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Abstract

Controlling changes in the optical properties of photonic devices allows
photonic integrated circuits (PICs) to perform useful functions, leading
to a breadth of applications in communications, computing, and sens-
ing. Many mechanisms to change optical properties exist, but few allow
doing so in a reversible, non-volatile manner. This leads to power ineffi-
ciency in reconfigurable circuits and requires external memory elements.
In this work, we propose and experimentally demonstrate reversible,
non-volatile phase actuation of a silicon nitride PIC with thermally-
stable photochromic organic molecules. The use of a high-core-index
platform allows, for the first time, the photochemical actuation of a
planar-resonator-based photonic memory unit, which enables high per-
formance and permits integrated spectroscopic analysis. We show novel
properties of this all-optical memory for a silicon photonics platform,
including complete transparency in the optical C-band, as well as first-
order photokinetics of the photoconversion that lead to bidirectional
scalable switching rates and continuous tuning. Such features are critical
for memories in analog applications, such as quantum, microwave, and
neuromorphic photonics, where low loss and precision are paramount.
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1 Main

Silicon photonics redirects the decades of advances in materials and fabri-
cation developed for microelectronics towards manufacturing low-loss, high
index contrast, subwavelength-scale optical structures. Driven primarily by
datacom applications, an extensive commercial fabrication ecosystem leverag-
ing economies of scale has emerged for prototyping and volume production.
This unprecedented access to reliable large-scale photonic integrated circuits
(PICs) has inspired researchers to look for photonics applications beyond its
traditional niche of communications, for instance in sensing [1], microwave
photonics [2], quantum photonics [3], and neuromorphic photonics [4] which
can all fall under the umbrella of programmable photonics [5]. In such PICs,
densely-integrated chip-based devices are actuated on a slow timescale to com-
pensate for fabrication variations, stabilize devices in a changing environment,
and reconfigure the circuits to implement different functions. To date, most
means of reconfiguring a photonic device are volatile (i.e., lose state when
unpowered), leading to large static power consumption to maintain the device
state. At the same time, as photonics spreads from telecom to datacom and
now into processors, the storage of information in the optical domain is mov-
ing from the packet-level (fibre) to the bit-level (chip) [6]. To eliminate the
static power dissipation in these circuits, which will also enable scaling to a
large number of reprogrammable components, as well as to implement built-in
memory, there is a need for on-chip non-volatility, where local state changes
persist while devices are unpowered.

To implement integrated photonic non-volatile states, devices based on
floating-gate geometries [7], micro-electromechanical systems [8], phase-change
materials (PCMs) [9], and ferroelectric materials [10] have been proposed
[11, 12]. While all these examples can be electrically programmed and optically
readout, only PCMs have demonstrated simultaneously optically-written, mul-
tilevel, and non-volatile actuation, enabling applications in on-chip all-optical
learning [13, 14] and processing [15]. One challenge in many PCM demonstra-
tions, for instance germanium antimony telluride compounds, is the nonzero
absorption at near-infrared wavelengths of at least the crystalline form [16]
(however, engineering these materials for optical applications is expected to
mitigate this to some degree [17]). Pure phase actuation (i.e., without changes
in absorption) is sought in analogue photonics to preserve signal-to-noise and
is sina qua non for some applications, such as quantum photonics, where pho-
ton loss nullifies the computation. Furthermore, insertion loss also complicates
fabrication by requiring fine patterning of the optical materials. Another chal-
lenge is that the phase change occurs through threshold-like behaviour. The
material must be heated above a melting temperature and sharply quenched
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to achieve amorphization or held above a crystallization temperature for the
converse. This requires careful calibration of high-power pulses to set and reset
the memory state. Despite this challenge, multilevel operation of up to 5 effec-
tive bits has been demonstrated for waveguide attenuation [18]. To put this
in context, continuous index tuning, where the photonic device state can be
smoothly taken from one transmission state to another, has shown up to 9-bit
multilevel operation in much more sensitive phase-actuated optical resonators
[19], bringing it in line with digital electronics for some processing applications.
Hence, an easily integrable, lossless, and continuously-tunable non-volatile ele-
ment could be invaluable for creating integrated optically-addressed memories
in silicon photonic PICs.

