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Abstract: We experimentally demonstrate an InP nanocavity with a mode volume of 0.26
(A/2n)3. This is an order of magnitude smaller than the mode volumes previously demonstrated
in photonic crystal point-defect cavities realized in III-V materials and four times smaller than
what is often referred to as the diffraction-limited volume, V= (1/2n)°. The nanocavity is
designed using topology optimization, taking into account fabrication limitations, which are
pushed compared to the state-of-the-art. This work thus introduces a new class of cavities
featuring extreme dielectric confinement (EDC) into the realm of III-V semiconductors, offering
order-of-magnitude Purcell-enhancement of the radiative rate. EDC nanocavities may thus be
employed to significantly improve the properties of nanolasers, nanoLEDs and single-photon
sources, among other applications.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Strong spatial confinement of light in a semiconductor cavity is of significant interest for enhancing
the interaction between light and matter [1], with important applications in integrated photonics
[2-6] and quantum technology [7,8]. In particular, a nanocavity in which the vacuum field
strength is strongly enhanced, can be used to improve the properties of light sources [4-6,9—11].
Until recently, it was held by the community that in a semiconductor, as opposed to a metal
supporting plasmons, light cannot be concentrated to a mode volume smaller than (1/2n)3, where
A is the wavelength and n is the refractive index. This so-called “diffraction limit” was proven
inapplicable by recent designs [12—15] and experimental results in silicon [16—18]. Realizing
light sources using this new class of nanocavities, which we term Extreme Dielectric Confinement
(EDC) nanocavities, requires implementing them in a direct-bandgap semiconductor such as
III-V materials.

While the conceptual approach demonstrated for the indirect-bandgap silicon [18] can also
be applied to III-V semiconductors [15], this is by no means straightforward. The processing
technology for silicon benefits from decades-long optimization and refinement by the electronics
industry, whereas the technology for III-V semiconductors is much less mature. In the academic
world, the most common approach towards nanodevice fabrication is electron beam lithography
(EBL) followed by dry etching. Even if EBL resolution is more or less the same for both Si and
III-V materials, the accurate control of the etching process is much more challenging for the latter
because of low etch rates and preferential loss of group-V elements, which generally lead to rough
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surface morphologies [19-21]. EDC nanocavities have feature sizes down to a few nanometers,
which are crucial in achieving extreme light concentration [12—14] but simultaneously imply
significant sensitivity towards fabrication variations [22].

Here, we experimentally demonstrate light confinement in an InP nanocavity, with character-
istics approaching those achieved in silicon [18]. The light confinement is improved by more
than an order of magnitude compared to photonic crystal single-point defect cavities, so-called
H1-cavities [23], and is a factor of four below the “diffraction limit” of (1/2n)3. The spatial light
confinement is experimentally demonstrated using scattering-type scanning near-field optical
microscopy (s-SNOM) techniques [24-26]. Confocal cross-polarized microscopy [27] is used to
demonstrate that despite the point-like spatial confinement, high quality factors can be achieved,
greatly exceeding the limit of a few tens for plasmonic cavities [28—30]. The key to obtaining
these results is the use of a systematic inverse design approach, taking into account the practical
fabrication constraints [15,31]. In this work, we use gradient-based topology optimization [32],
capable of handling large-scale inverse design problems [33], which has proven suitable for a
diverse range of photonics problems [34-36] including the design of nanocavities [14,15]. Also,
the refinement of the processing technology to meet the demand for nanometer-sized features
is of key importance for achieving the results with high precision and performance presented.
This includes especially the careful optimization of etching conditions, such as gas composition,
pressure, temperature, and etching time for InP-based materials.

In this paper, two InP EDC cavity designs attained by manufacturing controlled topology
optimization are presented. Electron microscope (SEM) images evidence successful fabrication of
the complex cavity designs. The cavity quality factor is measured using confocal cross-polarized
microscopy and the optical near-field amplitude is extracted from s-SNOM measurements. The
experimental results show good agreement with simulation results, confirming the demonstration
of a III-V semiconductor nanocavity achieving light confinement deep below the diffraction
volume V= (1/2n)*. We also investigate the implications of breaking the fabrication constraints,
e.g., allowing for non-vertical sidewalls in the membrane structures, which shows that additional
improvement of the light confinement is possible by 3D-shaping the structures.

