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It is an important challenge to reduce the power consumption and size of lasers, but progress has been impeded by quan-
tum noise overwhelming the coherent radiation at reduced power levels. Thus, despite considerable progress in microscale
and nanoscale lasers, such as photonic crystal lasers, metallic lasers and plasmonic lasers, the coherence length remains very
limited. Here we show that a bound state in the continuum based on Fano interference can effectively quench quantum fluc-
tuations. Although fragile in nature, this unusual state redistributes photons such that the effect of spontaneous emission
is suppressed. Based on this concept, we experimentally demonstrate a microscopic laser with a linewidth that is more than
20 times smaller than existing microscopic lasers and show that further reduction by several orders of magnitude is feasible.
These findings pave the way for numerous applications of microscopic lasers and point to new opportunities beyond photonics.

ence of a laser is limited by quantum fluctuations, with the

laser linewidth Av scaling inversely with the quality factor
(Q-factor), Q, and the laser power, P, Avec1/(PQ?) (refs. ?). The
linewidth can be reduced by increasing the power or by increasing Q
through enlarging the size of the laser system™ or engineering the
spatial profile of the lasing mode’. These approaches are exemplified
by various macroscopic lasers, where often the linewidth is limited
by ambient noise rather than intrinsic quantum noise. As the laser
shrinks into the microscopic regime'’~", quantum fluctuations, and
therefore the linewidth, increase substantially due to the reduction of
the number of photons in the laser cavity'®. Realizing ultra-coherent
nanoscale lasers is of great importance for numerous applications,
such as on-chip communications'’, programmable photonic inte-
grated circuits'®, bio/chemical sensing’ and quantum and neuro-
morphic computing””'. An approach to narrowing the linewidth
of small lasers is to improve the cavity Q-factor. However, although
ultrahigh Q-factors have been attained in passive nanocavities®,
non-radiative cavity loss increases substabtially when active mate-
rial is introduced to the cavity in order to facilitate stimulated emis-
sion (for example, due to free-carrier absorption). Indeed, hardly
any improvements in the linewidth of microscopic lasers have been
reported during the last decade, and the smallest reported linewidth
of nanocavity lasers is still larger than 100 MHz (ref. »*).

f ince Schawlow and Townes', it has been known that the coher-

Results

Concept and structure. In this work, we address this long-standing
problem by exploring the physics of a bound state in the contin-
uum (BIC)*, which was demonstrated recently in different physical
systems” . In particular, we consider a bound state formed due
to Fano interference®-*? between the continuum of modes of a ter-
minated waveguide (WG) and the discrete mode of a side-coupled
nanocavity (Fig. 1b). At the wavelength of the BIC, the paths of the
right-propagating fields through the WG and the nanocavity inter-
fere destructively. If the nanocavity is intrinsically lossless, meaning
that its Q-factor is entirely determined by the coupling to the WG,
the destructive interference is perfect”, leading to a Fano mirror

