IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 6, NOVEMBER/DECEMBER 2019

2900314

Semiconductor Fano Lasers

Jesper Mork ™, Yi Yu

, Thorsten S. Rasmussen

, Elizaveta Semenova, and Kresten Yvind

(Invited Paper)

Abstract—TIn this paper, a new type of semiconductor laser based
on Fano interference is described. One of the laser mirrors relies on
the interference between the continuum of waveguide modes and
a side-coupled nanocavity, leading to a narrow-band mirror that
provides the Fano laser with unique characteristics. In addition to
being truly single-mode, the laser can be modulated through the
mirror at frequencies far exceeding the relaxation oscillation reso-
nance. Furthermore, nonlinearities in the nanocavity can be used
to implement a saturable mirror, leading to passive pulse genera-
tion with repetition frequencies in the gigahertz range. This paper
reviews the theory of Fano lasers and the current experimental
status. Experimentally, the Fano laser concept is demonstrated us-
ing a photonic crystal platform with quantum dot active material.
Both continuous wave operation and self-pulsing is observed for
optically pumped lasers operating at room temperature.

Index Terms—Semiconductor lasers, nanotechnology, optical
pulse generation, photonic bandgap materials.

1. INTRODUCTION

EMICONDUCTOR lasers are key enabling devices for the
S internet as they facilitate conversion of data in electronic
form to optical signals that can be transmitted over long distances
in optical fibers. Compact lasers continue to find new applica-
tions, e.g., within optical sensing and spectroscopy, biomedical
applications, and lighting. As always, there is a push towards
making lasers smaller and more energy efficient. This is partic-
ularly important for applications within the developing area of
silicon photonics, where lasers are integrated on the same chip as
CPUs and used to power high-speed and ultra-low-power optical
interconnects between or within chips [1].

Since its invention in 1962, the semiconductor laser has un-
dergone a spectacular development enabled by new possibilities
for nanofabrication and novel ideas for realizing high quality
optical cavities and advanced gain materials, the two main in-
gredients of any laser. Fig. 1 shows an overview of different
types of laser cavities [2], including (a) the Fabry-Pérot laser,
(b) the Distributed Bragg Reflector (DBR) laser, which is closely
related to the Vertical-Cavity Surface Emitting Laser (VCSEL),
and (c) the Distributed-Feedback (DFB) laser. These lasers all
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Fig. 1. Different types of laser cavities: (a) Fabry-Pérot laser; (b) Distributed-
Bragg-Reflector laser; (c) Distributed-Feedback Laser; (d) Photonic crystal line-
defect laser; (e) Whispering-Gallery-Mode laser; (f) Random laser; (g) Fano
laser.

play important roles in various applications and also exist in
more advanced versions, e.g., involving multiple sections for
realizing wavelength tuning or short-pulse generation [2]. Fur-
ther, Fig. 1 illustrates (d) a photonic crystal cavity laser [3]-[5],
(e) a whispering gallery mode cavity [6], and (f) a random cavity
laser [7]. These laser cavities all rely on reflections at interfaces
between materials with different refractive indices. In cases (b),
(c), and (d) interference effects between multiple reflections lead
to spatially distributed reflectivities.

In this paper we review and discuss the properties of a new
type of laser structure, a so-called Fano laser, illustrated in
Fig. 1(g), where one (or both) of the laser mirrors is realized
using Fano interference. In Fig. 1(g) the reflectivity of the right
mirror thus occurs due to interference between the continuum
of waveguide modes and a single discrete mode of the cavity
that is side-coupled to the waveguide. This gives rise to a mirror
reflectivity that is highly dispersive and equips the laser with a
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number of unique properties. The Fano laser was suggested and
theoretically analyzed in [8] and experimentally demonstrated
in [9].

The Fano interference is a general wave phenomenon and
has been observed in many different physical systems, including
quantum mechanics, acoustics, plasmonics and optics [10]-[12].
The interferometric nature of the resonance gives rise to a strong
wavelength dependence of the amplitude as well as the phase of
the Fano mirror reflectivity, leading to novel laser character-
istics. In particular, since the mirror reflectivity depends on the
resonance frequency of the side-coupled cavity, the laser may be
modulated via the mirror, either via direct external modulation,
be it electrical or optical, or due to self-modulation, mediated
by nonlinearities in the side-coupled cavity. It was predicted that
Fano lasers can be modulated at frequencies far exceeding the re-
laxation resonance frequency [8], which limits the bandwidth of
conventional semiconductor lasers [2]. Furthermore the strong
dispersion of the Fano mirror in combination with optical non-
linearities means that the system has very rich dynamics, e.g.,
resulting in the first observation of passive short-pulse genera-
tion in nanolasers [9].

The modal properties of the Fano laser differ drastically from
conventional lasers, and rather relate to the characteristics of a
new class of modes, denoted as “bound-modes in the continuum”
[13]. A laser based on such a mode was recently demonstrated
experimentally [14]. In such lasers, the mere existence of the
lasing mode depends very sensitively on external parameters
[15], which is also the case for the Fano laser.

In this paper we review the theory of Fano lasers, present the
experimental status, and outline future directions of research.
The theoretical and experimental investigations of the Fano laser
have so far been based on a photonic crystal membrane structure
[16]. This platform has proven its strength by allowing the ex-
perimental realization of the semiconductor laser with the lowest
threshold current demonstrated so far [5]. Laser integration on
a silicon photonic chip has also been demonstrated [17]. How-
ever, the Fano laser concept is not limited to the photonic crystal
platform. The main requirement for realizing this laser type is
that the cavity that is side-coupled to the laser waveguide to form
the Fano interference must be of the standing-wave type. Thus,
a microring [18] cannot be employed, since it does not provide
the momentum needed for back-scattering photons into the laser
waveguide.

The waveguide-nanocavity Fano resonance can also be used
to implement optical signal processing [19]-[24], in which case
one exploits the sharp spectral features of the Fano resonance to
lower the energy consumption or increase the switching contrast.

It also needs to be mentioned that Fano resonances in pho-
tonic crystal membranes or slabs can be explored in another
geometry, where the incoming light-beam is perpendicular to
the slab and involves guided resonances of the slab [25]. In
the context of lasers, this geometry can be used to realize
broadband reflectors, and is closely related to the topic of
so-called high-contrast grating mirrors and lasers [26], which
using special geometries can emit into on-chip waveguides
[27]. In this paper we shall limit consideration to the in-plane
geometry.
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Fig.2.  (a,b)Field pattern (transverse F,, component, colour scale) of the reso-
nant mode of an (a) HO and (b) H1 photonic crystal point-defect cavity, as calcu-
lated using the finite-difference time-domain (FDTD) technique. Black circles
are airholes in a semiconductor membrane. Corresponding cavity-waveguide
structures are shown in (c) and (d), with (d) showing an example where an
airhole is placed in the waveguide below the nanocavity to act as a partially
transmitting element (PTE).

