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All-optical radio-frequency modulation of Anderson-localized modes
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All-optical modulation of light relies on exploiting intrinsic material nonlinearities [V. R. Almeida et al.,
Nature 431, 1081 (2004)]. However, this optical control is rather challenging due to the weak dependence of
the refractive index and absorption coefficients on the concentration of free carriers in standard semiconductors
[R. A. Soref and B. R. Bennett, Proc. SPIE 704, 32 (1987)]. To overcome this limitation, resonant structures
with high spatial and spectral confinement are carefully designed to enhance the stored electromagnetic energy,
thereby requiring lower excitation power to achieve significant nonlinear effects [K. Nozaki et al., Nat. Photonics
4, 477 (2010)]. Small mode-volume and high-quality (Q)-factor cavities also offer an efficient coherent control
of the light field and the targeted optical properties. Here, we report on optical resonances reaching Q ∼ 105

induced by disorder on photonic/phononic-crystal waveguides. At relatively low excitation powers (below
1 mW), these cavities exhibit nonlinear effects leading to periodic (up to ∼35 MHz) oscillations of their resonant
wavelength. Our system represents a test bed to study the interplay between structural complexity and material
nonlinearities and their impact on localization phenomena and introduces a different functionality to the toolset
of disordered photonics.

DOI: 10.1103/PhysRevB.98.180202

A successful strategy to achieve efficient optical confine-
ment consists of introducing controlled point or line defects
in otherwise regular dielectric lattices [1–3]. This has applica-
tions in both the classical and the quantum phenomena [4]
such as slow light [5], efficient single-photon sources [6],
nanolasing [7], optomechanical coupling [8], and even en-
hanced interaction between light and single atoms [9]. A
bottleneck of this strategy relies on the extreme sensitivity of
particularly high (as designed) Q-factor cavities (Q ∼ 106)
to uncontrolled imperfections appearing during the fabrica-
tion process [10,11]. A less typical strategy to confine light
consists of exploiting such imperfections [12]. Small spatial
fluctuations of the order of few 0.001a in the position of the
lattice building blocks, where a is the typical lattice parameter,
give rise to strong multiple scattering which results in efficient
optical confinement by recurrent interference with quality fac-
tors [13] reaching Q ∼ 106, thus competing in performance
with engineered defects while being inherently robust against
disorder. Here, we exploit material nonlinearities to modulate
these type of disorder-induced optical modes on a photonic-
crystal waveguide which also allows for strong confinement
of mechanical motion. Figure 1(a) displays a scheme of a
shamrock-crystal waveguide, where the building block—the
shamrock—is obtained by overlapping three ellipsoids rotated
by 2π/3 with respect to each other as detailed in Ref. [14]
and in the Supplemental Material [15]. This structure is sim-
ilar to a standard photonic-crystal waveguide [5] where the
replacement of holes by shamrocks allows accommodating,
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simultaneously, a waveguide for THz-frequency photons and
GHz-frequency phonons for a lattice parameter a = 500 nm.
We fabricate our structures in silicon where material non-
linearities result [16] in an excess of free carriers and a
significant structural heating under high optical excitation. As
sketched in Figs. 1(b) and 1(c), these two processes become
linked to each other while inducing an opposed dispersive
effect on the refractive index of the structure, which eventually
leads to closed stable trajectories in phase space and the
periodic modulation of disorder-induced cavities at high radio
frequency.

