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All-photonic synapse based on iron-doped lithium niobate double metal-cladding waveguides
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In an artificial neural network composed of neuromorphic computing units, the resistance of the memristor

can be modulated dynamically and repeatedly under external stimuli, such as electric fields, magnetic fields,
and light illumination, leading to variations in local conductivity and memory effects. Here we show, using an
all-photonic memristor, that the memristance arises naturally in an optical system in which solid-state ionic
transport is realized under low-power external incident light. These results show an extremely stable multilevel

storage weight and a high signal-to-noise ratio. In all-photonic memristors, the light signal is employed as the
extra stimuli of the memristor devices to ensure a large memory window and a variation margin of multiple

storage levels.
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I. INTRODUCTION

Nowadays, with the rapid development of “big data”
technology [1], the gradual failing of Moore’s law and the
constraint of the Von Neumann bottleneck hinder the com-
puting ability of “big data” applications with random-access
memory and photolithography. As a result, it is highly de-
sirable to seek ways to increase computing power, which
presents a great challenge to the traditional von Neumann
architecture. Compared with electronic computing systems,
the human brain excels at learning, recognizing, and classi-
fying, due to its unified memory and processing unit [2,3].
Inspired by human brain processing, neuromorphic comput-
ing is considered to be an efficient and powerful approach
to filling the subsequent power vacuum in the post-Moore
era. In an artificial neural network composed of neuromor-
phic computing units, the memristor, of which the resistance
can be modulated dynamically and repeatedly under external
stimuli (such as electric fields [4], magnetic fields [5], and
light illumination [4]), plays as important a role as neurons
do in the human brain. Therefore, plenty of work has been
performed to exploit excellent memristors, including elec-
tronic memristors due to electrically induced resistive changes
[6-11], and photonic memristors of which the storage layer
depends on the external photonic signal [12-15]. Therein,
photonic memristors are characterized by an unprecedented
bandwidth and high speed in storing and processing data via
optical means [16-21]. However, the physical mechanism of
existing photonic memristors relies on resistive switching de-
vices [22-24], in which different intensities of optical signals
are transformed to the resistance transitions between high and
low resistance states, causing difficulty in integration due to
the photoelectric conversion and opaque electrode. Moreover,
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on-chip photonic synapses are demonstrated based on phase-
change materials and tapered waveguide [25,26], utilizing a
high-intensity pulsed laser to heat the phase-change mate-
rials (PCMs) to the temperature over the melting point or
between the crystal point and the melting point, which results
in the probe light transmission change of the waveguide [27].
Nevertheless, the optical control of PCMs requires typically
complex configurations based on pulsed, high-intensity laser
systems, and the quantity of heat during the crystallization
and amorphous process may accumulate gradually, leading to
instability and an absence of recoverability. In addition, the
transmission does not change a lot with different crystallinity,
implying a low signal-to-noise ratio.

Here, we demonstrate an all-photonic memristor based on
a double metal-cladding waveguide (DMCW) composed by a
middle iron-doped lithium niobate (IDLN) guided layer and
two terminal cladded silver film layers. In this method, two
CW laser beams with different incident angle are applied to
induce a different distribution of light field in the IDLN guided
wave layer, causing a different refractive index change on
account of the photorefractive effect [28], respectively. Mean-
while, the reflectivity of the DMCW is extremely sensitive to
the refractive index change and can be steadily reconfigured
by an incident beam with an absence of heat, achieving an ex-
tremely stable multilevel storage weight and a high signal-to
noise ratio. All-photonic memristors utilize an optical signal
as the neurotransmitter, and the information is stored and
processed with the reflectivity of the device. Therefore, our
all-photonic synapse can perform the same function as a natu-
ral synapse, and it has considerable potential to form an inte-
grated and highly efficient neuromorphic computing system.

II. METHOD

A. Theory of the DMCW

The double metal-cladding waveguide (DMCW) is a three-
layer structure, as shown in Fig. 1(a). From top to bottom,

©2021 American Physical Society
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FIG. 1. (a) The three-layer structure of the DMCW. (b) The attenuated total reflection with a different incident angle. When the incident
light satisfies the resonance condition, it will be coupled into the waveguide, resulting in resonance coupling peaks.

the layers are air, thin Ag film, iron-doped lithium niobate
(IDLN), and thick Ag film. The thicknesses of the thin Ag film
and IDLN are s and d, respectively, and the relative dielectric
constants from the bottom Ag film to air are set as ¢y, &;, €3,
and g4, respectively. Assuming the air layer and the thick Ag
film layer extend at infinity, and the width of the guiding layer
is much greater than its thickness, we can consider that the
electric field in the waveguide is confined in only one direc-

