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We predict that semiconductor Fano lasers can be used
to realize an all-optical non-linear activation function
for neuromorphic photonic computing. By exploiting
optical control of a Fano mirror, the laser can generate
optical pulses with low threshold energy, gigahertz repetition rates and orders of magnitude suppression between the on- and off-states. Analytical estimates of the
switching threshold energy, extinction ratio and refractory period agree well with numerical results. © 2020
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As digital electronics approaches a fundamental efficiency
barrier, alternative, specialised computing strategies are increasingly being pursued [1]. These include neural networks for deep
learning, with applications in e.g. real-time data handling, computer vision, and natural-language processing. Implementing
neural networks using photonics-based architectures promises
to increase computation speed by orders of magnitude, while
simultaneously obtaining excellent energy efficiencies [1]. The
artificial neurons making up the networks consist of two essential building blocks: a linear weighting and integration function
(multiply and accumulate) to collect inputs from other neurons
and a non-linear activation function (NLAF) to provide thresholding (figure 1(a)). The latter determines whether the neuron
fires or not, through a sigmoid-like response with a suitable
refractory period and output pulse generation [2]. These devices must simultaneously be compact, energy efficient, fast,
and suitable for scalable integration, providing a challenging
task [3]. Recently, there have been a number of suggestions
for realising non-linear activation functions, including use of
electro-absorption modulators [4] and micro-ring modulators
[5], as well as a number of all-optical realisations [6–8]. An alternative option is to use excitable semiconductor lasers [1], for
which Ref. [2] provides an extensive review.
In this work, we demonstrate how a specific type of microscopic laser, the so-called Fano laser [9], shows excitability and
can be used to realise a nonlinear activation function for neuromorphic photonic computing, fulfilling the demands of thresholding (sigmoid-like response), possessing a nanosecond refractory period and generating optical pulses in response to input
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Fig. 1. (a) Schematic representation of a sigmoid-like non-

linear activation function. (b) Schematic of Fano laser operating as an NLAF with input and output ports. The right laser
mirror, r F , is formed by Fano resonance due to the nanocavity. (c) Fano reflection coefficient as function of frequency,
demonstrating tuning between on and off-states by changing
the nanocavity refractive index from n1 to n2 . (d) Fano laser
modal threshold gain as function of the nanocavity resonance
frequency, showing the off and on-states corresponding to (c).
pulses with low energy consumption and an extremely small
footprint, below 100µm2 . The key characteristic of the Fano
laser is that one or both of the laser mirrors are realised by Fano
interference, through the interaction of a continuum of waveguide modes and a nearby discrete resonance [10], see figure 1(b).
This leads to a narrowband reflectivity peaking near the resonance frequency of the defect nanocavity (figure 1(c)), with the
characteristic asymmetric Fano shape, forming the laser mirror.
By placing active material in the waveguide between the left
mirror and the defect cavity, using buried heterostructure technology [11], a laser is formed, as indicated by the confined field
(red) in figure 1(b). This device has previously been realised in
a photonic crystal platform, showing single-mode lasing and
self-pulsing [12, 13], and predictions of a frequency modulation bandwidth beyond 1 THz [14], as well as extraordinary

Letter

Optics Letters

resistance to external optical feedback [15]. Ref. 16 gives a
comprehensive review of Fano laser research. The Fano mirror
reflectivity is [16]
r F (ωc , ωs ) = r B + (it B − r B )

γc
i ( ωc − ω L ) + γT

2

(a)

(1)

