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Artificial Biphasic Synapses Based on Nonvolatile

Phase-Change Photonic Memory Cells

Wen Zhou, Nikolaos Farmakidis, Xuan Li, James Tan, Samarth Aggarwal,
Johannes Feldmann, Frank Briickerhoff-Pliickelmann, C. David Wright,

Wolfram H. P. Pernice, and Harish Bhaskaran*

Nonvolatile photonic memory cells are basic building blocks for neuromorphic
hardware enabling the realization of all-optical synapses and artificial neurons.
These devices commonly exploit chalcogenide phase-change materials, which are
evanescently coupled to photonic waveguides, and provide fast write/erase
speeds and large storage capacity. Here, we report for the first time the pro-
gramming of a nonvolatile photonic memory cell based on AgzIn,Sb;¢Te;; (AIST)
which is capable of mimicking biphasic synapses. We evaluate the underlying
mechanism of biphasic behavior of AIST cells based on numerical simulations
and correlate to experimental findings. Switching dynamics demonstrate
enhanced performance with a post-excitation dead time as short as 12.8 ns.
Based on AIST double cells, we demonstrate reversible multilevel switching
between 45 unique synaptic weights for long-term depression (LTD) and long-
term potentiation (LTP). The observed biphasic programming and excellent
switching performance render AIST-based photonic memory cells promising for
artificial neural networks and neuromorphic photonic computing hardware.

1. Introduction

The implementation of photonic memory
cells based on chalcogenide phase-change
materials (PCMs) has attracted attention
due to their fast, reversible, and nonvolatile
programming capabilities.! Integrating
PCM memory cells, for example,
Ge,Sb,Tes  (GST)  and  AgInSbTe
(AIST),! on silicon photonic platforms
enables all-optical in-memory processing
with significant advantages over their elec-
tronic counterparts, in bandwidth, speed,
and parallel processing.**! Impressive
progress has been reported in developing
optical logic gates,*! reconfigurable pho-
tonic circuits,”™ electrically controlled
photonic memory cells,'®™! plasmonic
waveguide switches,'*"*! neuro-inspired
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photonic synapses,'* and neural net-
works.">1% Previous studies systematically
investigated the performance of photonic memory cells on sili-
con-nitride-on-insulator (Si3N4) and silicon-on-insulator (SOI)
platforms,'”'® where monotonically increased transmission
was observed from the baseline (fully crystalline state) as a func-
tion of programming power. This well-established monotonic
optical programming has enabled the variable plasticity resem-
bling the spike-timing-dependent plasticity (STDP) of a basic bio-
logical neural synapse for Hebbian learning.!* Notably, artificial
synapses have been recently developed on various optoelectronic
platforms,["” for example, based on chalcogenide glass wave-
guides® and h-BN/WSe, heterostructure.”!! In STDP, the
strength of connections between neurons, that is, synaptic weight
or synaptic efficacy, is adjusted based on the relative timing of a
neuron’s output and input spikes. The basic formula of synaptic
plasticity, that is, change in synaptic weight can be expressed as
Aw = f{At), where At=tyost — tpres fposts and tyre are post- and
pre-neuron fire times, respectively. At < 0 introduces long-term
depression (LTD) with Aw < 0 and At > 0 introduces long-term
potentiation (LTP) with Aw > 0.7
In addition to monophasic plasticity, biphasic plasticity behav-
ior is found in corticostriatal synapses in response to changes
in dopamine concentration. Specifically, synaptic efficacy first
monotonically decreases then monotonically increases to a satu-
rated level by increasing dopamine concentration.***! Previous
studies suggest that biphasic behavior of the corticostriatal syn-
apses can modulate the magnitude of Aw induced by STDP, and
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dopamine release may even inverse the LTP/LTD components of
the normal STDP rule, that is, At<0 introduces LTP with
Aw > 0 and At > 0 introduces LTD with Aw < 0.%4 Thus, dopa-
mine release provides a new degree of freedom for manipulating
the normal STDP rule. Mimicking biphasic synapse may foster
neuromorphic hardware for adaptive neural networks with
improved accuracy of pattern recognition and prediction.**!
Here, we report the first implementation of an artificial
biphasic synapse on a photonic platform based on AIST photonic
memory cells. AIST has been widely used in rewritable optical
discs since 1993;%%?”) however, its usage in integrated photonics
is arguably less studied when compared to GST.[?®2% AIST is
primarily a Sb-Te binary compound with a small amount of
doped In and AgP” and the most common alloy is
Ag3In,Sby¢Te;7, which is used in this work. Our starting state
is an intermediate state with an amorphous AIST (aAIST) region
in the crystalline matrix (CAIST) instead of a fully crystalline state
used in previous studies.'”*® In our all-optical pump-probe
experiment, we observed a fast recrystallization process with
corresponding transmission decreases and amorphization with
corresponding transmission increments achieved in an AIST cell
through single shot 20 ns optical write pulses. We provide the
first systematic investigation of transmission of an AIST cell with
respect to programming power. And we demonstrate biphasic
programming by mapping the write pulse power to dopamine
concentration, as well as the transmission of an AIST cell to syn-
aptic efficacy. Then, the underlying mechanism is interpreted
based on numerical simulations to estimate the thermal distri-
butions in the spatial and temporal domains for an
intermediate-state AIST waveguide memory cell. We also
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investigate the switching dynamics to validate recrystallization-
to-amorphization transitions by simply increasing write pulse
power, demonstrating a post-excitation dead time as short as
12.8 ns. We then achieve photonic biphasic plasticity on AIST
double cells with 45 unique synaptic weights, significantly
improving on our previous work.”® Thus, we show that these
AIST-based photonic memory cells are a promising candidate
for integrated photonic synapses with biphasic plasticity and
in-memory neuromorphic computing.