with unity reflectivity*~¢. Therefore, a BIC is formed and is local-
ized in the nanocavity and a virtual cavity region (Fano cavity)
between the left termination of the WG and the right Fano mirror.
In reality, unless the structure is of infinite extent, the nanocavity
loss is always finite, turning the BIC into a quasi-BIC*” (Fano BIC).
The BIC nature of the Fano mode can be identified by a sensitive
dependence of the Q-factor on the structural parameters®, as illus-
trated by the red curve in Fig. lc. Only at a specific value of the
cavity length can the standing wave condition be fulfilled while,
simultaneously, the Fano mirror reflectivity achieves its maximum
(Supplementary Note A.2). In comparison, ordinary lasers can
adjust their wavelength in order to fulfil the phase-matching condi-
tion, and the Q-factor changes only slowly with laser parameters, as
illustrated by the black curve in Fig. 1c. Although a resonance-based
BIC is fragile in nature, the Fano interference enhances its robust-
ness by introducing a large phase variation (x) of the reflected field
from the Fano mirror across the nanocavity resonance*. This helps
to minimize the detuning §,= @, — , between the nanocavity reso-
nance w, and the laser frequency @, upon perturbations, as exem-
plified by the variation of §, around its zero (symmetry) point as
the cavity length changes (Fig. 1c). Therefore, the laser frequency
partially tracks the Fano mirror reflection maximum (BIC wave-
length). At the BIC wavelength, the Fano mode exhibits a highly
non-uniform light distribution, with the optical intensity being
much higher in the discrete mode region of the nanocavity than in
the continuum region of the WG. This is in contrast to an ordinary
cavity mode, whose intensity distribution is rather uniform across
the entire cavity region (Fig. 1a). The spatial asymmetry of the Fano
BIC can be harnessed by incorporating active material only in the
continuum region while leaving the discrete mode region passive.
Photons generated by stimulated emission in the active region thus
get stored predominantly in the passive region, which features much
smaller loss and smaller fluctuations of the refractive index than the
active region. Therefore, compared to ordinary cavity modes, the
composite Q-factor of the Fano BIC can be significantly increased.
The general property of the Fano BIC at the heart of the line-
width reduction is the strong frequency dependence of the optical
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Fig. 1| Concept of BIC laser based on Fano resonance. a, Ordinary bound state in conventional Fabry-Pérot lasers. Photons are generated and confined

in the active region. b, Optical BIC formed in the Fano laser. Photons are generated in the active region, which has a continuum of modes, but are
predominantly stored in the low-loss passive region. ¢, Example of calculated variation of Q-factor versus cavity length L for the Fano BIC laser (solid

red line) and a conventional Fabry-Pérot laser (solid black line). The Fano BIC laser has an intrinsic Q-factor Q, of 5.0 x10° and a coupling Q-factor Q, of
3.0x 103 for its discrete mode, while the Fabry-Pérot laser has an intrinsic Q-factor Q,, due to mirror loss of 5.0 x 10°. Both lasers have a cavity length L of
5um, a loss rate y; due to active material of 3.8 x10s™, and a cavity round trip time 1/7,, of 0.54 ps. The blue dashed line depicts the calculated variation
of the detuning §,= w, — w, of the Fano BIC laser frequency, w,, from the nanocavity resonance, . d, Scanning electron microscope (SEM) image of a
fabricated Fano BIC laser based on an InP photonic crystal (PhC) membrane structure with a buried heterostructure (BH, red rectangle) gain region and a
grating coupler (GC) at the end of the WG. Scale bar, 2pm. e, Schematic of the optical Fano BIC. f, SEM image of the cross-section of a fabricated Fano BIC
laser showing the active WG containing a BH and the passive nanocavity. The BH is etched away after the device cleaving. Scale bar, 200 nm.

phase across the resonance. This implies a long dwell time in the
discrete low-loss region of the structure, which provides storage of
photons that counteracts phase diffusion induced by spontaneous
emission quantum noise in the active region. Quantitatively, we
may account for this by calculating the Q-factor of the Fano BIC,
taking into account the spatial distribution of the state. Assuming
that the left mirror is lossless and the laser works at the symmetry
point (w,=,), the right Fano mirror reflectivity can be expressed
as |ryp | =7./yr where y,, v, and yr=y,+7.(y,<y.) are the nano-
cavity intrinsic loss rate, coupling (between the nanocavity and the
WG) loss rate and total loss rate, respectively, which relate to the
nanocavity intrinsic and coupling Q-factors as Q,=w,/(2y,) and
Q.=w,/(2y.) (Supplementary Note A.1). The Q-factor of the Fano
BIC then becomes (Supplementary Note A.2)

