10], [11]).
However, the full potential of a:Si can be unleashed by its implementation as passive chip in
HECLs, rendering this type of laser fully compatible with electronic-photonic integration on the
same substrate.

In this section, the first demonstration of a 2D PhC HECL on a:Si platform is summarized
with its lasing characteristics [40]. The device comprises a pig-tailed semiconductor optical
amplifier (SOA) acting as gain, coupled on one side to a 98% fibre retro-reflector (broadband
mirror) and on the other side to an SU8 polymer waveguide patterned on top of the passive chip,
with is in turn vertically coupled to a DA PhC cavity etched in a 220nm thick layer of PECVD
a:Si deposited at 350°C on 2100 nm of silica (Fig. 9(b)). The vertically-coupled 2D PhC acts as
wavelength selective mirror, as in the case of its c:Si-based HECL counterpart. Moreover, the
SOA in pig-tailed configuration unlocks the possibility to implement long chains of optical fibres
between the retro-reflector and the PhC resonator, allowing control on the FSR of the long laser
cavity, and ring laser configurations.
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Fig. 9. Processing workflow for the deposition and polishing of the amorphous Silicon
(a:Si) to obtain optically optimized PhC resonators.

Results obtained in [40] indicate low propagation losses affecting this type of platform and are
the first demonstration of both lithographic control of the PhC cavity on a:Si and single-mode
lasing achieved on this platform (as shown in Fig. 10(b)). In Fig. 10(b) the lasing spectrum of the
device is being superimposed on the same spectrum below lasing threshold, highlighting lasing
wavelength selectivity shown by the coincidence of the 2D PhC cavity resonance and the laser
line. Fig. 10(b) shows the L-I characteristics of the a:Si-based HECL, characterized by a lasing
threshold of 27 mA and output power in the order of tens of mWs with the pig-tailed SOA in the
11m-long cavity configuration.

Fig. 10. a) spectrum of the a:Si PhC cavity below lasing threshold (black) showing the
resonance dip in transmission, overlapped with the same spectrum at higher driving current
(over lasing threshold), showing the laser line in correspondence to the PhC cavity resonance,
b) optical power output of the a:Si PhC based HECL against driving current

The results achieved in [40] demonstrate the potential to develop compact, cost-effective,
high-performance semiconductor lasers in HECL configuration on the a:Si platform, which can
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be easily integrated on the electronic processing layer of microprocessors for the next generation
of fully CMOS optical interconnects.

9. Direct frequency modulation of photonic crystal laser: a proof-of-principle
for datacomms applications

Silicon based resonant modulators take advantage of the strong light confinement and high
Q-factor of the resonator which enhances the electro-optic effect upon modulation of the carrier
distribution. This results in optical modulators which demonstrate a low switching energy and high
extinction ratio with a small device footprint – essential attributes to reduce energy consumption
costs for optical interconnects. This, along with CMOS compatibility gives a high manufacturing
yield, making them one of the leading technologies in short reach datacommunications. Many
configurations of silicon based resonant modulators have been reported in recent years, such as
microring resonators [80–83], racetrack resonators [84,85], microdisks [86,87], and 2D PhCs
[37,88]. However, fabrication imperfections and temperature variations can create a mismatch in
wavelength between the laser source and the modulator resonance, requiring tuning elements and
control circuitry which increases power consumption.

In contrast the emitted wavelength of HECL is determined by the resonant wavelength of the
PhC cavity when employed in the laser cavity. In these configurations, the requirement to match
the emitted laser wavelength and filter transmission wavelength is eliminated, further reducing
device complexity and energy consumption. PhC cavities produce a narrowband reflection
peak with low insertion loss leading to low threshold currents. As such, the devices in the
previous sections have demonstrated compact, energy efficient, low threshold and high SMSR
single mode HECLs based on PhCs. Given the small volume of the PhC cavity, a very low
capacitance exists whereby directly modulating only this section can produce GHz modulation
speeds [37]. This contrasts with traditional modulation approaches such as the DFB laser where
direct modulation is applied to the entire laser cavity, resulting in a larger capacitance and thus
limiting the modulation speeds which can be achieved.

