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Abstract

Optical buffer memories, which do not rely on an intermediate conversion between optical and electrical signals,
can be used to realize optical networks with low latency and low energy consumption. Photonic crystal nanocavities
can confine photons in a very small region for a long time, and thus may be used as core components of such optical
buffer memories. However, a scalable method for on-demand photon transfer between nanocavities is required. Here,
we demonstrate a photonics—electronics integration solution that realizes electrical control of a coupled ultra-high
quality-factor nanocavity system on a silicon chip. In this system, the photons confined in one of the two storage
nanocavities can be transferred to the other storage nanocavity by applying a voltage pulse to the control cavity. A

transfer efficiency of 76% and a cavity photon lifetime of 1.3 ns after the transfer are achieved.

Introduction

Photonic devices on silicon (Si) chips that are based on nanowire waveguides or photonic crystals (PCs), have been
considered as technologies that can expand the range of applications for optical interconnects, optical communication,
optical sensing, and optical information processing! . So far, photonic devices such as modulators, filters, and their
dense integration have been realized based on Si nanowire waveguides®*. Moreover, it has also become possible to
monolithically integrate III-V-based light sources and photodetectors on these devices®. Such integrated systems on
Si chips are being utilized as low-cost modules for conversion between electrical and optical signals used in rack-to-
rack, board-to-board, and chip-to-chip optical interconnections*®. On the other hand, two-dimensional PCs can
provide structures with properties that cannot be achieved with nanowire waveguides, such as waveguiding structures
with very low group velocities? and cavities with long photon lifetimes and small modal volumes'>7. In particular,
nanocavities based on PCs have the potential to be utilized as optical buffer memories, which do not rely on energy

consuming photon—electron—photon conversion processes.

To understand the potential of the PC-based technology for optical buffering, we studied the improvement of the
photon lifetimes in PC nanocavities and the manipulation of photons using coupled PC nanocavity systems. We
demonstrated a very long photon lifetime of 9.2 ns together with a small modal volume of 1.6 cubic wavelengths in
a Si PC nanocavity operating at telecommunication wavelengths’. We also reported on the optically controlled photon
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transfer between PC nanocavities on a Si chip®. In this proof-of-concept of optical buffering using nanocavities,
photons confined in a storage nanocavity with a photon lifetime of 0.2 ns were transferred to another storage
nanocavity by decreasing the refractive index of a control nanocavity located between the two storage cavities. The
refractive index of the control cavity was changed by irradiating a 20-ps light pulse that generated free carriers to
induce a blue-shift of the cavity resonance wavelength via the carrier plasma effect’. However, this optical control
method requires not only an external optical system of a size much larger than the chip itself, but also a complex
optical control of different control pulse timings if many cavities need to be controlled, making it practically
impossible to scale up the system. The implementation of an electrical refractive-index-control mechanism can in
principle improve the scalability, but techniques need to be developed that allow us to introduce such a mechanism,

while keeping the photon storage times in the nanocavities sufficiently long.

In this work, we demonstrate a photonics—electronics integration solution that realizes electrical control of a
coupled ultra-high quality(Q)-factor nanocavity system on a Si chip. The fabricated system has an integrated
refractive-index-control mechanism based on an in-plane p-i-n-diode, and an efficient photon transfer between the
storage nanocavities is possible by applying an electrical control pulse. The important design elements of the PC
structure in this system were optimized using a machine-learning-based method to realize a large coupling coefficient
between the nanocavities, while preserving the high Q factors. We also developed fabrication methods that can reduce
contamination of the cavities during the fabrication of the p-i-n diode. The developed system achieves a transfer
efficiency of 76% and a cavity photon lifetime of 1.3 ns (corresponding to a Q factor of 1.6 million) after the transfer.
This control scheme will help to realize optical buffer memories that provide on-demand storage and extraction of

photonic information on a chip.

Results

Sample design. The fabricated PC chip with an electrical refractive-index-control mechanism is shown in Fig. 1a.
We mounted the PC chip on a ceramic package as shown in the figure. For the chip fabrication, we used a silicon-on-
insulator (SOI) substrate, and the PC structure was formed in the 220-nm-thick top Si layer of the SOI substrate.
Figure 1b shows a microscopic image of the region on the chip that contains the coupled nanocavity system. The
main elements of this device are the three nanocavities A, B, and C (the three short horizontal orange lines in the
figure), which are coupled via the two coupling waveguides (each is about 40 um long) slightly above them and have
a third long excitation waveguide below them. Figure 1c shows a scanning electron microscopy (SEM) image of the
control nanocavity and the three waveguides in its vicinity. Figure 1d clarifies the design of the used photonic
heterostructure nanocavities’; the holes of the PC have a diameter of 220 nm, and the PC lattice constant in the
horizontal direction is larger at the center. The hole patterns in the vicinity of the cavities and coupling waveguides
were designed by the assistance of a machine-learning-based optimization method '°. The arrows indicate those holes
that have been shifted from their original position in the PC lattice according to the optimization result (an expanded
view of the structure is shown in Supplementary Fig. S1). The SiO; layer underneath the PC was removed to enable

strong light confinement by symmetric air cladding.