ﬂ Vin + Ve

, (1)
2 vin¥y T reti

Q:

where y,, and y, are the inverse round trip time and the loss rate due
to active material in the Fano cavity. Since the ratio of photons stored
in the discrete mode region relative to the continuum region of the
Fano BIC is given by 7,,/y. (Supplementary Note A.2), we can design
a Fano BIC such that the major proportion of the photons is localized
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in the low-loss passive region by ensuring y;, > y.. This is in contrast
to coupled-cavity lasers, where the lasing mode cannot be concen-
trated in the passive region, neither in the parity-time-symmetric
nor in the parity-time-broken regime*. It shows that if one wants
to achieve the same Q-factor as that of the Fano BIC (equation (1))
using an ordinary bound state in a conventional laser, the loss rate
due to the active material needs to be smaller than the intrinsic loss
rate of the nanocavity (that is, 7,<y,) (Supplementary Note A.2).
This is not the case even in high-quality active devices, meaning
that it is impossible for a conventional Fabry—Pérot laser to achieve
the same Q-factor as the Fano BIC laser. Compared to a Fabry-
Pérot laser with a passive cavity Q-factor identical to the intrinsic
Q-factor of the nanocavity, the effective Q-factor of the Fano BIC
laser is approximately 1+y,,/y, times higher (Supplementary Note
A.2). This enables the achievement of narrower linewidth in Fano
BIC lasers.

Using a Langevin approach to include quantum noise, we derive
the following approximate expression for the linewidth of the Fano
BIC laser above threshold (Supplementary Note A.3)

()

1 1 + a2 Gg,FLT’lsp
AVFL = — 5
20 (14 y/r)” 2
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Fig. 2 | Mode patterns of Fano BIC laser. a,b, Infrared images of the lasing patterns of fabricated Fano BIC lasers, where the lasing wavelength coincides
with (a) or is detuned from (b) the peak of the Fano mirror. The insets are top views of the emission profiles. The white-dashed square at the left shows
the position of the nanocavity, the white-dashed square on the right indicates the grating coupler (GC), and the white-dashed long rectangle indicates the
semi-open WG. ¢,d, Corresponding calculated electric field profiles (|E]) of the Fano BIC mode at the central plane of the PhC membrane, with the lasing
wavelength being on-resonance (c) and off-resonance (d) with respect to the BIC wavelength. The insets are top views of the electric mode profiles.

Here, a is the usual linewidth enhancement factor’, Gy, is the
threshold modal gain, n,, is the population inversion factor and
I, is the number of photons in the Fano cavity, which depends
on the pump power. From our theory, we find that it is possible to
decrease the linewidth of a microcavity laser by more than three
orders of magnitude by using a Fano BIC mode (Supplementary
Note A.3). In equation (2), this effect is seen by the proportionality
of the linewidth to y*. For lasers working away from the symme-
try point, the quantum noise may instead increase for decreasing
7r (Supplementary Note A.3). In contrast to the approach of spatial
mode profile engineering to reduce the linewidth’, the optical con-
finement factor is fixed for the Fano BIC laser, and the reduction
of the linewidth therefore does not compromise the laser threshold
(Supplementary Note A.2). External cavity lasers are a well-known
and commercially important approach to reducing laser linewidth.
However, such devices are macroscopic in nature, as well as suffer-
ing from multimode effects that require external filtering and care-
ful alignment**. The Fano BIC laser does not have these trade-offs
and, as we have shown, can be scaled into the microscopic regime.

We base our experimental demonstration on semiconductor InP
PhC membrane structures on a silicon platform (Fig. 1d-f). Here,
the continuum of modes is provided by a PhC line-defect WG, ter-
minated at the left end by a conventional PhC mirror formed by
air holes. The discrete mode is the fundamental mode of an L7
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nanocavity created by omitting seven air holes (Fig. le), and its
interaction with the continuum of modes constitutes the right Fano
mirror. In particular, whereas previous experimental demonstra-
tions of Fano structures had active material incorporated into the
entire membrane™, it is key for the BIC concept proposed here to
localize the gain in the continuum region only. To achieve this,
we use semiconductor BH technology''. The BH contains a single
InGaAsP/InAlGaAs quantum well and is localized in the contin-
uum region (Fig. 1f). Process optimization® has enabled excellent
lateral alignment even at the nanoscale. The laser is equipped with a
broadband grating coupler* at the end of the WG to facilitate opti-
cal pumping. Details of the structure design and fabrication process
can be found in Supplementary Notes B and C.1.

