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Confining photons in cavities enhances the interaction between light and matter. In cavity optome-
chanics, this enables a wealth of phenomena ranging from optomechanically induced transparency to
macroscopic objects cooled to their motional ground state. Previous work in cavity optomechanics
employed devices where ubiquitous structural disorder played no role beyond perturbing resonance
frequencies and quality factors. More generally, the interplay between disorder, which must be described by
statistical physics, and optomechanical effects has thus far been unexplored. Here, we demonstrate how
sidewall roughness in air-slot photonic-crystal waveguides can induce sufficiently strong backscattering of
slot-guided light to create Anderson-localized modes with quality factors as high as half a million and mode
volumes estimated to be below the diffraction limit. We observe how the interaction between these
disorder-induced optical modes and in-plane mechanical modes of the slotted membrane is governed by a
distribution of coupling rates, which can exceed g,/27 ~ 200 kHz, leading to mechanical amplification up
to self sustained oscillations via optomechanical backaction. Our Letter constitutes the first steps towards
understanding optomechanics in the multiple-scattering regime and opens new perspectives for exploring

complex systems with a multitude of mutually coupled degrees of freedom.
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The presence of thermally excited vibrations in solid-
state materials modifies light-matter interaction [1,2],
which often leads to undesirable effects such as the
dephasing of single photons emitted by self-assembled
quantum dots [3] or optical beam jitter in interferometric
gravitational-wave detectors [4]. When properly controlled,
this same interaction facilitates ground-breaking applica-
tions such as ultrafast laser spectroscopy [5] and passive
radiative cooling [6], while offering fundamental insight
into open challenges such as quantum gravity [7], among
other quantum technological applications [8]. A conven-
tional method to enable such control is through enhance-
ment of the optomechanical interaction by simultaneously
confining the electromagnetic and displacement fields
within the same carefully nanostructured volume [9]. In
theory, material and geometry provide very fine control
over the parameters governing the dynamics of such
optomechanical systems. In practice, they are challenging
to realize exactly as designed due to unavoidable fabrica-
tion disorder which compromises the governing parameters
(notably, the quality factor Q of the optical cavity) [10].
Generally, the strategy to limit disorder-mediated losses is
to improve nanofabrication, but a certain level of disorder is
unavoidable [11]. Here, we take an alternative route to
cavity optomechanics which deliberately exploits un-
avoidable sidewall roughness in a suspended slot
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photonic-crystal waveguide to mediate the coupling
between infrared photons and acoustic phonons. The
subwavelength confinement near the dielectric air-silicon
interfaces simultaneously enables efficient coupling of the
slot-confined light to in-plane mechanical motion, while
promoting scattering due to slot sidewall surface rough-
ness. In the slow light regime [12], where both effects are
enhanced [13,14], backscattering induces high-Q random
localized optical cavities; i.e., Anderson-localized modes
[15,16], that efficiently couple to the in-plane mechanical
motion of the slotted membrane over a wide frequency
range.