2. Design and fabrication

The cavity geometries achieving extreme dielectric confinement have as their central feature a
bowtie-like structure, which acts to spatially confine light by exploiting the boundary conditions
of Maxwell’s equations for the electromagnetic field [12—14,23,37]. In order to achieve strong
light confinement, the feature sizes of the central part of the bowtie, i.e., the bridge width and
curvature, need to be in the range of a few nanometers [38]. To obtain an optimal design, it is
important to take into account the constraints of the fabrication process to be used [18]. To do
so, we first design a cavity with extreme dielectric confinement using topology-optimization
(TO-EDC cavities) with relaxed geometric constraints. Next, we fabricate the structure in InP and
test the nanofabrication accuracy. The fabrication accuracy is found to be limited by EBL and
dry etching. After the first round of fabrication optimization, we achieved the smallest dielectric
feature size of 20 nm. The smallest feature size has a variation of 10 nm, depending on the
design of the bowtie nanostructure, and originates from the limited resolution of the dry etching.
The proximity effect also results in shape deformation of the air voids. Subsequently, minimum
dielectric feature sizes of 20 nm and 15 nm for two separate design runs are set as the geometrical
constraints for the second round of topological optimization. In addition, a minimum curvature
with a radius of 25 nm is imposed for sharp corners of the air void regions.

The photonic cavity designs that optimize the ratio Q/V between the cavity quality factor
Q and the optical mode volume V, are generated using topology optimization based on the
finite-element method (FEM) [39] and employing a local density of states approach [40]. In brief,
the problem of designing the cavities is formulated as a constrained, continuous, mathematical
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optimization problem, which is solved using the method of moving asymptotes [41] employing
adjoint sensitivity analysis [42] for efficient gradient calculations. The design variables to be
optimized describe the distribution of the material constituting the photonic cavity through an
interpolated refractive index [43]. The initial guess used for the design variables corresponds
to a non-physical mixture of 50% air and 50% InP at every point in the design domain. This
initial material distribution is gradually changed by solving the optimization problem using
~1000 design iterations while employing a standard filtering and threshold continuation approach
to ensure a final physically realizable design [44,45]. The prescribed material length scales
are ensured through a set of constraints imposed on the optimization problem [31]. Once an
optimized geometry has been reached, the final material distribution is carefully extracted and
curve fitted for post-evaluation in a second round of simulations using high-resolution models.
The membrane thickness of the structure is fixed at 245 nm during the optimization.

In all cases, we find that the final structure develops a central bowtie feature, as also found in
[18]. The width of the central bowtie bridge is an important characteristic of a given design since
it, to a large extent, dictates the degree of spatial light concentration possible in the structure
[18]. We here focus on two designs with prescribed bowtie bridge widths (g) of 15 nm and
20 nm, henceforth denoted TO-EDC g15 and TO-EDC g20. Two numerical approaches, 3D
finite difference time domain (FDTD) method and 3D FEM, were used for the second round
of simulations. Figure 1(a) shows the TO-EDC g20 design, with the grey and black areas
representing the dielectric and air regions, respectively. Simulations of the cavity mode field, in
this case, based on the FDTD, are shown in Figs. 1(b) and (c), illustrating that the electrical field
of the EDC mode is indeed strongly confined within the central dielectric bridge of the bowtie
nanostructure. Simulations of the resulting structures show that the EDC mode has a resonant
wavelength of 1539.7 nm with a Q-factor of ~1000 and a mode volume of 0.26 (1/2n)3, which is
significantly below the diffraction volume V= (1/2n)? and a factor of 1/13 of the mode volume
of a point-defect cavity (of H1 type [23]). The mode volume is calculated as the spatial integral
of the electric field divided by the field strength at the position of interest. We emphasize that the
mode volume depends on the position, which is here taken at the center of the bowtie bridge, with
the inverse of the mode volume being a measure of the vacuum field strength at that position [46].