The paper is organized as follows: In Section II we explain the
origin of Fano resonances in the context of a waveguide coupled
to a cavity and its use for realizing a laser. Section III develops
the theory for semiconductor Fano lasers, starting with the ba-
sic oscillation condition determining the mode of the laser and
then proceeding to a dynamical model for the laser. Based on
this model, the topics of self-pulsing and ultrafast modulation
are discussed. In Section IV we explain the principle used to
design Fano lasers and the actual fabrication process. Section V
presents key experimental results and finally Section VI sum-
marizes the results and discusses future research opportunities
for Fano lasers.

II. FANO LASER PRINCIPLE

The type of resonance that we today denote by “Fano Res-
onance” was first described by Ugo Fano in the context of ex-
plaining in-elastic scattering of electrons by Helium [28]. We
refer to [10], [11] for excellent reviews of Fano resonances in
the context of optics and plasmonics. Here we explain how Fano
resonances appear in waveguides that are coupled to nanocavi-
ties [29], which is the configuration used in Fano lasers.

A. Waveguides and Cavities in Photonic Crystals

By using the concept of photonic crystals, light propagation
can be effectively controlled in semiconductor membranes [30].
Fig. 2 shows an example of a point-defect nanocavity (red-
shaded region) which is side-coupled to a line-defect waveguide
(orange-shaded). The black circles indicate airholes in a semi-
conductor membrane with a thickness of the order of 300 nm.
The radius and period of the honeycomb lattice of airholes are
chosen such as to achieve an in-plane bandgap covering the
range of wavelengths within which waveguides and cavities are
to be realized. Transverse confinement is due to total internal
reflection in the membrane.
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For example, a point defect nanocavity can be simply cre-
ated by omitting a single airhole (H1-type) [31] in an otherwise
periodic photonic crystal lattice or by shifting two neighboring
holes in opposite directions (HO-type) [32], [33]. This leads to
spatially localized modes with ultra-small effective mode vol-
ume comparable to or even smaller than the diffraction-limited
value of (1/2n)3. In this context, we notice that new designs
involving bow-tie like geometries may lead to mode volumes
significantly below the diffraction limit [34]-[36].

B. Fano Resonance

We now calculate the reflection coefficient experienced by an
optical signal propagating in the waveguide of Fig. 2(a) due to
the interaction with the side-coupled nanocavity. This configu-
ration can be easily modelled using coupled-mode theory [29],
[37]. It was shown that the inclusion of a blocking airhole in
the waveguide below the nanocavity (denoted by PTE, partially
transmitting element, in Fig. 2(a)) can be used to vary the ampli-
tude of the continuum-path of the Fano resonance via the airhole
radius, thereby controlling the shape of the Fano resonance [20].
Including this effect we arrive at the following expression for
the intensity transmission coefficient, 7, through the waveguide
section containing the nanocavity and the PTE (if present) [20]

2
2 . . Ve
I T(w)|” = |—itp + (itg £7B) o ] (1)

The sign =+ is determined by the symmetry of the nanocavity
mode, i.e., whether the mode is odd (4) or even (—) with re-
spect to the cavity symmetry line. Eq. (1) assumes that the PTE
is placed in the symmetry line of the nanocavity which then
couples equally to left-going and right-going waveguide modes;
a more general expression may be found in [38]. Here, w, is
the resonance frequency of the relevant mode of the nanocavity,
v, is the (field) coupling rate from that mode of the nanocavity
to the waveguide and 7 is the total decay rate of the nanocav-
ity, including coupling to the waveguide, out-of plane diffraction
losses and coupling to other ports, if present. Both . and yrwill
be affected by the presence of an air-hole in the waveguide but
are, as defined here, independent of other reflectors in the wave-
guide. The total quality factor of the nanocavity is given by
Q1 = w:/(2y7), and in general we define Q, = w./(27,). In
(1), rp is the (real) amplitude reflection coefficient of the PTE
below the nanocavity and t% = 1 — r% is the corresponding am-
plitude transmission coefficient.

In the absence of an air-hole, {5 = 1, Eq. (1) shows that
there is a dip in the transmission through the waveguide at the
resonance frequency of the nanocavity due to destructive in-
terference between the direct waveguide path and the indirect
waveguide-cavity-waveguide path. The dip in transmission cor-
responds to the presence of a back-scattered field. This is the
essence of the waveguide-cavity Fano interference and its use
for realizing a (Fano) mirror with narrowband reflection. The
frequency dependence of the transmission or reflection coeffi-
cient depends on the relative amplitude of the two paths, and
can be controlled via the PTE [20], as also demonstrated exper-
imentally [21]. Due to other decay paths of the nanocavity field
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Fig. 3. Calculated reflection amplitude (blue) and reflection phase (red) for a
nanocavity side-coupled to a waveguide. (a) Absence of blocking airhole in the
waveguide (r = 0) and (b) presence of blocking airhole (rp = 1/+/2) in the
case of coupling to an even mode of the nanocavity. The ratio of the total quality
factor of the nanocavity to the coupling Q is Q7 /Q. = 0.95 in both cases.

besides coupling to the waveguide, the reflectivity of the Fano
mirror is not simply given by 1 — |T'|2. From coupled mode
theory one derives the expression

T2 :T’B"‘(:F'LtB —'I"B>m (2)

Here, the — (+) sign corresponds to an odd (even) nanocavity
mode. Fig. 3 shows examples of the calculated frequency depen-
dence of the amplitude and phase of the Fano mirror reflectivity
for two different values of the PTE reflectivity.

In the absence of a PTE, Fig. 3(a) for rp = 0, the reflec-
tion curve is symmetric and peaks at the resonance frequency
of the nanocavity. At that frequency, the field coupled from the
nanocavity to the waveguide interferes destructively with the
field in the waveguide, leading to a drastic reduction in the ampli-
tude of the field that passes the region containing the nanocavity
and a corresponding increase in the reflectivity.

In the presence of the PTE, Fig. 3(b) forrp = 1/ V2, the am-
plitudes of the two paths differ at the resonance of the nanocavity
and the peak reflectivity is achieved at a frequency that is slightly
offset with respect to the nanocavity resonance. On the other
hand, the finite reflectivity of the PTE also implies that there is
a frequency where the two paths are nearly in phase and have
similar amplitudes, leading to an enhancement of the transmis-
sion within the resonance bandwidth and a corresponding dip in
the reflectivity.