J

Ay exp (—ika(z — 5)) + By exp (ik4(z — 5)),
Az exp (—p3z) + Bz exp (p3z2),
Ay exp (—ikaz) + By exp (ik22),

Ey(Z) =

Ajexp (pi1(z +d)),

where

12
pr= (B —koe) ",
12
iy = (ko’er — B2,
12
ps = (B> —ko’e3) ",
12
Ky = (ko’es — B7) . (@)
ko = 2m /A is the propagation constant in vacuum, and 8 =
kong sin 0 is the x component of the wave vector k. Using the
continuity condition of Ey and 0E,/dz at boundaries z = 0,
z=ys, and z = —d, the reflection coefficient r can be ex-
pressed as

. Bs _ rast s exp(=2pss)
Ay 14 ry3ran exp(—2pss)’
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where

ry3 = exp(—2i¢s3),

ot — exp(—2i¢gr3) — exp [2i(krd — ¢21)]
T T ep Rilod — g — gl — 1

¢ = tan1<ﬂ),
K

tion, and we take it as the x direction. We also assume that the
geometric structure and the refraction index distribution of the
waveguide are constant in the y direction. For guided modes,
the electric fields in the substrate and coating layers attenuate
exponentially, and the electric field in the guided layer and
air is an oscillating field consisting of two waves propagating
in opposite directions. Consequently, for TE polarization, the
electric field in the waveguide can be expressed as

s <z <400,
0<z<sys,
(D

—d <z7<0,

-0 <z < —d,

¢ = tanl(ﬂ>,
K2

¢4 = tan™! (12) 4)

K4

The reflectivity R is equal to rr% = |r|?. For the DMCW,
the reduced dispersion equation for the m-order eigenmode

can be written as
kod\/n* — N% = mm, 5)

where N = B/ko is the effective refractive index. When
the component along the propagation direction of the wave
vector resonates with the propagation constant of the eigen-
modes, the energy of the incident beam will be coupled
into the waveguide, resulting in coupling peaks, as shown
in Fig. 1(b). In this situation, incident beams will excite
different eigenmodes in the guided layer and form a differ-
ent field distribution, depending on its incident angle and
wavelength. In addition, the refractive index of the guided
layer will be changed by the field distribution, according to
the photorefractive effect of the IDLN. When the refractive
index of the guided layer is switched, the eigenmodes will
also be switched, resulting in a changing resonance coupling
efficiency of the probe beam. Therefore, the change of the
refractive index around the incident point of the probe beam
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FIG. 2. Simulations with a different refractive index. When the
refractive index of the guided layer increases 10~°, the coupling peak
will go through a detectable translation. We can read the refractive
index as changing reflective intensity of the probe beam with a fixed
incident angle.

can be read out as a change of the reflectivity of the probe
beam.

Furthermore, compared with the conventional all-dielectric
optical waveguides, the DMCW possesses a variety of
fascinating optical properties [29—32]. The effective refractive
index, Ne, is particularly sensitive to the refractive index that
the sensitivity s is defined as,

§ = dNegr /dn = n/Negt, (6)

where the sensitivity approaches infinity with N approach-
ing zero in UOMs [31].

Figure 2 presents the change of reflectivity with a different
refractive index guided layer in which the resonance coupling
peak will translate with increasing refractive index, and it
is shown that a 107 refractive index change is detectable
[33,34], indicating a high signal-to-noise ratio [25].

B. Refractive index switched by incident light

If the light illuminates the upper silver film under the
coupling condition, the energy of the incident light will be
coupled into eigenmodes of the DMCW, and it will then form
a modulated field distribution. The modulated distribution of
the field will drive the photorefractive effect, and the ferrous
ions in the bright region will drift to the dark region while the
density of ferric ions in the dark region will drift to the bright
region (actually, the ion drift is realized by the transmission of
the conduction-band electrons), as shown in Fig. 3. During the
redistribution process, the inside electric field will increase,
causing a gradually increased current that is contrary to the
light-induced ion drift. When the influence of the erasing light
field and the inside electric field is canceled out, the device
will reach a stable state, called a baseline state.