Here, we show for the first time a reversible, non-volatile actuation of a
high-index-contrast integrated photonic device with photochromic molecules.
Similar to PCMs, these molecules exhibit two forms: an open-ring transpar-
ent isomer and a closed-ring coloured isomer (Fig. 1). The two isomers for
the diarylethene compound chosen for this work (F5-DAE) are additionally
thermally-stable under ambient conditions [20]. Unlike PCMs, however, the
state change for photochromic materials is driven by photoisomerization, where
the high energy (e.g. UV) photons cause ring-closing and lower energy (e.g.
visible) photons cause ring-opening. The closed ring form exhibits higher polar-
izability, and hence a higher refractive index at longer wavelengths. Many
light-based actuators, switches, and memories based on this type of pho-
tochromism have been proposed [21, 22]. However, at commercially-relevant
near-infrared wavelengths on chips, to date, these compounds have only been
utilized with cladding silica waveguides [23] or doping the core of polymer
waveguides [24]. These photonic platforms have core indices closely matching
the organic, which facilitates interaction between the optical mode and the
photochromic molecules but leads to large device sizes unsuitable for modern
PICs. We address this by using silicon nitride slot waveguides where the opti-
cal mode can be confined to a subwavelength region containing photochromic
molecules (such as in [25]). By leveraging the platform’s high core index
(and therefore tight minimum bend radius), we can characterize integrated
photochromic-actuation-based switching of a planar resonator in transmission
for the first time. This increases the overall sensitivity, simultaneously improves
the switching metrics, and allows spectroscopically interrogating the dynamics
of the photochromic actuation.

Fig. 1a shows the 5F-DAE molecule we chose for this experiment. As pre-
pared, a thin film of the molecule evaporated on a glass slide is transparent.
After a few seconds of illumination with a 275 nm UV source, the film acquires
a blue colour, indicating photochromicity. We choose to label this wavelength
the “SET” wavelength accordingly, although this choice is largely arbitrary
due to the reversibility and non-volatility of the reaction. We characterized
these thin photochromic films with variable angle spectroscopic ellipsometry
(VASE) and fit the optical constants presented in Fig. 1b. Only the closed-
ring form presents an absorption peak in the visible. After illumination with a
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635 nm (red) LED, the film returns to the transparent form, denoting this as
the “RESET” wavelength. The change in colour between the two forms is also
associated with a change in the refractive index of ≈ 2.3 × 10−2 in the opti-
cal C-band, with absorption for both forms being negligible in this spectral
region. Hence, the behaviour of a photonic device at a “READ” wavelength
in the near-infrared (NIR), including the optical O-band (∼1300 nm) or C-
band (∼1550 nm), can be affected without causing molecular state changes or
inducing spurious loss.

Fig. 1c-d shows the silicon nitride slot waveguide ring resonator considered
here. The core is 450 nm thick, and the waveguide of the ring resonator is
formed of two sections, each 450 nm wide separated by a 60 nm gap. The bot-
tom cladding is silicon dioxide, and after deposition the initially-bare devices
are clad with a 1-µm-thick amorphous thin film of the photochromic with no
patterning over the rings. From eigenmode simulations, we predict that 40% of
the mode energy is in the photochromic compound, and 7% specifically in the
slot region. A ring with 100 µm radius forms the resonator and is accessed via
evanescent coupling from a strip bus waveguide. The resonator is of the add-
drop type (two bus waveguides), but this is mainly done to engineer critical
coupling. The thru transmission of such an arrangement is [26]

T =
r2a2 − 2r2a cos (φ) + r2

1− 2r2a cos (φ) + r4a2
(1)

with r and a respectively self-coupling and loss coefficients: r = 1 occurs when
no light couples in the ring, and a = 1 when there is no loss. The single-pass
phase shift φ = 2πneffL/λ depends on the effective index of the propagating
mode neff , the length of the ring L, and wavelength λ. The film state, which
can alter neff , r, and a, is SET and RESET by overhead flood illumination
with 275 nm and 635 nm light from LEDs, respectively.