Here r B and t B are non-dispersive reflection and transmission
coefficients of the partially transmitting element (PTE) in the
waveguide (figure 1 (b)), γc is the coupling rate from the waveguide to the nanocavity, γT is the total decay rate of the nanocavity
field, ωC is the (tunable) resonance frequency of the nanocavity, and ω L is the frequency of the incoming field. For r B > 0,
the reflectivity is characterised by a small frequency separation
between its extrema, which is ideal for applications in switching [17] and pulse generation. In particular, the narrowband
reflectivity and highly dispersive phase give rise to a strong
frequency dependence of the modal threshold gain [9, 14], see
figure 1(d). States with large threshold gain separation (the onand off-states) are close in frequency, and can be switched between by tuning the nanocavity frequency. This enables the
generation of short optical pulses using the scheme of active
Q-switching [18]. If the resonance is initially in the off-state, the
threshold gain is too high for the device to lase, meaning that a
large population inversion can be built up through continuous
pumping. The laser is then switched to the on-state, by tuning
the resonance frequency of the nanocavity dynamically, at which
point the population inversion strongly exceeds the threshold
inversion. The excessive gain leads to a spike in the stimulated
emission rate, and a strong pulse is emitted, depleting the carrier
density. After pulse emission the nanocavity resonance relaxes
back to the off-state, and the carrier density in the active region
is restored.
Dynamical tuning of the refractive index in the nanocavity,
and thus its resonance frequency, can be accomplished using e.g.
the electro-optic effect, the Kerr effect, or the plasma effect due to
excitation of free carriers. The first two require more complicated
geometries, such as electrodes [19] or bow-ties for extreme field
confinement[20], so in this work we study a Fano laser tuned
by carrier dispersion and band filling in the nanocavity. The
carriers are excited by two-photon absorption of an external
optical pulse, as in e.g. [17, 21].
The laser dynamics are investigated numerically using our
previously developed Fano laser time-domain model [16], but in
an iterative and discretised version, as presented in Ref. 22 (Eqs.
(2),(16), and (17) therein). The non-linearities in the nanocavity
are implemented using Eq. (3) and (10) of Ref. 23 and the parameters therein, but with a single time constant τc for the carriers
in the nanocavity. The external trigger pulse enters directly as
an excitation in the equation for the nanocavity carrier density
through the generation rate G (t), representing either excitation
via a pulse injected vertically from above the membrane, or sidecoupled excitation through an in-plane coupling waveguide on
the other side of the nanocavity, i.e. the red input pulse in figure
1(a), with the only difference being in the excitation efficiency.
Realistic parameter values based on our previously fabricated
devices [12] are used, but with a buried heterostructure quantum well active region in the waveguide [11] instead of quantum
dots throughout the sample. The parameters are, in the notation
of [16]: α = 3, Γ = 0.12, v g = c/n g , n g = 3.17, g N = 1.3 × 10−18
m2 , N0 = 1 × 1024 m−3 , r B = 0.4, τin = 270 fs, γc = 6 × 1011
s−1 , γT = 6.06 × 1011 s−1 , R p = 3R p,th , τs = τc = 0.28 ns.
Figure 2(a) shows an example input excitation of the nanocavity and the corresponding laser output. It is clear that a threshold
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Fig. 2. (a) Calculated output dynamics for the given input

