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ABSTRACT

Dielectric bowtie cavities represent a breakthrough in simultaneously achieving ultrahigh quality factors and ultra-small mode

volumes, providing new opportunities for enhancing light-matter interactions. Experimental work has so far emphasized the
realization of these nanocavities. Here, we experimentally investigate the ultrafast dynamics of a topology-optimized dielectric
(silicon) bowtie nanocavity, with device dimensions down to 12 nm, that localizes light to a mode volume deep below the so-called
diffraction limit given by the half-wavelength cubed. This strong spatial light concentration is shown to significantly enhance the
carrier generation rate through two-photon absorption, as well as reducing the time it takes for the carriers to recover. A diffusion
time below 1 ps is achieved for the bowtie cavity, which is more than an order of magnitude smaller than for a conventional
nanocavity. Additionally, parametric effects due to coherent interactions between pump and probe signals are also enhanced
in the bowtie cavity, leading to an improved extinction ratio. These results demonstrate important fundamental advantages of
dielectric bowtie cavities compared to conventional point-defect cavities, laying a foundation for novel low-power and ultrafast

optical devices, including switches and modulators.

1 | Introduction

Optical microcavities [1] can significantly enhance the interaction
between light and matter by providing strong spatial and spectral
confinement, which is important for many applications, such as
nanolasers [2-8], nonlinear photonics [9-14], sensing [15], cavity
quantum electrodynamics [16-19], and optomechanics [20-22].
Traditional dielectric cavities, such as photonic crystal cavities,
provide strong spectralconfinement, while the spatial localization
for such dielectric cavities for a long time was considered to be
limited to mode volumes, V,, larger than the so-called diffraction

limit, V; = (1/(2n))?, with 1 and n being the vacuum wavelength
and the material refractive index, respectively. Plasmonic cavities
[23-25], on the other hand, are well-known to confine light deep
below the wavelength, albeit at the cost of ohmic losses, which
limit the spectral confinement [26]. Recently, however, a new
class of dielectric nanocavities has emerged, so-called bowtie cav-
ities [27-32], with experimentally demonstrated mode volumes
down to V,, = 0.08V; [33]. Such extreme dielectric confinement
(EDC) can be explained by the slot-antislot effect [31, 34], driven
by the boundary conditions of the electromagnetic field, whereby
the energy density of the electromagnetic field can be enhanced in
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a structure with bowtie geometry. Although there are a few works
that explored strong spatial light confinement, they focused on
structures where the optical field is maximized in air [27], rather
than in dielectrics. While the primary motivation for realizing
such EDC cavities is to enhance light-matter interaction, their
influence on carrier dynamics has not yet been experimentally
investigated.

In this work, we experimentally study the dynamics of a bowtie
cavity with deep sub-wavelength confinement of light. The
cavity is designed using fabrication-constrained topology opti-
mization while maintaining efficient waveguide-cavity coupling.
The fabricated devices are characterized using a heterodyne
pump-probe technique and show that, compared to a reference
cavity with conventional confinement, the bowtie cavity not only
enhances the strength of optical switching but also reduces the
recovery time. We analyze the bowtie cavities using temporal
coupled-mode theory and simulations of spatio-temporal carrier
dynamics. The comparison with experimental data shows that
both incoherent processes due to enhanced two-photon absorp-
tion (TPA) as well as parametric interactions due to four-wave
mixing between pump and probe are enhanced in the bowtie
cavity. A diffusion time below 1 ps is achieved for the bowtie
cavity, which is more than an order of magnitude smaller than
for a conventional nanocavity. Since the light-matter interaction
isenhanced using a small optical mode volume rather than a high
quality factor, the bandwidth of the device is not compromised,
thus facilitating the development of high-speed applications, such
as all-optical switching [10, 12] and modulators [35-37].