Frequency modulation of the hybrid PhC laser (Fig. 11(a)) was achieved by directly modulating
the reflectance phase of the PhC cavity resonant reflector [39]. Owing to the short Fabry-Perot
laser cavity length, one longitudinal mode lies within the narrowband reflection peak of the
PhC cavity. Tuning of the reflection peak then consequently tunes the lasing mode (Fig. 11(b))
based on the phase matching condition as 2kL + ϕr = 2πm, where k is the propagation phase,
L is the length of the cavity, and m is an integer. ϕr is the reflection phase of the narrowband
reflector incorporated with the laser cavity propagation phase and only ϕr is altered. The linear
approximation for the tracking of the lasing mode relative to the reflection peak has been derived
in [39] and is given by:

∆v = ∆F

[︄
1

1 + 2πΓ
FSR

]︄
. (5)

where ∆ν is the lasing frequency shift, ∆F is the reflector frequency shift, Γ is the bandwidth of
the reflector and FSR is the Free Spectral Range of the laser cavity.

Tuning of the reflectance band can be achieved by changing the resonance wavelength of the
PhC cavity. Based on the electro-optic or thermo-optic effect in silicon, injection/depletion of
carriers or local heating of the PhC cavity will modify the material refractive index. This shifts
the resonance wavelength and in the hybrid laser configuration, tunes the reflectance peak to give
laser wavelength tuning. The gain bias current can remain fixed and the modulation current be
applied only to the small volume of the PhC cavity. Doping of the PhC cavity and the addition
of a p-n junction allows for the injection/depletion of carriers. Carrier induced refractive index
change of a doped p-n junction on a 2D silicon PhC cavity has been demonstrated [37] showing
modulation speeds reaching 1 Gbit/s with a switching energy of 1.6 fJ.
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Fig. 11. (a) Laser configuration with rSOA butt-coupled to SOI chip comprising a doped
p-n junction embedded in the PhC cavity. Bias current on rSOA is fixed with modulation
current applied to the p-n junction. (b) One longitudinal mode lies within the reflectance
band of the PhC cavity and modulation of the reflectance peak consequently modulates the
lasing mode.

The HECL used the same configuration as described in Section [7] by butt-coupling the rSOA
waveguide to the waveguide on the silicon chip which was vertically coupled to the PhC cavity.
In this configuration, a low refractive index Si3N4 waveguide was employed and the PhC cavity
was embedded in a doped p-n junction. The SiN allowed for good mode matching with the rSOA
waveguide mode and the SiN layer gives the possibility for integration of other devices such as
multiplexer/demultiplexers.

The 2D silicon PhC is fabricated as described in Section [7] with the addition of four different
levels of doping used to create a p-n junction. The low doped p-n junction is designed to overlap
with the DA cavity to achieve maximum electro-optic efficiency. The p-n junction is created
by implantation of boron and phosphorous ions to realise the targeted doping concentration of
∼1019 cm−3. Further details on fabrication of the p-n junction can be found in [37].

The fabricated devices had a resistance of 0.5 kΩ and by applying forward bias to the p-n
junction, the thermo-optic effect in silicon was exploited. Therefore, for the experiments described
here, the p-n junction operated as an efficient microheater giving a red-shift of the resonance
wavelength achieved by local heating in the PhC cavity.

In the EC laser configuration, the rSOA current was kept fixed at 50 mA giving a single
mode lasing wavelength with an SMSR of ∼45 dB. Using a bias-tee and waveform generator, a
2.9-3.7 V 10 kHz triangular wave modulation was applied to the p-n junction (Fig. 12(b)) on the
PhC cavity via needle probes. In order to capture the laser frequency modulation, a heterodyne
measurement was undertaken. A narrow linewidth tunable laser source (TLS) was set at a fixed
wavelength close to the lasing wavelength, then mixed with the laser output and sent to a 33 GHz
photodetector generating a beating intensity on the oscilloscope. Post-processing of the time
trace involved employing a sliding window FFT over a series of time segments to compute the
beating frequency for each segment. This allowed for measurement of the time varying lasing
frequency as the modulation was applied to the p-n junction thus, capturing the direct frequency
modulation of the hybrid laser (Fig. 14(b)).