The waveguides we explore are suspended silicon
photonic-crystal waveguides with an air slot of width s
along the waveguide axis and fabricated in silicon-on-
insulator substrates [Fig. 1(a)]. They support a guided mode
along the defect that exhibits subwavelength light confine-
ment within the air slot while slowing light down with a
very large group index, n, = ¢/|v,|, at the Brillouin zone
edge [Fig. 1(b)]. The fabricated waveguides (Supplemental
Material, Sec. S2 [17]) are affected by line-edge roughness
along the etched silicon sidewalls, which produces sto-
chastic fluctuations &s(x) of the slot width [Fig. 1(c)]. This
gives rise to extrinsic out-of-plane and backscattering [29],
both of which are enhanced in the slow-light regime and at
air-dielectric interfaces with intense fields [30], as is the
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case at the air-slot boundaries. In an infinite waveguide,
coherent multiple backscattering leads to interference
effects that spectrospatially localize the field in a quasi-
one-dimensional manifestation of Anderson localization
[31]. In practice, this localization occurs when the wave-
guide length L is larger than the localization length & [32],
which can be very short at high n, (Supplemental Material,
Sec. S1.2 [17]). Therefore, disorder-induced cavities occur
over a narrow wavelength range around the waveguide
cutoff, whose extent is determined by &/L. Figure 1(d)
depicts the electromagnetic field for a characteristic delo-
calized and Anderson-localized modes in a waveguide
(L = 60a) accounting for slot line-edge roughness, mod-
eled as exponentially correlated normally distributed fluc-
tuations with rms amplitude ¢ =3 nm (Supplemental
Material, Sec. S1.2 [17]). We compute the effective mode
volume of the localized mode in Fig. 1(d) to be V4 ~
23/100 (Supplemental Material, Sec. S3. 2 [17]). The tight
confinement below the diffraction limit results from a
combination of: (i) light being squeezed into the slot in
the propagating Bloch mode with unit-cell effective mode
volumes, Vg o1, down to 43 /250, and (ii) being localized
along the waveguide to a length scale given by &.

We confirm the presence of wavelength-scale Anderson-
localized modes by far-field imaging measurements [33] of
waveguides embedded into photonic circuits (dark field
optical microscope image in Fig. 1(e)). Light is coupled
into a strip waveguide using a broadband grating coupler
[34] (blue) then transferred into a slot waveguide with a
strip-to-slot mode converter [35] (purple) and subsequently
interfaced with the slot photonic-crystal waveguide of
length L (red). The color map in Fig. 1(f) shows the
wavelength-dependent signal obtained from a near-infrared
camera along the waveguide axis for wavelengths
around the cutoff observed in the circuit transmission
(A ~ 1538 nm), shown to the right of the color map. The
map reveals the presence of intense spectrospatially local-
ized scattered fields, indicating the formation of cavities
with a spatial extent that decreases towards the cutoff. The
most extended mode (v) results in a small resonant peak in
transmission while more localized modes (i)—(iv) do not
appear in transmission. In this set of waveguides, the most
localized mode exhibits a single Gaussian-like hot spot of
width ~4a [Fig. 1(g)] and an intrinsic quality factor
0, ~2.8 x 10°. The effective volume of this mode is
estimated to be Vg ~ 4% /50 by assuming that the far field
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FIG. 1.

Anderson localization of light in an air slot photonic-crystal waveguide. (a) Scanning electron microscopy (SEM) micrograph

of the explored waveguide and its (b) transverse-electric-like band structure. Geometric parameters are periodicity ¢ = 450 nm, radius
r = 155 nm, slot width s = 52 nm, and membrane thickness = 220 nm. (c) SEM of an etched slot of width s = 52 + &s(x) nm, with
5s(x) given by the sidewall line-edge roughness. (d) Simulated E, (x,v,z = 0) of a typical delocalized (blue box) and an Anderson-
localized mode (pink box) under 3 nm rms slot line-edge roughness (top). The normalized energy density along the slot axis (bottom).
(e) Dark-field microscope image showing the tested photonic circuits consisting of free-space grating couplers (blue), strip-to-slot
converters (purple), and slot waveguide to photonic-crystal waveguide interfaces (red). (f) Spectrospatial mapping of the scattered far
fields measured in a 5§ = 52 nm, L = 300a waveguide using a NIR camera and optical transmission measured at the output grating
coupler. (g) Spatially (top) and spectrally (bottom) resolved far-field of a wavelength-scale Anderson-localized mode with estimated
Ve ~ A3/50 and extracted Q = Q; = 2.77 x 10°. The latter is obtained from a Lorentzian fit (black line) to the measured intensity

(orange dots).
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is proportional to the near-field envelope of the cavity mode
and by using the value for Vg . given previously
(Supplemental Material, Sec. S3.1 [17]). This estimation
agrees well with simulated values of V [Fig. 1(d)], and
leads to a Q;/Vs ~1.5x 107473, among the highest
values ever reported for an optical cavity [36].