2 | Structure and Switching Dynamics

The bowtie cavity, designed using topology optimization [38]
employing appropriate fabrication constraints [39] (see Section
S1), is realized in a nanobeam geometry. It features an elec-
tromagnetic field profile with a strongly localized hotspot in
the region between the two tips of the bowtie, as illustrated in
Figure 1a. The nanobeam bowtie cavity distinguishes itself from
previous 2D structures [33, 40] with two major benefits. First, it
seamlessly integrates input and output waveguides, which can be
co-optimized with the cavity. The waveguide integration results in
a power transmission coefficient of 91% (—0.41 dB) at the resonant
frequency. In contrast to other nanobeam implementations [41],
the design features a single rather than multiple hotspots, making
it better suited for switching applications. Second, the nanobeam
has a footprint of just 3.0 um?, which is 20%-30% of that
occupied by previous 2D bowtie cavities [33, 40]. We note that
the bowtie cavity was intentionally designed with a modest
quality factor of about 1000, consistent with the short pulses used
in the experiment. Much higher quality factors—relevant, for
example, to laser applications—can be achieved through design
optimization; however, this typically entails a trade-off between
mode volume and quality factor [42].

To enable a one-to-one comparison of the dynamics of the
bowtie cavity to conventional point-defect cavities, we also
designed a reference nanobeam cavity in the same material
platform (Figure 1b). The reference cavity has characteristics
comparable to conventional nanobeam cavities [43], including
the electric field distribution, quality factor, and mode volumes,

while maintaining a similar footprint (see Section S2). These
similarities extend to the carrier dynamics, which is close to
that of conventional nanobeam cavities. It is emphasized that
the fabrication uncertainties were incorporated into the topology
optimization for both cavities, resulting in fabricated geome-
tries (Figure 1c,d) that closely mirror the designed structures
(Figure 1a,b).

The temporal dynamics of the devices were measured using
a short-pulse pump-probe technique that allows co-polarized
pump and probe pulses by using heterodyne detection [44]
(see Section S4). The measured total quality factor and peak
transmission of the characterized bowtie (reference) cavity are
700 (1200) and —0.82 dB (—0.47 dB), respectively, corresponding
to an intrinsic quality factor of 7800 (23 000) (see Section S5).
Representative dynamic measurements are shown in Figure le,f
for the bowtie cavity and the reference cavity, respectively,
considering both cases of red and blue detuning of the probe
with respect to the pump (aligned to the cold cavity resonance).
For the bowtie cavity, we observe a fast decrease (increase) in
the transmittance of the red-detuned (blue-detuned) probe light
after the arrival of an intense pump pulse with a pulse width of
0.93 ps. After the pump pulse, the probe transmittance recovers
almost entirely within 2 ps. The amplitude of the slowly varying
tail amounts to only one-tenth of the total change, and the
extinction ratio is —5.7 dB for the red-detuned probe wavelength.
In contrast, the pump-probe signal for the reference cavity shows
an extinction ratio of —2.3 dB at the same injected pump energy,
and has more pronounced slow tails (Figure 1f).

In order to interpret the data, we model the probe transmission
dynamics using coupled-mode theory, accounting for the gen-
eration of free carriers in the cavity region by TPA, as well as
coherent wave mixing between the pump and probe pulses due to
oscillations of the carrier density mediated by beating [45, 46] (see
Section S3). The simulated results, solid blue curves in Figure le,f,
agree well with measurements when using the parameter values
given in Table S3 of the supplement. If parametric processes are
neglected in the model, represented by the dashed red curves, the
experimental data cannot be fitted by the theory in a time interval
around zero delay, where the pump and probe pulses temporally
overlap. On the other hand, the slower components are still well
represented by the model.

Based on these results, a simple physical picture emerges for the
dynamics induced by the pump, cf. Figure 2. The main effect is
the generation of free carriers by TPA of the pump pulse. Due
to free-carrier dispersion and band-filling, these carriers change
the refractive index in the region where they are generated, i.e.,
in the nanocavity. This leads to an incoherent and a coherent
(parametric) change of the probe transmission, cf. Figure 2b.