In this work, two 532 nm laser beams with incident angles
0) and 6, are, respectively, applied to form two different
standing-wave field distribution, as shown in Fig. 4(a). The

Charge carrier drift in IDLN

FIG. 3. The schematic of charge carrier drift. In IDLN, the
dropped ferrous ions in the bright region will be excited to ferric ions
with incident light, generating conduction-band electrons. Then the
conduction-band electrons will drift to the dark region, and the ferric
ions in the dark region will capture the electrons to become ferrous
ions. Finally, the distribution of ferrous ions and ferric ions changed,
forming inside electric field. The inside electric field will switch the
refractive index of the IDLN by nonlinear effect.

incident points of the two beams are close but not coincident.
In the two baseline states induced by the two incident beams
(labeled L1 and L2), the refractive index of the guided layer
around the incident point of the probe beam is different.
Therefore, with an incident beam of angle 6,, the refractive
index of the guided layer will gradually change to the refrac-
tive index of state L2, and with an incident beam of angle 6,
the refractive index of the guided layer will also change to the
refractive index of state L1. As a result, information can be
recorded into the device by switching the refractive index with
two incident beams. In addition, with the sensitivity of the
DMCW to the refractive index change, the information can be
read out as different reflective intensity varying between the
high and low reflectivity states, as shown in Fig. 4(b).

As shown in Fig. 4(b), with an incident beam of angle 6,
the sample will go through a conversion from L2 to L1, and
vice versa. The variation range of the probe beam reflectivity
is larger than 25%, which is influenced by the coupling
efficiency of the DMCW (the readout of a 100% coupling
efficiency DMCW will vary from 1 to 0 with the change of the
refractive index). This physical mechanism allows the device
to realize the same function as the traditional memristors,
namely that the reflectivity characterizes the incident optical
signal.

III. EXPERIMENTAL SETUP

The experiment setup is shown in Fig. 5. A 532 nm CW
laser beam is split into three parts, a part of the beam as a
calibration beam used to monitor the source power, and the
other part labeled probe beam used to probe the reflectivity
and erase the sample to the initial L1 state, and the third beam
called recording beam used to record data into the device. Two
light shutters (SHO5/M) are applied to accurately control the
illumination time, as presented in Fig. 5(a). And the intensity
of reflected light is collected and measured by a photoelec-
tric detector. Figure 5(b) shows the attenuated total reflection
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FIG. 4. Schematic of the different standing-wave modes in the guided layer and the changing reflectivity of the photorefractive process in
the recording and erasing process. (a) Different incident light beams with angles 6, and 6, will excite different standing-wave modes. (b) The
probe light with incident angle 8, will urge the device to reach a stable state L1 due to the photorefractive effect. Under the illumination of
recording light with incident angle 6,, the device will go through a conversion from state L1 to L2. Therefore, the property of the all-photonic
synapses can be switched between states L1 and L2 with probe and recording light, indicating a similar physical mechanism to the electronic

memristors.

(ATR) of the device and the schematic of the reflect light is
presented in Fig. 5(c). The memristor consists of two terminal
cladded silver film layers (30 nm for the former, 300 nm for
the later), and a 0.5-mm-thick IDLN (0.3%) guided layer, as
presented in Figs. 5(d) and 5(e). The IDLN crystal is Z-cut, in
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which the z-axis direction is along the vertical direction, and
the x and y axes lie along the 9 mm and the 10 mm direction,
respectively. The electric field distribution in the guided layer
is shown in Fig. 5(f) that the incident light excites cyclical
standing wave in the DMCW. Before recording data, the de-
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FIG. 5. The experimental setup. (a) A 100 mW 532 nm laser beam is divided into three parts: the calibration beam (27.8 mW), the probe
beam (28.1 mW), and the recording beam (16.2 mW). The illumination time is controlled by two light shutters (Thorlab SHO5/M), and a
turntable with a photoelectric detector is used to rotate the synapse and measure the reflected light. (b) The attenuated total reflection (ATR)
of the device. (c) The schematic of the reflected light. (d) The synapse consists of three layers: a 0.5-mm-thick IDLN (0.3%) layer is used as
guided layer, a 30-nm-thick silver film is used to couple the incident light, and another 300-nm-thick silver film serves as the substrate layer.
(e) An image of the device. (f) The schematic of the electric field distribution in the guided layer, simulated by COMSOL MULTIPHYSICS.

235308-4



ALL-PHOTONIC SYNAPSE BASED ON IRON-DOPED ...

PHYSICAL REVIEW B 104, 235308 (2021)

—_
=
~

0.5

04 [+ """“'.»..