In Fig. 1b, we see that cavity C is located in the i-region of an in-plane p-i-n diode. This enables us to conveniently
change the resonance wavelength of cavity C, Ac, via the carrier plasma effect by changing the carrier density in the
i-region electrically'!. This design has the advantage that free-carrier absorption can be reduced at zero bias. We used
a doping density of 3 x 10" cm™ for both the p- and n-regions and the width of the i-region was set to 4.5 um to
realize a sufficiently high modulation speed of Ac, [dAc/d#|, while maintaining a sufficiently small optical absorption
loss at zero bias. Nanocavities A and B were used to store photons. To control their resonance wavelengths (Aa and
AB, respectively), we used micro-heaters; Aa and Ag can be almost independently controlled and tuned within a range
of 1560 to 1561 nm by the microheaters via the thermo-optic effect!?. The coupling between nanocavities A and C
was achieved by the left coupling waveguide, whose Fabry-Perot modes do not overlap with the resonance
wavelengths of the nanocavities, thereby effectively achieving a direct coupling between them'3. The same design

was used for the coupling between nanocavities C and B.
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Fig. 1| The fabricated PC chip. a, The chip mounted on a ceramic package. b, Microscopic image of
the coupled nanocavity system on the chip. ¢, SEM image of the control nanocavity and the waveguides.
The heterostructure nanocavity geometry is basically defined by the three different lattice constants of
the PC, a1 =410 nm, a,= 413 nm, and a3 = 416 nm. d, Detailed geometry of nanocavity A and the left
coupling waveguide (the other structures also use this design). The result of the fine-tuning of the air-
hole positions is shown by the displacement arrows. The length scale of the arrows of the cavity region
is indicated below the figure, and that of the waveguide region is indicated above. The radii of the air
holes are » = 110 nm. The distribution of the y component of the electric field of the resonant mode is



plotted with blue and red colors. e, Conceptual diagram showing the eigenstates of the system when the
angular resonance frequency of nanocavity C is changed.

Optimum operating conditions. The principle of the photon transfer is explained with the diagram in Fig. le,
where we define the angular resonance frequencies of nanocavities A, B, and C, as ®a, ®g, and oc, respectively. The
transfer is based on an adiabatic process and the frequencies of the eigenstates of the coupled cavity system change
as a function of wc due to strong coupling, which results in an anti-crossing behavior. In our device, photons are first
injected into nanocavity A using the excitation waveguide while oc < wa. Then, these photons can be transferred
adiabatically to nanocavity B along the yellow-highlighted eigenmode in Fig. 1e by increasing wc up to a frequency
satisfying wp € wc®!“. The details of the operating principle are given in the Supplementary Information. To keep
the transfer efficiency close to unity, it is necessary to fulfill the condition |[doc/df| € 2mu? according to Landau and
Zener'®. Here, p is the cavity—cavity coupling constant. However, when free-carrier injection is used to control oc, a
loss will occur in the region ®a < wc < g, because here the photons partially exist in nanocavity C (see the middle
inset of Fig. le) and free-carrier absorption takes place. In order to avoid this loss, |[doc/df| needs to be increased to
pass through this region quickly. According to a detailed theoretical study of our system'#, the highest transfer
efficiency for a given u can be achieved by adjusting the value of wg - ®a to about 0.8y and using |[doc/df = 0.2 %
2np?. Also from the viewpoint of applications, a faster change in wc is preferable because the time required to
complete the transfer can be shortened, leading to faster writing and reading speeds associated with optical buffering.
Therefore, a method to increase p needs to be developed. In addition, the photon lifetimes of the actually fabricated
nanocavities (especially for A and B) are important, because a longer photon lifetime means a longer storage time of

the buffered photonic information.

There are two issues in realizing a large p and a long photon lifetime 7. Firstly, in order to realize a large p, it is
necessary to introduce the coupling waveguides as close to the nanocavities as possible. However, the closer the
coupling waveguide is, the greater is the disturbance of the cavity-mode field. Since this disturbance increases the
radiation loss of the nanocavity, there is a fundamental trade-off relationship between p and t. Secondly, T depends
not only on the cavity structure but also on the degree of optical absorption caused by impurities inside or on the
surface of the material”-'®. Because we need to introduce a p-i-n structure, which increases the complexity in the
fabrication process, the degree of contamination of the nanocavity is likely to become larger. Therefore, the
introduction of a p-i-n structure can reduce 1. In order to solve these problems, we developed a new advanced design
method based on machine learning and also developed fabrication methods that can suppress the contamination of
the nanocavity during impurity activation and electrode formation. The device shown in Fig. 1 was designed and
fabricated by using these methods. The arrangement of the air holes shown in Fig. 1d is the result of optimizing the
hole pattern in such a way to achieve an increased p while keeping t at a sufficient level (see Methods). Here, the
design values of u and t of the optimized structure are 9 rad/ns and 36 ns, respectively. To avoid contamination of
the nanocavity during fabrication, we used protective films during the activation annealing of the p- and n-regions,
and used hydrofluoric acid (HF) vapor (instead of wet HF, which damages metal) to remove the SiO, underneath the