2. Results and Discussion

Figure 1a shows schematic of a corticostriatal synapse.[?*?**

A cortical neuron releases glutamate onto the spiny neuron.
Dopaminergic neuron also projects onto the spiny neuron.
Especially, dopamine fluctuation influences long-term cortico-
striatal plasticity. Previous vivo studies suggest a biphasic cortico-
striatal synapse model versus the dopamine concentration, that
is, low concentrations of dopamine stimuli induce depression in
the region I, however, high concentrations of dopamine stimuli
induce potentiation for synaptic plasticity in the region I1.12***
Using an intermediate-state AIST photonic memory cell as
shown in Figure 1b, we mimic this biphasic behavior on our pho-
tonic chip. Figure 1c shows an optical micrograph of a hot-plate
annealed AIST cell on the Si3N, waveguide. Specifically, our
AIST memory cell is a fully etched SisN, waveguide
(width = 1.2 pm, height=0.325 pm) with a 20 nm thick AIST
and a 15nm thick indium tin oxide (ITO) stacked on top.
Arrays of over 60 waveguide memory cells were fabricated
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Figure 1. Biphasic synapse. a) Schematic of the corticostriatal synapse and corticostriatal biphasic synaptic efficacy versus the dopamine concentration.
Induction of synaptic depression (potentiation) by increasing dopamine concentration in the region | (11). b) Schematic of an intermediate-state AgInSbTe
(AIST) memory cell on a silicon nitride (Si;N,4) waveguide to mimic biphasic synapses. Inset shows the dual-pulse scheme (20 ns write pulse of mono-
tonically increasing power and a fixed erase pulse). c) An optical micrograph of the waveguide device. Inset shows electric field profile of the fundamental
transverse-electric (TE) mode in the SisN, waveguide with coverage of cAIST/indium tin oxide (ITO) (20/15 nm) thin films.
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and measured demonstrating comparable readout in the
as-fabricated state. The length of AIST/ITO thin films was
subsequently varied from 1 to 6 pm in steps of 1 pm to optimize
the change in transmission upon optical switching. Device varia-
tion was found to be small due to using electron-beam lithogra-
phy with a 10 nm resolution. The inset in Figure 1b shows the
dual-pulse scheme for optical programming.’”! The inset in
Figure 1c shows the |E| profile of the fundamental transverse-
electric (TE) mode, simulated with a 2D finite-difference
time-domain (FDTD) method. To reflect the fabricated devices,
coverage of AIST/ITO thin films on both sides of a
waveguide are included in the simulations. Specifically, thick-
nesses of AIST/ITO films at waveguide sidewalls are estimated
to be 2/2 nm (i.e., a 1:10 ratio of sidewall coverage in accordance
to our deposition process).’*? At a wavelength of 1570 nm,
refractive indices (n, k) of the aAIST and cAIST were measured
to be (4.29, 0.20) and (6.53, 2.86) using ellipsometry, respectively.
Effective refractive indices at 1570nm are 1.76+0.79i and
2.09 +0.02i for the fundamental TE modes transmitted in the
Si3N, waveguides with coverage of cAIST and aAIST, respec-
tively. The waveguide mode is strongly absorbed by the 20 nm
thick cAIST thin film due to a large imaginary part of effective
refractive index. Confinement factor, that is, normalized integra-
tion of |E|* in the Si3N, waveguide and cAIST film are 57.55%
and 7.33%, respectively, while the fundamental TE mode is
mainly confined in the Si3N, waveguide core with aAIST.
The confinement factor of |E|* in the Si;N, waveguide and
aAIST film are 76.36% and 3.95%, respectively (Figure S1,
Supporting Information).