As shown in the spectral map of Fig. 1(f), butt coupling
from an integrated access waveguide only allows the
excitation of localized modes at a distance of approx-
imately the localization length & from the input. We
circumvent this limitation with a tapered fiber loop placed
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FIG. 2. Evanescent coupling to Anderson-localized optical
modes. (a) SEM of a s = 52 nm, L = 20a mirror-terminated slot
photonic-crystal waveguide. A tapered fiberloop is placed on top of
the waveguide to couple into the cavity modes. (b) Optical trans-
mission spectrum of the structure shown in (a) and comparison of
the reconstructed 7, cy,(4) (black line) and simulated n, gy, (4)
group indices (blue line). (¢) Same as (b) for L = 300a. Both (b)
and (c) exhibit a crossover between ballistic transport forming
Fabry-Pérot resonances (shaded blue) to Anderson-localized
modes (shaded orange). The free spectral range varies monoto-
nously in the FP region but is randomized in the Anderson-
localization region. (d) Optical spectrum of the highest intrinsic
quality factor, Q;, Anderson-localized mode. (e) Histogram of Q;
for the Anderson-localized modes measured for 5 = 52 nm,
L = 300a, fitted to a log-normal distribution (black line).

in contact with the structure along the waveguide axis [37].
The waveguides are terminated by a photonic crystal which
creates long cavities [Fig. 2(a) and Supplemental Material,
Sec. S1.2 [17]] that we denote as SLN cavities [38] and
that allow for mapping of the waveguide dispersion relation
[39]. Evanescent coupling to resonant modes appear here as
sharp spectral dips in the transmitted optical signal [the top
panels of Figs. 2(b) and 2(c)]. The strong dispersion of (1)
[40] leads to two transport regimes. When &(1) > L, light
travels quasiballistically building up Fabry-Pérot (FP)
modes with resonant wavelengths determined by the
waveguide group index ny(4) and the cavity length L.
When £(1) < L, backscattering leads to the formation of
Anderson-localized modes with randomly distributed res-
onant wavelengths and strong mode-to-mode variations in
the coupled fraction (Supplemental Material, Sec. S4.4
[17]). The free spectral range in the FP region is used to
reconstruct the group index of the slot band, 7, cy,(4)
[Figs. 2(b) and 2(c) and Supplemental Material, Sec. S4. 3
[17]]. Below a certain value of ng,, we observe close
agreement between the simulated 7, gy, (4) and the recon-
structed 7, ¢y, (4). Above a certain value of n,, localization
leads to strong fluctuations of 74 cx,(4) around ng gm(4).
The exact crossover between the two transport regimes
depends on L [41], occurring at lower n, for longer wave-
guides. For the longest cavity waveguides (L = 300a), we
observe multiple high-Q localized modes in a ~10 nm
range around the cutoff wavelength. Figure 2(d) shows the
optical transmission associated with the highest intrinsic
quality factor, (Q;, observed in a waveguide with
5 =52 nm. Figure 2(e) shows the histogram of Q; as
obtained from single-position measurements in 11 nomi-
nally identical waveguides. Most of the observed modes
have Q; > 10°, in agreement with the few modes observed
via the far-field measurements of Fig. 1(f), but local
probing of modes deep within the waveguide gives access
to the full distribution. The histogram is well fitted with a
log-normal distribution, showing the expected behavior
deep within the localization regime [42,43]. We measure
similar distributions for all 5 > 30 nm, with even higher
values observed for wider slots (Supplemental Material,
Sec. S4.5 [17]). The values of Q measured with the loop
and the values of V4 estimated from the far-field images
highlight the potential of such disorder-induced cavities not
only for cavity quantum electrodynamics experiments with
trapped atoms [44], where the ultrahigh Q;/V .4 achieved
here would naturally emerge, but also for nonlinear optics
[45], sensing [46], and cavity optomechanics.
Engineered heterostructure cavities in similar wave-
guides have been shown to be excellent mechanical
displacement sensors for mechanical modes that produce
changes As in slot width [47-49]. Here, we employ
disorder-induced cavity modes to transduce the motion
of multitude breathing in-plane mechanical modes [funda-
mental mode shown in Fig. 3(a)]. We drive the cavity
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FIG. 3. Optomechanical interaction in the Anderson-localization regime. (a) Fundamental in-plane mechanical mode for an SLN

