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Abstract: Microscopic single-mode lasers with low power consumption, large modulation
bandwidth, and ultra-narrow linewidth are essential for numerous applications, such as on-chip
photonic networks. A recently demonstrated microlaser using an optical Fano resonance between
a discrete mode and a continuum of modes to form one of the mirrors, i.e., the so-called Fano
laser, holds great promise for meeting these requirements. Here, we suggest and experimentally
demonstrate what we believe is a new configuration of the Fano laser based on a nanobeam
geometry. Compared to the conventional two-dimensional photonic crystal geometry, the
nanobeam structure makes it easier to engineer the phase-matching condition that facilitates the
realization of a bound-state-in-the-continuum (BIC). We investigate the laser threshold in two
scenarios based on the new nanobeam geometry. In the first, classical case, the gain is spatially
located in the part of the cavity that supports a continuum of modes. In the second case, instead,
the gain is located in the region that supports a discrete mode. We find that the laser threshold for
the second case can be significantly reduced compared to the conventional Fano laser. These
results pave the way for the practical realization of high-performance microlasers.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

On-chip optical interconnects [1] have received widespread attention since they are expected
to overcome the limitations of conventional electrical interconnects [2] in terms of bandwidth
and energy consumption. As a fundamental building block of on-chip optical networks, a
high-performance microscopic laser with ultra-low power consumption is required. So far,
several types of microscopic lasers have been demonstrated, such as photonic crystal lasers
[3–10], and plasmonic lasers [11–14]. In particular, by engineering the doping and active regions
of a photonic crystal laser, a microlaser with a threshold current below one microampere was
demonstrated recently [10]. However, these microscopic lasers, employing conventional photonic
crystal cavity designs usually have a linewidth exceeding 100 MHz [15], and the modulation
bandwidth is limited by the relaxation oscillation frequency, as for macroscopic lasers.

Recently, a so-called Fano laser, which employs an optical Fano resonance to realize one
of the mirrors, was demonstrated [16,17], showing the ability to overcome these limitations.
Using a passive side-coupled nanocavity in the Fano laser, a microscopic laser with a record
linewidth of 5.8 MHz was achieved [18]. The Fano laser was also theoretically predicted to enable
THz-modulation bandwidth by tuning the resonance of the side-coupled nanocavity [16,19]. The
Fano laser shows rich behavior due to the unique properties of the narrowband Fano mirror,
including single-mode lasing [17], self-pulsing [17,20], cavity dumping [21], Q-switching [22],
and suppression of the feedback-induced instabilities of lasers [23]. It was also shown that
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the Fano laser could implement the nonlinear activation function required for neuromorphic
photonic computing [22]. In all these schemes, the Fano laser demonstrations were based on a
two-dimensional photonic crystal platform, suffering from several limitations. Firstly, to satisfy
the laser oscillation condition, the length of the laser cavity (L-cavity), i.e., the region between
the Fano mirror and a conventional bandgap mirror, needs to be adjusted with a precision of a few
nanometers [24], which is difficult due to the discrete nature of two-dimensional photonic crystals.
Thus, individual air holes are modified, i.e., geometrically altered or completely “removed”
in a localized region in order to create a Fabry-Pérot BIC, and the L-cavity length cannot be
continuously tuned over a large range. Secondly, the slow-light effect in the line-defect waveguide
may lead to band-edge lasing [25–27]. Lastly, the coupling of the photonic crystal waveguide to
an ordinary strip waveguide, used e.g. for silicon circuitry, will impose a relatively large loss and
reflection [28]. Furthermore, in previous works [17,18,21], the laser gain was spatially located in
the L-cavity; we shall show that this classical Fano laser configuration is not always the optimum
case.

In this work, we demonstrate a new Fano laser geometry based on a photonic crystal nanobeam
cavity, which can overcome the limitations of previous Fano lasers based on the two-dimensional
photonic crystal platform. By adopting this scheme, we experimentally investigate the threshold of
a new configuration of the Fano laser in which the gain is situated in the side-coupled nanocavity
used to form the Fano resonance, rather than the L-cavity, as conventionally done. By studying
the threshold dependence on the cavity length of the Fano laser, we find that the minimum
threshold of the new configuration of the Fano laser approaches that of an isolated nanocavity
laser, which is typically lower than the minimum threshold obtained in the classical configuration
of the Fano laser. It is also an important feature of the demonstrated geometry that it allows
evanescent coupling to a silicon waveguide [6], as an alternative to monolithically integrated
silicon light sources [29].