Mode pattern and lasing characteristics. The Fano BIC laser is first
characterized by vertical pumping with a continuous-wave light
source at 1,480 nm through the grating coupler (Fig. 1d), and the
emission is detected vertically above the nanocavity (Supplementary
Notes B and C.2). The infrared image of the lasing pattern (Fig. 2a)
clearly shows an optical Fano BIC with the expected characteris-
tics as the oscillation condition is fulfilled. This is verified by com-
parison to the electric field profile obtained by finite-difference
time-domain simulations (Fig. 2c). The field profile is shown in the
centre of the membrane but changes little when considering planes
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Fig. 3 | Lasing characteristics of Fano BIC laser. a, Measured (normalized) emission spectra above threshold of the Fano BIC laser. Inset: the Fano BIC
laser is optically pumped through the grating coupler. Scale bar, 1.7 um. b, Measured emission spectra above threshold of an equivalent Fabry-Pérot laser,
realized as a conventional PhC line-defect laser. Inset: the Fabry-Pérot laser is optically pumped directly into the nanocavity. Scale bar, 1.7 um. ¢,d, Output
peak power (black dots and red lines) and full-width at half-maximum (FWHM, blue dots and lines) of the lasing spectra versus pump power for the Fano
BIC laser (c) and the Fabry-Pérot laser (d). The black dots are experimental data, and the red lines are theoretical fits.

at or above the membrane surface. In particular, the mode intensity
is much stronger in the discrete region than in the continuum region
of the WG. This is in accordance with the small calculated optical
mode volume V,, of 0.26 um®. In contrast, the light pattern in a laser
where the BIC condition is not fulfilled has a larger proportion of
the mode residing in the active region, and light spills out through
the grating coupler (Fig. 2b). This is also in good agreement with
simulations (Fig. 2d), where a structure with an effective Fano cav-
ity length ~10nm off the peak is considered (Supplementary Note
C.4). These results illustrate the characteristic sensitive properties of
a resonance-based BIC.

Next, we measure the lasing characteristics of the Fano BIC
laser. For comparison, we also show results for a conventional
PhC line-defect (L7) laser, which is identical to the discrete region
of the Fano BIC laser, except that the BH is now embedded in the
line-defect cavity. The L7 laser can be treated as an effective Fabry-
Pérot laser'**2. As shown in Fig. 3a, the optical spectrum of the
Fano BIC laser exhibits a single lasing peak at ~1,560 nm, which
agrees with the fundamental mode of the equivalent Fabry-Pérot
laser, where, however, two longitudinal modes are present (Fig. 3b).
This demonstrates the good mode selection property of the Fano
BIC laser enabled by the narrowband Fano mirror**. The measure-
ments can be fitted with a rate equation model (Supplementary
Note A.1) and show clear transitions to lasing at pump thresholds
of 5.45dBm (3.8 dBm) for the Fano (Fabry-Pérot) laser (Fig. 3c,d).
A notable difference from an all-active Fano laser™® is the suppres-
sion of self-pulsations, which can be traced back to the absence of
active material in the nanocavity. The laser linewidth (Fig. 3c,d),
obtained as the full-width at half-maximum of the optical spectra,
decreases with pump power and quickly goes below the resolution
of our optical spectrum analyser (0.02nm). Around the threshold,
where the active material is close to transparency, the linewidth is
narrower for the Fano BIC laser than the Fabry-Pérot laser, indicat-
ing a larger Q-factor. Considering the nature of the Fano BIC, it
might be expected that the laser be very sensitive towards ambient
changes, in particular the temperature. However, due to the good

thermal conductivity of InP as well as the near-identical scaling
of phase changes in the continuum region and the resonance fre-
quency shift of the discrete region, the laser is actually quite robust
(Supplementary Note C.4). This makes the Fano BIC laser a good
candidate for sensing applications that require the device to be resis-
tant to uncontrolled environmental perturbations.