To achieve nonvolatile optical programming, a write-erase
dual-pulse train was applied to an intermediate-state AIST mem-
ory cell along the Si;N, waveguide. Our experiments were carried
out based on the measurement setup detailed by Rios et al.™! As
shown in the inset of Figure 1b, the write pulse is a single-step
20 ns optical pulse with monotonically increased power from 10
to 40 mW. The erase is carried out by a fixed double-step erase
pulse with pulse widths of (20, 50) ns and fixed powers of (38.13,
15.25) mW. An erase operation is done before sending every new
write pulses. Figure 2a shows definition of transmission of an
intermediate-state AIST cell. We plotted the optical transmission
(T) versus write pulse power (Ppuse) of three intermediate-state
AIST cells. These AIST cells have different initial amorphous-to-
crystalline ratios, and their initial transmissions are at 9.1%,
6.8%, and 5.1% as shown in Figure 2b—d, respectively. By simply
increasing write pulse power, we observed first decreasing and
then increasing of transmission in the regions I and II, respec-
tively. Turning points are at 16.1, 15.7, and 16.3 mW for these
three cells, with repeatability in nonvolatile optical programming.
To mimic a biological biphasic synapse, the write pulse power is
mapped to the dopamine concentration and the transmission is
mapped to the synaptic efficacy. Thus, our nonvolatile program-
ming directly mimics the corticostriatal synapses in response to
the dopamine concentration as shown in Figure 1a.

To interpret the underlying mechanism, we next numerically
investigated the thermal distributions in an intermediate-state
AIST cell by performing 3D FDTD and finite-element method
(FEM) simulations. An AIST memory cell as shown in
Figure 3a was characterized by optical microscopy and scanning
electron microscopy (SEM). With this cell, we observed the
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Figure 2. Mimicking biphasic response. a) Definition of transmission
(T=X%) of an intermediate-state AIST cell. b—d) Transmission versus
write pulse power for pulses with a length of 20 ns for three 5 pm long
intermediate-state AIST cells with different initial amorphous-to-crystalline
ratios; initial transmissions are b) 9.1%, c) 6.8%, and d) 5.1%. Dashed line
is the boundary between regions | and II.

nonvolatile and biphasic programming. Based on SEM imaging,
an elliptical area (measured radii = 520 and 410 nm) was consid-
ered as the aAIST region within the crystalline matrix (cAIST),
and simplified as an intermediate-state AIST cell for our simu-
lation model. Based on the dual-pulse programming, the last
pulse we sent was a fixed erase pulse. Thus, the observed inter-
mediate state in Figure 3a was treated as an erased state for each
injected write pulse with monotonically increased power.

In numerical simulations, FDTD method first solves a unit
power absorption (P,s) profile for this AIST cell (Figure S2,
Supporting Information), and P, was next imported into the
FEM solver as a local heat source to obtain the spatial and tran-
sient temperature profiles. Material properties used in the FEM
simulations can be found in Table S1, Supporting Information.
Figure 3b shows spatial temperature profiles at the AIST — ITO
thin-film interface generated at the write pulse falling edge
(ime =20ns in Figure 3c) heated by 20ns write pulses at
10, 15.7, 20, and 30 mW. Note that color scale is saturated at
the melting temperature of 817 K.

Specifically, when power is 15.7 mW, generated peak temper-
ature is 729.7 K, which is lower than the melting temperature T,
of 817K and the phase transition from cAIST to aAIST is for-
bidden. In this case, a single shot of low-power 20 ns write pulse
enables recrystallization from the amorphous—crystalline
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Figure 3. Numerical investigation of the biphasic mechanism. a) Optical micrograph and scanning electron microscopic (SEM) images of an interme-
diate-state AIST cell programmed by an erase pulse. b) Spatial temperature profiles of the AIST cell (2 x 1.2 um?) generated at the pulse falling edge
(time = 20 ns) after sending 20 ns write pulses with powers of 10, 15.7, 20, and 30 mW. Rising and falling of write pulses are at time =0 and 20 ns,
respectively. ) Transient profiles of the peak temperature in the same AIST cell upon sending the write pulses as in (b).