Optical spectroscopy is performed on the device and is shown in Fig. 2.
Focusing on a single spectrum, dips in transmission are observed obeying Eq. 1.
After irradiation with the UV SET light, the resonance wavelengths (transmis-
sion minima) are observed to shift (Fig. 2(a)); a single peak is highlighted for
ease of visualization. This can be repeated, eventually pushing the resonance
wavelength beyond one free spectral range of the original spectrum. Starting
with the last known peak position, Fig. 2(b) this trajectory is reversed upon
irradiation with the visible RESET light. Crucially, during the acquisition of
these spectra, the SET and RESET light are not maintained and the device is
kept in the dark, indicating non-volatility. This is more easily observed with a
fixed wavelength transmission measurement as a function of time as displayed
in (c). The transmission is observed to change only during the application
of the UV SET (purple overlay) or visible RESET (red overlay) signals, and
changes little otherwise. The nonvolatility was observed to last at least on the
order of days, as elaborated in Sec. A. The displayed shift of 2 nm about 1531
nm, where there is 1.75 nm of free spectral range, implies an effective index
change of 0.0028. This is ≈ 25% of what is predicted by eigenmode simulations
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using a varying cladding index between 1.587 and 1.564 (from Fig. 1b). While
an effective index change of 0.0107 is expected, these simulations assume an
infinitely thick cladding that is completely and uniformly converted. Both of
these assumptions are expected to overestimate the magnitude of the change.

Furthermore, the spectral peaks do not appreciably change shape dur-
ing actuation. A considerable change in extinction ratio and full width at
half maximum would be observed if there was a significant change in extinc-
tion coefficient. The VASE data from Fig. 1 predicts negligible optical loss
from the photochromic in the 1516-1565 nm wavelength window. To estab-
lish transparency with higher confidence, we compare the loss coefficient in
the resonator before and after deposition. First, the spectra have their back-
ground subtracted to isolate the resonances from the grating coupler response,
as described in Sec. B. The resulting spectra are presented in Fig. 3a. After
deposition, the linewidths and extinction ratios systematically increase. This
is expected given that the organic cladding extends into the bus waveguide-
ring coupler regions, which would cause rclad < runclad when the coupler gap
is filled with organics of a higher index than air.

For the low bus-cavity couplings designed here, we only expect weak wave-
length dependence of r on the wavelength that could otherwise be used to
differentiate between coupling and loss, which appear symmetrically in Eq. 1
[27]. Instead, we compare rings with the same radius, but different bus-ring
gaps. If the loss purely due to the coupling region is small compared to prop-
agation loss, then it is expected that the ring with a 500 nm bus-ring gap will
have an r closer to unity than the ring with a 300 nm bus-ring gap, while
both rings of the same radius should exhibit similar round-trip loss coefficient
a. For every pair of resonance wavelengths corresponding to a 300 nm-gap
ring and a 500 nm-gap ring, we can therefore fit distinct r500 and r300, and a
common a given the peak characteristics as described in Sec. C. This is done
independently for the pair of rings being unclad, being clad in the SET state
(after prolonged exposure to the UV light) and being clad in the RESET state
(after prolonged exposure to visible light). These are compared to evaluate
changes in r and a from the addition of the film. Fig. 3b-c presents a, r300,
and r500 that reproduce the observed peak specifications across the entire mea-
surement range. Superimposed is a linear trend with its ±0.25σ (for visual
clarity) confidence region. It is expected that r500 > r300 and runclad > rclad
from the reduced bus-ring coupling due to the distance and confinement from
the presence of higher index material in the gap. A weak but noticeable nega-
tive wavelength dependence is also observed, which is expected from increased
bus-ring evanescent coupling with less confined light. On the other hand, the
unified a across coupler gap geometries is found to be statistically identical
between the unclad and clad rings. Hence, the spectral data supports that
addition of the photochromic and the photochromic actuation itself do not
meaningfully increase modal loss.
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Next, we investigate the nature of the effective index change. We denote cO
and cC as the local fraction of molecules in the O (open-ring) and C (closed-
ring) states. In order to reduce the problem to one dimension, we make the
assumption that the local sum of molecules in either state remains constant
(cO + cC = 1). The simplest model for the chemical dynamics of diarylethenes
is [28]