PC after electrode formation (see Methods). The lifetimes and quality factors of nanocavities A, B, and C in our



fabricated sample were t=1.45 ns, 1.84 ns, and 0.71 ns, (Supplementary Fig. S3¢) and Q = 1.75 million, 2.22 million
and 0.86 million, respectively. The Supplementary Information explains how the lifetimes of nanocavities A and B
were affected by the control cavity during the experiment. The coupling constant pac (isc), which characterizes the
coupling between nanocavities A and C (B and C), was evaluated to be 9.4 (12.6) rad/ns (Supplementary Figs. S3a
and S3b). By applying the average coupling constant i = (nac+iec)/2 = 11 rad/ns to the optimal operation condition,
the optimum value of |dAc/df| for efficient photon transfer is estimated to be 0.2 nm/ns. With the help of another
sample, the actual value of |dAc/d#| was estimated to be about 0.15 nm/ns when an electrical pulse with a voltage of
1.6 V and a duration of 8 ns was applied to the p-i-n junction (Supplementary Fig. S3d). This speed is in good
agreement with the simulation of the carrier dynamics in the p-i-n structure (Supplementary Fig. S4b). We were able

to control |[dAc/df| in the range 0.15-0.43 nm/ns using voltages from 1.6 to 3.2 V (Supplementary Fig. S4b).

Demonstration of photon transfer from cavity A to B. We first adjusted the wavelengths of nanocavities A and
B to reach the condition As - Ag = 11.5 pm and Ac - Aa= 150 pm. At this initial condition, the electromagnetic field
distribution of the eigenstate at =~ wa consists almost entirely of the confined mode of nanocavity A (= 98%). Then we
injected photons into this eigenstate (via the excitation waveguide) using a light pulse with a duration of 10 ns at a
repetition rate of 5 MHz, and applied a synchronized voltage pulse with different delay times to the p-i-n diode while
carrying out time-resolved measurements of the photons emitted from nanocavities A and B into free space (see

Methods).

Figure 2a shows the measurement results for an electrical pulse with a voltage of 1.6 V and a duration of 8 ns. In
this figure, the excitation of nanocavity A ends at the time 7 = 1.9 ns, and after this optical excitation the number of
photons in nanocavity A decays with a constant lifetime (1.05 ns) until time #; (see the red curve). At time #, the effect
of the voltage pulse becomes apparent: For times ¢ > #1, the number of photons in cavity A decays rapidly, and
simultaneously the number of photons in cavity B (blue curve) increases correspondingly. This indicates the transfer
of photons from cavity A to B. The number of photons in cavity B reaches its peak at time #, and for ¢ > #,, the number
of photons in cavity B decays with a constant lifetime of 1.35 ns. Figure 2b shows the measurement results that were
obtained when the timing of the voltage pulse was delayed by 1 ns compared to Fig. 2a. Except for the delay of the
transfer by 1 ns, the behaviors of the photons in nanocavities A and B are almost the same as those in Fig. 2a. These
experimental results clearly indicate that the photons stored in cavity A were transferred to cavity B by applying the

voltage pulse, and we were able to control the transfer timing electrically.

In order to clarify the processes that govern the experimental results in Fig. 2a, we numerically calculated the time
evolution of the coupled nanocavity system using the same conditions (see Supplementary Information). The
calculated results are shown in Figs. 2¢ and 2d, where the former shows the value of Ac relative to Aa (the green
curve) obtained from the simulation of the carrier dynamics in the p-i-n structure, and the latter shows the
corresponding change of the optical energy in each nanocavity calculated by coupled mode theory. By comparing the
optical energies in cavities A and B in Fig. 2d (the red and blue curves) with the experimental results in Fig. 2a, it can
be seen that they are in good agreement. Furthermore, in Fig. 2c, the value of |dAc/df| near the intersections with the

curves for A4 and Ag is about 0.16 nm/ns, which is also in agreement with the experimentally obtained value (0.15



nm/ns). This confirms that the experimental results in Fig. 2a show a spatial transfer of photons due to an adiabatic

change of the eigenstate induced by increasing wc up to a frequency satisfying o < oc.
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Fig. 2| Time-resolved signals from cavities A and B. (a) Experimental results of the photon transfer
at a certain timing of the electrical control pulse, and (b) experimental results when the timing of the
control pulse is delayed by 1 ns. (¢) and (d) show calculation results corresponding to the experimental
condition of (a). (c) The green curve shows the calculated change in Ac relative to Aa as a function of
time, and (d) the shows the calculated optical energy contained in each nanocavity at a given time.