The modulation depth ∆ν (i.e. lasing frequency shift) was ∼6.5 GHz for this drive signal
range and this decreased with increasing modulation frequency due to the frequency roll-off of
the p-n junction and the limitations of thermal tuning. However, improvements in fabrication
of the p-n junction are expected to increase the modulation efficiency. Another limitation on
the modulation depth is the relationship of the lasing frequency shift vs. reflector shift. As
shown in Eq. (5), a laser cavity with a large FSR (short cavity length) and a narrow bandwidth
reflector will result in a larger frequency shift for a given reflector shift. These are considerations
for the laser cavity design in order to improve the frequency tuning efficiency. Finally to note,
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Fig. 12. (a) Driving voltage to p-n junction. (b) Captured laser frequency modulation given
by the beating frequency between the laser signal and mixed with the fixed TLS signal.

operation here was in the single mode regime, therefore the maximum ∆ν which can be achieved
without mode-hopping to the adjacent longitudinal mode is limited by the laser cavity FSR. The
next section will demonstrate a hybrid laser configuration to extend the continuous tuning range
beyond this single mode FSR limitation.

10. Fourier domain mode-locked (FDML) laser based on photonic crystal HECL

An extension of the applicability of the tunable reflectance band of the PhC cavity was presented
in [88] with a novel configuration of an FDML laser. The FDML laser is a specific configuration
of a wavelength swept laser to maximise wavelength sweep range and speed while maintaining
high output power [89]. These mostly find application in the imaging technique known as swept
source Optical Coherence Tomography (SS-OCT).

Many swept source lasers consist of a broadband gain medium and a tunable optical bandpass
filter to produce narrowband wavelength sweeps [9192–94]. A common limitation on sweep
speed is the so-called post-filtering limit [87], consisting in the filter being swept by more than
the filter width during the cavity roundtrip period. The FDML configuration overcomes this limit
by sweeping the filter at a period synchronous to the roundtrip time of the cavity as fmod =m/T,
where fmod is the filter modulation frequency, T is the roundtrip time and m is an integer [90]. A
full sweep is optically stored in the cavity which overcomes the restriction of cavity build-up
time as lasing does not need to build up from spontaneous emission with each sweep as with
other swept sources, meaning the only limitation on sweep speed is the speed of the filter. A
large cavity length is usually required to facilitate synchronisation of the roundtrip time and filter
speed but the principle of FDML can be scaled to any cavity length solely depending on the
maximum filter speed achievable.

The previous section demonstrated the hybrid PhC laser with a short laser cavity length where
one longitudinal mode lay within the reflectance band of the PhC cavity. A proof-of-concept
FDML laser using the same PhC device with the doped p-n junction was demonstrated [90] by
exploiting the tunable reflectance spectrum of the PhC cavity. The length of the laser cavity was
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significantly longer with the addition of a 2 km fibre delay line resulting in ∼106 longitudinal
modes within the reflector bandwidth. Along with the 2 km fiber delay, the laser cavity consisted
of a fibre retro-reflector, a fibre pig-tailed Kamelian SOA, a polarisation controller, and a lensed
fibre to couple the light into the waveguide vertically coupled to the PhC cavity reflector (Fig. 13).
Measurements were taken from an intra-cavity splitter sent to an isolator and split to an OSA and
oscilloscope. Applying the principle of FDML operation, the modulation frequency applied to
the p-n junction was equal to the inverse of the roundtrip time of the laser cavity.

Fig. 13. FDML PhC laser configuration and experimental set-up.