ċO(x) =

∫

dλ Iλ(x)
[

kλC→O · (1− cO(x))− kλO→C · cO(x)
]

(2)

where x denotes the local spatial coordinate in three dimensions. This describes
a first-order chemical reaction for reactants (1) a molecule and (2) a pho-
ton of wavelength λ, as captured by the local spectral irradiance Iλ(x). The
corresponding rate constant is kλ. To investigate whether such photochromic
actuation occurs, we can operate the cavity as a spectrometer, leveraging
the fact that resonance wavelength λ0 varies linearly with the propagating
mode’s average effective index neff , itself dependent on cladding index which,
at the scale of the optical mode, is a weighted average of species present
ncladding(x) = neff

A cO (x)+neff
B cC (x). Given this model, ∆λ0(t) = ae−bt + d

is the expected solution to the evolution of resonance wavelength as a function
of irradiation time. Fig. 4a,c show ∆λ0(t) as a function of cumulative irradia-
tion time for both reactions, showing good agreement with the model. For the
ring-closing transition, the film is first completely initialized into a fully trans-
parent state by shining a RESET signal for over an hour. For the ring-opening
transition, this is repeated, but also followed by a SET signal of same power
and time.

Another insight from the model is an actuation rate dΛ0/dt = −abe−bt,
or ab ≈ akĪ initially at t = 0 (with a function of the initial concentration
cO, and Ī some position-averaged irradiance). Fig. 4b,d plots this initial rate
of best fit as a function of irradiance power. For the cycloreversion reaction
(RESET), a linear trend with I is observed, which supports the idea that
the memory’s actuation is fully governed by the photokinetics of Eq. 2. For
the cyclization reaction (SET), a weak second-order trend fits the initial rates
better, indicating that while the actuation rates still scale with optical power
in the irradiance range studied, reactant limitations or deactivation may be
present, driving the reaction from first order to zero’th order. In any case,
the above suggests that the device’s actuation is photochemical in nature, and
hence can be continuously tuned in state at a rate commensurate with the
optical irradiance delivered.

The calibration of optical power incident on the chip allows an estimate
of device switching energy. Since only those molecules with overlap with the
resonator optical mode, which is mostly concentrated in the waveguide slot,
have an effect on the resonance, the device occupies an effective area of slot
gap times ring perimeter Aswitch ≈ 38 µm2. Although this experiment was
performed using overhead flood illumination, this estimate approximates the
energy for a future system where switching light is guided to the photochromic
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material and little excess loss is incurred. For this resonator-based memory,
the required shift for on-off behavior is approximately on-resonance to off-
resonance, or equivalently approximately one linewidth. Hence, we have

Eswitch ≈ Iinc ×Aswitch ×∆λ×
(

dλ0

dt

∣

∣

∣

∣

Popt

)

−1

(3)

where Iinc =
Popt

Adetector
is the estimated irradiance from the LED impinging

on the device, and ∆λ is the linewidth (assuming one linewidth of spectral
shift corresponds to full-on to fully-off). An actuation rate can be read from
Fig. 4, with dλ0

dt
/Iinc corresponding to the slope of the linear trendline. For a

linewidth of 0.05 nm as is the case for the 500 nm coupler gap ring, for the
SET transition this comes out to ≈ 2 nJ, whereas for the RESET it is ≈ 11 nJ.
This is for the rates of Fig. 4, which were acquired near transparency with a
large amount of open molecules, meaning that the SET rate is a lower bound,
and RESET closer to a higher bound. This energy metric will also be an
overestimate for most operations, since the continuous nature of the actuation
means that intermediary states can be accessed at lower cost and in an analog
system the average switching amount will be considerably less than fully on-
to-off. By using physically-smaller resonators (e.g. Bragg waveguides, photonic
crystals), larger-contrast molecules, or higher conversion rate molecules, this
switching energy can be further reduced.