From the experimental data, we can also evaluate the transfer efficiency 7, which is defined as the ratio of the
number of photons in cavity B at the completion of the transfer to that in cavity A at the start of the transfer. As a
practical criterion, we used the time when the time-resolved signal of nanocavity A begins to fall significantly as the
start time (equivalent to the time when B begins to rise significantly, e.g. 1 in Fig. 2a), and the time when the time-
resolved signal of nanocavity B reaches its peak as the completion time (e.g. £ in Fig. 2a). This criterion almost
coincides with the theoretical criterion discussed in the Supplementary Information. Using this criterion, we obtained

N = 57% and 63% for Figs. 2a and 2b, respectively.

We also performed photon transfer experiments using different control-pulse voltages. Figure 3a plots the measured
n versus the applied voltage amplitude. The values that are provided next to each data point in the figure, are the
corresponding |dAc/d¢| values estimated from the simulation of the p-i-n structure. Note that |dAc/d¢| increases with
the applied voltage (Supplementary Fig. S 4b), because it controls the injection current. As discussed above, the ideal
photon transfer efficiency determined by the adiabatic condition is higher for smaller |[dAc/d¢| values. On the other
hand, in a non-ideal system, the loss of photons due to free-carrier absorption in cavity C and the intrinsic loss in
cavities A and B during ma<w@c <wg is lower for larger |dAc/d¢| values. This results in a maximum of 1| at intermediate

voltages. The photon transfer efficiency obtained using a voltage of 1.8 V was the highest (n = 76%), and the



corresponding time-resolved data is shown in Fig. 3b. The estimated |dAc/d#| at this applied voltage is 0.2 nm/ns,

which is consistent with the theoretical optimum of 0.2 nm/ns.
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Fig. 3| Voltage dependence of the photon transfer efficiency. (a) Transfer efficiency as a function of
the control-pulse voltage. The number next to each data point is the corresponding |dAc/dz|. (b) Results
of the photon transfer experiment with a pulse amplitude of 1.8 V, where the maximum transfer
efficiency of 76% was obtained.

Discussion

Here we consider several factors that can be used to further improve the electrically controlled photon transfer
between PC nanocavities. Firstly, we characterized the decay time constants of the photons in the transfer experiment
and the time required for the photon transfer as shown in the Supplementary Information. The results indicate that
the carrier densities in cavity C during the transfer and the detuning between Ag and Ac after the transfer need to be

considered, and that the measured transfer times are consistent with the predictions within the measurement resolution.

Secondly, if we assume a control cavity with a lifetime of tc = 10 ns at zero bias, the i-layer width can theoretically
be reduced to 3 um, and |dAc/df can theoretically be increased to 0.7 nm/ns using a pulse voltage of 3 V (see
Supplementary Information). Because we have already fabricated nanocavities with lifetimes of 9.2 ns,” fabrication
of nanocavities with significantly longer lifetimes should be possible by reducing the absorption loss due to
contamination and the scattering loss due to structural fluctuations by 75%. Therefore, we assume that we can design
and fabricate a coupled nanocavity system where ta = tg = 36 ns (at zero bias) and tc = 10 ns while p is large enough
to satisfy |dwoc/df] = 0.2 x 2mp? for the considered high value of |dAc/d#| = 0.7 nm/ns. The optimum p required for
this increased |dAc/df| is only 1.9 times larger than the present value, and the assumed long lifetime of 36 ns should

be compatible with this larger p. The required reduction in the contaminations is considered possible by using
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protective films in other fabrication steps besides activation annealing as well. The required reduction of the
fluctuations of air hole positions and radii will require further improvements of the electron-beam writing and dry
etching processes. If this can be achieved, the transfer time is 0.39 ns and the transfer efficiency is 97% as shown by
the numerical results in Fig. 4. Although the optical energy in cavity C during the photon transfer in this system is
larger than that in the case of Fig. 2d due to the fact that p is 1.9 times larger, the total free-carrier loss is almost the
same owing to the shorter transfer time. Furthermore, the loss in cavities A and B during the transfer is significantly

lower owing to the longer lifetimes and the shorter transfer time, resulting in the higher transfer efficiency of 97%.

From the viewpoint of the application of such a system as an optical buffer, operation at GHz frequencies is required.
Note that the operating frequency depends not only on the carrier injection rate but also on the carrier extraction rate
and the carrier lifetime. Therefore, it is necessary to optimize the electrical characteristics of the p-i-n junction to
enable an improved operating frequency. Switching to electro-optical materials, such as thin-film lithium niobate!”
and silicon carbide'®!°, may be another solution. Such materials are also advantageous in avoiding free-carrier
absorption, which accompanies the refractive index control by the carrier plasma effect. Moreover, the narrow
bandwidth of storage nanocavities with high Q factors is another factor that needs to be considered, because the
efficiency of coupling of an optical pulse into a nanocavity is lower when the duration of the pulse is shorter than the

cavity lifetime. This problem can be solved by developing an electrical implementation of dynamical control of the

QO factor of a nanocavity?.
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3-V control pulse. The coupling constant was assumed to be large enough to fulfill the adiabatic
condition for the increased speed of the resonance-wavelength shift of nanocavity C. The cavity
lifetimes were assumed to be 36 ns, 36 ns, and 10 ns for nanocavities A, B, and C, respectively.

