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Photonic Crystal Fano Laser: Terahertz Modulation and Ultrashort Pulse Generation
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We suggest and analyze a laser with a mirror realized by Fano interference between a waveguide and a
nanocavity. For small-amplitude modulation of the nanocavity resonance, the laser can be modulated at
frequencies exceeding 1 THz, not being limited by carrier dynamics as for conventional lasers. For larger
modulation, a transition from pure frequency modulation to the generation of ultrashort pulses is observed.
The laser dynamics is analyzed by generalizing the field equation for conventional lasers to account for a

dynamical mirror, described by coupled mode theory.
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Defects in photonic crystals allow the realization of high
quality optical cavities and have been used to demonstrate
ultracompact lasers. Both zero-dimensional defect lasers,
featuring ultrasmall cavity volumes [1-4], as well as line-
defect lasers [5,6] have been demonstrated. These novel
types of lasers promise many advantages, such as ultralow
power operation [6], ultrahigh speed [7], and switchable
lasing [8], due to the possibilities of controlling the cavity
modes and enhancing the light-matter interaction [9]. In
this work we suggest a novel photonic crystal laser,
illustrated in Fig. 1, which shows intriguing dynamical
properties. The right mirror is formed by a Fano interfer-
ence between a waveguide (continuum) mode and the
localized resonance of a side-coupled nanocavity [10].
Because of destructive interference between light trans-
mitted through the waveguide and the cavity, this structure
leads to a narrow reflection band centered at the nanocavity
resonance. The left mirror may be realized by simply
terminating the defect waveguide; see, e.g., Ref. [11]. Open
configurations, where the left and right sides of the wave-
guide couple via the cavity, were used to demonstrate
ultracompact and low-power optical switches [12—15]. We
derive a theoretical model for Fano resonance based lasers
and show that these can be frequency modulated (FM) via
the mirror cavity at frequencies much larger than possible
in conventional semiconductor lasers. Furthermore, the
laser displays rich dynamics when changing the amplitude
by which the resonance is modulated, leading to a regime of
operation where ultrashort pulses are generated. We show
that this behavior is related to a nonlinear and asymmetric
mode tuning characteristic, originating in the destruction of
a mode upon tuning the cavity resonance.

The suggested structure is also of interest in fundamental
investigations of the nonlinear dynamics of coupled lasers
[16-18], providing a new interaction mechanism between
lasers sharing a common mirror. We notice that various
types of Fano asymmetry can be realized by simply adding
a scattering element in the waveguide below the nanocavity
[19], but here we focus on the simplest type. High-contrast
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gratings used as mirrors in surface emitting lasers may also
be interpreted as relying on Fano effects [20,21], but in
that case the mirror is very broadband and the behavior is
entirely different.

The coupling between a waveguide and a cavity can be
analyzed using coupled mode theory [22], resulting in the
following expression for the effective reflection coefficient
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FIG. 1 (color online). (a) Schematic of line-defect photonic
crystal laser structure with right mirror formed by Fano inter-
ference between the waveguide mode and a side-coupled nano-
cavity. The upper waveguide is not essential to laser operation
but significantly increases the laser output power. (b) Effective
reflection coefficient (black line) and phase (blue line) for the
nanocavity mirror as seen from the waveguide. The total quality
factor of the nanocavity is Q = 500 while the internal quality
factor is Q; = 14 300.
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which is illustrated in Fig. 1(a). The corresponding trans-
mission coefficient is #,(®w) = 1 — Pr,(w). Here, w( is the
cavity resonance frequency and P is the cavity parity, with
P =1 (—1) for amode that is even (odd) with respect to the
vertical nanocavity mirror symmetry line [dashed line in
Fig. 1(a)]. Furthermore, y is the total cavity decay rate,
Yr = Yc + vi, with y ¢ being the cavity waveguide coupling
rate, and y; = yy + yp/2 the intrinsic decay rate of the
cavity, including out-of-plane scattering loss, with rate y,,
and decay into other waveguides, with rate yp (upper
waveguide in Fig. 1). The corresponding quality factors are
given as Q, = wy/2yy.

Introducing the left mirror reflection coefficient r (),
the laser oscillation condition may be expressed as

ri(w)ry(w) exp{2ik(w,N)L} =1, (2)

where L is the laser cavity length and k(w,N) is the
complex wave number depending on frequency and carrier
density N [23],

k(w,N) = %n(a}, N)— i% Cg(@,N)—a].  (3)

Here, n is the refractive index, I" is the confinement factor,
a; is the internal waveguide loss, and g(@,N) = gy(N —N)
is the material gain, with gy being the differential gain and
N the carrier density at transparency.