The scalable bidirectional rates of Fig. 4 were acquired on the same chip,
highlighting reversibility. With that said, one nonideality we observed on chip
on which Fig. 2c was acquired was a transient “relaxation” effect after the end-
ing application of a SET and RESET pulse. We discuss this more in Sec. D,
and find that the effect is thermally-activated in temperature. The shift can
be brought below a filter linewidth on relevant timescales by increasing tem-
perature moderately. The transient is likely due to to evaporating neat films
of the photochromic molecules into the waveguide slot, allowing for substan-
tial morphological reorganization upon photoisomerization. To avoid unstable
morphologies, the photochromic molecules could be included in a host matrix,
provided for instance by a polymer matrix or co-evaporated oligomers, at the
cost of reduced index contrast. Another effect which merits further system-
atic study is deactivation of the film after many cycles of UV irradiation. Such
deactivation is explored in Sec. F by repeating the rate acquisition experiment,
and may explain the deviation from linearity observed in the SET rates. Fur-
ther study of the wavelength-dependence of this aging is of special interest,
since for the compound used, cyclization was observed for both the displayed
275 nm illumination, but also 340 nm light, which would achieve the same
SET effect with less high energy radiation delivered to the film. In practical
devices, the resonant nature of the device will also lessen the dose of deactivat-
ing radiation experienced by the film, since less material needs to be converted
to affect a large transmission change as compared to single-pass devices such
as Mach-Zehnder modulators.
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In summary, we have experimentally presented non-volatile photochem-
ical actuation of a high core index integrated photonic resonator, achieved
by incorporating photochromic diarylethenes into a silicon nitride microring
slot waveguide. Resonance shifts were characterized in the near-infrared as a
function of applied UV and visible SET/RESET irradiation. The chosen pho-
tochromic material was observed to maintain device state over weeks in the
dark under atmospheric conditions, is fully transparent in the optical C-band
while displaying a ∼ 0.02 index change, and obeys first-order kinetics, which
allows its continuous reversible actuation between states. Combined with a
nanophotonic cavity, optical energies of a few nanojoules can switch the device.
This offers a new way to precisely reconfigure commercially-relevant integrated
photonic circuits without static power dissipation. Further allowing for the vis-
ible and UV actuation signals to be guided, high optical intensities favourable
for switching metrics are expected, and the combination of signal transmission
and actuation suggests new functions in all-optical neuromorphic computing
[29].
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Fig. 1: Device under test. (a) Dithienylperfluorocyclopentene deriva-
tive (5F-DAE) utilised in this work. Under UV illumination, cyclization
(ring-closing) occurs, leading to a colored film. Under visible irradiation,
cycloreversion (ring-opening) occurs, reverting the film back to transparent.
(b) Optical constants fit from variable angle spectroscopic ellipsometry of 5F-
DAE films after long UV and visible illumination. The spectral profiles of the
SET, RESET, and READ sources are overlaid. (c) Schematic of the fabricated
device and measurement setup. The diarylethenes are thermally evaporated
onto the chip to form a 1 µm-thick organic cladding. (d) Cross-section of the
resonator waveguide with superimposed fundamental TE optical mode.
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(a)

(b)

(c)

Free spectral range

Fig. 2: Non-volatile, reversible
refractive index actuation. (a)
Optical spectrum of the device taken
in the dark between subsequent SET
pulses. The tuning range goes beyond a
free spectral range for this device geom-
etry. (b) Optical spectrum of the device
taken in the dark between subsequent
RESET pulses. The extent of each reac-
tion spans 0 to 1, with either extremes
corresponding to the asymptotic reso-
nance wavelengths for the tracked peak
under, respectively, continuous RESET
and SET signals applied. (c) Transmis-
sion of the device at fixed wavelength
during application of UV SET (purple)
and visible RESET (red) pulses, and
otherwise in the dark.
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Fig. 3: The photochromic cladding increases coupling, but does not
increase loss. (a) Comparison of optical spectra for two different device
geometries (solid lines: 300 nm coupler gap and dashed lines: 500 nm coupler
gap), before organic deposition (unclad, black) and after organic deposition
(clad, colored). For the organic-clad device, spectra are presented for the film
having been exposed to UV light (SET, blue) or visible light (RESET, orange).
(b-c) Best fit self-coupling coefficients r for every resonance treated in iso-
lation, for both device geometries. Linear trends (solid lines) with ±0.25σ
bounds for visibility (shaded area) are superimposed. (d) Best fit geometry-
independent round-trip loss coefficient for clad and unclad devices for every
resonance treated in isolation. Linear trends (solid lines) with ±0.25σ bounds
for visibility (shaded area) are superimposed.
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(a)