The optical modes induced by disorder in a shamrock-
crystal waveguide, as the one shown in Fig. 2(a), appear
around the slow-light region of the dispersion relation [13],
in our case ∼1500 nm for a = 500 nm. These modes are
revealed in the transmitted light through a tapered-fiber
loop [8,17] when tuning a diode laser across this spectral
region, as plotted in Fig. 2(b). When the fiber is placed
in close proximity to the waveguide, as sketched in the
inset of Fig. 2(b), the dips in transmission correspond to
disorder-induced or Anderson-localized optical modes along
the waveguide evanescently coupled to the fiber loop. These
modes appear as peaks in the reflected signal measured with
a 50/50 fiber beam splitter in the fiber input, as shown in
Fig. 2(c). The band [18] of Anderson-localized modes can
be frequency tuned by scaling the full in-plane structure by a
factor �, as shown in Fig. 2(c), although the spectral position
of individual modes within this band is uncertain due to the
complex nature of the system. These modes present a rather
broad distribution of Q factors—plotted in Fig. 2(e)—with
values in the range 1 × 103 < Q < 1.5 × 105 and a mean
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FIG. 1. Optical nonlinearity in a shamrock-crystal waveguide.
(a) Illustration of a shamrock-crystal waveguide where the building
block, the shamrock, is formed by overlapping three ellipsoids,
rotated by 2π/3 with respect to each other (details in Ref. [15]). The
residual imperfection due to the fabrication process induces optical
confinement along the waveguide. The scale bar is 500 nm. (b) A
limit cycle dynamic solution to the differential equations describing
the nonlinear optical system. Here, the structural heating �T and the
density of free carriers N are linked to each other through the number
of photons in the cavity, leading to a stable closed trajectory in phase
space. (c) The dynamic variables of the system, �T and N , have
an opposite dispersive effect on the refractive index of the structure
which induces a temporal modulation of the disorder-induced mode.
Here, the red and blue arrows represent the displacement along the
dynamic solution in phase space and the induced spectral redshift or
blueshift of the localized modes, respectively.

value of Q ∼ 1.6 × 104. By comparing these values with the
ones calculated with a fully three-dimensional Bloch mode
expansion technique [19], we can estimate the amount of
fabrication imperfection as σ = 0.006a, which is very similar
to previous estimations of the tolerance of the fabrication
process [20]. Here, we map all the possible different sources
of intrinsic disorder to zero-mean Gaussian random displace-
ments in the shamrock positions with standard deviation σ .

By analyzing the Q-factor distribution plotted in Fig. 2(e),
we can extract very relevant information of the Anderson-
localized modes in our structure. The intrinsic values of this
log-normal distribution are mainly determined by in-plane
finite-size effects along the waveguide [21,22], i.e., by the
average extension of the localized modes, ξ , compared to the
total length of the system, L = 150 μm. Further loss mech-
anisms such as material absorption or out-of-plane leakage,
which we quantify with the waveguide loss length �, may re-
duce these values limiting the maximum Q factors achievable.
In this picture, the ratio ξ/L determines the log-normal values,
while the ratio �/L may impose a truncation to the distribution
(see details in the Supplemental Material [15]). By fitting the
measured distributions with a truncated log normal, we obtain
ξ/L = 0.045 ± 0.015 and �/L > 104. These values open the
possibility for light-matter strong coupling induced by disor-
der, as calculated in Ref. [23]. The spectral fluctuations plotted
in Figs. 2(b) and 2(c) can be further used to obtain the dimen-
sionless conductance g which quantifies the confinement in-
duced by disorder in our structures. The smaller its value, the
stronger is the confinement. Figure 2(e) plots the probability

(a) (b) (c)

(d) (e) (f)

FIG. 2. Disorder-induced localization in shamrock-crystal waveguides. The optical modes of the structure are probed through a tapered-
fiber loop which is carefully placed in close proximity to the waveguide. (a) Scanning electron micrograph of a silicon shamrock-crystal
waveguide obtained by etching two shamrock crystals with opposed symmetry and lattice constant a = 500 nm. (b) Light from a tunable
diode laser is transmitted through the fiber and couples evanescently with the localized modes of the structure, revealed as dips in transmission
and peaks in reflection (c). (d) These localized modes appear in the slow-light regime of the waveguide and are redshifted when the entire
in-plane nanostructure is scaled by a factor �. The broad features shown in the spectra correspond to propagating modes of along waveguide.
(e) Histogram of the experimental Q factors observed along the waveguide. The red curve plots the calculated distribution with parameters
ξ/L = 0.045 ± 0.015 and �/L > 105, where ξ is the localization length, � is the loss length, and L = 150 μm is the total length of the
waveguide (more details in Ref. [15]). (f) Reflectance probability distribution where R̂ is the measured reflectance normalized to its average
〈R〉. The solid line represents the best fit to the theory of Ref. [24] with the dimensionless conductance g as the single fitting parameter.
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distribution of the reflectance spectra collected by placing the
fiber loop at different positions along the waveguide. We do
this at the lowest input power (5 μW) to rule out any effect of
material nonlinearities. The tail of the distribution reveals the
presence of a few but very bright peaks when compared to the
background which is the fingerprint for Anderson localization.
Fitting this distribution with the theory developed in Ref. [24]
yields a dimensionless conductance of g = 0.08 ± 0.01 as
a single fitting parameter, which is lower than in previous
experiments [12,25]. To confirm this value, we calculate the
Thouless number, i.e., the ratio between the average mode
linewidth and mode spacing [26]. Calculated in reflection, this
value (0.06 ± 0.02) is in agreement with the dimensionless
conductance, although it differs from the value when calcu-
lated in transmission (0.30 ± 0.02). As shown in Figs. 2(b)
and 2(c), the number of confined modes detected in reflection
is lower, which reduces the collected statistics and gives rise
to a larger average-mode spacing. This is due to the low power
injected in the tapered fiber to avoid nonlinear effects which is
mostly coupled evanescently to the confined modes. The small
portion reflected is further slightly attenuated by the fiber cou-
pler used in reflection configuration. However, the more con-
servative value of the Thouless number estimated in transmis-
sion still describes a waveguide well in the localized regime.