We now assume that for a given reference laser cavity
length, L = L,, the laser oscillates at the reference fre-
quency @,, which coincides with the mirror resonance
frequency, wc. Employing linear expansions of gain and
refractive index, we calculate the variation of the laser
frequency w, and threshold gain gy when detuning the
cavity resonance frequency from the reference frequency
by numerical solution of Eq. (2); see Fig. 2.

The increase of threshold gain upon detuning the cavity
resonance frequency occurs since the oscillation (phase)
condition for the laser frequency is not fulfilled at the
detuned cavity frequency. The laser thus oscillates off
the mirror resonance, such that the phase imparted by the
mirror, cf. Fig. 1(b), ensures the fulfilment of the phase
condition. The asymmetry of the threshold gain with
respect to detuning originates from the finite value of
the alpha parameter [23]. Upon red-tuning the cavity, the
phase change due to the larger carrier density thus forces
the laser to oscillate further off-resonance and eventually
the laser mode ceases to exist. Mathematically, this happens
by the annihilation of the stable mode by collision with
an unstable mode; see, e.g., Ref. [24]. A dynamical model
for the laser is derived by using the general approach
of Ref. [23]. Defining the right, A" (), and left, A=(z),
propagating fields left of the reference plane [dashed line in
Fig. 1(a)], dynamical equations are derived by Taylor
expansion around the stationary solution. The dynamics
of the field stored in the nanocavity is then naturally
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FIG. 2 (color online). Variation of (a) laser frequency and
threshold gain and (b) throughport P,, and crossport P, power as
a function of nanocavity resonance frequency. Nonlinear mirror
cavity effects are neglected.

incorporated via temporal coupled mode theory [15,19,25].
By neglecting the frequency dependence of the gain and the
left mirror as well as spontaneous emission, we get

(=), (V) - VA (1)
A O/n@) - A 0L @)
O = (i =)A= PreA™ (). (5)

Here, N is the steady-state carrier density, y, = ¢/(2n,L)
is the inverse of the cavity round-trip time, and 6, =
wc — o, + Awyp. is the detuning of the mirror cavity
resonance from the reference frequency, w,. The field
A~ (1) is related to the nanocavity field, a(t), as A~ (1) =
s7(t) = —=P+/yvc/(2¢gnc)a(t), upon use of which, Eq. (5)
reduces to the well-known equation for a(¢) [25].

The carrier density in the active region is governed by the
standard rate equation

dN T 1(1)
i R(N) = v,9(N) = (6)

Here, I(t) is the photon number, V is the active region
volume, Vp = V /T is the modal volume, J is the current,
and R(N) is the recombination rate, often approximated
as R(N) = N/zg, with 75 being the carrier lifetime. The
photon number is given as I(t) = o,|AT(¢)]>, with
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o, = (2eonny)/(hos(Tgy — ;) ([ri| + [r2|) (1 = [r1]|r2])/
|r1], where r; are evaluated at steady state [23]. The power
transmitted in the waveguide past the nanocavity mirror
(throughport) is given by P, = 2eync|A*(t) + PA~(1)|?
and the power coupled to the cross-port is P, =
2eonc(yp/rc)|A™(1)|>. Here, n, is the group refractive
index, taken equal to 3.5.

The term Awyy, accounts for nonlinear shifts of the
cavity resonance due to Kerr effects as well as dispersion of
carriers generated by two-photon absorption [12—15], and
is included for consistency but does not qualitatively affect
the results. The corresponding loss rates are represented by
the imaginary part of Awy. We follow the detailed model
given in Ref. [15] and use the parameter values quoted
there, except the decay of the free carrier density is given by
a single time constant of 20 ps.