As the bridge width g is further reduced to 15 nm (TO-EDC gl5), the mode volume reduces
to 0.19 (1/2n)3. Such a reduction of the mode volume is also accompanied by a Q-factor
reduction. However, the calculated Q-factor drops only 20% to 800 (with a resonant wavelength
slightly shifted to 1538.4 nm), leading to an increased Q/V of 4210 (1/2n)~3 for TO-EDC g15, as
compared with a Q/V of 3840 (1/2n)~3 for TO-EDC g20. It is noted that not only the central
bridge width changes between the two optimized designs, but also the size and shape of the
air-holes throughout the cavity changes, with differences of up to 20 nm and 180 nm for the inner
and outermost regions, respectively. These results imply that one needs to carefully design the
entire device geometry to ensure the best possible performance, not only change the size of
individual features.

Compared to earlier topology-optimized designs [15,18], the design in Fig. 1(a) is free from
the many fine features (hair-like extrusions) mainly due to length scale constraints. Recent work
also showed that a simpler cavity design, limited to the combination of elementary geometric
shapes, can perform nearly as well as the full topology-optimized structure, allowing adaptation
of the design to other wavelengths and membrane dimensions [22].

‘We fabricated the cavities in a 245 nm thick InP membrane, which was bonded to a Si/SiO,
substrate. The Si/SiO, substrate was prepared through oxidation and annealing of a Si wafer
in an anneal-oxide furnace at 1100 degrees Celsius, yielding a SiO; layer with a thickness of
2.7 um. This SiO, layer serves as a sacrificial layer for the membranization of the devices. A
245-nm-thick layer of InP, accompanied by a 100 nm-thick InGaAs etch-stop layer was grown on
an InP substrate via metal-organic vapor phase epitaxy (MOVPE). Before bonding, the surfaces
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Fig. 1. (a) Design of the TO-EDC g20 cavity, with the smallest dielectric feature size
(corresponding to the dielectric bridge width at the center) of 20 nm. The grey and black
areas represent the dielectric and air void regions. The inset shows a zoom-in of the central
bridge of the cavity. (b, ¢) Calculated electric field distribution (|E|) in the XY plane (top,
Z =0) and XZ cross-section (bottom, Y = 0) of the target cavity mode at the center (500 nm
by 400 nm) of the (b) TO-EDC g20 and (c) TO-EDC gl5, respectively. (d) SEM image (top
view) of the fabricated TO-EDC g20 based on InP. (e, f) SEM images of the tilted views of
the central areas of the (e) TO-EDC g20 and (f) TO-EDC g15, respectively. The insets in (e)
and (f) are top views of the central bridges of the respective cavities.

of both the InP wafer and Si/SiO; substrate were activated using O, plasma for 30 seconds.
Subsequently, the InP wafer was directly bonded to the Si/SiO, substrate under a force of 2 kN in
Siiss SB6 wafer bonder at 300 degrees Celsius. After removing the InP substrate and InGaAs
etch-stop layer, the InP membrane for the cavity was formed.

We deposited a layer of 100 nm SiNx onto the wafer, and subsequently spin-coated a layer of
180 nm chemically semi-amplified resist (CSAR6200.09) on top. The SiNx and CSAR were used
as a hard mask and photoresist, respectively. The thicknesses of these masks were optimized to
strike a balance—ensuring they were sufficiently thin to enable the etchant to access the narrow
cavity opening, yet not overly thin to compromise the protection of the underlying materials.

The cavity structures were exposed on JEOL-9500FSZ electron-beam writer with current
I=0.2nA and shot pitch of 1 nm. The low current and fine shot pitch were chosen to achieve
high resolution. The pattern was transferred to the SiNx hard mask and InP layer by a two-step
inductively coupled plasma (ICP) etching. The sample was put on a Si wafer in ICP. The presence
of the Si wafer served as a passivation layer that could accumulate on the sidewalls, mitigating
lateral etching [21]. For the InP etching process, HBr gas was employed with a controlled flow
rate of 5 sccm. This deliberate choice of a low gas flow rate was important in achieving a low
pressure of 0.5 mTorr. This reduction in pressure played a crucial role in the formation of straight
sidewalls in the etched structures. After the etching, a buffered HF wet etching is applied to
membranize the structures.
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Fig. 2. (a) Confocal cross-polarized microscopy setup used to measure the quality factor of
the structures. The TE component (blue line) of the pump light (black line) generated by a
superluminescent diode (SLED) is selected by a polarization beam splitter (PBS) and then
focused onto the surface of the sample through a microscope objective. (b, c) Measured
scattering spectra (grey circles) and the corresponding theoretical fits (red curves) of the
(b) TO-EDC g20 and (c) TO-EDC gl5, respectively. (d) Topography and (e) near-field
amplitude signal at the resonant frequency of the TO-EDC g20 cavity, as measured by an
AFM-based s-SNOM. (f-g) Normalized amplitudes of (f) the measured scattered light from
the cavity center and (g) the calculated field intensity of TO-EDC g20. (h, i) Normalized
amplitudes of the measured scattered light from the cavity center of TO-EDC g15 with a
sacrificial layer of (h) 2 um and (i) 1.1 um, respectively. (j) the calculated field intensity of
TO-EDC g15. The data in the air voids is disregarded.