(aAIST—cAIST) rim because its temperature is between transi-
tion temperature T, (=433 K) and melting temperature T,.1**!
On the other hand, an Arrhenius behavior was observed for
the crystal growth velocity as a function of temperature in the
melt-quenched aAIST.®) By comparing temperature profiles
generated at 10 and 15.7mW in Figure 3b, increased crystal
growth velocity results from overall increased temperature at
the aAIST-cAIST rim. Figure 3c shows peak temperature evolu-
tion in the time domain for the same intermediate-state AIST cell
upon sending the 20 ns write pulses with powers of 10, 15.7, 20,
and 30 mW. It is also observed that the state has a much longer
time duration of 43.2ns above Ty at 15.7 mW than 22.1ns at
10 mW. Therefore, a larger area of aAIST within the white ellipse
can be recrystallized from aAIST—cAIST rim due to integrating a
higher crystal growth velocity over a longer time duration above
T,. This leads to decremental transmission by increasing write
pulse power in the region I.

By further increasing the write power, melt-quenching takes
place in the dark red area with temperature exceeding T, in
Figure 3b. By comparing temperature profiles generated at
30 and 20mW in Figure 3b, a growing area outside
aAIST—cAIST rim with temperature exceeding T, can be
amorphized. This leads to incremental transmission by increas-
ing write pulse power in the region II. The same explanation for
incremental transmission in a GST cell can be found in a previ-
ous study.'”) However, in the AIST cell, accompanying fast
recrystallization may also happen in the temperature rising
and falling processes with temperature between T, and T,,.
Figure 2c shows that total time durations are respectively 52.2
and 68.1ns when temperature is between T, and T, at 20
and 30 mW. As deduced from Figure 2b—d, in the region II,
amorphization first compensates the accompanying recrystalliza-
tion with transmission still less than the initial value, then
amorphization dominates with transmission higher than the ini-
tial value by further increasing the write pulse power.
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With the same device, we also investigated the switching
dynamics in the regions I and II. Specifically, the AIST cell
was excited by a 20 ns write pulse with a power of 15.43 mW
and an erase pulse with pulse widths of (20, 50) ns and powers
of (38.08, 14.80) mW. As shown in Figure 4a, upon sending opti-
cal pulses, the normalized transmission drops due to thermo-
optical effect."! Working at region I, a low-power write pulse
leads to a decrease in normalized transmission of probe light
to around —0.4 after reaching equilibrium indicated by a red dot-
ted arrow pointing downward, which validates that the low-power
write pulse is basically a recrystallization pulse. The probe trans-
mission was erased back to 0 after sending an erase pulse. The
post-excitation dead times were measured to be 19.2 and 36.8 ns,
respectively. Therefore, total time consuming required for set-
tling and erasing are 39.2 and 106.8 ns, respectively. As shown
in Figure 4b, working at region II, normalized transmission of
probe light first increases to 0.33 after sending a high-power
write pulse, and was subsequently erased to 0. The post-excita-
tion dead times were measured to be 12.8 and 44.8 ns, respec-
tively. The total times required for settling and erasing are
32.8 and 114.8ns, respectively. Switching dynamics in
Figure 4 validate recrystallization-to-amorphization transition
by simply increasing write pulse power. The retention timescale
of LTDs and LTPs will depend on the temperature of the AIST
cell and can persist for hours at room temperature.’*®! No
recrystallization is observed after weight updating in our experi-
ments when setting the probe power to sufficiently low
values (0.36 mW) for continuous-wave (CW) probing in the
waveguide.*¥ Using this power level, a nearly constant readout
is monitored, wherein this synaptic weight can in principle
persist for years at room temperature using nonvolatile AIST
memory cells.®*)

Having discussed the switching dynamics, we next describe
multilevel operation of the biphasic synapse. Figure 5a shows
a schematic of a biphasic synapse that consists of 3 pm long