(c)

(b)

(d)

Fig. 4: First-order bidirectional kinetics of the resonance shift. (a)
Resonance peak shift as a function of cumulative 275 nm illumination time
(points) for different photon fluxes, with exponential fits δλ0 = a exp (−bt)+ c
(lines). (b) Relative SET initial (t = 0) lumped reaction rates a · b vs optical
power. (c) Resonance peak shift as a function of cumulative 635 nm illumina-
tion time (points) for different photon fluxes, with exponential fits (lines). (d)
Relative RESET initial (t = 0) lumped reaction rates vs optical power.
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2 Methods

2.1 Device fabrication

The photonic structures were laid out using open-source software [30]. The
chips were then fabricated with electron-beam lithography by Aeponyx via
the SiEPIC consortium, and were diced upon receipt. The diced chip was
cleaned in heated solvent baths and then exposed to oxygen plasma for
10 min, and was subsequently mounted onto a carrier. A shadow mask
with ∼200 µm openings defined with optical lithography was fabricated in-
house by deep reactive ion etching of a 525 µm-thick silicon wafer (SAMCO
RIE-800iPB), and was mounted on the carrier with a spacer to maintain sep-
aration from the bare waveguides. The mask was aligned to the chip with a
flip-chip bonder (TRESKY T-3000-FC3-HF). Double-sided kapton tape was
used for adhesion. The packaged samples were then brought into a vacuum
thermal evaporation (VTE) chamber (EvoVac, Angstrom Engineering, base
pressure 2 x 10-6 Torr) for thermal evaporation. A target 1µm of the 5F-DAE
photochromic molecules (98% pure 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-
3,3,4,4,5,5-hexafluoro-1-cyclopentene, with no further purification from TCI
Chemicals) were deposited at a rate of 2.5-2.8 A/s. The shadow mask was then
removed from the assembly, and optical transmission measurements directly
performed on the assembly.

2.2 Organic characterization

Variable-angle spectroscopic ellipsometry (VASE) was performed on a 165 nm
film of molecule in 1a separately deposited on a silicon wafer. Optical con-
stants were fit from raw VASE data using a b-spline model. The thickness was
independently verified with profilometry.

2.3 Transmission experiments

The postprocessed chip was mounted on a temperature-controlled copper
chuck. A micropositionned V-groove fiber array was used to couple light into
and out of the chip via focusing grating couplers. Resonator transmission
spectra were acquired with an optical spectrum analyzer (Aragón Photonics
BOSA). Fixed wavelength transmission experiments were carried out with a
tunable C-band laser (Pure Photonics PPCL550) and average power meter
(HP8152A). In both cases a polarization controller was used to manually max-
imize the TE fraction incident onto the grating coupler. The film state was
set with a 275 nm-peak LED (Thorlabs M275L4), and reset with 635 nm-
peak LEDs (Thorlabs LED631E) mounted above the assembly. The UV LED
was controlled by a voltage source modulating a commercial driver (Thorlabs
LEDD1B), and the visible LEDs were directly driven with a voltage source
and series resistor. The optical power delivered to the device was estimated
by replacing the sample with a silicon photodiode, keeping the LED positions
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fixed. The detector was biased with a source-meter unit (Keithley 2400), which
also measured photocurrent.