Figures 1(d-f) shows SEM images of the fabricated samples. Instead of the designed wedge-
shaped dielectric bridge for the bowtie nanostructure, the fabricated structure is, to some extent,
rounded at the bowtie tip due to the limited resolution of the EBL and the following development.

3. Experimental results

To measure the Q-factor of the TO-EDC cavities, we use a cross-polarized confocal setup,
cf. Figure 2(a). The TE component (blue line) of the pump light (black line) generated by a
superluminescent diode (SLED) with a broadband emission ranging from 1460 to 1620 nm is
selected by a polarization beam splitter (PBS) and then focused onto the surface of the sample
through a microscope objective. The light excites the EDC mode, which contains both TE and
TM components (defined as in Fig. 2(d)). The TM component of the scattered light (red line),
together with the light from the InP membrane, is then reflected by the same PBS and measured
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by an optical spectrum analyzer (OSA), while the TE-polarized light is filtered out by the PBS.
The TE and TM components are both at a 45-degree to the bridge direction of the cavity, as
shown in Fig. 2(d).

Asymmetric Fano lineshapes are observed in the scattering spectra (grey circles) (Figs. 2(b,
¢)) due to field interference between the scattered light from the excited EDC mode (a discrete
mode) and the light scattered directly from the InP membrane (a continuum of modes). To
investigate other causes of the asymmetric lineshapes, we have conducted experiments where we
systematically varied the pump power and analyzed the corresponding light scattering spectra.
Our findings indicate that the lineshape asymmetry is independent of the power level. This
observation leads us to conclude that the asymmetry is unlikely to be induced by nonlinear
effects inherent to InP. Nonlinear effects — namely, free-carrier excitation induced by two-photon
absorption (which typically results in a blue shift of the resonance) and thermal nonlinearity
(leading to a red shift) — might effectively counterbalance each other. This compensation could
conceal any significant deformation in the resonance lineshape under CW pumping that would
otherwise be observable, but the moderate Q-factor of the cavity makes this unlikely. The simple
Fano formula can describe such a scattering spectrum

2

R(w)? = Yy of 1
R@I* = | + Il (1)

where w is the frequency of the input light and wy is the resonant frequency of the EDC mode.
Here, vy, =wo /20, and yr = wqo / 2Qr are the field decay rates of the EDC mode, in which Q,
and Qr are the intrinsic (without fabrication imperfection and material absorption) and total
(with fabrication imperfection and material absorption) Q-factors of the EDC mode, respectively.
Also, |rp| is the field reflectivity of the InP membrane and ¢/ is a propagation factor in which 6
is the phase difference between the localized EDC mode and the background continuum mode.
Such a phase shift can be controlled by adjusting the focus of the objective lens.

Equation (1) is used to fit the measurements (Figs. 2(b) and (c)), resulting in Q-factors of
TO-EDC g15 and TO-EDC g20, respectively. The measured Q-factors of the fabricated cavities
are found to be reduced by about 25% compared to the simulated values for the nominal designs.
This reduction most probably originates from fabrication imperfections, including geometric
perturbations and sidewall roughness. Compared with the design, the resonant wavelength of the
TO-EDC g20 (g15) blue shifts by 22 (32) nm due to the non-straight etching profile, which will
be further explained in the next section. The larger shift for the TO-EDC g15 is consistent with
a smaller bowtie gap associated with a stronger mode localization, which is more sensitive to
fabrication errors [22].