Large electromagnetic energy stored in a small volume re-
sults in a highly nonlinear behavior [27]. The resonant recircu-
lation of weak excitations within an Anderson-localized mode
is proportional to the input power and to the ratio Q/V . To
estimate their typical mode profile and mode volume, we cal-
culate the eigenmodes of a shamrock-crystal waveguide with
the same structural parameters of the fabricated structures us-
ing a commercial finite-element solver. The total length of the
simulated waveguide is 100a and both sides of the structure
are terminated with reflectionless absorbers in order to mimic
an open system. The calculated waveguide is perturbed by a
zero-mean Gaussian disorder in the position of the shamrocks
with standard deviation σ = 0.006a to reproduce the effect
of the fabrication process (details in Ref. [15]). A calcu-
lated interference pattern along the waveguide is shown in
Fig. 3(a) for a wavelength λc = 1512.95 nm, revealing a typi-
cal Anderson-localized mode with a volume V = 1.2(λc/n)3.
Here, λc is the cavity wavelength in the linear regime—the
cold wavelength—and n is the material refractive index. These
mode profiles and mode volumes are comparable to the ones
of a carefully designed heterostructure-cavity mode [28]. As
the intracavity optical-field intensity is enhanced in propor-
tion to Q/V , a very low input power triggers nonlinear
effects in the shamrock-crystal waveguide. We confirm this
by increasing the input power of the excitation laser in our
experiment. The transmission spectrum through the fiber-loop
evanescently coupled to an Anderson-localized mode shows
a typical sawtooth-shaped transmission bistability at an input
power typically around 1 mW, as plotted in Fig. 3(b). This
power is slightly high when compared to other nanostructures
where only confined modes are allowed [29]. The coexistence
of confined with propagating modes in our waveguides—
featured by the broad dips in the transmission spectra plotted
in Fig. 2(d)—may open leaky channels to the coupled light,
thus increasing the power required to achieve the nonlinear
behavior. Finally, sweeping the excitation laser wavelength at

higher powers drags the resonant wavelength to higher values,
broadening the range of the hysteresis loop.