0.3

Reflectivity of recording beam

0 10 20 30 40 50
Recording time (s)

RN

10s ‘;\ \
L@ 20s
® 30s 3 “E
® 455

0 80 160 240 320
Recording time (s)

(c

\\

kY
\

-
ol

04 -

Reflectivity of recording beam ~~

0.3

(b)

0.8 T
E Weight 2
8 % @® Weight 3
8 0.7 N ® Weight4 |
s T ® Weight 5
a
B v
° .
z : o
= 0.6 - W N
g \
=
o)
05

0 2 4 6 8 10
Probe time (min)
(d)
0.8 — —5 5 5 5
| |
% } 3 L‘l ! L‘l 3 13 i 4
3 : j
2 07 T L A 1?
2 2 2 L2
k) ‘ i o [ 2
2 el e P
2060 | s e s s o e o
kst r [ [ i o
3
o=
Q
~ 05 L
0 20 40 60 80 100 120

Probe time (min)

FIG. 6. The results of the 0.5 mm device under a 100 mW 532 nm laser source. (a) The reflectivity change of the recording light in the
recording process from the state L1 with 10, 20, 30, and 45 s illumination of the recording light. The corresponding weights are labeled
as 2, 3, 4, and 5. (b) The readout of the reflectivity changing for weight 2, 3, 4, and 5. (c) The reflectivity change of the recording light
in a series of weight 2-3-4-5-2-4-3-5-3-2-5-4. (d) The corresponding readout of the probe light reflectivity in the series of weight switch

2-3-4-5-2-4-3-5-3-2-5-4.

vice is set to the L1 state with 10 min illumination of the probe
light. The reflectivity of the probe light in the saturated L1
state is defined as the baseline state to a weight “1.” From the
baseline state, the reflectivity of the probe beam can change
to weight “2,” “3,” “4” and “5” with 10, 20, 30, and 45 s
illumination of the recording light, respectively. To decrease
the weight, the device is completely erased to the baseline
state L1 with 10 min probe beam illumination, making it a
piece of white paper which can be rewritten again for many
times. Meanwhile, the storage weight can be more subdivided
by reduced illumination time interval, due to the high signal-
to-noise ratio in the memristor. As a result, the multilevel
storage weight of the device can be stably and repeatedly
switched due to the excellent sensitivity to the refractive index
change and can be steadily reconfigured by incident beam
with absence of heat. In the following part, the fascinating
performances of the memristor have been presented.

IV. RESULTS AND DISCUSSION

A. Results of the recording and erasing process

Figure 6(a) presents the recording process in which the
device is recorded to weight 2 (green), 3 (black), 4 (red), and 5
(blue) from the baseline state with 10, 20, 30, and 45 s illumi-
nation of the recording light. The readout and erasing process
is shown in Fig. 6(b), which indicates that the reflectivity of
the probe beam changes to four clearly distinguishable states
with different input recording beam illuminations. There-
fore, with the erasing and recording beam, the device can
be switched between five clearly distinguishable states. To
demonstrate that the reflectivity change is stable, repeatable,
and entirely unrelated to the previous weight of the device, we
extended our experiment in which a series of weight changes
2-3-4-5-2-4-3-5-3-2-5-4 is performed, where the device is

erased by a 10 min probe illumination after each recording
process, as shown in Figs. 6(c) and 6(d). It is shown that the
readout with the same input signal will change to a stable and
clearly distinguished level from the baseline state regardless
of the device’s previous state. The timescale of the erasing
process is larger than the recording process to reach a stable
baseline state. In addition, in order to test the stability of the
baseline state, we extend the irradiation time of the probe
beam resulting in the reflectivity change process given in
minutes. Consequently, our all-photonic memristor is demon-
strated with stable and repeatable multilevel storage weights.

B. Recording accuracy

To investigate the accuracy of the recording time, research
with different time intervals is also carried out, as shown in
Fig. 7. Figures 7(a) and 7(b) show the recording process with
an incident signal of 5, 10, 15, and 20 s, and its corresponding
readout with 10 min probe light illumination. It is a distinctly
different readout with a time interval of 5 s. In Figs. 7(c) and
7(d), the device is recorded with a signal of 2, 4, 6, and 8 s,
and erased with 10 min probe light illumination, where the
readout is barely distinguishable. Hence, the time accuracy is
about 2 s, indicating that the recording process can be cut into
more stable and distinguishable fragmentary states.