2.4 Photonic simulations

The simulations of the ring resonator waveguide cross-section were performed
using the MPB open-source mode solver [31]. We solved for the fundamental
TE mode at 1550 nm, and use n = 2 for silicon nitride, n = 1.44 for silicon
dioxide, and n ≈ 1.575 for the photochromic cladding as inferred from the
VASE measurements. The fields are normalized according to

∫

ǫ|E|2dx = 1.

Supplementary information. At time of initial submission, supplemen-
tary information appears as appendices to the main text.
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Appendix A Long-term retention

We characterized the long-term nonvolatile behaviour of the device. Fig. D4
shows transmission near a resonance before and after a SET operation. After
a small settling time (discussed in Sec. D), the transmission spectrum remains
stable for tens of hours.

Fig. A1: (SUPPLEMENTARY) Long-term nonvolatility. Transmission
spectrum about a resonance after a SET operation.
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Appendix B Background removal

To isolate the resonances from the baseline in order to extract unambiguous
extinction ratios and linewidths, the resonances are first digitally removed,
the background is fit, and then this background is substracted from the full
spectrum. The derivative of the spectrum is used to identify the resonances for
digital removal. Fig. B2 displays an example of this procedure. We also verified
that this technique does not displace the resonances, which would lead to error
in free spectral ranges, by comparing the resonance locations across algorithms.
Resonance locations are not expected to be sensitive to background, and so
provide an objective comparison.

(a)

(c)

(b)

(d)

Fig. B2: (SUPPLEMENTARY) Background removal method for
spectroscopic analysis. (a) The raw transmission data contains artifacts
due to grating coupler wavelength response and supra-cavity effects. (b) The
ring resonances are easily identified in the derivative of transmission. (c) Given
a threshold on the derivative excluding the peaks, a spline interpolation of
the background can be obtained. (d) The background interpolation can be
removed from the raw transmission to yield interpretable peaks.
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Appendix C Loss analysis

The transfer function of a symmetric add-drop microring resonator leads to
an extinction ratio

E(r, a) = (ra+ r)2/(1 + r2a)2

(r2a2 − 2r2a+ r2)/(1− r2a)2
(C1)

and a finesse

F(r, a) =
∆λ0

∆λ
=

πr
√
a

1− r2a
(C2)

with ∆λ0 the local spacing between resonances (free spectral range) and ∆λ
the resonance linewidth (full width at half maximum). E , ∆λ0, and ∆λ can be
systematically measured from the resonances, as shown in Fig. C3.

Fig. C3: (SUPPLEMENTARY) Peak analysis. The various spectra con-
sidered in the main text are plotted, alongside their automatically extracted
features. One of each type is highlighted: λ0 are resonance wavelengths, the
spacing of which defines free spectral range ∆λ0, ∆λ is the linewidth of a peak,
and E the extinction ratio of a peak.

Since the resonance specs have weak wavelength dependence for point cou-
plers, we compare resonances stemming from different bus-ring gaps (300 nm
and 500 nm). If the loss is dominated by the rings’ portion instead of the cou-
pling portion of the resonators, we expect a300 = a500 = a while r300 6= r500.
Hence, by matching resonances between the two ring geometries, we obtain for
each resonance the overdetermined system

Emeas
300 = Ecalc(r300, a)
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Fmeas
300 = Fcalc(r300, a)

Emeas
500 = Ecalc(r500, a)

Fmeas
500 = Fcalc(r500, a)

Nonlinear least-squares is used to extract best fit r300, r500, and a at each
resonance wavelength. To generalize the result, we “average” the extracted
coefficients, allowing for weak wavelength dependence by performing a linear
fit. The shaded areas presented in Fig 3b-c correspond to the 0.5σ boundary of
the Gaussian distribution obtained by generating 1000 points at each resonance
wavelength, with the linear fit coefficients replaced by as many versions of their
normally-distributed range given the fit coefficient covariances.
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Appendix D Transient film dynamics

The device as prepared consists of an amorphous thin film of lightweight
organic molecules whose interaction with a nanophotonic optical mode results
in optical filtering. We observe that just after SET and RESET operations,
the transmission can drift over some time. The drift displays activation-like
behaviour, eventually settling to a fully non-volatile value. To acquire the
staircase-like behaviour displayed in Fig. 2, the device stage was temperature-
biased in a regime where this relaxation was minimized.