© 2022 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

85U80|7 SUOWILLOD 8AITE81D 3|qedt|dde aup Aq peusenob are sspiLe VO ‘8sn J0 Se|nJ I0 Akeiqi8ul|uQ A|IA\ UO (SUONIPUOD-PUB-SLLB)W0D AB 1M Afelq Ul UO//SdiL) SUONIPUOD Pue SW.e | 8y} 89S *[7202/50/TZ] Uo Aeid1aulluo Ae|iM ‘B9 L Ad /8700TZ0Z 55Sd/200T 0T/10p/wod A3 1w Areiqul|uo//sdny woJj pspeo|umod ‘6 ‘2202 ‘0.29298T


http://www.advancedsciencenews.com
http://www.pss-rapid.com

s @ sgmrrl
SANCF NEws RiSS_

www.advancedsciencenews.com www.pss-rapid.com

physica

0.2 40 40
0.4 A

> s % 30 £
-0.2 - =5 0.0 S
~ - -
s | [} - -0.2 [
£ 04 20 = E 20 =
S 2 2 -04- 2
Z 064 a =z U Q
: ® ®
03 0% 10 3
-0.8 1 a 0.8 | U a

1.0 Region | 101 L Region Il

iy bl st destipsmpttaipauiptoinshd . () b pereety Arstibrpifbsmpeteprirtedn- O
0 200 400 600 0 200 400 600
Time (ns) Time (ns)

Figure 4. Switching dynamics in the regions | and Il. a,b) Measured optical powers of the write and erase pulses (blue curves) in the waveguide before the
AIST cell and normalized time-dependent transmission of the probe light (black curves) operated in the region | (a) and the region I (b). Red dotted
arrows indicate switching events upon sending the write and erase pulses. Norm. T is calculated by (T — Tgase)/(Terase — Trmin), Where Tgpaqe is the
transmission of an erased state and T, is the recorded minimal transmission due to thermal-optic effect.
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Figure 5. Multilevel operation of a photonic biphasic synapse. a) Schematic of the integrated photonic synapse, which consists of AIST double cells
(AIST1 and AIST2) on a Si;N4 waveguide. b) Optical micrographs of the AIST double cells. The scale bars show 2 pm. c) Transmission of AIST double cells
as a function of write pulse power. It has the same transmission definition as that in Figure 2a. Black bars and red dashed curves respectively denote
standard deviation and exponential fitting of the transmission. Forty-five unique synaptic weights (25 weights in the region | for long-term depression
[LTD] and 20 weights in the region Il for long-term potentiation [LTP]) can be resolved. d) Histograms of programming errors.
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AIST double cells on a Si3;N, waveguide. To update the synaptic
weight, either AIST cell 1 working at region I or AIST cell 2
working at region II is programmed with a single 20ns
recrystallization or amorphization write pulse to achieve
LTD or LTP plasticity. Figure 5b shows optical micrographs of
the AIST cell 1 and AIST cell 2 after multilevel programming.
AIST cell 1(2) was pumped along x(—x) direction and was probed
along —x(x) direction. Write pulse with a pulse width of 20 ns
and monotonically increased power of 9.0-15.2mW encodes
an arbitrary synaptic weight with a reduced transmission for
the AIST cell 1 to mimic LTD. Next, to program the AIST cell
2, only pump and probe directions were swapped while pump
and probe wavelengths were still fixed as 1570.4 and
1575.4nm, respectively. With the same pulse widths, the
AIST cell 2 working at region I was programmed with increased
power of 18.7-41.0 mW for the write pulses. High-power write
pulses melt-quenched the AIST cell 2, which was set with a larger
aAIST-to-cAIST ratio and a higher transmission relative to the
previous value to mimic LTP. Note that a 2.22n] erase pulse
defines a baseline with a transmission of 1.5% in the LTP regime,
which is higher than the baseline (0.6%) in the LTD regime
defined by a 1.47 nJ erase pulse. Therefore, there is no overlap
between these discrete synaptic weights in the LTD and LTP
regimes. AIST cell 1 and cell 2 were respectively programmed
by nine iterations with the aforementioned same pulse parame-
ters, and their transmissions for each synaptic weight were
recorded. Standard deviation was calculated for the error between
the averaged transmission and actual transmission for each
weight. Forty-five distinct synaptic weights with no overlap in stan-
dard deviation can be resolved as shown in Figure 5c. Dependence
of the synaptic weight change, that is, synaptic plasticity
(Aw= AT = (T — Thaseline)/ Thaseline X 100%) on the write pulse
power (Ppyuse) was fitted by Aw = —Aw, + Ae PP/ i the region
I for LTD and Aw = Aw, — Ae~ "P*/* in the region II for LTP,
shown as the red dashed curves in Figure 5c. T and Ti,seline are
transmission and baseline of AIST double cells. Detailed fitting
parameters can be found in Table S2, Supporting Information.
Figure 5d plots histograms of the programming error for the
AIST cell 1(2) with averaged transmission of 0.48% (1.73%)
and standard deviations of 0.41% (0.52%) for the synaptic weight
“5” (“42”). This allows robust and arbitrary tailoring of the synaptic
weight to mimic the biological biphasic synapses.