2. Concept, design, and fabrication

2.1. Concept and design

The classical configuration of a Fano laser (Fig. 1(a)) consists of a broadband left mirror, a
waveguide, and a narrowband right (Fano) mirror, realized by side-coupling a nanocavity to
the waveguide. Conventionally, the gain of the Fano laser is located in the region (denoted the
L-cavity) between the two mirrors. Here, we consider a new configuration (Fig. 1(b)) where
the gain is instead located in the side-coupled nanocavity. In this work, since the entire device
contains layers of quantum dots (QDs) in the middle of the membrane, the same as in our previous
work [17], the spatial location of the gain is determined by the region excited by the pump beam.

Figure 1(c) shows the schematic of a Fano laser based on a photonic crystal nanobeam cavity.
The broadband left mirror is formed by simply terminating the waveguide with holes, while the
narrowband right mirror originates from a Fano interference between the continuum of modes of
the strip waveguide and a discrete mode of the nanobeam cavity. At steady state, the oscillating
mode of the Fano laser fulfills the oscillation condition, valid for both configurations,

rLrR exp(2ikL) = 1 (1)

where rL and rR are the field reflection coefficients of the left and right mirrors, respectively, k is
the wavenumber of the strip waveguide with an effective cavity length of L. By considering the
absolute value and the argument of Eq. (1), it is separated into equations for the threshold gain
and the phase of the possible oscillating modes (Supplement A). Due to the strong frequency
dependence of the Fano mirror reflectivity and phase, the two equations are strongly coupled.
Thus, the gain and phase conditions are only fulfilled simultaneously for specific lengths of the
L-cavity.
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Fig. 1. Nanobeam Fano laser. (a) – (b) Classical (a) and new (b) configurations of Fano laser
in which the gain is located in the L-cavity and the side-coupled nanocavity, respectively. (c)
Schematic of device geometry. A single-mode fiber (SMF) is used to extract the output light
through the grating coupler. (d) Illustration of the design process of the nanobeam Fano laser.
(e) Calculated electric field profile (|E|) of the Fano mode in the central plane of the InP layer
when the lasing wavelength coincides with the peak reflectivity of the Fano mirror. Inset:
top view of the electrical field profile. (f) FDTD-simulated (red circles) and calculated (blue
line) quality factors of the passive composite cavity versus change of the L-cavity length
from the reference cavity length, for which the oscillating frequency coincides with the
reflectivity peak of the Fano mirror. The gray dashed line shows the corresponding quality
factor of the isolated nanobeam cavity. (g) Calculated quality factors of the composite cavity
and the isolated nanobeam cavity with active material in the nanobeam cavity. In (f) and
(g), the intrinsic quality factor Qv of the nanobeam cavity is 1.8 × 105, while the coupling
quality factor Qc between the nanobeam cavity and the waveguide is 900. The absorption
quality factor Qa of the nanobeam cavity due to active material is 2.7 × 104 in (g).

The design process of the nanobeam Fano laser can be divided into the following three steps
(Fig. 1(d)): firstly, by adding tapered sections to the center of the nanobeam cavity to reduce
the mode mismatch [30], a nanobeam cavity with a high intrinsic quality factor is achieved
[31–33]; then, the coupling strength between the optimized nanobeam cavity and the side-coupled
waveguide is tuned to get a low loaded quality factor, so that wavelengths close to the resonance
of the discrete cavity mode are reflected with near-unity reflectivity; finally, by precisely adjusting
the cavity length, i.e., the distance between the (effective) positions of the left and right mirrors,
a composite cavity with a peak quality factor of 1.97 × 105 is achieved at a cavity length of 5.957
µm (Fig. 1(f)), meaning that the wavelength of the oscillating mode coincides with the reflectivity
peak of the Fano mirror. The quality factors simulated using a finite-difference time-domain
(FDTD) method agree well with the theoretical results for a passive composite cavity [34]. When
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the inevitable propagation loss [35] induced by the active material in the nanobeam cavity is
taken into account, the corresponding quality factor of the composite cavity decreases, as shown
in Fig. 1(g). Similar to the Fano laser based on two-dimensional photonic crystals, the field
(calculated by Lumerical FDTD [36]) is mainly localized in the side-coupled nanobeam cavity
(Fig. 1(e)). In order to couple the laser light to a fiber, a grating coupler is included at the end of
the waveguide. The grating coupler is designed using the approach described in Ref. [37,38].
Compared to suspended membrane structures used in earlier works [17,18,21], the present
nanobeam geometry is bonded to a silicon substrate with a silica layer (Fig. 1(c)), providing
much better mechanical stability and heat dissipation [39].