The main nonlinear process in standard silicon resonators
in the telecom spectral range is two-photon absorption which
generates free carriers [16]. This population eventually de-
cays, generating phonons in the lattice, thus heating the struc-
ture. In addition, the induced free-carrier population absorbs
additional photons which leads to further structural heating. In
addition, these two parameters are linked, leading to complex
dynamics of the resonant wavelength which can be described
by a system of nonlinear coupled rate equations [30] (details
in Ref. [15]). This phenomenon has been observed in different
resonant photonic nanostructures such as microdisks [30],
photonic crystals [31], or optomechanical crystals [29], but
it is still unexplored in the context of disordered photonics.
By measuring the oscillatory components of the transmitted
light with a fast photodetector while sweeping the laser wave-
length λL, it is possible to unravel the complex dynamics
of a particular Anderson-localized mode with a cold cavity
wavelength of λc = 1510.3 nm and Q = 6 × 104. Figure 3(c)
plots this radio-frequency modulation starting with the laser
blue detuned with respect to the Anderson mode. For low
input laser wavelengths, the resonant wavelength presents a
stable temperature-dominated and time-independent redshift.
Increasing λL beyond 1510.5 nm, which corresponds to the
intracavity photon threshold value [30] of n0,th ∼ 1.35 × 105,
leads to a periodic modulation of the intracavity mode wave-
length [32,33], revealed as a clear frequency comb with
increasing spacing. To understand the dynamics of this optical
modulation, Fig. 3(d) sketches different frames of the period
of the Anderson-localized mode oscillation around the laser
wavelength marked as a black solid line. Figures 3(d)(1)–
3(d)(3) plot the first half period of the oscillation when the
cavity mode is progressively blueshifted due to a slow tem-
perature recovery and a fast free-carrier population buildup,
as sketched in Fig. 1(b). Far from resonance, at position (1),
the transmission through the fiber at λL is maximum due to
the poor coupling to the cavity mode. When the cavity is
tuned on resonance with the laser—position (2)—the trans-
mission through the fiber drops to the minimum due to the
evanescent coupling of the transmitted light to the Anderson-
localized cavity. The oscillation still continues to the maxi-
mum blueshift at position (3), for which the effect of heating
of the sample overcomes the effect of the excess of free
carriers and redshifts the localized mode back to its initial
position.

The full oscillation cycle is detected by time-resolving
the transmission through the fiber at a fixed λL with a fast
oscilloscope. As shown in Figs. 3(e) and 3(f), the period
decreases from 53.7 ns at λL = 1510.5 nm to 30.3 ns at
λL = 1510.9 nm. The fastest modulation happens at λL =
1510.9 nm, after which the period decreases until the os-
cillation is completely lost and the resonant wavelength of
the mode returns to its initial value at λc = 1510.3 nm. The
complex dynamics shown here are due to an intricate inter-
dependence of all the different physical parameters involved
in the nonlinear rate equations which are developed in detail
in Ref. [15]. Beyond the temporal modulation of the cavity,
the material nonlinearities have an effect in the Anderson-
localization process. The optical nonlinearity has two main
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FIG. 3. Nonlinear modulation of Anderson-localized modes. (a) Light field intensity of a typical eigenmode of a shamrock-crystal
waveguide with a lattice constant a = 500 nm (other parameters detailed in Ref. [15]), calculated around the cutoff frequency of the ideal
slow-light waveguide mode. The position of the shamrocks is randomized normally with a standard deviation of σ = 0.006a mimicking the
effect due to the fabrication process. (b) Normalized transmission spectra of an Anderson-localized optical mode measured upon increasing
the input power, which shows a typical sawtooth-shaped transmission bistability, caused by the material nonlinearities. (c) Color contour plot
of the radio-frequency power spectral density at an input power of 16 mW measured while scanning the input laser wavelength λL through an
Anderson-localized mode with a cold wavelength at λc = 1510.3 nm. (d) Sketch of the fast modulation cycle of an Anderson-localized mode
around λL marked with a solid-blue line. (e) and (f) Time-resolved transmission measured with an input laser wavelength at λL = 1510.5 nm
and λL = 1510.9 nm, respectively.

effects on the Q factor of the Anderson-localized modes.
First, the material two-photon absorption induces a dissipation
mechanism which increases the optical leakage reducing the
Q factor of the modes. This has been observed in previous
experiments with resonant nonlinearity in standard silicon-
photonic structures [16,29]. However, the nonlinear process
induces an additional dephasing mechanism in the interfer-
ence process which leads to Anderson localization [34]. This
decoherence mechanism further reduces the Q factor and
it is expected to fully destroy the localization effect in an
infinite system [35]. As sketched in Fig. 3(d), the Q factor
of the Anderson-localized mode is reduced from position (2)
to position (5). This fast modulation of the Q factor explains
why the two resonant conditions shown in Figs. 3(e) and
3(f) do not drop to the same value, a feature that cannot be
explained by solely considering the dissipation induced by
two-photon absorption and free-carrier-induced absorption.
The multiple scattering process adds additional complexity to
this picture. When few modes overlap spectrally and spatially,
a complex collective behavior is expected in the dynamics
of the system due to their interaction. The spectral shift
induced by the material nonlinearity is strongly mode depen-
dent which allows tuning different modes on resonance. This
spatial and spectral mode overlap should result in complex
temporal transmission traces that cannot be explained with
a single-cavity model. However, we do not observe these
interaction effects in our experiment. We attribute this to the
suppression of mode interaction in the localization regime,
even between modes that have significant spatial and fre-
quency overlap, as predicted in Ref. [36] and confirmed by
experiments on multimode lasing in the Anderson-localized
regime [37].