Firstly, the laser characteristics with a static reflector as a function of SOA current were
examined with no voltage applied to the p-n junction. The laser had a threshold of 35 mA and the
LI curve showed a slope efficiency of 0.14 mW/mA. As shown in Fig. 14(a), just above threshold,
the spectrum showed a single peak. However, multiple longitudinal modes were expected within
this peak as the laser cavity FSR was ∼1.2 fm. With further increase of bias current, more
longitudinal mode began to lase and the full bandwidth of the reflector could be seen. The fringes
on the spectrum were due to the parasitic reflections from the chip facet to the PhC cavity. The
intensity on the oscilloscope showed unstable dynamics on both the nanosecond and seconds
timescales and large power fluctuations were observed as expected for multimode lasers [95].
With fixed current on the SOA of 70 mA, DC voltage steps were applied to the p-n junction
via needle probes and a red-shift of the lasing spectrum was observed again, as a result of the

Fig. 14. a) Optical spectrum of lasing characteristics with a static reflector and increase of
SOA bias current. Inset: LI curve. b) Colourmap of optical spectrum with fixed SOA bias at
70 mA and DC voltage steps applied to the p-n junction.
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thermo-optic effect in silicon. Fig. 14(b) shows a shift of ∼18 nm for 7 V applied to the p-n
junction.

Using a bias-tee and a function generator, a sine wave of 2.8-5 V was applied to the p-n
junction. The roundtrip time of the Fabry-Perot laser cavity, T= 2nL/c, was estimated to be 20 µs
with nglass = 1.5 and L= 2 km. Hence, the modulation frequency, fmod = 1/T was calculated as
50 kHz. Further fine tuning of the modulation frequency resulted in a stable swept wavelength
spectrum at 50.35 kHz with a range of ∼4 nm (Fig. 15). The spectrum again shows fringes as a
result of parasitic reflections from the PhC cavity to chip facet. A reduction in the fringes can be
achieved by using chips with angled waveguides and application of anti-reflection coatings.

Fig. 15. (a) Optical spectrum of swept wavelength in stable FDML operation.

The output intensity showed a periodic amplitude envelope over the swept wavelength range
with stable average output power over time. The sweeping instantaneous frequency was calculated
using a self-heterodyne interferometric measurement technique [96]. This allowed for direct
measurement of the laser phase and subsequent post processing was undertaken to calculate the
instantaneous frequency. This confirmed the continuous swept frequency in the FDML regime
when the reflector modulation period was matched to the inverse cavity roundtrip time.

The utilisation of an on-chip akinetic tunable reflector opens the path for a compact integrated
FDML laser. The FDML laser was in a Fabry-Perot linear configuration therefore, no isolators
were required for a ring laser cavity, which would be a barrier to on-chip integration. In devices
similar to the PhC p-n modulators used here, maximum modulation speeds of 0.5 GHz have been
shown [37] which is far beyond the sweep rates of the mechanical filters which are typically
employed in FDML lasers. The cavity length could then be on the order of 10s of centimetres to
match the inverse of the cavity roundtrip time. However again, the steep frequency roll-off of
these devices reduces the sweep range with increasing sweep speed. Improvement in fabrication
of the modulators will enable larger sweep ranges with increased sweep speeds while having the
potential to develop a fully integrated FDML laser.
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Fig. 16. (a) Schematics of a PCSEL based on symmetry-protected quasi-BIC mode. The
quasi-BIC mode is generated due to the breaking of the 180° rotational symmetry operated
by the triangular air-holes of the PhC. (b) Schematics of the suspended optically pumped
InGaAsP MQWs nano-resonator array, as in [107], in which the pump beam is represented
in blue and the resonance-trapped BIC laser mode is represented in red.