One often defines a Fano asymmetry parameter, g [10], with
q = 0 corresponding to a symmetric Fano resonance profile and
g<0or g>0, corresponding to asymmetric profiles with different
parity [39], i.e., signifying whether the reflectivity minimum is
blue-shifted or red-shifted with respect to the maximum. It has
been shown theoretically [39] and experimentally [38] that the
parity of the waveguide-cavity geometry can be controlled by
displacing the PTE with respect to the symmetry line through
the nanocavity.

Asymmetric Fano resonances have been shown to be advan-
tageous for implementing all-optical switching [40], [41], sig-
nal re-shaping and pulse carving [42] as well as non-reciprocal
transmission [38]. Compared to their symmetric (Lorentzian)
counterpart, an asymmetric Fano structure can achieve higher
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Fig.4. Schematic of Fano laser implemented in a photonic crystal membrane.
The red-hatched area is the laser cavity, where gain is provided by active material.
The left mirror is a conventional photonic crystal mirror, reflecting that the laser
wavelength is located within the bandgap of the surrounding photonic crystal
structure. The right mirror is a Fano mirror occuring due to interference between
the right-propagating field, A, in the laser cavity and the field, A, in the side-
coupled nanocavity. Two in-plane output ports for the laser are shown, i.e., the
through-port and the cross-port.

on-off ratio for the same resonance shift due to the close spec-
tral location of the transmission maximum and minimum.

In the absence of a PTE, rg = 0, the maximum Fano mirror
reflectivity becomes

_Qr _ Qr

Qi Qc ’
where (); is the intrinsic quality factor of the nanocavity in the
absence of coupling to the waveguide, with Q7' = Q-1 + Q; '
The maximum reflectivity approaches unity when the total loss
of the nanocavity is dominated by coupling to the waveguide,
corresponding to @Q); > Q. The finite value of (); is mainly
governed by vertical coupling due to diffraction losses and resid-
ual absorption in the membrane. It was shown that nanocavities
with intrinsic Q-factors exceeding 9 million can be achieved
by careful cavity design and material treatment [43]. Since the
nanocavity can be strongly coupled to the waveguide, achiev-
ing coupling quality factors of the order of a few hundred, it is
quite easy to achieve a high Fano mirror reflectivity, even in the
presence of a moderate value for the intrinsic Q;.

3

|T2,max| =1

C. Fano Laser Configuration

A schematic of the Fano laser including important param-
eters is shown in Fig. 4. We denote the region between the
left mirror and the Fano mirror as “laser cavity” in order to
separate it from the nanocavity. The laser output can be pro-
vided directly via the waveguide, denoted as the through-port,
but we have also included a so-called cross-port, obtained by
coupling another waveguide to the nanocavity. It was shown
in [8] that the quantum efficiency for out-coupling through the
cross-port strongly exceeds that of the through-port, due to the
very high reflectivity of the Fano mirror as well as the fact that
the intensity in the nanocavity largely exceeds that of the laser
cavity during lasing. Notice that the addition of the cross-port
lowers the intrinsic quality factor, );, discussed in connection
with Eq. (3).

Fig. 5 illustrates the field distribution in the Fano laser un-
der conditions of lasing, as obtained by finite-difference time-
domain (FDTD) simulation for an effective 2D structure. The
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Fig. 5.

Example FDTD simulation of field distribution (|E]) in Fano laser. The
color-scale is logarithmic (dB).

cross-port shown in Fig. 4 is included and it is seen that the field
in this port strongly exceeds that of the through-port. Further-
more, the largest field strength is obtained in the nanocavity.

III. FANO LASER THEORY

In this section we present a theoretical model of the Fano laser
as developed in [8], [9], [44]. Many of the features of the Fano
laser that distinguish it from conventional laser geometries can
be appreciated by considering the steady-state oscillation con-
dition and the tuning characteristics of the laser. Subsequently
we develop a dynamical model for the laser and analyze differ-
ent regimes of operation. Finally, the possibility of dynamically
modulating the laser at ultra-high frequencies is analyzed.

A. Oscillation Condition and Tuning Characteristics

In general, the oscillation condition for a laser may be
expressed

ri(w)ra(w)exp(2ik(w, N)L] = 1, @)

where w is the laser oscillation frequency, 7; and rp are the left
and right field reflectivities of the laser cavity, L is the cavity
length and k is the complex wave number

1
— 4=

k(w,N):%n(w,N) Sg(w. N) —ai). )

Here, N is the carrier density in the laser cavity (see Fig. 4),
n is the refractive index, I' is the confinement factor, g is the
material gain and «; is the internal waveguide loss. For a Fabry-
Pérot laser, r; and r» can be taken as frequency independent. In
contrast, for the Fano laser, the amplitude as well as the phase of
r2 is given by (2) and depends strongly on frequency, as shown
in Fig. 3. If the left mirror of the Fano laser is implemented
as a photonic bandgap mirror, as shown in Fig. 4, r; can be
approximated as frequency independent in the range of interest
[45]. However, one can also base the Fano laser on two Fano
mirrors, in which case both laser mirrors are highly dispersive.

By invoking linear expansions of the gain and refractive in-
dex and separately considering the argument and the norm,
Eq. (4) leads to phase and amplitude conditions that determine
the oscillation frequency, w = ws, and the required threshold
gain g = g¢, = gn (N5 — Nyp) [44]. Here, N is the steady-state
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Fig. 6. Variation of quality factor with mirror separation for passive Fano
laser cavity. (a) Large-scale variation and (b) zoom-in of variation close to one
of the resonances. For these simulations we used Q7 = 500, Q; = 100000
and assumed o = 0.

value of the active region carrier density and gx and N are the
differential gain and transparency carrier density in a linear ex-
pansion of the gain neglecting the frequency dependence. The
latter is a very good approximation, considering the strong fre-
quency dependence of the Fano mirror reflectivity.

If the oscillation frequency of the laser is known, the ampli-
tude condition gives the threshold gain and thereby the photon
lifetime and quality factor Q of the Fano laser cavity

1 Ws 1 1
r — = —— = i 1 IS ’ 6
Vg9th = . Q Yy {a + L <|T1 |T2(Ws)|)] ©

where v, is the group velocity. If one neglects the carrier density
dependence of the refractive index in (5), corresponding to the
linewidth enhancement factor o [2] being zero, the phase con-
dition can easily be solved for the cavity length L required for a
laser to oscillate at a given frequency w = w, and by insertion
in (6) one finds the corresponding quality factor Q.