In summary, we explore here the rich physics resulting
from the complex interaction between multiple scattering and
material optical nonlinearities. We exploit these nonlinearities
to modulate resonant modes induced by disorder in the radio-
frequency range. This all-optical modulation of disorder-
induced modes add an extra functionality to the toolset of
light-matter interaction mediated by disorder. Disordered pho-
tonics [38] offer an alternative and efficient platform for quan-
tum electrodynamics [39] or lasing [37] which are inherently
robust against disorder. These functionalities, in combination
with the fast optical modulation shown here, allow all-optical
data processing granted by imperfection rather than careful
engineering. While the fundamental limits of engineered op-
tical nanocavities are well known, the limits of this approach
are still to be explored, however, the performance can be im-
proved even further by inducing long-range disorder correla-
tions [40]. Although not shown here, the shamrock nanostruc-
ture offers the possibility to couple the electromagnetic field
with confined mechanical modes in the GHz-frequency range
and to explore optomechanical effects in complex media.
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APPENDIX: MATERIALS AND METHODS

1. Sample design and fabrication

The shamrock-crystal waveguides were fabricated with
standard silicon-on-insulator wafers with a top silicon layer
thickness of 250 nm and a 2-μm-thick buried oxide sacrificial
layer. The fabrication of the structure is based on an electron
beam, direct-writing process performed on a coated 100-nm
polymethyl-methacrylate resist film. The final shamrock-
crystal waveguides are obtained by reactive-ion etching and
isotropic vapor etching using hydrofluoride acid solutions.
The total refractive index of the structure is n = 3.4. A batch
of samples was fabricated with a lattice constant a = 500 nm,
and a range of scaling factors � = [0.95, 1.00, 1.025, 1.05]
and Gaussian disorder in the position of the shamrocks with
standard deviations σ = [0, 0.1a, 0.2a, 0.3a].

2. Experimental setup and optical characterization

A tapered-fiber loop with a diameter of ∼30 μm is placed
nearly parallel to the shamrock-crystal waveguide to excite its
localized transverse electric (TE)-like optical modes. A diode
laser tunable within 1400 nm < λ < 1600 nm and a spectral
resolution of 1 pm is coupled to the fiber input and the trans-
mitted light is detected at the output using two strategies. To
measure the transmission spectrum, the light is sent directly

to a slow photodetector while the reflected light is measured
by coupling the photodetector to a 50/50 fiber beam splitter in
the fiber input. The radio-frequency modulation of the trans-
mitted light is measured with an InGaAs fast photodetector
with a bandwidth of 12 GHz. The radio-frequency voltage is
connected to the 50-� input impedance of a signal analyzer
with a bandwidth of 13.5 GHz. The transmitted light is time
resolved with a 4-GHz oscilloscope. The whole setup operates
at atmospheric conditions of temperature and pressure (see
extended detailed information in Ref. [15]).

We measure a total of 25 input-output reflectance and
transmittance curves by varying the position of the tapered-
fiber loop along the shamrock-crystal waveguide at the lowest
input power of 0.2 μW. The loaded quality factor Qload is ex-
tracted by fitting the transmission dips with a Lorentzian func-
tion. From this experimental Qload, we extract the intrinsic Q

factor as Qload = 2Q/(1 ± √
Tmin), where Tmin refers to the

normalized transmission on resonance with the cavity [41].
The full Q-distribution data set is plotted in Fig. 2(d).

The reflectance probability distribution P (̂R) plotted in
Fig. 2(e) is measured by collecting the reflectance intensity
Rx,λ at different positions of the waveguide x while scan-
ning the laser wavelength λ. Finally, ̂R is obtained at each
position by subtracting the background and normalizing the
resulting spectrum by the value averaged over the spectral
range 1505–1520 nm. Ergodicity on position and wavelength
is assumed to obtain the final histogram plotted in Fig. 2(e).
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