11. Bound-in-continuum (BIC) states for photonic crystal lasing

Recently, considerable research effort has been directed towards the development of photonic
devices, including semiconductor lasers, that exploit the high Q-factor properties of Bound-In-
Continuum (BIC) states. Typically, an optical mode is trapped in a defect in a periodic medium
(like PhC cavities) due to the lack of radiating modes extending outside of the defect for it to
couple to – a direct effect of the photonic bandgap. In contrast, the generation of BIC states,
arises from the fact that an optical mode confined in certain media (e.g., periodic structures),
despite the presence of extending modes outside of the optical trap (i.e., the trapped mode
falling in the continuum spectrum of allowed propagating modes), eliminates its own radiation
in those extended modes through interference phenomena. This alternative but fundamental
wave confinement possibility, firstly postulated by von Neumann and Wigner [97], can achieved
through a plethora of mechanisms [98,99], ranging from symmetric properties to parameter tuning.
Periodic structures can easily exhibit BIC states, thanks to their symmetry and engineerable
periodic potential [100], rendering them popular candidates for BIC-based semiconductor lasers.

A class of such lasers is represented by various configurations of surface-emitting lasers based
on symmetry-protected BICs, in which the BIC mode is restricted to high symmetry points of
the PhC reciprocal lattice (typically at the Γ point). The principle was first demonstrated in
surface-emitting distributed feedback lasers [101] by suppressing radiation along the direction
normal to the device surface, and later by 2D PhC based PCSELs [41,43], in which the BIC 2D
periodicity led to different complex lasing patterns (as discussed in [13,14] and in Section 2) and
low-threshold lasing in optofluidic systems based on organic molecules cladding macroscopic
PhC slabs [102]. Yet, the suppression of radiation along the direction normal to the emitting
surface, despite allowing low lasing thresholds, greatly limits the lasing output power, leading to
the development of different PhC configurations to solve this issue. The most recent solutions
involve PhC designs that intentionally break rotational symmetry, such in the case of triangular
air-holes PhCs [43], to allow controlled leakage of radiation along the normal direction, leading
to continuous-wave lasing emission at powers up to 1.5 W at room temperature while maintaining
high beam quality and a relatively low threshold – thus unlocking the possibility to employ
them in lens-free applications in laser medicine, material processing and sensing. Moreover, the
topological charges of the BIC modes in PCSELs enable the generation of vector beams [15,103],
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potentially employable in compact particle accelerators, optical trapping, laser machining and
ultra-resolved microscopy [104].

A more recent class of bound-in-continuum state-based lasers is represented by devices that
exploit resonance-trapped BIC modes, which are characterised by ideal infinite Q-factors on
resonance while maintaining very high Q-factors off-resonance (compared to the rapid decay in
confinement in symmetry-protected BICs), are not limited only to high symmetry points of the
lattice and are therefore less affected by symmetry breaking [105]. For these reasons, resonance-
trapped BICs based devices manifest practical advantages compared to symmetry-protected BICs
devices, as they are more robust in terms of fabrication tolerances and their high Q-factor over
a broader region of k-space renders them less prone to performance deterioration due to the
dispersion relation of real finite lattices [106]. A promising example of such resonance-trapped
BIC lasers is represented by optically pumped cylindrical nanoarrays in AlInGaAsP MQWs [107],
which exhibits single-mode lasing regime over a wide region of k-space (demonstrated by the
variability of the fabricated devices) and low lasing threshold in the sub-mW range, encouraging
further research on topological BIC phenomena for alternative sensors and low-power sources
(Fig. 16).

12. Topological photonic crystal lasers

Recent advances in topological photonics, derived from the bosonic analogue of topological
insulators [108], whose properties and geometries manifest themselves in the generation of
edge-states exhibiting lossless current transport (even in the presence of disorder) despite the
insulating behaviour of the material in the bulk, have considerable potential for the development
new compact semiconductor laser devices. Topological photonic behaviour is expressed by
the presence of (topological) edge modes that protects light propagation against disorder. For
this phenomenon to occur, breaking of time-reversal symmetry (TRS) is most often required
[109] and various TRS-breaking devices have been postulated and later demonstrated, from
gyro-optics materials in a magnetic field [110], to polarization controlled aperiodic resonators
[111–113], bianisotropic metamaterials [114] and Photonic Crystals [115,116]. The presence of
these topologically protected photonic edge modes, and their great potential for the development
of disorder-immune lossless optical waveguides, has stimulated a research effort towards the
implementation of active media onto topological material, aiming at the realization of a new
class of efficient semiconductor lasers [46].