Fig. 6 shows an example of the calculated variation of the Q-
factor for a Fano laser cavity in the case of o = 0. Itis seen that a
high quality factor only is achieved at distinct values of the cavity
length. For these cavity lengths, alongitudinal Fabry-Pérot mode
of the laser cavity coincides with the resonance frequency of
the nanocavity so that the Fano mirror reflectivity r» approaches
unity. As the zoom-in of Fig. 6(b) shows, the quality factor drops
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to nearly half the peak value if the cavity length is changed less
than 10 nm. The reason for this sensitive dependence of the
cavity quality factor on the cavity length, which is not found
for other lasers with dispersive mirrors such as DFB lasers or
VCSELs, is of course the strong variation of the Fano mirror
reflectivity with wavelength. For a smaller peak value of Q, the
length dependence is less severe. Based on the analysis in [46]
one may derive the following approximate expression for the
length change AL that leads to a 3 dB decrease of the quality
factor

AL 1 TinWs
A dmn Q "’

(N

where 7, is the roundtrip time in the laser cavity. It is seen that
the length dependence is not determined by the quality factor Q1
of the nanocavity, but rather by the laser cavity quality factor Q.

Ref. [47] considers the case of a photonic crystal laser contain-
ing two coupled cavities. It should be emphasized that the modes
of the Fano laser qualitatively differ from such coupled-cavity
structures. Thus, in the case where the side-coupled nanocavity
is removed (and in the absence of a PTE), the laser cavity is
open and does not support any discrete mode. Rather, modes of
the laser cavity are only established due to coupling with the
nanocavity. In this sense, the mode should rather be character-
ized as an example of abound mode in the continuum [ 13], which
has the characteristic feature of only existing in a narrow param-
eter range [15]. If one instead considers the localized mode of
the nanocavity, rather than the laser cavity mode, it will have its
maximum Q-value in the absence of coupling to the waveguide.
Coupling to the waveguide will lower this Q, but the intrinsic
Q-value of the nanocavity can be restored by adding a reflector
in the waveguide and ensuring that the back-coupled field in-
teracts destructively with the field coupled from the nanocavity
[48]. This effect was used to demonstrate ultrafast dynamical
control of the nanocavity Q-factor [48].

Fig. 7 shows the calculated variation of the threshold gain and
laser oscillation frequency when the resonance frequency of the
nanocavity is tuned and one takes into account the effect of a
finite value for the alpha-parameter. Parameter values are given
in Table I unless specified. Zero detuning corresponds to the
case where the nanocavity resonance frequency matches with
the roundtrip phase condition for the linear cavity, so as to yield
a maximum of the quality factor for the lasing mode, cf. Fig. 6,
and a minimum threshold gain. The periodicity seen in Fig. 7(a)
reflects different longitudinal mode numbers. The asymmetry of
the curves is due to the finite value of the alpha-parameter and
the discontinuities observed at negative detunings reflect mode-
jumps. Due to the large variation in threshold gain, the laser will
only be able to lase in a rather narrow detuning range around
the minimum. The corresponding variation in laser oscillation
frequency wy,, Fig. 7(b), shows that the Fano laser frequency
nearly tracks the change in resonance frequency, with an off-set
given by cavity loading [8], [46]. Thus, when the nanocavity
resonance frequency is changed, the Fano laser needs to operate
slightly off the Fano mirror peak in order to maintain the phase
oscillation condition.
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Fig.7. Variation of (a) laser threshold gain and (b) oscillation frequency when
the resonance frequency of the nanocavity is tuned in the absence of a PTE
(rg = 0, black curves) and in the presence of a PTE (rp = 0.4, red curves).
The case of zero nanocavity frequency shift corresponds to the laser oscillation
frequency being equal to the nanocavity resonance frequency and this reference
frequency is denoted w.

TABLE I
PARAMETER VALUES USED IN SIMULATIONS OF THE FANO LASER UNLESS
OTHERWISE SPECIFIED

Parameter Symbol Value
Reference wavelength Ay 1554 nm
Cavity-waveguide QO Q. 780
Vertical scattering O Q, 100000
Cavity-third port O Qp 15000
Internal loss a; 10 cm™
Left mirror reflectivity &1 -1
Phase and group indices n,ng 35
Linewidth enhancement factor a 1
Waveguide confinement factor r 0.01
Nanocavity confinement factor I 0.01
Differential gain In 5x10"1°m™
Transparency carrier density N, 5x 102'm™
Reference length L, 4.883 um
Transverse area A 0.20 umz
Carrier lifetimes T, T 0.28 ns
Nanocavity volume Vye 1.6 X 10~ °m’
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B. Dynamical Model and Steady-State Characteristics

Based on the oscillation condition, Eq. (4), one can derive
an evolution equation for the field in the laser cavity, denoted
AT (t). This is accomplished using the method described in [49],
where the oscillation condition is Taylor expanded in frequency
around a steady-state solution (ws, N;). By Fourier transform-
ing the result, an ordinary differential equation describing the
time evolution of the slowly-varying envelope field at a refer-
ence plane just left of the symmetry line of the nanocavity is
obtained [8]. In order to dynamically model the Fano interfer-
ence, one needs to also account for the field in the side-coupled
nanocavity, A.(¢), which can be done using the previously
described coupled-mode theory by considering the right-
propagating laser cavity field as the incoming field in the wave-
guide. Finally, these equations are complemented by a conven-
tional rate equation for the free carrier density in the waveguide,
N(t), governing the gain in the laser cavity. The details of the
derivation are given in [8], [9] with the final result being the
following set of dynamical equations:

d 1 1
LAT (1) = 5 (1—ia) (FvggN (N — No) — Tp) AT (1)
oAt
r9 (ws)
%Ac (£) = (milw — v7) Ao () + €2 FoAT () (9)
d N T
%N = Rp — ?s — @'[}gQN(N — NQ)

x o (wr,wo)| AT ()] (10)
Here, v, = 1/7;, is the inverse of the roundtrip time in
the laser cavity, 8 is the coupling phase from waveguide to
nanocavity, I?,, is the carrier generation rate (representing elec-
trical or optical pumping) and the carrier recombination rate
R(N) = N/75 is described using a lifetime approximation,
where 7y is an effective lifetime. o(wy,,w.) is a parameter re-
lating the field strength and photon number through the relation
N, = o(wr,w:)|AT(t)|? [49] and V¢ is the active region vol-
ume. It should be noted that since these equations are based on an
expansion near a steady-state solution, the frequency dependent
parameters should take on the value corresponding to the steady-
state solution. These are 7, 72 (wr,, w.), Aw, and o(wr,, we).
In the case of the active material extending to the nanocavity,
the equations above must be extended to account for linear ab-
sorption and carrier generation in the nanocavity. These effects
can be incorporated by going back to the CMT description of
the Fano reflection and adding a phenomenological absorption
term to the equation for the nanocavity field, yielding an addi-
tional (saturable) reduction of the Fano mirror reflectivity. By
modifying the expansion point appropriately and adding an ad-
ditional rate equation for the carrier density in the nanocavity,
the dynamical model can be extended in a rather straightforward
manner to describe this case, see [9], [44] for details. In addition
to linear absorption, nonlinear effects due to two-photon absorp-
tion and Kerr effects become important for high peak intensities
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in the nanocavity. Such effects are used for all-optical switch-
ing in coupled waveguide-cavity structures [21], [33], [40], [50],
[51], but appear not to be important for the regimes of operation
investigated in this paper.