Figure 2(b) shows the variation of P, and P, upon
detuning the cavity. Here and in the following we use the
parameter values: L =L, =5 uym, r; =1, Qp = 10000,
gy =5x102"m?, 7,=05ns, o; =10cm™, a=1,
and I' = 0.5. When the laser oscillation frequency coin-
cides with the mirror resonance, the power coupled out via
the throughport, P, is very small, due to the destructive
interference between the waveguide and the mirror cavity
fields. On the other hand, the power coupled out via the
cross-port is at its maximum, since that power is linked
directly to the energy stored in the nanocavity. The laser
structure may be simplified by removing the upper port, in
which case low-threshold lasing can still be achieved, but
the majority of the power is in this case coupled to the
surroundings via the out-of-plane leakage of the nano-
cavity. For laser oscillation at the mirror resonance, we
may derive the following approximate expression P; =
nonj(J —Jw) (G = t.x), with gy = (hw,/e)(Lgy — a;)/T'gy,
m = Q/(20:), n. = Qv/(Qr +20Qp) and Jy, being the
threshold current at the reference point. It was assumed that
|r1|> = 1and Q; > Q. We see that for Q; > Qp (vp > 7)),
the differential quantum efficiency of the crossport output
is only limited by internal losses. On the other hand, the
throughport power is very small, scaling as Q/Q;. We shall
see later, though, that upon large-signal modulation of the
mirror resonance, most of the energy stored in the laser
cavity can be “dumped” via the throughport on a very short
time scale.

We notice that the threshold current depends sensitively
on the cavity length due to the variation of the mirror phase
with frequency; cf. Fig. 1(b). Also, in order to avoid lasing
at the edge of the Brillouin zone, where strong feedback
occurs [26]), the nanocavity frequency should be designed
to be in the fast-light regime of the waveguide.

The laser dynamics is analyzed by numerically solving
Eqgs. (4)—(6). We consider the case of dynamically modu-
lating the resonance frequency of the nanocavity compos-
ing the mirror. This may be done electrically via electrodes
placed in the vicinity of the nanocavity [27] and may also

be experimentally explored using near-field probes which
modify the resonance frequency [28]. The resonance
frequency may also be changed via the dispersion of free
carriers that are excited optically in the nanocavity region
[14,15,29], but the lifetime of those carriers will limit the
laser dynamics. Using a liquid crystal infiltrated structure,
switching between different modes of a photonic crystal
structure was also accomplished by optical excitation [30].
We assume the nanocavity region to be passive; i.e., the
active gain region is confined to the waveguide, e.g., using
buried heterostructure technology [6].

We now consider the case of modulating the nanocavity
resonance frequency harmonically at frequency f, i.e.,
wc(t) = 0, + €yy cos(2nf moat). Figure 3 shows results
for constant modulation frequency, f,.q = 1 GHz and
different amplitudes. For ¢ = 0.5 (black solid line) the
power P, varies nearly harmonically in response to the
harmonic modulation of the nanocavity resonance fre-
quency (shown as a black dashed line). When further
increasing the modulation amplitude, the laser output
power starts to spike, Fig. 3 (blue solid line, € = 1.8),
eventually leading to the generation of optical pulses (red
solid line, ¢ = 2), which in the present case have a width of
approximately 3 ps (FWHM). The pulse generation mecha-
nism can be explained in analogy to Q switching [31]. In
our case, the laser phase condition plays a crucial role:
When the mirror resonance becomes sufficiently detuned
from the optimum condition, where a longitudinal mode
coincides with the mirror resonance, the laser is forced
below threshold and the rate of stimulated emission
becomes zero. The active region electron density then
starts to increase and a large electron population is built
up in the laser cavity. This energy may be released when
the laser passes threshold again. Since the threshold gain
increases drastically for negative frequency detunings, the
turn-off of the laser is first observed for negative detunings.
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FIG. 3 (color online). Temporal variation of power coupled out
via throughport P, for fixed modulation frequency f,,q =1 GHz,
fixed detuning, wc = w,, and different resonance frequency
modulation amplitudes: (a) € = 0.5 (black), (b) ¢ = 1.8 (blue),
and (c) € = 2 (red). The instantaneous frequency (in units of ey,
right y axis) is shown as a dashed line.
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We find that the temporal position at which the pulse is
emitted relative to the harmonic modulation signal changes
with modulation amplitude e. This behavior reflects the
time required for the nanocavity to reenter the above-
threshold regime, as well as the time taken for the buildup
of the laser cavity field. The laser dynamics does not
change qualitatively if nonlinear effects in the mirror are
neglected. However, the absolute power level increases
somewhat due to the absence of free-carrier and two-photon
absorption and trailing pulses are further suppressed.