The ultra-small mode volume of EDC cavities makes the experimental characterization of the
EDC mode challenging. We exploit s-SNOM for characterizing the spatial field distribution of the
cavity mode [18,24]. The s-SNOM contains an AFM operating in tapping mode [47]. A tunable
CW laser is focused on the tip apex with a nominal radius of 20 nm and an effective distance of
5 nm from the sample surface. Therefore, the light is scattered 25 nm above the sample surface
[24]. The CW laser is s-polarized and aligned with the cavity mode to minimize the excitation
of the tip [48] and maximize the excitation of the cavity. The scattered light is detected with a
photodiode and a linear polarizer, ensuring detection in s-polarization [49,50]. Demodulation
at higher harmonics of the tip tapping frequency € [25,26] and using a pseudo-heterodyne
interferometric detection scheme [51] allows retrieval of the near-field amplitude with a spatial
resolution of the order of the tip radius. We present the data retrieved from the fourth harmonic.
Scanning the sample below the AFM tip allows to retrieve the spatial field distribution of the
near-field amplitude. Figures 2(d) and (e) show the measured AFM topography of the TO-EDC
220 and the corresponding optical near-field signal of the EDC mode. Compared to the SEM
image in Fig. 1(d), the cavity topography measured by the AFM is a bit distorted due to the
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limited resolution of the AFM as the tip goes down into the air voids of the structure. Indeed, the
EDC mode is strongly confined at the bowtie center, whereas the enhanced fields at the bowtie
edge arise due to the combination of the surface field and the field in the void [18].

We compare the experimental data with simulation results. We disregard the data in the air
void regions, since, in these regions, the tip goes down into the holes and a complex combination
of surface fields and the field in the voids is measured. See [18] for an extensive discussion.
Figures 2(f) and (g), respectively, show the normalized amplitudes of the measured scattered
light |E,,;| and the calculated field intensity |E,| of the EDC mode at the cavity center about 25 nm
above the surface.

The Bhattacharyya coefficient t = 3 \/|E,,| |E.| is used to evaluate the similarity between the
measured and calculated field intensities, where both fields are normalized as ) |E,,,| = >, |E.| = 1.
A larger value of ¢ (closer to 1) means a better agreement between the measurement and the
simulation. This calculation yields #=0.97 for the cavity TO-EDC g20. As seen, the measured
and calculated field profiles (Figs. 2(f) and (g)) are almost identical, except that the measured
profile is a bit asymmetric with respect to the x and y axes. This may be caused by instabilities
due to mechanical or thermal expansion of the InP membrane during the AFM scanning. In
addition, heating up the system while focusing the laser on the tip and on the bowtie alters
the refractive index of InP, thus shifting the cavity mode while scanning. Such an asymmetry
becomes more pronounced when the bowtie gap shrinks to 15 nm, as shown in Fig. 2(h), where
the Bhattacharyya coeflicient f reduces slightly to 0.9584 which is a bit lower than that of TO-EDC
220. This suggests that the near-field measurement becomes more sensitive to instability issues
when light is further confined.

Interestingly, we found such an instability issue can be relieved by decreasing the sacrificial
layer (the SiO, layer) beneath the InP membrane. As seen from Fig. 2(i), the measured scattered
light from another TO-EDC g15 but with a thinner (1.1 um) sacrificial layer shows improved
stability and, thus, less asymmetry in the mode profile. This is confirmed by comparing with the
calculated field intensity (Fig. 2(j)), where the Bhattacharyya coefficient ¢ reaches the maximum
of 0.9761.

4. Exploration of fabrication limits

In order to further investigate the fabrication limits, we reduce the bridge width of the bowtie
gap of TO-EDC g20 (going below 20 nm) while keeping the rest of the structural parameters
unchanged. Here, a sacrificial layer of 1.1 um is used to alleviate the instability issue.

Figure 3(a) shows that a dielectric bridge as narrow as 10 nm can be achieved, albeit with a
small upper part of the bridge being etched away. When the targeted bowtie bridge width is
further reduced to 8 nm, the upper part of the bridge is further etched, with the air groove now
reaching down to the central plane of the membrane, cf. Figure 3(b). This also implies that the
etching profile is not straight through the InP membrane and indicates that the bridge width in
the central plane in the nominal 10 nm case (Fig. 3(a)) is less than 10 nm.