2.2. Fabrication

The samples are fabricated on a heterogeneous integrated InP-on-Si wafer, following the
fabrication process shown in Fig. 2(a). First of all, the InP wafer, which has a 250-nm-thick InP
membrane containing three layers (8 nm/layer) of InAs QDs separated by a 30-nm InP spacer,
is directly bonded to the Si substrate with 1.1-µm thermal oxide. Then, the InP substrate is
removed by chemical etching in HCl terminating at an InGaAs etch-stop layer, which is later wet
etched away in the H2SO4:H2O2:H2O mixture. The device structure is patterned on a photoresist
(CSAR) through e-beam exposure and then transferred to a SiNx hard mask and finally to the
InP membrane through a two-step inductively coupled plasma (ICP) etching. A thin layer of

(a)

(b)
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x

y

Grating coupler

Pump spot

(1) Direct wafer bonding (2) Remove substrate (3) E-beam lithography
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InGaAs
InAs QDs

Si
SiO2

InP
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Resist after exposure

Fig. 2. Fabrication process. (a) Fabrication steps of the nanobeam Fano laser. (b) Scanning
electron microscopy (SEM) images of a fabricated nanobeam Fano laser. The insets are
enlarged images of the Fano laser (left) and the grating coupler (right). The red circle shows
the region where the laser is optically pumped.



Research Article Vol. 32, No. 4 / 12 Feb 2024 / Optics Express 5246

the residual SiNx (∼20 nm) is left on the top of the InP membrane. The simulated results show
that the residual SiNx hard mask will not degrade the quality factor of the composite cavity with
a proper L-cavity length. The fully etched grating coupler is fabricated simultaneously with
the nanobeam Fano laser. Scanning electron microscopy (SEM) images of a fabricated device
are shown in Fig. 2(b). The device has a small footprint of 1.26 × 17 µm2 (see the left inset
in Fig. 2(b)). Even though the QDs are distributed across the entire device, the measured total
propagation loss of the waveguide and the grating coupler is as low as −6.7 dB at the lasing
wavelength due to their relatively short lengths (Supplement C).

3. Results

3.1. Lasing characteristics and mode pattern

The sample is vertically pumped with a 980-nm continuous-wave laser diode using a micro-
photoluminescence setup, and the laser output is extracted via the grating coupler with a
single-mode fiber (Supplement B). The pump position and area are precisely controlled under
the monitoring of an infrared camera. The pump area mainly covers the nanobeam cavity, as
illustrated by the red-shaded area in Fig. 2(b), meaning that the gain is provided by the nanobeam
cavity. During the measurements, a 20× objective (the numerical aperture, NA, is 0.4) with a
long working distance of 25 mm is used to provide sufficient space to insert the fiber couplers
between the sample and the objective.

The laser output power, collected by the fiber, versus pump power is depicted in Fig. 3(a) and
shows a clear transition to lasing at a threshold pump power of 8.3 dBm. The measured data
are well-fitted by a conventional rate equation model [35], leading to an estimated spontaneous
emission β-factor of 0.23%. The optical spectrum (Fig. 3(b)) shows a single mode at 1551 nm
with contrast as high as 40 dB and a peak power of −40 dBm in the fiber, i.e., a peak power of
−33.7 dBm in the output waveguide. Figure 3(c) depicts the center wavelength and full width at
half maximum (FWHM) of the central peak as a function of pump power. In the spontaneous
emission regime, the wavelength gradually blue-shifts with pump power due to the carrier-filling
effect. Above the threshold, the lasing wavelength red-shifts due to heating, which is mainly
induced by the high optical power density of the pump light. The laser linewidth, obtained as the
FWHM of the spectral peak, decreases with the pump power and saturates close to the threshold,
where the resolution (0.02 nm) of the optical spectrum analyzer is reached.

To confirm that lasing in the Fano laser is facilitated by the composite cavity formed by
the L-cavity and the side-coupled nanobeam cavity rather than just the nanobeam cavity, we
fabricated and measured a similar device but without the broadband mirror in the strip waveguide,
as shown in the inset of Fig. 3(e). In this case, we only observe a weak spontaneous emission
peak from the device, although the pump power and the pump position are the same as for the
Fano laser investigated above. This is in agreement with the very low quality factor (∼ 900) of
the nanobeam cavity coupled to an open waveguide. In contrast, the composite quality factor
of the Fano laser is as high as 1.3 × 104 at the reflectivity peak of the Fano mirror (Fig. 4(b)),
leading to a much lower threshold power.