In Fig. 4 we investigate the regime where the modulation
amplitude is smaller than the bandwidth of the resonance.
The figure shows the simulated FM amplitude (circle
markers, left axis), i.e., the maximum excursion of the
instantaneous optical frequency and the corresponding
power amplitude (triangles, right axis). The latter is
quantified by the modulation index, defined as the maxi-
mum power fluctuation relative to the mean power. For
J/J4 = 2, the modulation index is of the order of a few
percent or smaller and the crossport signal is close to a pure
FM signal. The most striking result of Fig. 4 is that the laser
can be modulated at very high frequencies; i.e., the 3-dB
modulation bandwidth is as high as 1.5 THz, orders of
magnitude higher than the bandwidth of conventional lasers
[33]. Figure 4 (black solid line) also shows an analytical
result for the response obtained by neglecting intensity
fluctuations, which is seen to agree very well with the
numerically calculated FM amplitude for the lower current.
From that response we can express the 3-dB frequency
modulation bandwidth as f3gg = (y; +y7)/2%. For the
considered example: y; /27 = 1.34 THz (5 um long cavity,
n, =3.5)and yr/2x = 194 GHz (Q = 500), resulting in a
modulation bandwidth of 1.53 THz.
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FIG. 4 (color online). FM modulation amplitude (left axis)
relative to mirror resonance modulation amplitude ey; vs
frequency for J/Jy =2 (blue circles) and J/Jy = 10 (red
circles) and the analytical result (black solid line). Power
modulation index (right axis) for the throughport for J/Jy, =
2 (purple triangles) and J/Jy, = 10 (magenta triangles). The
modulation amplitude is fixed at ¢ = 0.2 and the cavity is offset
by w¢c—w,=—0.08y; for J/Jy, = 2 and by oo — @, = —0.82y;
for J/Jy = 10.

Surprisingly, the modulation bandwidth is given by the
sum of the mirror cavity decay rate and the inverse of the
waveguide round-trip time, i.e., the larger of the two rates
dominates, whereas usually the longest time constant
governing a response limits the bandwidth. Insight into
this behavior can be obtained by considering the phase
difference between the coherent fields in the two cavities,
Ap(t) = arg{A" (1)} —arg{A~(r)}, which governs the
laser field. Neglecting intensity fluctuations, the phase
difference follows

dA
Tl¢ - _(}/L + YT)A¢ +€yr COS(Zﬂfmodt)' (7)

The modulation of the mirror resonance thus changes the
phase (and frequency) of the mirror cavity field via the
adiabatic wavelength conversion mechanism [29], and
since the phase difference can relax both via the wave-
guide cavity, governed by rate y; and the mirror cavity,
governed by y7, the characteristic relaxation rate for the
phase difference is the sum of the two. Since the power
and carrier density change negligibly with time, the usual
limitation imposed by the relaxation oscillation frequency
is absent. While the intrinsic laser modulation bandwidth
thus may be even further increased by reducing the laser
cavity length, as confirmed by numerical simulations, this
will also increase the laser threshold gain and thus reduce
the output power and increase the relative intensity noise
for fixed current. Furthermore, upon electrical modula-
tion, the bandwidth of the electrical circuitry will reduce
the modulation of the resonance wavelength at high
frequencies. The optimum cavity length is therefore
determined, in practice, by the demands on bandwidth,
power, and size. The Fabry-Perot model itself is expected
to hold for laser cavity lengths down to a couple of lattice
periods [11].

For J/Jy = 10, both the FM modulation and the
modulation index develop a resonance around 20 GHz,
cf. Fig. 4, and the numerical FM response only agrees
with the analytical response for frequencies beyond
100 GHz. This resonance appears since, for larger power
levels, two-photon absorption leads to the generation of
carriers in the cavity, which change the cavity resonance
and loss. Intensity fluctuations can thus no longer be
neglected and carrier dynamics in the mirror cavity and
in the active region become important. The observed
resonance of approximately 20 GHz is significantly higher
than the corresponding relaxation oscillation frequency,
which is estimated to be 5.9 GHz. It was recently shown
that a nanocavity excited by a constant optical beam may
develop oscillations with a period in the 10-ps range
(damped or undamped) when taking into account the
carrier generation in the nanocavity [32], in qualitative
agreement with the resonance observed here.

In conclusion, we have suggested and analyzed a new
type of photonic crystal Fano laser which displays two
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remarkable effects. First, the laser can be frequency
modulated in a bandwidth largely exceeding that of
conventional lasers, enabled by adiabatic wavelength con-
version and fast phase relaxation. Second, the laser may
undergo a nonlinear transition to a regime where ultrashort
optical pulses are generated.

This work was funded by Villum Fonden via the NATEC
Centre of Excellence.
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