Linewidth characterization. In order to measure the laser line-
width below the resolution limit of the optical spectrum analyser,
we apply a self-homodyne technique, where the laser light interferes
with a delayed version of itself*. In order to reduce the impact of
1/f noise** and other slowly varying ambient noise sources, we use
a 200m fibre delay line, which is still one order of magnitude lon-
ger than the laser coherence length (Supplementary Note C.2). The
measured photocurrent spectra of both lasers exhibit Lorentzian
lines (Fig. 4a,b) and are well fitted by our theoretical model
(Supplementary Note C.2). The linewidths narrow as the pump
power increases, which is in accordance with the Schawlow-Townes
linewidth formula. The measurements using a longer delay line of
10km show slightly broader linewidths (for example, the smallest
linewidth of the Fano and Fabry-Pérot laser increases by a factor of
~1.10) (Supplementary Note C.2). Results for two batches (1 and 2)
of nominally identical devices fabricated from the same wafer but
with separate lithography and processing steps are shown. The main
difference between the batches is an improved bonding quality
in batch 2.

The measured variation of the linewidth with pump power is
well explained by our theory (see equation (2)). Compared to the
conventional linewidth formula, the linewidth of the Fano BIC
laser is reduced by a factor y=(1+y, /)% indicating that the
higher the nanocavity Q-factor is, the narrower the Fano BIC laser
linewidth becomes. By using the values of y,,=1.9x10"s™" and
yr="7.5% 10" s7}, as estimated from the numerical simulations, one
gets y=12.5, which matches well with the experimental results,
which are 220 MHz/15.5 MHz=14 at 11.5 times the threshold for
batch 1 and 92MHz/5.8 MHz=15.9 at 27.5 times the threshold
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Fig. 4 | Laser linewidth measurements. a,b, Measured self-homodyne frequency spectra of the Fano BIC laser (a) and the Fabry-Pérot laser (b). The pump
power levels for the Fano BIC laser are 3.0 (black), 4.2 (blue) and 11.5 (red) times the threshold pump power Py, for batch 1, and 27.5 (purple) times Py, for
batch 2. The pump power levels for the Fabry-Pérot laser are 9.3 (black), 14.8 (blue) and 26.3 (red) times the threshold pump power P, for batch 1, and
27.5 (purple) times P, for batch 2. The markers are experimental results, and the solid lines are theoretical fits. ¢,d, Extracted laser linewidths of the Fano
BIC laser (¢) and the Fabry-Pérot laser (d) versus pump power. The pump power has been normalized, with 0 dB corresponding to the threshold pump
power. The black and purple dots are experimental results, and the solid red lines are theoretical calculations. The inset in € shows the mean and standard
deviation (error bars) of the smallest linewidths of five nominally identical Fano BIC lasers (red dots) and five nominally identical Fabry-Pérot lasers (black
dots) of batches 1and 2. The inset in d shows the linewidth improvement factor as a function of the nanocavity coupling Q-factor Q. and the Fano cavity
length. The nanocavity intrinsic Q-factor is fixed at Q,=1.3x10°. The white dot indicates our current operation point.

for batch 2 (Fig. 4c,d) (Supplementary Note A.3). For high pump
powers, the linewidth first saturates and then increases. This satu-
ration and re-broadening is a general phenomenon seen for many
lasers”*> and may be ascribed to thermal effects, 1/f noise, optical
nonlinearities and mechanical vibrations (Supplementary Note
C.2). The larger re-broadening seen for the Fano BIC laser may
be due to the phase-matching condition, which is absent for the
Fabry-Pérot laser. The later onset of linewidth re-broadening seen
for batch 2 is ascribed to improved thermal conductivity due to the
higher bonding quality. As shown in the inset of Fig. 4c, we fab-
ricated and measured five nominally identical Fano BIC lasers for
each batch, and their smallest linewidths all lie within the range of
14-45MHz (5.8-22 MHz) for batch 1 (batch 2), in contrast to the
Fabry-Pérot lasers, where the smallest linewidths are in the range
of 106-115MHz (92-105MHz) for batch 1 (batch 2). In all cases,
the spectral coherence for Fano BIC lasers is thus much improved
compared to the equivalent Fabry-Pérot lasers (Supplementary
Notes C.3 and C.4). An improved tolerance towards fabrication dis-
order for the Fano BIC laser can be achieved by increasing the cou-
pling coefficient y, between the discrete and the continuum region.