signal, showing pulse generation and thresholding. (b) Output
pulse energy (colour scale) as function of input pulsewidth
and input pulse energy. The red curve is the prediction from
Eq. (3). (c) Output pulse energy as function of input pulse
energy for different input pulsewidths and PTE reflectivities.
Solid lines are guides to the eye.
exists, beyond which well-defined optical pulses are generated.
This is an example of the intrinsic excitability [2] of the Fano
laser, and provides the thresholding mechanism of the non-linear
activation function. Figure 2(b) presents a more systematic investigation, showing the output pulse energy (colour scale) as a
function of the input pulse pulsewidth and pulse energy when
operating at R p = 3R p,th , where R p,th is the laser threshold
pump rate of the on-state at the minimum of the threshold gain
in figure 1(d), with the pumping being either optical or electrical.
For electrical pumping, the threshold current will be in the microamp range due to the small device size, leading to a low energy
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consumption. The red curve is an analytical estimate of the
switching energy, given by Eq. (3), showing excellent agreement.
This demonstrates clearly the desired sigmoid-like response,
with only spontaneous emission noise below the threshold and
output pulses in the ≈ 20 fJ range beyond the threshold, resulting in an extinction ratio of several orders of magnitude.
This sigmoid-like response to tuning of the nanocavity resonance is intrinsic to the Fano laser Q-switching mechanism,
because of the large difference in threshold gain and effective
reflectivity between the off- and on-states. If the resonance tuning is insufficient to switch the laser from the off-state to the
on-state, no light is emitted, as the laser cannot reach the required threshold gain. Instead, a sufficiently strong tuning of
the resonance means that the laser reaches the on-state (crossing
the gap in figure1(d)) and emits a pulse. The properties of this
pulse are determined primarily by the off-state inversion, which
means that once the threshold is crossed the pulse properties
vary only weakly with the input, leading to a rapid plateau in
the response. This dependence on the stationary threshold gain
also gives the possibility to tune the response, in particular by
adjustment of γT , r B and α, which primarily define the sharpness
of the threshold gain jump.
Figure 2(c) shows the output pulse energy as a function of
the input pulse energy for different constant input pulsewidths.
The threshold input energy decreases with a decreasing input
pulsewidth, which is due to the two-photon absorption efficiency scaling with the square of the input peak power. All
pulsewidths are seen to lead to similar input-output curves,
with a small oscillation in the amplitude just beyond the threshold. The origin of this oscillation is variation in the effective
reflectivity during pulse release, since it depends sensitively
on the resonance frequency relative to the threshold gain minimum. As the input energy increases, the response levels out
because the resonance overshoots the minimum consistently,
and then releases the pulse during the decay of the carriers in
the nanocavity.
The resonance tuning and input pulse energy required to
release a pulse are, to first order, given by

3

The maximum obtainable extinction ratio is given by
∆Emax =

N ( gth,o f f )h̄ω L VLC
Esp

(4)

where N is the off-state carrier density, as determined by
the maximum off-state threshold gain gth,o f f ' αi /Γ +

1/(2LΓ) ln 1/r2B , which in turn is defined by the internal losses,
αi , the field confinement factor, Γ, the cavity length, L, and r B .
VLC is the active region volume, and Esp is the integrated spontaneous emission power over the detection interval, giving the
noise floor below the switching threshold in figures 2(b) and (c).
Eq. (2) and Eq. (4) expose an inherent trade-off for this device,
exemplified in figure 2(c), where both output energy and threshold energy increase with a decrease in r B . In general, changes
that reduce the threshold switching energy tend to also reduce
the extinction ratio, for instance increasing the PTE reflectivity
r B or reducing the mode spacing through the cavity length or
mirror linewidth. The explanation for this is simply that the obtainable off-state gain scales strongly with the spacing between
modes, as achieving a low threshold gain for the Fano laser relies
on aligning the nanocavity resonance with a longitudinal mode
that fulfils the round-trip phase condition.
An intrinsic recovery time (refractory period) is present in
the scheme due to two mechanisms. The first is that the tuning mechanism relies on the excitation of free carriers in the
nanocavity, which decay with lifetime τc . Secondly, the carrier
density in the laser cavity is strongly depleted during pulse release, and has to be replenished afterwards, so that the slower
of the two processes defines the actual recovery time. Figures
3(a)-(b) demonstrate this by comparing output dynamics for
input excitations with different delay between trigger pulses.
The secondary, closely spaced pulse P2 results in only a small
secondary output pulse, because the system has not yet reset.
For the larger spacing shown in P3 , however, the first pulse
is almost identically reproduced, because the input spacing is
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where τin is the laser roundtrip time, KC is the free carrier and
band filling dispersion coefficient, GTPA is the two-photon generation coefficient, γS is the inverse of the storage time of the excitation pulse in the nanocavity and ∆T is the input pulsewidth
(FWHM). Eq. (2) is obtained by approximating the laser frequency and effective reflectivity as function of the detuning, and
comparing with the off-state reflectivity r B to estimate the detuning distance between the on and off-states. It shows how the
trigger energy can be lowered by reducing the contrast between
the on- and off-states of the Fano mirror, i.e. increasing the PTEreflection r B . It also shows that it is beneficial to increase the
cavity length, as this reduces the longitudinal mode spacing of
the laser, which in turn reduces the switching threshold power,
with the additional benefit of reducing the laser threshold gain.
Eq. (3) is obtained by converting the tuning threshold into an
input pulse energy by assuming a Gaussian input pulse and that
pulse release is much faster than the carrier lifetime.