Coupled-mode theory gives the output field in the through-
port, and cross-port [9], as

Ay (t) = et%2700)  ATA (1) —itg AT (1) (11)
Ay (t) =i pAc (), (12)

where 0; are the phases for the complex waveguide-nanocavity
coupling coefficients from left and right. Here one can directly
see that the field in the through-port appears as the sum of the
complex field from the laser cavity and the nanocavity. The
power in the corresponding ports is then calculated as

Pyya(t) = 2e0nc| Ay (8)] (13)

The time-independent steady-state solution of the equations
above allows one to calculate the pump-power dependence of
the output power of the Fano laser.

Fig. 8 shows an example of the detuning-dependence of
the output power in the through-port and the cross-port. As
seen, the output power in the cross-port strongly exceeds that
of the through-port power for near-resonant conditions, while
the through-port power dominates for off-resonant conditions.
The reason is that on resonance the waveguide field and the
nanocavity field interfere destructively and the transmission to
the through-port is strongly suppressed. On the other hand, the
field stored in the nanocavity simply leaks to the cross-port, and
the small value of this coupling rate is compensated for by the
strong enhancement of the nanocavity field at resonance (see
example simulation in Fig. 5). For oscillation at the nanocavity
resonance and in the absence of a partially transmitting element
in the waveguide, one can derive the following approximate ex-
pressions for the output power in the through-port (j = ¢) and
the cross-port (j = x)

o hf‘*}s ng — Q4

14
e Tg. (14)

Pj = 77077j(J— Jth); 1o
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Fig.9. Phase diagram of laser output as function of pump current and nanocav-
ity frequency, Current is normalised to the minimum threshold current and de-
tuning is normalized to the coupling rate 7. In the gray region the laser is
below threshold (the laser threshold curve is shown in red), in the blue region
the output is continuous-wave, and the region of self-pulsing is shown in yellow.
The dashed black line shows the boundary of the self-pulsing regime predicted
by a stability analysis. Insets show examples of the temporal variation of the
laser intensity in different regions.

i Ne = L (15)
Qv +2Qp
Here, J is the current and it was assumed that the reflectivity
of the left mirror is unity and @Q,, @), > (). We see that for
Q < Q; the through-port quantum efficiency is very small while
for @, > @), the cross-port efficiency is only limited by the
internal losses.

C. Self-Pulsing — Passive Pulse Generation

In the case where the nanocavity contains un-pumped ac-
tive material, it is found that the laser under certain conditions
may emit a periodic train of short optical pulses, rather than a
continuous-wave field [9]. Fig. 9 shows a phase diagram calcu-
lated using the dynamical model presented above with the addi-
tion of a rate equation for the carrier density in the nanocavity
to represent the active material extending over the entire sample
[9], [44]. In the phase diagram, the grey region represents the
laser being in a below-threshold state, while the light blue region
represents continuous-wave lasing and the yellow region repre-
sents a periodic pulse train, as indicated by the insets, which
show the temporal evolution of the output power for different
parameter values.

The time-periodic steady-state (limit-cycle solution), where
a train of short pulses is emitted by the laser, arises due to the
nanocavity functioning as a saturable absorber mirror, which
leads to passive Q-switching [9]. Due to the active material in
the nanocavity, the reflectivity of the Fano mirror becomes sat-
urable, which means that a transient increase in intensity (e.g.,
from spontaneous emission) will increase the reflectivity by sat-
urating the absorption of the nanocavity further. This reflectivity
increase in turn means that the laser field can grow, leading to
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of time in the self-pulsing state, showing typical Q-switching dynamics.

further saturation of the absorption, reflectivity increase and fur-
ther field increase. Eventually this positive feedback loop will
deplete the carrier density, resulting in an off-period, while the
gain builds back up and the process restarts. In this way, a dy-
namical equilibrium is established and a stable pulse train is
emitted, typically with repetition rates in the few-GHz range
and pulsewidths on the order of 10 ps [44]. This is similar to
the situation which may be encountered e.g., in VCSELs with
an external mirror that includes a an absorbing semiconductor
layer that saturates for increasing intensity [52].

Fig. 10 shows an example of the self-pulsing laser dynam-
ics as simulated using the laser model presented in [44]. From
Fig. 9 it is clear that a well-defined self-pulsing regime exists.
As the bias is increased, the laser eventually transitions from
self-pulsing to a CW state, because the continuous-wave power
becomes large enough to saturate the mirror reflectivity, such
that saturable gain becomes dominant. As the frequency is de-
tuned, the difference between the saturated and unsaturated re-
flection coefficients decreases, leading to a smaller self-pulsing
range. Finally, one must also consider the phase condition, which
changes with both the mirror phase and reflectivity through the
linewidth enhancement factor, giving rise to the complex shape
of the self-pulsing regime. In [44] it was demonstrated how the
extent and shape of the self-pulsing regime depends on several
laser parameters, such as mirror reflectivity, carrier lifetime in
the nanocavity and linewidth enhancement factor.

One can estimate the boundary of the self-pulsing regime
by employing a small-signal analysis to determine the stabil-
ity properties of the system. This type of analysis shows that
upon crossing the boundary from the blue region to the yel-
low region, the laser steady-state solution becomes unstable by
way of a complex conjugate pair of eigenvalues, with imaginary
parts corresponding to the relaxation oscillation frequency, ac-
quiring positive real parts, corresponding to exponential growth.
This is a Hopf bifurcation leading to a periodic solution at the
relaxation oscillation frequency. While the temporal variation
is near-sinusoidal right after crossing the boundary, the solu-
tion quickly acquires higher-order frequency components, cor-
responding to the generation of a train of short optical pulses.
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Fig. 11. Intensity modulation response as function of the modulation fre-
quency for a conventional Fabry-Pérot laser (green) and Fano lasers with differ-
ent values of the nanocavity quality factor (red, blue, black).