The incoherent effect is the shift of the resonance frequency of
the cavity, cf. Figure 2b i), which changes the transmission of the
probe field. Since the cavity resonance always blue shifts with
increased carrier density, the sign of the probe amplitude change
depends on the position of the probe wavelength relative to the
cavity resonance. The relaxation time of the probe amplitude
change is instead determined by the temporal variation of the
spatial overlap between the carrier distribution and the probe
mode profile.
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FIGURE 1 | Ultrafast dynamics of a nanobeam bowtie cavity. a,b) Normalized electric field intensity of the mode of the nanobeam bowtie cavity
(a) and reference (Ref.) cavity (b) in the central plane. The inset on the right of (a) is an enlarged view of the central bowtie region. c,d) SEM images of
the nanobeam bowtie cavity (c) and reference cavity (d). e,f) Representative (normalized) probe transmission dynamics as a function of the pump-probe
delay for a red-detuned (i) and blue-detuned (ii) probe wavelength in the e) nanobeam bowtie cavity and f) reference cavity. In (e) and (f), the gray circle
marks are the experimental (Exp.) results, while the solid blue and dashed red curves represent the simulations (Sim.) with (w/) and without (w/o)
four-wave mixing (FWM), respectively. The pump pulse energy coupled into the waveguide is 255 J in (e) and (f).
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FIGURE 2 | Physical mechanisms. (a) Time evolution (calculated with the parameters given in Table S3 of the supplement, but using the same
quality factor (Q; = 700) and pump pulse width (0.93 ps) for both cavities) of the mode-averaged carrier density, N, in the bowtie cavity (blue shaded
area) and reference cavity (red shaded area). The inset illustrates the carrier diffusion process in the central plane of the cavity mode region of the
bowtie cavity. (b) Working principle in the frequency domain. (i) Incoherent effect: probe transmission change caused by the frequency shift of the
cavity resonance. (ii) Coherent effect: probe transmission change induced by the parametric amplification or suppression process.
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FIGURE 3 | Mode volumes and carrier diffusion. (a) Calculated effective mode volume, Vg, square of free-carrier absorption (FCA) mode volume,
Vrca, and two-photon absorption (TPA) mode volume, Vypa, of the nanobeam bowtie cavity (B) vs width of the bowtie bridge. These mode volumes are

normalized by corresponding mode volumes of the reference cavity (R). (b) Calculated (normalized) carrier relaxation process for the nanobeam bowtie

cavity with different bowtie widths (2, 12, and 60 nm) and the reference cavity. (ii) shows a zoom-in on the short-time-scale dynamics in (i). (c) Calculated
free carrier distribution in the central plane of the bowtie region (bowtie width = 12 nm) at different times (0, 0.1, and 1 ps). The carrier distributions are

normalized by the maximum carrier density at O ps.

The parametric effect is caused by the temporal oscillation of
the free carrier density, cf. Figure 2a, due to beating between the
co-polarized pump and probe fields. This establishes a temporal
grating that scatters photons between the pump and probe
wavelengths, accompanied by the generation of an idler signal, cf.
Figure 2b ii). Whether the probe field is amplified or attenuated
depends on the phase-matching condition between the pump
light, the probe light, and the oscillating carrier density [46]. Since
the pump and probe fields only beat when the pulses overlap, this
effect is limited to a time window around zero pump-probe delay.

The resulting probe dynamics is the combination of these effects.
Both the larger amplitude variation and the shorter time scale
of the dynamics seen in the bowtie cavity (Figure 1e) compared
to the reference cavity (Figure 1f) originate from the stronger
spatial localization of light in the bowtie region. The localization
enhances the carrier generation rate since this happens via a
nonlinear process (TPA in our case), and the time scale for re-
equilibration after the pump pulse shortens due to the larger
spatial gradient of the carrier distribution, which enhances the
diffusion process. Next, we quantify these effects through an
analysis of the characteristic mode volumes.

3 | Mode Volumes and Carrier Diffusion

The strengths of linear and nonlinear optical processes in a cavity
scale with different mode volumes [47, 48]. To quantify these, we
calculate the effective (linear) mode volume, Vg, as well as the
nonlinear mode volumes, i.e., the free-carrier absorption (FCA)
mode volume, Vic,, and the TPA mode volume, Vip, [33, 47, 48]
(see Section S2), as shown in Figure 3a.