(c)

Fig. 3. (a) Three example excitation signals P1 , P2 , P3 . (b) Laser

outputs corresponding to the input signals P1 , P2 , P3 . (c) Ratio of peak powers of the first and second pulse as function
of input pulse separation, showing a clear refractory period,
bounded from below by τc (vertical dashed line) and increasing with pump rate.
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approximately equal to the recovery time. This behaviour is
quantified in more detail in figure 3(c), which shows the ratio
of the secondary peak and the peak of the first output pulse in
the time signal as a function of the time separation of two input
pulses. Here, the ratio approaches zero for small separations,
corresponding to essentially no secondary output pulse, until
eventually converging to unity as the separation increases and
the two pulses become independent. The refractory period is
seen to increase with the pump rate, which may seem counterintuitive but is actually also the case in conventional Q-switching.
The time to recover 90% of the initial carrier density, Ni , scales
approximately as t90 ' τs log[10(1 − N f /Ni )] where τs is the
L-cavity carrier lifetime. The initial (off-state) carrier density, Ni ,
is directly proportional to the pump rate, while the final (after
pulse release) carrier density, N f , decreases with the pump rate,
obeying approximately the conventional governing equations
of active Q-switching [24]. As N f decreases and Ni increases
with pump rate, the recovery time consequently also increases,
as seen in figure 3(c). This means that there is also a trade-off
between maximising the extinction ratio and minimising the
recovery time, and a suitable operation point must be chosen,
depending on speed and energy requirements.
Regarding energy consumption and cascadability, the current
scheme does not allow amplifier-free operation as the output
pulse energy is roughly 1-2 orders of magnitude below the input
energy. However, the inefficient energy conversion is due to
the use of two-photon absorption for cavity tuning, and could
be greatly improved by using linear absorption instead. Thus,
improvements in nanofabrication technology, enabling growth
of a localised buried heterostructure of larger band gap within
the nanocavity, and thus excitation by linear absorption, will
dramatically improve the efficiency and reduce energy consumption down to trigger energies of tens of femtojoules. In that case,
amplifier-free cascadability in an all optical on-chip network
based on Fano laser structures would be feasible, providing that
a suitable multiply-accumulate system could be designed within
the platform, leading to extreme miniaturisation and ultra-low
energy consumption.
It is also of interest to explore applications of this scheme simply as an ultra-compact, low-energy and high-speed non-linear
activation function to be incorporated into existing on-chip realisations. This still requires integration of the lasers on silicon
and efficient coupling from the multiply-accumulate elements
to the Fano laser non-linear activation function, likely to result
in a trade-off between energy consumption and device footprint.
In this context, we note the promising progress of integration
of photonic crystal lasers on silicon [25, 26]. Finally, further
research into hybrid electro-optical schemes with electrical control of the nanocavity resonance is also warranted, since this
would allow incorporation of multiply-accumulate functionality
simply by introduction of integrated photodetectors. Given the
notable electro-optic effect in indium phosphide, this would
likely also enable amplifier-free cascadability, greatly enhancing
the potential applicability.
In conclusion, it has been shown that an all-optical non-linear
activation function for neuromorphic photonics can be realised
using photonic crystal Fano lasers. The Fano laser system is
inherently excitable and has a refractory period enabling GHz
operation with several orders of magnitude suppression between the on- and off-states. Simultaneously, the photonic crystal platform allows for strong miniaturisation of the components,
yielding ultra-small footprints in the range of 100 µm2 and small
switching energies in the 100 fJ range. Fano lasers are thus

4

promising candidates for ultra-fast, compact, on-chip implementations of neuromorphic photonic computing schemes.
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