cavity of length L = 50a. The inset shows the local variation of the slot width As in the center. (b) Characteristic wavelength-resolved
(top) optical transmission and (bottom) radio frequency spectrum driving an Anderson-localized modeina s = 78 nm and L = 145 pm
SLN cavity. The thermally active mechanical modes appear as horizontal lines, with the fundamental mode in (a) highlighted with a
dashed line. The vertical dashed lines identify the points of maximum and vanishing transduction. (c) Histogram of the vacuum
optomechanical coupling rate, g,, in the Anderson-localization regime as a function of slot width 5. The average value in each histogram
is indicated with a vertical line. (d) Optical transmission spectrum across an Anderson-localized mode as a function of P;,. The dashed
line indicates the coupled fraction, 7, at which the radio frequency spectra in (e) are acquired. The inset to (e) shows the effective
mechanical linewidth, T¢I, measured as a function of P;, (blue dots) along with a linear fit (black line) used to extract g,.

m »

(f) Characteristic (top) rf spectrum and (bottom) time-resolved transmission of the optomechanical system undergoing coherent self-

sustained oscillations.

modes and measure the transduced radio frequency (rf)
modulation while scanning the laser wavelength across
the optical resonance. A characteristic optical transmission
and associated rf spectral map are shown in Fig. 3(b).
Horizontal peaks in the color map originate from the
thermal motion of mechanical eigenmodes of the mem-
brane, all with mechanical linewidths of I',, /27 ~ 1 MHz.
The most intense peak in the spectrum occurs at
Q./27 = 161 MHz, the frequency of the fundamental
in-plane breathing mechanical mode for L = 300a
(Supplemental Material, Sec. S5 [17]). Vertical dashed
lines denote wavelengths of maximum and no mechanical
transduction. The wavelength dependence of the rf signal
indicates a dispersive optomechanical coupling between
the probed optical mode and the mechanical modes, an
observation common to all probed Anderson modes. We
therefore quantify the coupling between photon-phonon
pairs by the vacuum optomechanical coupling rate, g,,
which we measure by driving the optical cavities with a
known phase-modulated signal [50] (Supplemental
Material, Sec. S6 [17]). The histograms of g, for different
values of 5 are shown in Fig. 3(c). We find maximum
values around 200 kHz, comparable to their engineered