We then measure the s-SNOM signal for the new TO-EDC g20 cavity with the 10 nm gap
(Fig. 3(d)). Compared to the original TO-EDC g20 and TO-EDC g15 cavities, the new cavity
displays even stronger light confinement. The measured scattered mode intensity (Fig. 3(e))
agrees well with the calculated one (Fig. 3(f)), as shown by an overlap coefficient ¢ of 0.9546.
It should be noted that in the bowtie center, we use the calculated field about 30 nm under the
cavity surface due to the loss of the upper InP. This comparison becomes more reasonable if we
take into account the influence of the AFM probe tip. Figure 3(g) shows the convolution of the
simulated electric field |E;| of the EDC mode and the AFM probe function f{6), which is treated
here as a two-dimensional Gaussian distribution with a standard deviation of §. By sweeping the
value of §, the maximum value of #=0.9868 is found when 6 = 10 nm.
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Fig. 3. (a) SEM image showing a tilted view of the central area of the modified TO-EDC
220 cavity with a 10 nm gap. The inset shows the top view of the central bridge. (b) SEM
image showing the tilted view of the central area of the modified TO-EDC g20 cavity with
an 8 nm gap. (c) Measured scattering spectra (grey circles) and the corresponding theoretical
fits (red line) of the modified TO-EDC cavity g20 with a 10 nm dielectric gap. (d) Measured
near-field amplitude signal at the cavity resonant frequency. The inset shows the topography
of the central region as obtained from AFM measurements. (e) Normalized amplitudes of
the measured scattered light at the cavity center. (f, g) The calculated field intensity at the
cavity center (f) with and (g) without convolution with the AFM probe function. The data in
the air voids is disregarded.

From the simulations, we infer a mode volume of 0.16 (/1/2n)3. From the scattering spectra,
we obtain a Q-factor of 370, which is reduced from a value of 475 expected from the simulations.
The resonance frequency is also observed to exhibit a large blue shift. Both features are consistent
with a non-straight etching profile, which leads to additional scattering and a larger fraction of
the EDC mode residing in air rather than within the solid material of the cavity. The presence of
a greater fraction of the EDC mode in air alters the effective refractive index experienced by the
mode, leading to a blue shift of the resonance.

We also perform FDTD simulations on structures with angled etching profiles of the central
dielectric bridge. We find that the corresponding mode volume can be as small as 0.12 (1/2n)3
when the bridge width in the central plane of the InP membrane reduces to 4 nm. The reduction
in bridge width leads to the decrease in the mode volume. Additionally, non-straight and
non-uniform etching profiles enhance light confinement in the vertical direction, so it may thus
be used to further shrink the mode volume. The approach is probably not practical, though, since
the fabrication process will be difficult to control. A better approach will be to replace the SiNx
with a harder mask and systematically reduce the bridge width through process optimization.
Compared to the Si cavity in [18], the InP cavity here has a larger mode volume, despite its a
narrower bridge width. This difference can be attributed to two factors: First, Si has a higher
refractive index than InP, which enhances light confinement in Si. Second, the cavity was
obtained by altering the design of TO-EDC g20, which means that the Q/V ratio is not optimized.
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It is worth noting that the mode volume can be potentially reduced to as small as 0.075 (\/2n)?
by a new round of topology optimization.

5. Conclusions

We have demonstrated an InP nanocavity with an optical mode volume of 0.26 (A/2n)3, which is
more than an order of magnitude smaller than what was previously observed in I1I-V semiconductor
nanocavities. The cavity was designed using topology optimization taking into account fabrication
constraints. This class of EDC (Extreme Dielectric Confinement) cavities confines light in
the semiconductor material rather than in air and can be used to enhance the radiative rate of
band-to-band transitions within the semiconductor. It thus holds promise for realizing nanolasers
and nanoLEDs with ultra-small active region or single-photon sources with enhanced emission
rates. Further reduction of the mode volume can be achieved by improving the fabrication
accuracy.
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