The dashed black line in Fig. 9 represents the stability boundary
found from this analysis. The difference between the bound-
ary of the yellow region and the dashed stability boundary
is attributed to the occurrence of another bifurcation, a so-
called generalized Hopf bifurcation, which gives rise to the co-
existence of a stable fixed point solution and a stable limit-cycle
solution [53].

D. Ultra-high Speed Modulation

We now consider active modulation of the Fano laser. Conven-
tionally, laser diodes are modulated via the bias current, which
controls the gain of the laser via the injected carrier density
[2]. As is well-known, the effective lifetime of the carriers (en-
hanced by stimulated emission) limits the maximum frequency
at which the laser output intensity can be efficiently modulated
to values close to the relaxation oscillation frequency [2]. For the
best lasers today, this value is of the order of 40 GHz. Further-
more, the appearance of a characteristic resonance frequency
itself leads to unwanted distortion. If the Fano laser is mod-
ulated via the bias current, one observes the same qualitative
behavior as for conventional lasers [54], but with different re-
laxation frequency and damping [46], as demonstrated in Fig. 11.
This figure shows the intensity modulation (IM) response as a
function of the modulation frequency for Fano lasers (red, blue,
black) with different values of the nanocavity quality factor (but
same reflectivity) and the corresponding response for a conven-
tional Fabry-Pérot (FP) laser with the same mirror reflectivities
(green). It is clear that the shape of the response is the same,
but that the Fano laser IM response shows a reduction of the
relaxation oscillation resonance frequency as well as the 3 dB-
bandwidth. The frequency reduction is seen to scale with the
quality factor of the nanocavity, which, as shown previously,
corresponds to the bandwidth of the Fano mirror.

The physical origin of the damping is that the Fano mirror
functions as a narrowband filter around the lasing wavelength,
with a filter bandwidth inversely proportional to the quality fac-
tor of the nanocavity. As such, the response also changes de-
pending on the frequency detuning. In the time domain, one can
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the nanocavity resonance frequency. The modulation produces an almost pure
FM signal with ultra-large bandwidth.

interpret the nanocavity storage time as an additional delay in
the system, reducing the bandwidth [46]. This additional damp-
ing is of interest with respect to increasing the feedback stability
of lasers, since damping has been shown to increase the criti-
cal feedback level at which feedback leads to instabilities and
chaos [55], [56]. This is an important property for lasers used as
sources for on-chip optical transmission, where optical isolators
are impractical, and therefore prompts further investigations of
the feedback properties of Fano lasers.

In addition to the conventional intensity modulation, however,
Fano lasers have the unique property that they can instead be
modulated via the Fano mirror through control of the nanocavity
resonance frequency. The underlying physics of this modulation
process can be understood as such: A modulation of the refrac-
tive index in the nanocavity, using optical or electrical means,
results in an instantaneous change of the nanocavity resonance
frequency. As discussed previously, the phase of the Fano mirror
depends strongly on the detuning between the laser frequency
and the nanocavity resonance frequency, meaning that when the
resonance frequency is modulated, the laser has to tune its own
frequency in order to uphold the phase condition. Depending on
the amplitude of this resonance modulation relative to the band-
width of the Fano mirror, this self-tuning process can result in
the generation of an FM signal, which tracks the modulation of
the nanocavity resonance frequency directly, or in the generation
of a periodic pulse train akin to active Q-switching. In general,
there is a gradual transition from an almost pure FM signal for
small modulation amplitudes operating near zero detuning, to an
FM/IM signal and eventually into the Q-switching regime [§].

When operating in the small-signal regime, the Fano laser dis-
plays remarkable properties, as demonstrated in Fig. 12, which
shows the FM response (left axis) and corresponding modu-
lation index (right axis) for the field in the cross-port. The FM
response is defined as the maximum excursion of the optical fre-
quency, normalized to the modulation amplitude ez, while the
modulation index is defined as the maximum power amplitude
normalized to the steady-state power output.

Two distinct regimes can be identified: For low modulation
frequencies, the laser adiabatically tracks the oscillation condi-
tion solution except for a resonance at the relaxation oscillation
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frequency, which is induced by the small amplitude modula-
tion [46]. This resonance exists even for vanishing linewidth
enhancement factor, a = 0, because the amplitude and phase of
the laser are coupled through the dispersive mirror, but vanishes
as the detuning approaches zero. The adiabatic tracking occurs
because the decay time of the nanocavity field (v7) and the
roundtrip time of the laser cavity field () are both faster than
the modulation period. The upper limit of this regime is given
by the smaller value of y7 and 1., and as such the conventional
behavior of the slowest time constant limiting the conventional
modulation bandwidth is also evident here. However, instead of
dropping off beyond this limit, the response increases gradu-
ally to unity, i.e., the output field exactly tracks the modulation.
Unit response is obtained when wy; > ~r, + . Above this
limit, the modulation is too fast for either field to change appre-
ciably within a cycle (which is why the modulation index goes
to zero), meaning that the laser oscillation condition is fulfilled
on average, while the nanocavity wavelength responds instanta-
neously to the modulation through the adiabatic wavelength con-
version effect [57]. This essentially corresponds to modulating
the nanocavity independently and maintaining the output power
through the L-cavity recycling the leaked nanocavity field. As
such, the upper limit of this process is given by the limits to
the adiabatic wavelength conversion process, which has been
numerically demonstrated to be as fast as a few femtoseconds
[30]. The parameter region min(yr,vyr,) < wym < Y1 + V1 rep-
resents a transition between these two operation regimes, which
explains the gradual decrease in modulation index and increase
in FM response.

If the modulation amplitude of the nanocavity refractive in-
dex is increased such that the corresponding variation of the
nanocavity resonance frequency becomes comparable to the
Fano mirror linewidth (1), the laser instead enters a compli-
cated Q-switching regime, where microwave power oscillations
[8], periodic trains of few-picosecond pulses and chaotic states
are all obtainable. Because of the strong asymmetry in the tun-
ing characteristics (Fig. 7) induced by the non-zero linewidth
enhancement factor and antisymmetric mirror phase, this wide
range of operation states becomes available. In particular, the
very abrupt change in threshold gain for negative detuning can
lead to short pulses with large peak power, but typically ac-
companied by some asymmetry in the temporal signal [8], i.e.,
smaller trailing pulses.