In conclusion, we have demonstrated an ultra-high Q-factor nanocavity system on a single Si chip that allows us
to transfer photons stored in one nanocavity to another nanocavity at an arbitrary timing by using an electrical control
pulse. This result is a significant advance compared to the previous proof-of-concept experiment using optical pulses
for control, because the present integrated system does not require a huge external optical system for control and
enables complex timing control. Despite the realized large nanocavity coupling constants (required for efficient and
fast photon transfer) and the integration of the p-i-n diode (required for the electrical control), the photon lifetime
after the photon transfer was 1.3 ns, which is 6.5 times longer than the value achieved in the previous study (200 ps).
This improvement is a result of the developed design and fabrication methods. The integration of an electrical
refractive-index-control mechanism and the improvement of the photon lifetimes are important results, because they
enable scaling up to optical buffering memories that use many coupled nanocavities. In addition, the electrical control
via the p-i-n diode allows both fast injection of carriers and also their extraction, which may lead to new control
schemes of coupled-cavity systems that can be advantageous for various applications?'23. We hope that future
advances in the operating speed, the system scale, and the control scheme, will lead to optical buffering without need
of conversion between electrical and optical signals, which could significantly reduce energy consumption and

latency at the nodes of optical fiber communication networks.

Methods
Optimization of the PC structure

The arrangement of the air holes located between the nanocavity and the waveguide is not exactly that of the PC
lattice; the arrows in Fig. 1d show the displacements of the actual hole positions with respect to the original PC lattice.
This new arrangement was obtained by optimizing the hole pattern in such a way to achieve a sufficient coupling
constant while suppressing radiation losses due to disturbance of the mode distribution. The design method used for
this work is an extension of our previously developed method!?, which uses deep neural networks to learn the
relationship between the air hole positions and the selected target parameter of the system?*. More concretely, we first
adjusted the position of the coupling waveguide with respect to the nanocavity roughly by using first principle
simulations of the electro-magnetic field (finite-difference time-domain method: FDTD method). Next, we set t and
| as the target parameters, and let a deep neural network learn the relationship between the air hole displacements
and T and p by using many example patterns generated by randomly displacing the positions of the air holes in the
area shown in the blue dashed rectangle of Fig. 1d. Then, we repeatedly searched for new structures that have lager
T and p values by using the trained deep neural network, and updated the example patterns used for learning by adding
the obtained new structures until the new results obtained by the re-trained neural network saturate. The design T and
p values of the optimized structure are 36 ns and 9 rad/ns, respectively, while those of the structure before

optimization are 8.3 ns and 3.8 rad/ns, respectively. Details will be published separately.
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Device fabrication

The samples were fabricated using SOI substrates with a top Si layer thickness of 220 nm and a buried oxide (BOX)
layer thickness of 3 um. The p- and n-regions near nanocavity C were formed by electron beam (EB) patterning and
ion implantation, respectively, followed by formation of a protective film and activation annealing in a quartz furnace.
Then, the PC structure shown in Fig. 1 was patterned by EB lithography and transferred to the top Si layer by
inductively coupled plasma reactive ion etching (ICP-RIE). The diameter of the air holes constituting the PC was set
to 220 nm. After patterning of the electrodes, Al electrodes with a thickness of 400 nm were formed by EB deposition,
and lift-off was carried out. Then, the BOX layer at the bottom of the nanocavity was removed using HF gas. Finally,

the chip containing the coupled nanocavity system was mounted on a ceramic package and wire bonded.

Time-resolved measurements

In the photon transfer experiment, an optical pulse was introduced into the excitation waveguide of the sample to
excite nanocavity A, and an electrical pulse was applied to the p-i-n structure of nanocavity C. The optical pulse was
generated by modulating the output of a wavelength tunable laser (Santec TSL710) using a lithium niobate modulator
(EOSPACE) to obtain a rectangular pulse with a repetition rate of 5 MHz (repetition period 200 ns) and a width of
10 ns. The optical pulse was synchronized with the electrical control pulse with a width of 8 ns and a voltage in the
range of 1.6-2.2 V generated by a pulse generator (Agilent 81110A). The photons emitted from nanocavities A and
B into free space were observed using a photomultiplier tube (Hamamatsu photonics H12397A-75) and a time-
correlated single-photon counting (TCSPC) module (PicoHarp PH-300). Since the intrinsic photon emission
probability of each nanocavity is independent of time, the measured emission intensities are proportional to the
number of photons stored in a nanocavity. The degree of the difference between the detection efficiencies of the
photons from nanocavities A and B was evaluated using the eigenstate where the spatial modes of nanocavities A and
B overlapped with equal weight, which occurs when Ag is tuned to the value of A using the microheater. The ratio
of the detection efficiency of nanocavity A to that of B was 63%. We corrected the data for this difference. The time-
resolved measurements were carried out separately: after the measurement of the emission from one storage cavity,
the objective lens was moved to the other storage cavity within a few minutes, and then the photon emission of this
cavity was measured. The results shown are those after removing the background and compensating for the different

excitation power and the detection efficiency.
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Expanded view of the designed structure
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Fig. S1| Expanded view of the designed hole pattern for nanocavity A and the left coupling waveguide
shown in Fig. 1(d). The result of the fine tuning of the air hole positions is shown by the displacement
arrows. The length scale of the arrows of the cavity region is indicated below the figure, and that of
the waveguide region is indicated above. The radii of the air holes are » = 110 nm. The distribution
of the y component of the electric field of the resonant mode is plotted with blue and red colors.