Next, the infrared image of the lasing pattern of a Fano laser is measured with a 50× objective
(NA= 0.65), as seen in the upper panel of Fig. 3(d). When the oscillation condition is fulfilled,
the laser field pattern is distributed over the L-cavity and the nanobeam cavity, with the latter
being especially bright. This is in good agreement with the calculated field intensity distribution
on the top surface of the device, shown in the lower panel of Fig. 3(d).

3.2. Threshold characteristics

An important advantage of the nanobeam Fano laser is that the length of the L-cavity can
be changed in a continuous manner, as opposed to the case of a line-defect waveguide in a
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Fig. 3. Lasing characteristics of nanobeam Fano laser. (a) Measured fiber output power
versus pump power. (b) Measured optical spectrum for a pump power of 14.3 dBm. (c)
Measured emission wavelength (red) and full width at half maximum (FWHM, blue) versus
pump power. (d) Measured (normalized, upper panel) infrared image of the lasing pattern
of a fabricated Fano laser and simulated (normalized, lower panel) electric field intensity
distribution (|E |2) on the top surface of the Fano structure when the oscillating wavelength
coincides with the reflectivity peak of the Fano mirror. (e) The measured optical spectrum
of a nanobeam cavity coupled to a waveguide (the inset is the SEM image) for a pump
power of 14.3 dBm. In (a) − (c) and (e), the pump power was measured after the objective
(NA=0.4, 20 ×), and the resolution of the optical spectrum analyzer was 0.02 nm.

two-dimensional photonic crystal platform. This means that the phase oscillation condition can
be continuously tuned, and the nanobeam Fano laser is ideally suited to investigate the threshold
dependence on the cavity length. This dependence is an important characteristic of Fano lasers
[24] and is closely related to the properties of a bound-state-in-the-continuum [18].

During the threshold characterization, the lasing light is collected from the top of the nanobeam
cavity with a 50× objective. Figure 4(a) shows the measured threshold power versus the L-cavity
length. The length is measured relative to the reference cavity length, where the lasing wavelength
coincides with the reflectivity peak of the Fano mirror. We measured three sets of Fano lasers.
The radius of the holes did not vary within the same set but differed within a few nanometers
among different sets, which, according to simulations, will not significantly affect the intrinsic
quality factor of the nanobeam cavity. The measurement results clearly show that the threshold
power gradually increases when the L-cavity length is detuned from the optimum reference cavity
length, in good agreement with the theoretical prediction (Supplement 1). The dependence of
the threshold power is nearly symmetric with respect to L-cavity length due to the low linewidth
enhancement factor α, which is estimated to be 0.2 by fitting the measured data. The α-factor is
relatively low because of the use of QDs [40,41] as active material in the Fano laser, which agrees
with the very small blue shift (0.02 nm) of the emission wavelength when the Fano laser operates
in the spontaneous emission regime (Fig. 3(c)). Although the un-pumped active material in the
L-cavity induces propagation loss [35], the calculated results show that this loss just slightly
increases the threshold power. This is in correspondence with the quality factors of the different
modes of the composite cavity (Fig. 4(b)). Despite the sensitive nature of the bound-state-in-the
continuum, requiring the fulfillment of the standing wave condition for the mode at the resonance

https://doi.org/10.6084/m9.figshare.25011014
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of the nanocavity, the 3-dB bandwidth of the threshold power, defined as twice the length change
(2∆L) of the L-cavity required to double the threshold power, is as large as 52 nm, which is easily
achievable using modern nanofabrication technologies. This relatively large 3-dB bandwidth is
attributed to the highly dispersive Fano mirror [24] because a large phase change can be achieved
in the Fano mirror by only slightly changing the oscillation frequency to compensate for the phase
change caused by the L-cavity length variation. The measured minimum threshold power (∼0.6
dBm), depicted in Fig. 4(a), is significantly lower than the threshold value (8.3 dBm) deduced
earlier from the lasing characteristic measurements (see Fig. 3(a) in section 3.1). This is due to
the larger magnification and NA of the objective used for the measurements reported in Fig. 4,
which leads to a higher pumping efficiency due to a smaller diameter (2 µm) of the pump spot.