762

Besides, fabrication inaccuracies can be compensated for by index
tuning by, for example, placing microheaters near the laser cavity to
tune the nanocavity resonance or the phase delay in the WG*.

Discussion

In addition to the linewidth itself, the linewidth-output power
product is also an important metric, which is equivalent to the
linewidth-photon number product Avy I, (Supplementary Note
A.3). As seen from equation (2), Avy I}, is proportional to G, /y,
in which G,y is dominated by the propagation loss of the active
material, except for short Fano cavities or large Q_, where the mir-
ror loss becomes important. The inset in Fig. 4d shows how the
improvement factor u= G,y / G, depends on Q. and L. G,y is
the threshold modal gain of the equivalent Fabry-Pérot structure,
with the power reflectivity of the laser mirror kept constant at
99.74%. Our current case corresponds to an improvement by one
order of magnitude (see the white dot in the inset of Fig. 4d), since
a relatively low Q. and large L were chosen to relax fabrication con-
straints. However, as L decreases and Q. increases, the improve-
ment factor can reach 10°, corresponding to a linewidth reduction

NATURE PHOTONICS | VOL 15 | OCTOBER 2021 | 758-764 | www.nature.com/naturephotonics


http://www.nature.com/naturephotonics

NATURE PHOTONICS

ARTICLES

of two orders of magnitude (Supplementary Note A.3). This
implies that as laser sizes shrink even further into the nanoscale
(that is, y,, increases), the Fano BIC laser geometry becomes
increasingly advantageous. Even higher improvement factors are
possible but require a larger Q. and thus a larger Q, of the dis-
crete region in order to maintain a low laser threshold. This may
be achieved by optimizing the fabrication processes or adopting
a hybrid approach, where a low-loss material is employed for the
discrete region®. Another very interesting but experimentally chal-
lenging possibility is to replace the (left) broadband mirror with a
second Fano resonance. Such an approach was used by Sato et al.”’
to dynamically control the Q-factor.

We have proposed and demonstrated a new approach for reduc-
ing the linewidth of a laser. It relies on combining the concepts of
a BIC and a Fano resonance and allows reducing the linewidth of
microscopic laser by several orders of magnitude. Experimentally,
we demonstrated a linewidth down to 5.8 MHz, which is more
than 20 times smaller than previously reported for microscopic
lasers*>*, With this, our laser meets the requirements for 40 Gbits
coherent communication®. Furthermore, our laser concept can be
used to realize integrated sensors®, with the demonstrated line-
widths allowing identification of protein/DNA with concentra-
tions on the order of attomolar, which is difficult to attain using
other proposed nano-sensors’. Our findings are based on the
Fano-Feshbach type resonance’ and are general for the class of
Fabry-Pérot type BIC, which allows many different realizations>,
including the use of heterogeneous® or hybrid™ integration as well
as structures with smaller footprint'**.
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Methods

Theoretical model of the Fano BIC laser. The model of the Fano BIC laser

is established by combining coupled mode equations with conventional rate
equations™. The coherence properties of the Fano BIC laser are analysed using
the Langevin approach to include quantum noise in the model. More details are
provided in Supplementary Note A.