It is important to recognize that the carrier generation rate,
Gy, due to TPA scales inversely with the square of the FCA
mode volume, i.e., Gy  1/VZ, [10]. Conversely, the TPA loss,
Yrea, i inversely proportional to the TPA mode volume, i.e.,
Yrea & 1/Vipa (see Section S3). Across a wide range (2-60 nm)

of bowtie widths, the FCA mode volume is significantly smaller
than that of the reference cavity. Notably, as the width of the
bowtie bridge narrows, there is a pronounced reduction in the
FCA mode volume. Consequently, when subjected to identical
pump pulse energies, the carrier generation rate is significantly
higher in the bowtie cavity than in the reference cavity, as
illustrated in Figure 2a. This leads to a larger resonance shift
(will be further illustrated in Figure 4), as well as a larger
probe transmission change induced by the parametric processes
(Figure le). Remarkably, while the FCA mode volume of the
bowtie cavity diminishes rapidly with the bowtie width, the TPA
mode volume exhibits only a minor reduction and is on par
with that of the reference cavity. This suggests that the bowtie
cavity imparts a larger dynamical change of the transmission
without a corresponding increase in TPA loss. Although the FCA
loss in the bowtie cavity is also increased due to the smaller
Vrca, this only results in a small decrease in the extinction ratio
according to our calculations (see Section S7). The qualitatively
different dependencies of the various mode volume measures
on the bowtie bridge width are noteworthy, as they may point
to distinct spatial characteristics of the nonlinear interactions.
However, it is, to the best of our knowledge, not yet clear whether
this behavior is a generic feature of all similar designs.

The effective mode volume does not directly impact the ampli-
tude of the dynamical change of the probe, but is important for the
speed of the carrier diffusion process, as previously demonstrated
in photonic crystal nanocavities [12, 49]. The cavity with a smaller
effective mode volume results in a faster carrier relaxation process
due to the larger spatial gradients of free carriers in the cavity
mode region.

Figure 3b shows the calculated carrier relaxation processes for
the bowtie cavity with different bowtie widths and the reference
cavity using the ambipolar-diffusion model [49, 50]. The results
show that the carriers in the bowtie cavity diffuse out of the
cavity mode region much faster than the reference cavity over
a wide range of bowtie widths. This advantage of the bowtie
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FIGURE 4 | Wavelength-dependent dynamics. (a), (b) Measured (a) and calculated (b) probe transmission dynamics of the nanobeam bowtie cavity
for a pump pulse energy of 255 fJ. (c), (d) Measured (c) and calculated (d) probe transmission dynamics of the reference cavity for a pump pulse energy
of 255 fI. (e), (f) Measured (e) and calculated (f) probe transmission dynamics of the reference cavity for a pump pulse energy of 600 fJ. The red dashed

curves in (b), (d), and (f) represent the corresponding cavity resonance shifts.

cavity becomes more significant as the bowtie width decreases.
Representative time-dependent carrier distributions of the bowtie
cavity (bowtie width = 12 nm) show that the maximum carrier
density decreases by more than 50 times within 1 ps (Figure 3c).

The carrier relaxation process consists of a fast and a slow com-
ponent (Figure 3b). According to our calculations (see Section
S2), both the fast and slow components are mainly determined
by carrier diffusion when the surface recombination rate is lower
than 10° cm/s. For the experimentally characterized bowtie cavity
with a bowtie width of 12 nm, the calculated fast diffusion time is
approximately 0.3 ps, while this value drops to tens of fs when the
bowtie width is reduced to 2 nm. In contrast, the fast diffusion
time of the reference cavity is 6 ps, which is more than one
order of magnitude larger than that of the bowtie cavity. It is
noteworthy that the bowtie cavity not only has a shorter fast
diffusion time than the reference cavity, but also has a larger
relative amplitude of the fast diffusion component. This is why
the slow recovery component, reflecting slow diffusion and non-
radiative recombination, is strongly suppressed in the bowtie
cavity (Figure 1e) compared to the reference cavity (Figure 1f).