C. Discussion of the response time

In particular, the photorefractive effect of the IDLN is
based on the drifting of the charge carrier. In the guided layer
of DMCW, the charge carriers are driven by the intensity
gradient field of the standing wave. To uncover the influence
of the guided layer thickness and the intensity of incident
light, experiments on a thinner guided layer and lower light
source power are implemented. As shown in Figs. 8(a) and
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FIG. 8. (a)—(d) Results with a 100 mW light source and a 0.3-mm-thick device. (a) The reflectivity change of the recording light in the
recording process from the state L1 with 7, 15, 22, and 30 s illumination of the recording light. The corresponding weights are labeled 2, 3, 4,
and 5. (b) The reflectivity change of the recording light in a cycle of weight 2-3-4-5-2-4-3-5-3-2-5-4. (c) The readout of the reflectivity change
in weight 2, 3, 4, and 5. (d) The corresponding readout of the probe light reflectivity in the series of weight switch 2-3-4-5-2-4-3-5-3-2-5-4.
(e)—(h) Results with a 70 mW light source and a 0.3-mm-thick device. (e) The reflectivity change of the recording light in the recording process
from the state L1 with 7, 15, 22, and 30 s illumination of the recording light. The corresponding weights are labeled 2, 3, 4, and 5. (f) The
reflectivity change of the recording light in a cycle of weight 2-3-4-5-2-4-3-5-3-2-5-4. (g) The readout of the reflectivity change in weight 2,
3,4, and 5. (h) The corresponding readout of the probe light reflectivity in the series of weight switch 2-3-4-5-2-4-3-5-3-2-5-4.
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FIG. 9. (a) Schematic of the recording process of Beethoven’s Ode to Joy. (b) Its corresponding readout.

8(b), and Figs. 8(e) and 8(f), the device can also achieve
stable and repeatable multilevel storage weights. Figures 8(d)
and 8(h) show that all preset storage weights can be reached
repeatedly. In the experimental results, the device with a 0.3-
mm-thick guided layer under a 100 mW laser source will
achieve the L1 state faster with 1.8 min probe illumination
shown in Fig. 8(c), in contrast with 4.8 min for the 0.5-mm-
thick guided layer device shown in Fig. 8(g). The reduction
of the light source power will decrease the intensity contrast
ratio in the IDLN, causing an extension of the erasing time
(about 2.5 min for a 0.3 mm guided layer device under a 70
mW laser source). Therefore, a thin film device is expected
to achieve a rapid switching process and stable multilevel
storage weight. According to the experimental results, the
DMCW memristor provides a way to realize the same func-
tional capability as the synapses in the human brain, which
are characterized by memory and processing properties with
strongly plasticity. To demonstrate the memory property, the
first part of Beethoven’s Ode to Joy is recorded into the
device step-by-step, and quickly read out by probe light,
as shown in Fig. 9(a). This implies that our all-photonic
memristor is capable of performing the same function as
the synapses in the human brain; the results are shown in
Fig. 9(b).

D. Comparison of the realized device with similar solutions

A comparison of the realized device with similar solutions
is shown in Table I. Our device is an all-photonic device in
which the storing, processing, and conversion of the data are
all done in a photonic way, extricating it from the restriction
of the opaque electrode. Compared with other all-photonic
devices, the physical mechanism is the photorefractive effect,

and the DMCW is switched by a CW laser, indicating a
switching process without pulse laser-induced damage and
heating. In addition, the variety range of the weight in DMCW
is larger due to the sensitivity to the refractive index change.

V. CONCLUSIONS

In this work, we proposed a DMCW based on IDLN
which is demonstrated with repeatable stable multilevel stor-
age weights. Compared with other photonic memristors, the
storing, processing, and conversion of the data in our device
are fully photonic with the absence of heat and photoelectric
conversion, extricating it from restriction of the thermal dis-
turbance and the opaque electrode. We use the 532 nm CW
laser for the recording and reading process, aiming to show
the writing and erasing properties of the device. In future
work, the probe beam can be replaced by a long-wavelength
laser where IDLN is no longer photosensitive so that the
information can be read out steadily without erasing effect.
Moreover, the variation range of the probe reflectivity is larger
than 25%, which can be further improved with high coupling
efficiency DMCW. We also investigated the accuracy of the
recording time, and the physical mechanism of the response
time is discussed, indicating that a thin film device is ex-
pected to achieve a rapid switching response. As a result, our
all-photonic synapse is characterized by extremely excellent
properties, presenting a considerable potential to form an in-
tegrated and efficient neuromorphic computing system.
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