Operating principle

In this coupled nanocavity system, photons can be transferred adiabatically from nanocavity A to B by changing
the resonance frequency of nanocavity C, similar to the mechanism explained in the previous study®. The coupled
cavity system has three eigenstates composed of superpositions of nanocavities A, B, and C, where we define angular
resonance frequencies of the nanocavities (without coupling) as wa, wg, and wc, respectively. When wc is changed,

the three eigenfrequencies of the system change continuously as shown in Fig. S2. Near the point where wc crosses
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wa, an anti-crossing of the eigenstates occurs due to the coupling between nanocavities A and C (with strength u),
and a similar anti-crossing occurs when wc crosses ws. When we focus on the trajectory of the eigenstate in the middle
of the frequency range in Fig. S2 (highlighted in yellow), we can see that its spatial mode is almost that of the confined
mode of nanocavity A when wc < wa (see the left inset). On the other hand, it becomes a superposition of those of
nanocavities A, B, and C when wa < wc < wsg (see the center inset), and is almost like that of nanocavity B when ws
< wc (see the right inset). When we set wc < wa , we can inject photons into nanocavity A by exciting the system at
wa, because its confined mode contributes the most to the eigenstate at = wa under this condition. Furthermore, we
can transfer the photons from nanocavity A to nanocavity B by simply increasing wc up to a frequency satistying ws
< wc'™. According to the adiabatic theorem, if the speed of the change in wc (dwc/d?) is infinitesimal, all photons can
be transferred from cavity A to B because the photons stay on the eigenstate that continuously evolves with respect
to the change of the system (adiabatic transition). However, dwc/df needs to be finite in reality and transitions to other
eigenstates occur, which reduces the number of photons transferred to nanocavity B. This deviation from the adiabatic
approximation has been analyzed in detail by Landau and Zener'>. Based on their analysis, the fraction p of photons
that transit to another eigenstate at a given anti-crossing condition (determined by wc as shown in Fig. S1) is

determined by the relation between dwc/d¢f and the coupling constant ,

_ _2mp?
p= eXp( | dwe/de| ) (SD)

Therefore, in order to increase the photon transfer efficiency by reducing p, it is necessary to set |dwc/df| to a value
that is significantly smaller than 2ru?. However, when we use free-carrier injection to control wc, a loss will occur
in the region wa < wc < ws, because here the photons partially exist in nanocavity C and free-carrier absorption takes
place. To avoid this loss, we need to increase |dwc/d¢| and pass through this region quickly. Several factors, including
this trade-off relation, determine the optimum operating point. According to a detailed theoretical study', the highest
transfer efficiency can be achieved by adjusting the difference between wa and wg to about 0.8 and then adjusting
|dwc/df] = 0.2 x 2mp?, if the photon lifetimes in the cavities (without free carriers) are sufficiently long. Here, the
theoretical transfer time is defined as the time required from the start of the first anti-crossing until the end of the

second anti-crossing. The theoretical transfer time is estimated to be about 6/ under the optimum condition.
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Fig. S2| Conceptual diagram showing the eigenstates of the system when the resonance frequency of
nanocavity C is changed.

Basic evaluation of the fabricated samples

Figure S3a shows the resonance wavelengths of nanocavities A, B, and C (Aa, As, and Ac, respectively) as a function
of the power applied to the microheater in the vicinity of nanocavity A. Figure S3b shows the changes of Aa, A, and
Ac that occurred when the other microheater was used. It can be confirmed that As and Ag can be controlled almost
independently over a range of about 1 nm by using the microheaters. By theoretically analyzing the data near the
anti-crossing of A and Ac in Fig. S3a (see inset), we determined a value of 9.4 rad/ns for the coupling constant pac,
which describes the strength of the coupling between nanocavities A and C. Similarly, from Fig. S3b, upc = 12.6
rad/ns was obtained. By applying the average value of the two coupling constants p = (uac+iec)/2 = 11 rad/ns to the
optimal operation condition (i.e. [doc/df] = 0.2 x 2zwu? as described in the previous section) and using the relation
|dA/de|= Mo %|dw/df|, we estimated that the speed of the resonance-wavelength shift of nanocavity C required for an

efficient photon transfer is |[dAc/df| = 0.2 nm/ns.