counterparts [47-49,51], and the average of g, (vertical
line) is found to increase for narrower air slots. This has
been reported in conventional cavities [52,53], where g, is
accurately estimated from the field envelope, which
depends weakly on 5, and the unit cell optomechanical
coupling, g,cen [54], which grows exponentially with
decreasing s (Supplemental Material, Sec. S1.1 [17]).
We observe the same trend here even if the field extension
along the waveguide, statistically given by & may strongly
depend on 5 through 5-dependent scattering cross sections
[14] or enhanced line-edge roughness for smaller widths
[55], which we observe in SEM images. However, the
localization length & drops down to only a few unit cells
over a broad range of n, regardless of 5. Therefore we also
attribute the observed trend in Fig. 3(c) to that of g, ;. The
larger reduction of g, observed between 5 = 78 and 5 =
100 nm originates from weaker localization due to the
angled sidewalls promoting scattering into a nearly phase-
matched transverse-magnetic-like band (Supplemental
Material, Secs. S2 and S4.5 [17]). We note that control
over the sidewall roughness ds via intentional disorder will
most likely also decrease & [31], leading to weaker coupling
strengths as well as reduced Q factors.
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The measured figures of merit allow for dynamical
backaction in the Anderson-localization regime, albeit only
mechanical amplification since red-detuned driving is
prevented by increasing thermo-optic shifts at increasing
powers [Fig. 3(d)]. We acquire rf spectra at varying power
P;, and fixed laser-cavity detuning, A, selected by meas-
uring at a fixed transmittance, T, an approach that neglects
any nonlinear optical losses. This results in a tuning of the
mechanical frequency, a reduction of the mechanical line-
width, and an increase of the amplitude vibration, as shown
for a mode with Q. /27 =230 MHz in Fig. 3(e). We
observe the effective linewidth including optomechanical
damping, oI, to depend linearly with P;, [9] and extract
Jo/2m = 228 + 7 kHz from the slope [Fig. 3(e) inset]. This
value is slightly larger than the one obtained using the
phase-modulation technique, which indicates that other
physical processes may contribute to the backaction
[53,56]. When 6l = —I',, the optomechanical system
reaches a regime of self-sustained oscillations, where IS
saturates [57]. For the mode studied in Fig. 3(e), this occurs
at Py, ~ 150 pW. The coherently amplified mechanical
oscillation in the frequency and time domains at a power
P;, =200 pW, above the lasing threshold, is shown in
Fig. 3(f). The wide rf spectrum exhibits multiple harmonics
of the lasing mode, and the self-triggered temporal trace is
the fingerprint of the coherent nature of the motion. Note
that the mechanical frequency of the lasing mode is
Q./27 = 190 MHz, unlike in Fig. 3(e). This indicates
sideband unresolved (L,,/k = 1072-=10"") mechanical
mode competition between mechanical modes with com-
parable I',, and g, to the driven cavity. Mechanical lasing
initially occurs for the mode with lowest threshold
[Fig. 3(e)], but, once above threshold for two or more
modes, that with the largest g, is amplified [Fig. 3(f)].

In recent years, well-known functionalities such as
cavity quantum electrodynamics [58,59], lasing [60], im-
aging [61], sensing [62], or computing [63] have been
explored in systems where structural imperfection plays a
primary role. Here, we use the roughness in a slow-light air-
slot photonic-crystal waveguide for cavity optomechanics
by confining light into high quality factor and small mode
volume Anderson modes that couple to and amplify the
mechanical eigenmodes of the system, achieving self-
sustained coherent mechanical oscillations at sub-mW
optical powers. From a practical perspective, the
Anderson modes explored here and their coupling to
motion will help elucidate the role of surface roughness
in nano-opto-electro-mechanical systems that employ deep
subwavelength air slots to control the flow of light. More
fundamentally, our Letter constitutes a step forward in
unraveling the intricate connection between optical pres-
sure and light transport in the multiple-scattering regime
[64], the physics of which will dominate as photonic
nanocavity research approaches length scales on the
order of the roughness [65]. Owing to the unprecedented

light-matter interaction figure of merit estimated of at least
0./ Ve ~ 1.5 x 107473, and the air-confined nature of the
involved optical modes, it opens the door to optical
excitations with free-electron beams [66] as well as
photon-phonon interactions mediated by trapped atoms
[67]. In addition, the structure we present is a versatile
multimode optomechanics platform to study mechanical
mode competition leading to mode hopping [68] and
anomalous cooling [69], many-mode phonon lasing
[70,71], and cascaded mechanical state transfer [72].
While the mechanical modes explored here are membrane-
like modes, simultaneous wave guiding of GHz slow sound
[73] and telecom slow light is possible in a slotted
optomechanical waveguide [74] that uses shamrock-shaped
holes [75]. This will enable the generation of guided GHz
coherent acoustic phonons directly from a waveguide [74]
as well as the exploration of acoustic Anderson localization
by leveraging the reported optical cavities as efficient
phonon transducers and sources [76]. As such, the Letter
presented here offers a system to investigate the interplay
between optomechanical effects and multiple scattering in
unavoidably disordered systems and is a nascent exper-
imental effort to explore localization phenomena with
coupled excitations [77].
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