Design and fabrication of the PhC BH Fano BIC laser. Three-dimensional
finite-difference time-domain simulations are used for the design. We consider

a PhC structure having a lattice constant @ =428 nm and hole radius R=89nm
and focus on the L7-type nanocavity created by omitting seven air holes in an
array. First, through shifting several holes around the nanocavity, we achieve a
vertical (intrinsic) Q-factor Q, of ~1.44 X 10° for the fundamental mode of the L7
nanocavity at a wavelength close to the gain peak of the quantum well. Next, we
side-couple the optimized L7 nanocavity to a standard W1-type open WG. The
width of the WG containing the BH is adjusted to control the cavity-WG coupling
to realize a coupling Q-factor Q. of 810. After that, we block the left part of the
WG with air holes, leading to the broadband left mirror. Twelve holes are omitted
in the WG between the left mirror and the centre of the nanocavity to fulfil the
phase-matching condition around the nanocavity resonance peak, thereby forming
the Fano cavity. Subsequently, the three outermost air holes at the left mirror are
slightly shifted to fine-tune the round trip phase of the light in the WG as well as to
minimize the light scattering loss at the left mirror, in order to obtain near-perfect
destructive interference for transmission to the WG through-port. More details are
provided in Supplementary Note B.

The BH PhC samples are fabricated on a heterogeneously integrated InP-on-Si
wafer. First of all, an InP wafer containing a single InGaAsP quantum well and an
InGaAs sacrificial layer is directly bonded to a Si substrate, with thermally grown
oxide serving as a sacrificial layer for the final device membranization. Then the
InP substrate and InGaAs sacrificial layers are removed by wet etching, and the
device processing starts by defining the BH mask pattern by e-beam lithography
using HSQ resist. After exposure, the wafer is dry etched, leaving the quantum
well material only in mesa structures under the HSQ mask and a remaining thin
InP layer. InP is then selectively regrown, essentially encapsulating the quantum
well regions. After the HSQ mask removal, the second regrowth planarizes the
sample. Subsequently, a 200 nm SiN hard-mask layer is deposited, the ZEP resist
is spin-coated and another e-beam is used for aligning and exposing PhC patterns
onto the prefabricated BH regions. These patterns are then transferred to the
device layer by a two-step dry etching process, where SiN is first etched away
in the ZEP mask openings, and then, after ZEP removal, InP is dry etched.

The final air-suspended InP membrane is realized by dipping the sample in BHF
solution, which removes the thermal glass underneath the PhC cavity structures
as well as the remaining SiN mask from the top. More details are provided in
Supplementary Note C.1.

Experimental setup and laser linewidth measurements. The laser samples are
vertically pumped with a 1,480 nm laser diode using a micro-photoluminescence
setup, with precise control of pump intensity, pump position and pump area and
monitored by an infrared camera. The full-width at half-maximum of the pump
spot is fixed at ~3 pm by an objective lens. The emission from the PhC sample

is collected vertically using the same objective lens with a numerical aperture of
0.65. The transmission efficiency from the pump diode to the objective is ~30%,
and the pumping efficiency is ~10dB higher for the Fano BIC laser through the
grating coupler than through the Fano cavity. This pumping efficiency is similar to

NATURE PHOTONICS | www.nature.com/naturephotonics

that of an equivalent Fabry-Pérot laser (PhC L7 laser), which has a higher-order
mode close to 1,480 nm that facilitates absorption of the pump light. The vertical
collection efficiency is ~27% for collecting light above the nanocavity and ~70%
for collecting light above the grating coupler. All measurements are performed
with continuous-wave injection at room temperature. After being isolated from the
reflected pump beam by a long-pass filter, the output signal is characterized using
an optical spectrum analyser.

To measure the laser linewidth, the collected output laser field is first passed
through an optical isolator and then amplified using a low-power erbium-doped
fibre amplifier cascaded with a tunable optical band-pass filter to suppress
the noise floor. After the filter, the signal passes through a self-homodyne
interferometer setup before being detected by a photodiode and monitored with a
radio frequency spectrum. More details are provided in Supplementary Note C.2.
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