IV. FABRICATION OF FANO LASERS

A. Device Design

As illustrated in Fig. 6, the quality factor of the lasing mode
of the Fano laser depends very sensitively on the geometry of
the device and it is therefore of utmost importance to realize a
robust design of the Fano laser. As starting point, we take for ex-
ample a PhC structure having a hexagonal lattice of holes with
lattice constant @ = 464 nm and hole radius R = 109 nm, cf.
Fig. 13. We focus on the HO-type nanocavity. The first step is to
create a resonant mode at a wavelength close to the gain peak
of the active material (quantum dots in our case) and to opti-
mize its intrinsic Q-factor. By shifting the two neighboring air
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Fig. 13.  Example of actual design of a Fano laser indicating the airholes whose
positions are changed in order to optimize the quality factor of the laser cavity as
well as matching the resonance frequency to the gain spectrum of the quantum
dots.

holes C; = 0.163a of the HO nanocavity in opposite directions
horizontally and two other neighboring air holes Co = 0.166a
in opposite directions vertically, we achieve a nanocavity mode
with a calculated intrinsic Q-factor on the order of 3 x 10°. Fur-
ther improvement of the Q-factor can be achieved by shifting or
changing the sizes of additional air holes around the nanocavity
[58]. Next, we side-couple the optimized HO nanocavity with
a standard W1-type (defined by removing a single row of air
holes) open waveguide (WG) and shift the two innermost ar-
rays of holes adjacent to the WG towards the WG center by L;
= 0.16a to control the cavity-waveguide coupling and realize a
total Q-factor of the nanocavity to ~900, so that the localized
mode in the nanocavity can be efficiently coupled with the WG
continuum mode (usually in the fast light regime). After that,
we block the left part of the WG by air holes, leading to a broad-
band left mirror. A number of missing holes (e.g., 12) in the
WG between the left mirror and the center of the HO nanocavity
forms the laser cavity. We then slightly tune L; = 0.17a and shift
the outermost air holes (two here) S1 = 0.334a, S = 0.19q at
the left mirror to both tune the round trip phase of the light in the
WG as well as to minimize the light scattering loss at the left mir-
ror, in order to obtain near-perfect destructive interference for
transmission to the waveguide through-port. After optimization,
light originally in the continuum mode gets trapped between the
left mirror and the nanocavity (Fano mirror), eventually form-
ing a bound state in the continuum, i.e., a composite mode with
resonant wavelength close to that of the original HO nanocavity
mode and a Q-factor on the order of 2 x 10°. We notice that this
Q-factor can be further improved through more advanced (and
complicated) hole shifting optimization.

In addition, in order to control the interference condition of
the Fano mirror, a blockade hole (see the dashed circle in Fig. 13)
can be added in the WG below the nanocavity, as previously dis-
cussed. This will make the reflection spectrum of the Fano mirror
asymmetric in frequency, which could be used for enhancing the
sensitivity of the Fano mirror reflectivity (amplitude and phase)
towards modulation of the nanocavity resonance frequency.

B. Processing and Epitaxy

The samples are fabricated on a 250 nm thick InP membrane
which contains 3 layers of InAs quantum dots with effec-
tive thickness of 1.65 monolayers, separated by 30 nm thick
spacers of InP. The photoluminescence spectrum of the InP
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Fig. 14. (a) HAADF STEM microphotograph of a layer of 1.65 ML InAs
quantum dots in InP taken in cross-section geometry. The shape of the QD to
the left is indicated by red guide lines (b) Example of fabricated membrane
structure with embedded active layers, in this case quantum wells.

wafer with quantum dots is centered at 1558 nm with a full
width at half maximum of ~166 nm. The InP structure with a
1 pm silicon dioxide layer is bonded to a silicon carrier using
Bisbenzocyclobutene.

Electron beam lithography is used to write the PhC pattern on a
positive e-beam resist (ZEP-520A) layer. A ~200 nm thick SiNy
layer deposited by PECVD is used as a hard mask [59]. After
the exposure, the resist is developed and the mask is transferred
to the nitride layer through reactive ion etching (RIE). The resist
is then removed in a heated ultrasonic bath. After that, the PhC
pattern is transferred to the InP layer through an RIE dry etching
process and the sample is immersed in a BHF solution with a
wetting agent to obtain an air suspended membrane and, at the
same time, to remove the SiN,. More details on the fabrication
process can be found in [60].

Concerning the epitaxial details, all samples were grown in
a low-pressure (60 Torr) Turbodiscs metal-organic vapor phase
epitaxy (MOVPE) reactor on InP (001) substrates in hydrogen
ambient with trimethylindium and trimethylgallium as group III
precursors, and arsine, phosphine, and tertiarybutylphosphine as
group V precursors. The 250 nm InP layer with quantum dots
forming the photonic crystal membrane in the final device was
deposited on top of a 250 nm sacrificial Ing 53Gag 47As layer
at 610 °C. For the QD deposition, the growth temperature was
reduced to 485 °C and an InAs layer with effective thickness of
1.65 ML was deposited followed by 10 nm of InP also grown at
485 °C prior to rising the growth temperature back to 610 °C. The
resulting QDs are formed on top of a 2 ML InAs wetting layer
and have a hexagonal base pyramidal shape with 2.7£0.3 nm
height and base diameters of 18.8+5.2 nm and 13.2+1.6 nm in
[—1-10] and [—110] crystallographic directions, respectively.
High-angle angular dark-field scanning transmission electron
microcopy (HAADF STEM) was used to analyze the morphol-
ogy of the resulting QDs [61]. The image of a QD array in
cross-section geometry presented in Fig. 14(a) shows a typical
InAs QD layer in the InP matrix. The QD surface density per
layer is about 4-10 cm 2.

V. EXPERIMENTAL RESULTS

A. Experimental Set-Up

The experimental set-up used for characterizing the Fano
lasers is shown in Fig. 15.
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Fig. 15.  Experimental set-up for room-temperature characterization of Fano
lasers. The lasers are vertically pumped through a microscope objective focused
in the laser cavity region by a 1480 nm CW pump laser. Vertically scattered laser
light is detected through the same objective.