In the view of potential applications of topological lasers in dense photonic integrated circuits,
which require considerably small device footprints, low power consumption and typically high-
speed of operation, microcavity-based configurations [117–119] are attracting the most attention
in silicon photonics. 1D and 2D PhC cavity-based topological lasers are particularly interesting,
due to the already mentioned capability of PhCs to enhance the light-matter interaction, leading
to improvements in the lasing performances such as high energy efficiency due to the high
Q/V ratios and reduced lasing thresholds due to improvements in the spontaneous emission
coupling factor. Indeed, the presence of topological edge states at the interface between different
topological materials and the ability to deterministically predict them through the bulk-edge
correspondence has proven a powerful tool for the tailoring of optical modes in PhC resonators
and PhC cavity-based topological lasers have recently been demonstrated, such as defect-based
PhC L3 cavity arrays supporting lasing at the 0D topological edge-states [120], optically pumped
continuum PhC-based topological lasers operating at the Aubry-André-Harper 1D edge-states
[121] and single-mode topological lasers based on 1D PhC nanobeams with distinct Zak phases
with 0D topological edge-states exhibiting with Q-factors ∼ 105 and high spontaneous emission
coupling factor ten times larger than conventional semiconductor lasers (ß ∼ 0.03) [122] (Fig. 17).
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Fig. 17. Schematics of an optically pumped topological laser device supporting lasing at
the edge modes generated by the presence of an interface between two different 1D PhC
cavities, as in the device configuration of [122].

The topologically protected properties of all these topological laser prototype could prove
critical for the development of advanced lasing operations such as: unidirectional light emission,
back-scattering noise immunity, electron-spin-manipulation and lasing light steering [123].
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13. µTransfer-printing of semiconductor lasers on SOI PICs: a potential integra-
tion scheme for HECLs

Silicon based resonant modulators. One of the most efficient and flexible approaches to insert the
light emitted by InP components into the SOI waveguides is edge-coupling, which provides broad
band, polarization-agnostic low coupling losses of less than 1 dB [124] and avoids the need to
create tapers on the InP, reducing its footprint and cost. Various integration techniques have been
demonstrated that use die/wafer bonding [22,125–130], which also unlocks HECL configurations
[71]. However, the die/wafer bonding approach is associated with a great waste of expensive
material (i.e., InP), hence high cost. This issue can be completely removed by means of using
Micro Transfer Printing (µTP), which offers high-throughput, parallel and scalable transfer of
devices or dies of material to the desired locations on any platform, with sub-micron accuracy
and no waste of III-V material associated. As a consequence, integration on silicon photonics of
InP-based Fabry-Perot and DFB lasers and LEDs through µTP have been recently demonstrated
[131–134].

HECLs are compatible with an advanced type of µTP integration approach exploiting evaporated
metals as thermal vias, which also offers nanometric control on vertical alignment between the
III-V gain and the passive chip, often required to achieve good laser performances.

In [62], the first heterogeneous integration of O-band Fabry-Perot InP lasers into SOI recesses
by µTP and their edge-coupling to SU8 polymer waveguides was reported and it is expanded
upon in this section. The approach allows a very accurate engineering of the alignment between
InP lasers and polymer waveguides, also introducing the use of an intermediate metal layer
deposited at the bottom of the oxide trench to calibrate the alignment along the vertical axis
with sub-micron precision and sink the heat produced by the InP laser to the Si substrate. The
configuration provides reduced thermal impedance compared to devices integrated on the SOI
layer [31]. Moreover, a different geometry of the thermal via is simulated here and shows how
the thermal sink could be further improved.