To measure the photon lifetimes of the three nanocavities, the microheaters were switched off, because under this
condition the nanocavities A, B, and C are almost independent. The time-resolved measurement results of the cavity
photons in Fig. S3c¢ show that the photon lifetimes of nanocavities A, B and C are 1.45 ns, 1.84 ns, and 0.71 ns,
respectively (the decay in the range below 103 counts is slower probably due to the background noise or an imperfect
extinction ratio of the input pulse, and thus we evaluated the lifetimes at the initial stage of the decay). The
corresponding quality factors are 1.75 million, 2.22 million and 0.86 million, respectively. On the other hand, the
theoretically predicted photon lifetime is 36 ns. The relatively short photon lifetimes are attributed to fabrication

imperfections (e.g. random variations of the hole positions) and residual contamination of the nanocavity”-'%5!.
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Furthermore, we also tried to measure the value of |dAc/d¢| while applying an electrical pulse to the p-i-n diode that
contains nanocavity C in the i-layer. However, we were not able to measure the resonance-wavelength dynamics,
because the observed photon emission from nanocavity C was too weak. Therefore, another sample with the same
structure was used for the estimation of |[dAc/dz|. Figure S3d shows a representative result of the resonance-wavelength
dynamics for the case of a control pulse with a voltage of 1.6 V and a width of 8 ns (the details of this measurement
are explained in the next section). The estimated timing of the signal from the pulse generator is shown on the top. It
can be seen that the peak wavelength begins to shift to shorter wavelengths after the rise of the voltage. The peak-
shift saturates at around 8 ns where it reaches a value of -0.55 nm, and after the voltage pulse, the peak returns to the
original position. The speed of the resonance-wavelength shift shown by the dashed line in Fig. S3d, is about 0.15
nm/ns. This speed is in good agreement with the simulation result of the carrier dynamics in the p-i-n structure
(Supplementary Fig. S4b). Since the sample used for the photon transfer experiment shows almost the same I-V
characteristics as the sample used to prepare Fig. S3d (Supplementary Fig. S4a), we assumed that the wavelength-
shift characteristics of the two samples are similar, and used the abovementioned simulation results (including those

for other applied voltages) for the analysis of the photon transfer experiment.
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Fig. S3| Basic evaluation of the fabricated device with both photonic and electronic components. (a),
(b) The peak wavelengths of the resonance spectra observed at the positions of nanocavities A, B, and
C as a function of the electrical power applied to the heater near nanocavity A and B, respectively. The
cavity—cavity coupling constants can be evaluated from the anti-crossing behavior shown in the insets.
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(c) Decay curves of the photons emitted from nanocavities A, B, and C. (d) Time-resolved measurement
of the resonance wavelength of the control nanocavity in another sample for a control pulse with a
voltage of 1.6 V.

Estimation of the resonance-wavelength dynamics of a cavity in a p-i-n structure

When a voltage pulse is applied to a p-i-n diode, injection and extraction of carriers occurs and the refractive index
changes due to the carrier-plasma effect. Therefore, the resonance wavelength of a cavity located in the i-region can
be changed dynamically. The following experiment was used to estimate the speed of the resonance-wavelength shift
caused by a voltage pulse. The measurement system was almost the same as that described in the Methods, but the
incident light was continuous-wave (CW) light. When the time-resolved photon emission from a nanocavity is
measured while the nanocavity is excited by CW light, a signal will appear only during the time period when the
resonance wavelength of the nanocavity coincides with the wavelength of the excitation light. By performing this
measurement for various wavelengths and reconstructing the results, the resonance-wavelength dynamics as shown

in Fig. S3(d) can be obtained.

For this measurement, we need to be able to observe the radiation from the nanocavity in the i-layer even in a state
where carriers have been injected and the optical absorption has increased. However, although the sample used in the
optical transfer measurement (Figs. 1 to 3) showed good [-V characteristics (black curve in Fig. S4a), the detection
efficiency of photons from nanocavity C was low, and thus it was not possible to measure the time-resolved photon
emission from nanocavity C in the transient state induced by the voltage pulse. This low detection efficiency may be
a result of the radiation pattern, which can be distorted by the random variations of the hole geometry. Therefore, we
performed the abovementioned measurements on another sample with the same structure as that of the sample shown
in Fig. 1. The I-V curve of the sample for the measurement of the wavelength dynamics are shown in Fig. S4a as the
red solid curve; both samples exhibit similar [-V characteristics. The temporal evolution of the resonance wavelength
due to a control pulse with a voltage of 1.6 V is shown in Fig. S3d. Based on this data, we consider that the typical
speed of the resonance-wavelength shift is = 0.15 nm/ns at 1.6 V. The same measurements were carried out for
voltages up to 3.2 V. The red dots in Fig. S4b show the obtained values of the speed of the resonance-wavelength
shift for various applied voltages; a larger applied voltage results in a faster change, and the speed at 3.2 V is 0.43
nm/ns. Unfortunately, this sample was subsequently damaged by electro static discharge (ESD). Therefore, we were

not able to measure the photon transfer in this sample.