The laser samples are vertically pumped with a 1480 nm laser
diode using a micro-photoluminescence set-up [60] with pre-
cise control of pump position and area, and monitored by an
infra-red camera. The full width at half maximum (diameter)
of the pump spot is fixed at ~3 pm. For on-chip applications
of the Fano laser, output emission will be via the cross-port or
through-port depicted in Fig. 3. However, for the current gen-
eration of devices, where active material is present in the entire
membrane, these waveguides will absorb the emitted light since
the active material in those waveguides is un-pumped. Experi-
mentally, the emission from the Fano laser is therefore collected
vertically using the same objective lens as for pumping, hav-
ing a numerical aperture of 0.65. The transmission efficiency
from the pump diode to the objective is ~30% and the verti-
cal collection efficiency is ~20% (estimated by comparing the
farfield pattern of the laser emission with the lens numerical
aperture), which may vary slightly for different cavity struc-
tures. All measurements are performed with continuous-wave
injection at room temperature. For the output spectral measure-
ments, after being isolated from the reflected pump beam by
a long-pass filter, the signal is analyzed using an optical spec-
trum analyzer, or a highly sensitive spectrometer with a cooled
low-noise InGaAs one-dimensional detector array. For the radio
frequency measurements, the collected output signal is first am-
plified using a low-power erbium doped fiber amplifier cascaded
with a tunable optical band-pass filter followed by an optical
isolator, after which the signal is re-amplified using a standard
in-line erbium doped fiber amplifier, filtered using another tun-
able optical band-pass filter, and detected with a photodiode and
monitored with a radio frequency spectrum analyzer having a
bandwidth of 22 GHz. For the optical and radio frequency spec-
trum measurements, the spectral scan speed was chosen as a
good compromise between the need to obtain a sufficiently high
signal-to-noise ratio, and the requirement to minimize thermal
drift.
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Fig. 17. Measured emission wavelengths versus cavity length for Fano lasers
(blue square markers) and ordinary photonic-crystal line-defect cavity lasers (red
circular markers). M1-M7 denote the mode order, where M1 is the fundamental
mode. Adapted from [9].

B. CW Operation

Fig. 16 shows the measured output power from a Fano laser
as a function of the optical pump power. A clear transition to
lasing is seen, in accordance with the optical spectrum shown as
an insert. A single dominant mode at 1,566 nm is observed. For
high pump powers, the output peak power is found to fluctuate
with the input pump power. We ascribe this to two main factors.
Firstly, the mode becomes unstable at high pump powers due to
optical nonlinearities, as will be discussed later. Secondly, ther-
mal effects become more important at high pump power levels,
degrading the lasing performance due to reduced material gain
as well as changes in the refractive index. The latter may lead
to a decrease of the Q-factor of the laser cavity mode, consider-
ing the sensitive dependence of that mode on device parameters,
cf. Fig. 6.

In order to demonstrate that the lasing wavelength of the Fano
laser is pinned by the nanocavity frequency, Fig. 17 shows the
measured lasing wavelengths versus cavity length for Fano lasers
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Fig. 18.  (a) Measured optical spectra of the Fano laser for pump powers of
15, 24, and 78 mW. For clarity, the spectra are shifted vertically. (b) Measured
RF spectrum of the laser power for a pump power of 60 mW.

[9] and ordinary PhC line-defect lasers with both left and right
mirrors being composed of a terminated waveguide [62], as a
comparison. The Fano lasers were found to be single-mode with
awavelength that is nearly independent of the cavity length. This
is in stark contrast to ordinary PhC lasers with a line-defect cav-
ity, where several longitudinal modes are observed, and where
all the modes shift to longer wavelengths with increasing cavity
length, consistent with the modes approaching the PhC Brillouin
zone edge [62]; see the red lines in Fig. 17. This demonstrates the
unique mode selection properties of Fano lasers enabled by the
narrowband mirror. Furthermore, the pinning of the laser wave-
length by the nanocavity resonance avoids the transition into
the slow-light region with increasing laser length, which was
shown to lead to an unconventional increase in laser threshold
with cavity length [62].

C. Self-Pulsing

While the Fano laser spectrum typically narrows as the pump
power is increased, for some lasers we observe a broadening of
the optical spectrum above threshold, accompanied by the de-
velopment of a series of equidistant peaks in the spectrum of the
photocurrent (radio-frequency spectrum). This is illustrated in
Fig. 18. These features strongly suggest that the laser undergoes
a transition from CW lasing to the generation of a self-sustained
train of short pulses, which is supported by dynamical simula-
tions of our developed Fano laser model. The highest measured
repetition frequency is ~8 GHz, obtained for the laser without a
blockade hole. The self-pulsation in the laser without a blockade
hole is quenched when the pump power exceeds 60 mW. Simula-
tions show that pulses with width down to 15 ps and peak power
of ~1.2 mW (propagating in the WG direction) are achieved for
the laser containing a blockade hole.

The physical mechanism of self-pulsing is similar to the
case of a semiconductor-saturable mirror leading to passive
Q-switching of external cavity lasers [34]. However, the ex-
treme miniaturization enabled by our configuration as well as
the Fano resonance adds additional richness and design opportu-
nities. Compared to the theoretical suggestion of coupled-cavity
structures for realizing self-pulsing [63], the Fano laser demon-
strated here relies on the coupling of a very low Q-factor cavity
(semi-open waveguide) and a cavity with much higher Q-factor
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(the nanocavity), leading to single-mode operation rather than a
mode doublet.

VI. CONCLUSION AND OUTLOOK

We have described the basic physical properties of a new type
of laser with a mirror based on Fano interference [8]. It is a char-
acteristic feature of the Fano laser that one (or both) of the mir-
rors has a narrow-band reflection spectrum, determined by the
properties of a cavity that is side-coupled to the laser waveguide.
In combination with the phase condition of the laser cavity this
leads to a very sensitive dependence of the laser on the tuning of
the resonance, similar to the situation of lasers based on a bound
mode in the continuum, implying that the laser can be efficiently
modulated via the mirror. It was theoretically demonstrated that
this should allow modulation of the laser at frequencies far be-
yond the relaxation oscillation resonance limiting conventional
lasers.

The Fano laser has been experimentally demonstrated using
a photonic crystal membrane structure with quantum dot active
material [9]. The Fano lasers investigated so far were optically
pumped, but can be electrically biased using schemes similar
to that developed in [5]. The Fano laser was found under some
conditions to undergo a transition to self-Q switching, leading
to the generation of a train of short optical pulses with repetition
rates in the gigahertz regime [9]. The self-pulsing behavior is
well-explained by a dynamical model developed for the Fano
laser and originates from nonlinearities in the Fano mirror due
to absorption saturation.

The Fano laser geometry opens for a number of promising re-
search directions. By modulating the laser via the nanocavity, the
modulation response will not be limited by the intrinsic relax-
ation oscillation frequency, but rather by the speed and amplitude
of the nanocavity resonance. This avenue thus demands research
into effective nanoelectrode geometries. The Fano laser geome-
try also allows for optical modulation of the nanocavity, which
is of interest for exploring the intrinsic frequency response as
well as for optical signal processing applications, possibly with
transistor-like response.

Preliminary investigations furthermore indicate that the Fano
laser is very robust towards optical feedback, which leads to
instabilities and chaotic dynamics for conventional lasers. The
Fano laser geometry may therefore be very attractive for on-chip
applications since back-reflections are common but it is difficult
to implement an isolator.

Due to the rich dynamics of Fano lasers, the many design
opportunities, and the possibilities for realizing new electrical
and optical control schemes via modulation of the nanocavity,
we believe that further research on Fano lasers is warranted.
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