3.3. Threshold comparisons

Finally, we compared the threshold power of the new configuration of the Fano laser with several
conventional structures, including the isolated nanobeam laser, the classical configuration of
the Fano laser, and the waveguide-coupled nanobeam cavity (Fig. 5). In all cases, the emitted
light was collected from the top of the nanobeam cavity with a 50× objective. Figure 5(a) shows
the collected output peak power versus pump power of the new Fano laser configuration for the
situation where the laser wavelength coincides with the reflectivity peak of the Fano mirror, i.e.,
the device with the minimum threshold power in Fig. 4(a). The minimum threshold power of the
new Fano laser configuration (0.9 ± 0.3 dBm) is very close to the value of the isolated nanobeam
lasers (−0.4 ± 0.3 dBm) (Fig. 5(a)), which agrees well with our theory (Supplement 1). The

https://doi.org/10.6084/m9.figshare.25011014
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slightly higher measured value for the Fano laser is mainly due to the reflectivity of the left mirror
being lower than unity and the propagation loss in the L-cavity. Figures 5(b) and 5(c) show the
lasing spectra of the new Fano laser configuration and the isolated nanobeam lasers at a pump
power of 8.43 dBm. Compared to the isolated nanobeam laser, the Fano laser also provides an
effective means of achieving in-plane output coupling (Fig. 3), in addition to collecting the laser
light from the top of the nanobeam cavity. When the pump spot was moved to the L-cavity, and
the pump power was kept fixed (Fig. 5(d)), the devices working in the classical configuration did
not lase but rather showed spontaneous emission peaks. This is due to the higher threshold power
of the classical configuration. The waveguide-coupled structure did not lase either (Fig. 5(e)), in
good agreement with our theory (Supplement 1).
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Fig. 5. Comparison of laser threshold for different cavity geometries. (a) Collected output
peak power of the lasing spectra versus pump power of the new configuration of Fano laser
and the isolated nanobeam laser. Lr is the reference length of the L-cavity, for which the
lasing wavelength coincides with the peak reflectivity of the Fano mirror. (b) – (e) Emission
spectra for a fixed pump power of 8.43 dBm for different cavity geometries: (b) the Fano
laser where the nanobeam cavity is pumped, (c) the isolated nanobeam laser, (d) the Fano
laser where the L-cavity is pumped, and (e) the nanobeam cavity coupled with a waveguide.
In (a) – (e), the light was collected from the top of the nanobeam cavity. The pump power
was measured after the objective (NA=0.65, 50 ×). The red-shaded region represents the
pump spot in (b) – (e).

4. Discussion and conclusion

In the present work, QDs are evenly distributed over the entire laser structure, implying that
un-pumped regions are lossy. Since the loss of the un-pumped region is rather small, estimated
at 5 cm−1, the propagation loss of the waveguide and grating coupler is, however, not a dominant
factor. An important future goal is to apply the buried heterostructure technology [7,10,42] to
nanobeams. In that case, the laser threshold of the new configuration would be further reduced,
approaching the value of the isolated nanobeam laser. An electrically driven nanobeam Fano
laser is also feasible by engineering the electrodes and the nanobeam structure, such as using a
vertical coupling scheme [6]. Furthermore, by incorporating a microscopic heater [43,44] to

https://doi.org/10.6084/m9.figshare.25011014
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independently tune the laser phase, one can ensure that the minimum threshold is obtained, even
in the case of fabrication imperfections.

In conclusion, we have experimentally demonstrated a new geometry of a Fano laser based
on an InP-on-silicon nanobeam cavity, showing continuous-wave single-mode lasing at room
temperature. The nanobeam Fano laser overcomes the limitations of previously demonstrated
Fano lasers based on the two-dimensional photonic crystal platform. By investigating the
threshold power dependence on the cavity length of the Fano laser, we found that the threshold
power varies by less than a factor of two from its minimum value within a length tuning range of
52 nm. Moreover, we characterized the laser thresholds for different pumping configurations. We
find that the minimum threshold power of the new Fano laser configuration, where the optical
gain is provided by the nanocavity rather than the conventional laser cavity, can approach that
of the isolated nanobeam laser counterpart. The new Fano laser provides an effective means
to achieve in-plane output coupling and offers the possibilities for pulse generation [17] and
linewidth reduction [18], as shown earlier. Also, the nanobeam Fano laser facilitates chip-scale
optoelectronic integration, e.g., by including vertical and hybrid techniques [6], with the potential
to realize low-energy, high-speed optical communication and computation [45].
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