The etched-facet InP O-band lasers were undercut and released from their substrate and
heterogeneously integrated by µTP to trenches etched on a SOI wafer, pre-patterned with Si
waveguides to be incorporated in the polymer waveguides for mode conversion. The process
involves shearing the laser coupon to the oxide sidewalls while in light contact with the bottom
of the trench, completing the bond with the target when aligned. A 170 nm thick metal layer
was pre-deposited on the bottom of the trench by means of e-beam evaporation to allow a very
fine tuning of the alignment of the lasers with the waveguides along the vertical axis and heat
dissipation from the laser to the Si substrate. The lateral alignment of the emitting facet of
the lasers was ensured by µTP accuracies, improved by matching the devices to one of the
trenches sidewalls. A very high adhesion yield of the printed devices (>90%) was achieved
thanks to the use of a <3 nm thin vapour coated HDMS layer. After the printing, straight SU8
polymer waveguides were defined on top of the SiO2 and Si tapered waveguides, in edge-coupling
configuration with the laser (Fig. 18), achieving sub-micrometre lateral misalignment.

550 µm long and 60-80 µm wide micro-transfer-printable coupons constituted the laser,
fabricated on an InP wafer as dense arrays. The two dry etched facets on the InP defined the
Fabry-Perot cavity, then passivated by an optically neutral layer of SiO2, while a metal coating
was deposited on the back facet to improve reflectivity. A ridge etched on the active region
provided the lateral confinement of the light required for single mode propagation. The laser
coupons were then released from their native substrate by selective wet etching of a sacrificial
layer. The suspended structures were then transfer-printed epitaxial-side-up to prefabricated
recesses on the SOI. E-beam lithography (EBL) and a series of dry etches were used to define
tapered waveguides on the 220 nm thick Si and to open the trenches in the oxide to accommodate
the coupons on the SOI. A metal layer (Ti:Au) was evaporated with nm-scale accuracy, crucial
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Fig. 18. Schematics of the Transfer-Printed laser coupon on the SOI, a) is the cross-section
view and b) represents the side view of the integrated laser on the SiP chip

for the vertical alignment between the lasers and polymer waveguides. SU8 polymer waveguides
were defined by means of EBL for the edge-coupling with the ridges of the lasers.

Electrical and optical characterization of the InP laser was performed before and after µTP to
the recess and after edge-coupling to the SU8 waveguide. The LI characteristics of the lasers
showed an unaffected threshold current of Ith ∼17 mA before and after µTP to the SOI. An
increase of the threshold Ith to ∼23 mA after coupling the light to the SU8 waveguide was
observed, related to the reduced reflectivity on the front mirror from R ∼32% (in air) to R ∼15.5%
(SU8). The thermal impedances of the lasers were measured in the range of ZEXP ∼116 K/W.

The improved longitudinal alignment and lack of rotation achieved by matching the laser
coupons to the sidewalls of the recesses and the nanometre control on the vertical alignment
introduced by the evaporated Ti:Au thermal vias shown in [62] can reliably address the gain-PIC
alignment requirements of HECLs, unlocking the possibility to further reduce the costs related to
HECL integration.

14. Conclusions

In this review, different configurations of semiconductor PhC-based lasers have been discussed.
These laser architectures exploit the many advantages of Photonic Crystal cavities, such as
small footprint, strong confinement of light in tight spaces (∼λ3), wavelength selectivity, beam
shaping, and enhanced non-linear dynamics. This has enabled high brightness lasing (e.g., in
PCSELs and BIC Lasers) for LIDAR and imaging applications; low-switching energy direct
light modulation (e.g., in LEAP lasers) for telecom applications; athermal lasing operation and
design/employment versatility (e.g. in HECLs) for datacom, optical sensing and biomedical
applications. Looking to the future, the ability to independently optimize the gain and passive
chips used by the HECL configuration will support improved optical, thermal and mechanical
performance. Crucially, HECLs have also been shown to be compatible with novel, highly
scalable and low-cost integration schemes, such as µTransfer Printing, offering a future economy
of scale in the production of these devices. Moreover, recent research interest towards novel
laser prototypes operating in topologically protected regimes points towards a future class of
compact semiconductor lasers with advanced functionalities, from high angle beam steering to
unidirectional backscattering unsusceptible lasing in harsh and tight environments.
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