3. Conclusion

We have proposed and experimentally demonstrated an inte-
grated photonic biphasic synapse based on an intermediate-state
AIST photonic memory cell for the first time. We observe two
distinct regions where biphasic response results from fast recrys-
tallization in region I and competition between amorphization
and accompanying recrystallization processes in region II
Investigation on the switching dynamics shows post-excitation
dead times of 12.8-44.8 ns. Low- and high-power 20ns write
pulses respectively initiate fast recrystallization for LTD
(Aw < 0) and amorphization for LTP (Aw > 0) for AIST photonic
memory cells. Multilevel operation with 45 synaptic weights can
be reliably accessed. Rapid recrystallization and amorphization
can also be readily achievable by using picosecond optical pulses
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to further reduce energy consumption and to enhance program-
ming speed of waveguide memories./?® This study enabled us to
design a flexible biphasic programming technique using nonvol-
atile and multilevel photonic memories with low programming
error. It is crucial for practical memory applications due to
leveraging large bandwidth and ultrafast optical signaling. It
may also pave the way for programming artificial synapses
initialized with random and weak connection strengths in the
neural networks, which can be trained efficiently by the stochas-
tic optimization algorithm.*® For future work, these artificial
biphasic synapses may be wired to an integrate-and-fire neuron
for unsupervised learning, and can be scalable as a deep neural
network based on wavelength division multiplexing architectures
for high-density neuromorphic hardware applications.!*

4. Experimental Section

Device Fabrication: Low-pressure chemical vapor deposition (LPCVD)
SisNs on insulator wafers (SisN, device layer thickness=325nm)
(Rogue Valley Microdevices) was patterned by a Raith EBPG 5150 electron-
beam lithography (ebeam) to form the etch mask in the spin-coated
negative-tone ebeam resist arN 7520.12 after development in MF-319.
CHF3/O,-based reactive ion etching was carried out to fully etch the
Si3N,4 device layer and form photonic integrated circuits with a waveguide
width of 1.2pm and a height of 325nm. In a second step of ebeam,
sputtering windows for AIST cells were exposed in the bilayer positive tone
resist polymethylmethacrylat (PMMA 495 A8 and 950 A8) after develop-
ment in isopropyl alcohol:methyl isobutyl ketone:ethyl methyl ketone
(15:5:1). A stack of 20 nm AIST with a 15 nm ITO-protective capping
was deposited in an argon environment using a radio frequency
sputtering system (Nordiko). After sputtering, the bilayer PMMA was lifted
off in acetone, leaving patterned PCM cells on the Si;N4 photonic circuitry.
Prior to the experiments, AIST cells were annealed on a hot plate at 250 °C
for 10 min.

Measurement Setup: Two CW diode lasers (N7711A, Keysight
Technologies) with different wavelengths (1570.4 nm for pump and
1575.4 nm for probe) and power of 3.55 mW were used in the all-optical
pump-—probe experiment. To generate nanosecond write and erase pulses,
the pump laser beam first passed through a fiber polarization controller
(FPC032, Thorlabs), and was next modulated by an electro-optic modula-
tor driven by an arbitrary function generator (Tektronics 100 MHz
AFG3102C) with dual output channels to separately send out write and
erase pulses. An electronic variable optical attenuator (VOA)
(THORLABS V1550) was programmed to control the write pulse power
for biphasic programming. Pump pulse power was further amplified by
an erbium-doped fiber amplifier (EDFA) (AEDFA-CL-23, Amonics Ltd.).
Pump and probe were coupled into the SisN4 photonic integrated circuits
from different input ports based on the apodized grating couplers with
optimized transmission using FPCs, such that pump and probe transmit-
ted along the opposite directions through the AIST photonic memory cells.
Noises from pump reflection were filtered by an optical band-pass filter
(optical tunable filter-320, Santec) for the probe detection. A 200 kHz
low-noise photoreceiver (2011-FC, Newport) was used to record dynamic
change of the probe transmission. The thermo-optical response was mea-
sured with a 1 GHz photoreceiver (1611FS-AC, Newport) and a fast-sam-
pling oscilloscope (TDS7404, Tektronix, Inc.).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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