In order to verify the experimental results of the resonance-wavelength dynamics, we analyzed the carrier dynamics
in a p-i-n diode. For simplicity, we approximated the p-i-n diode of the sample as a one-dimensional structure. First,
we solved the equation system consisting of (a) the diffusion equation including recombination, (b) the Poisson
equation, and (c) the equation for the displacement current to obtain the time evolution of the carrier distribution. We
used the standard method described in the literatureS>S3, Then, the refractive index change An was calculated from

the carrier density®4, and finally the resonance-wavelength change AL was calculated using

Mo="22 (S2)

n
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where n = 3.46 is the refractive index of Si, Ao is the initial resonance wavelength (assumed to be 1560 nm), and I" is

the optical confinement factor (= 0.8). The analytical results are shown by the solid blue curve in Fig. S4b, and are

consistent with the experimental results.
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Fig. S4| (a) I-V characteristic of the p-i-n structure of the sample shown in Fig. 1 (black curve) and that
of the sample used to measure the speed of the resonance-wavelength shift (red curve). (b) Experimental
and numerical results of the speed of the resonance-wavelength shift as a function of the applied voltage.

Numerical simulation of the photon transfer

By using the simulation results of the resonance-wavelength dynamics of nanocavity C obtained in the above section,

we calculated the time evolution of the coupled cavity system by numerically solving the corresponding coupled

mode equations. Here, the actually measured lifetimes of nanocavities A and B, and the absorption loss due to the

carrier injection into nanocavity C were taken into account.

Comparison with previous studies

In order to compare our results with those of the previous proof-of-concept demonstration for (optically controlled)

photon transfer between nanocavities®, we performed simulations in which the photon lifetimes of nanocavities A and

B (without the influence of nanocavity C) are set to infinity. In this simulation, we only considered the absorption

loss in nanocavity C (the radiation losses of the nanocavities were zero). For the other parameters we used the same

values as those used in the calculations for Fig. 3. The results are shown in Fig. S5. When the transfer efficiency is

defined as the ratio of the peak value of the energy in nanocavity B after the transfer to the energy in nanocavity A

before transfer (see the broken lines), which is the same criterion as in our previous study, a value of 91.3% is obtained.

This value is almost the same as the maximum efficiency of 90% reported previously®.
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Fig. S5| Theoretical photon-transfer characteristics when the photon lifetimes of the nanocavities A
and B are assumed to be infinite.

Decay time constants during the transfer experiment

The decay time constants of the photons evaluated from the slopes of the curves in Fig. 2a were 1.05 ns and 1.35
ns for nanocavity A and B, respectively. In contrast, the corresponding t values obtained when A4, A, and Ac were
largely detuned, were 1.45 ns and 1.84 ns, indicating that the lifetimes were slightly reduced during the transfer
experiment. This reduction can be explained by the difference in the contribution of nanocavity C to the eigenstate;
in the initial state of the transfer experiment, the difference between Ac and Aa was about 150 pm, and thus about 2%
of the light with wavelength As was located in nanocavity C. Since the T of nanocavity C, tc, was relatively short
(0.75 ns), the T of the initial state was reduced due to the superposition of nanocavity C. After the transfer, Ac remained
at about 400 pm below A, where the superposition of nanocavity C still had a detrimental effect because a large
number of carriers had been injected and the carrier density was still high. The t in the initial state can be improved
if both the lifetimes of nanocavities A and C (without carriers) are increased. As for the lifetime after the transfer, a
further increase of the detuning between Ag and Ac after the transfer will prevent the influence of the carriers in cavity
C. To reduce the loss of photons in the range Ac > A, the reduction of the carrier density in nanocavity C at these
times is important. In a system with a longer tc in the absence of electrically injected carriers, we can set Ac to values

closer to Aa and Ag in the initial state, resulting in smaller carrier densities at these times.

Comparison between experimental and theoretical photon transfer times

The time required for the photon transfer was about 0.92 ns when the pulse voltage was 1.6 V as shown in Fig. 2a.
When the pulse voltage was 1.8 V (Fig. 3b), which resulted in the maximum transfer efficiency, the transfer time was
about 0.75 ns. Theoretically, the photon transfer time is about 6/p under the optimum condition (see the discussion
on the operating principle in the Supplementary Information), resulting in 0.55 ns using the average coupling constant
u = 11 rad/ns. The experimentally determined transfer time for 1.8 V was longer than 0.55 ns, but this is reasonable
considering the time resolution of the measurement system (~ 0.4 ns). To further reduce the transfer time while
keeping the transfer efficiency at the same level, it is necessary to improve both the carrier injection rate into

nanocavity C and p while maintaining |doc/df| = 0.2 x 2zu?. While reducing the i-layer width can improve the former,
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this can unfortunately also reduce tc due to the increase in the carrier density at zero bias. According to theoretical

calculations, if we accept a reduction of Tc down to 10 ns, the i-layer width can be reduced to 3 um, and |dAc/df| can

be increased to 0.7 nm/ns when the pulse voltage is 3 V.
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