(a) (b)

(c)

Time after 

SET (s)

Fig. D4: (SUPPLEMENTARY) Minimization of transient relaxation
dynamics. (a) Shift of the resonance peak as a function of time after a SET
operation. (b-c) Representative spectra from which the resonance peak shift is
extracted at different temperatures.
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Appendix E Optical power calibration

To estimate the device switching energy, the device is replaced by a silicon
photodetector (Thorlabs FDS010). Photocurrent is measured at -7V reverse
bias using a source-measure unit (Keithley 2400) as a function of the same
LED driving voltages that are used in the transmission experiments. Using the
275 nm responsivity of 0.039 A/W and 635 nm responsivity of 0.388 A/W, as
well as the detector active area (1 mm diameter), optical power per unit area
incident on the device can be obtained.

(a) (b)

Fig. E5: (SUPPLEMENTARY) Optical power calibration. (a) Cali-
bration of driver-driven 275 nm UV LED. (b) Calibration of resistor-driven
5× 635 nm visible LEDs.
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Appendix F Deactivation

At fixed illumination power, we compare the resonance shift rates of subsequent
experiments. From the observed rates, using the initial characterization of Fig.
4, the UV optical intensity is estimated to be approximately 2 W/m2 and the
visible intensity about 10 W/m2. All rates decrease upon successive irradiation,
although the reduction in visible actuation rate could also be due to a change
of initial concentration due to the identical preparation UV illumination under
less effective UV cyclization.

(a)

(c)

(b)

(d)

Fig. F6: (SUPPLEMENTARY) Deactivation under actuation
cycling. (a) Resonance peak shift as a function of cumulative 275 nm illumi-
nation time (points) for different photon fluxes, with exponential fits δλ0 =
a exp (−bt) + c (lines). (b) Relative SET initial (t = 0) lumped reaction rates
a · b vs optical power. (c) Resonance peak shift as a function of cumulative 635
nm illumination time (points) for different photon fluxes, with exponential fits
(lines). (d) Relative RESET initial (t = 0) lumped reaction rates vs optical
power.
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[13] Cheng, Z., Ŕıos, C., Pernice, W.H.P., Wright, C.D., Bhaskaran, H.:
On-chip photonic synapse. Science Advances 3(9), 1700160 (2017).
https://doi.org/10.1126/sciadv.1700160. Publisher: American Associa-
tion for the Advancement of Science. Accessed 2022-08-06

[14] Tan, J.Y.S., Cheng, Z., Cheng, Z., Feldmann, J., Li, X., Youngblood,
N., Youngblood, N., Ali, U.E., Wright, C.D., Pernice, W.H.P., Per-
nice, W.H.P., Bhaskaran, H.: Monadic Pavlovian associative learning in
a backpropagation-free photonic network. Optica 9(7), 792–802 (2022).
https://doi.org/10.1364/OPTICA.455864. Publisher: Optica Publishing
Group. Accessed 2022-08-06

[15] Feldmann, J., Youngblood, N., Wright, C.D., Bhaskaran, H., Per-
nice, W.H.P.: All-optical spiking neurosynaptic networks with
self-learning capabilities. Nature 569(7755), 208–214 (2019).
https://doi.org/10.1038/s41586-019-1157-8. Number: 7755 Publisher:
Nature Publishing Group. Accessed 2022-03-13

[16] Wuttig, M., Bhaskaran, H., Taubner, T.: Phase-change materials for non-
volatile photonic applications. Nature Photonics 11(8), 465–476 (2017).
https://doi.org/10.1038/nphoton.2017.126. Number: 8 Publisher: Nature
Publishing Group. Accessed 2022-05-06

[17] Zhang, Y., Chou, J.B., Li, J., Li, H., Du, Q., Yadav, A., Zhou, S., Sha-
laginov, M.Y., Fang, Z., Zhong, H., Roberts, C., Robinson, P., Bohlin,
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