4 | Wavelength-Dependent Dynamics

To further investigate the dynamics, in particular the differences
between the bowtie and the reference cavity, we compared
experimental and theoretical results for the wavelength and time-
dependent variation of the probe signal, cf. Figure 4. Figure 4a,b
show results for the bowtie cavity for a fixed pump wavelength
coinciding with the cold cavity resonance and an injected pump

pulse energy of 255 fJ at the input waveguide. Good agreement
between experiment and theory is obtained using the set of
parameters given in Table S3 of the supplement. The red dashed
curve represents the resonance shift of the bowtie cavity, indicat-
ing a switching window of 1.5 ps as evaluated from the full width
at half the maximum resonance shift. The fast diffusion time used
for the fitting is 0.6 ps, which is comparable to the numerically
simulated result of 0.3 ps obtained using the ambipolar-diffusion
model. This slight discrepancy is attributed to differences in
initial carrier distributions: the numerical simulation assumes an
idealized spatial profile proportional to the square of the cavity
field intensity (|E|*), while the experimental result inherently
includes the effects of finite pump pulse width and cavity photon
lifetime, both of which are on the same timescale as the fast
diffusion process. The simulated probe transmission dynamics in
the absence of the parametric process are also shown (see Section
S3), indicating that the ultrafast probe transmission increase
(decrease) is dominated by the parametric process while the
slow recovery tail depends on the cavity resonance shift. The
significance of the parametric process in a time-window around
zero pump-probe delay was confirmed experimentally by using
the heterodyne technique to measure the idler signal [46]. As
shown in Section S6, the idler signal only exists in the time-
window around zero pump-probe delay, confirming the coherent
nature of this process.

Results for the reference cavity (Figure 4c,d), also conducted
with the pump pulse in resonance with the cavity and for the
same pump pulse energy of 255 {J, show that the probe change
due to both the parametric process (ripples around zero pump-
probe delay) and the cavity resonance shift (represented by the
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red dashed curves) are significantly weaker than for the bowtie
cavity, despite the quality factor of the reference cavity being
significantly higher. Although the resonance shift is relatively
small for the reference cavity, the slow recovery process is clearly
visible (Figure 4c,d). The slow-down of the diffusion process is
even more apparent if the experiment is carried out for a higher
pump pulse energy (Figure 4e,f). The features seen in Figure 4c)-
f for the reference cavity are very similar to those observed in a
photonic crystal HO cavity [45], but differ significantly from the
bowtie cavity. The estimated switching window for the bowtie
cavity (1.5 ps) is approximately an order of magnitude smaller
than the 18-ps switching window observed in the reference cavity.

5 | Discussion and Conclusion

Although the pump power required to achieve a given resonance
shift is already lower for the bowtie cavity with a bridge width
of 12 nm than for the reference cavity, the pump power can
be further reduced by reducing the bowtie width due to the
scaling with the nonlinear mode volume, Vyc,. It should be
noted, though, that when the bowtie width decreases, the faster
diffusion of free carriers counteracts the accumulation of carriers
in the modal region, thereby limiting the reduction of the energy
consumption. However, on the positive side, the fast diffusion
reduces the amplitude of the slow tail. A bowtie cavity with
a smaller bowtie width may be achieved through thickness-
controlled surface oxidation and subsequent oxide layer removal
[51, 52]. The pump power can also be significantly reduced by
using other materials, such as InP [10] and GaAs [13], whose TPA
coefficients are more than one order of magnitude larger than
Si. Finally, we also evaluated the impact of sidewall slope on the
performance of the bowtie cavity. Simulations with slant angles
ranging from 0° to 4°, reflecting realistic fabrication tolerances,
indicate a ~10% reduction in quality factor, a ~3 nm redshift in
resonance, and a ~27% increase in effective mode volume for
a nominal bowtie width of 12 nm. These results suggest that
the bowtie cavity design remains robust even in the presence of
moderate sidewall angle variations.

In summary, we experimentally investigate the ultrafast dynamics
of adielectric cavity featuring a bowtie nanostructure that enables
sub-wavelength confinement of light inside the semiconductor
material. Both theoretical and experimental results show that
the bowtie cavity significantly improves the all-optical switching
dynamics, owing to an ultra-small linear mode volume as well as
an ultra-small nonlinear mode volume. The smaller linear mode
volume significantly speeds up the carrier diffusion process and
strongly suppresses the slow recovery tail commonly associated
with switches. The smaller nonlinear mode volume improves
the switching contrast through both coherent and incoherent
effects. These results establish the dielectric bowtie cavity as a
new and strong candidate for low-power and ultrafast optical
devices, including switches [9, 10, 12] and modulators [35-37].
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