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SUMMARY

Ferroelectric synapses using polarization switching (a purely electronic switching
process) to induce analog conductance change have attracted considerable inter-
est. Here, we propose ferroelectric photovoltaic (FePV) synapses that use polar-
ization-controlled photocurrent as the readout and thus have no limitations on
the forms and thicknesses of the constituent ferroelectric and electrode mate-
rials. This not only makes FePV synapses easy to fabricate but also reduces the
depolarization effect and hence enhances the polarization controllability. As a
proof-of-concept implementation, a Pt/Pb(Zr ,Tip g)O3/LaNiO3; FePV synapse is
facilely grown on a silicon substrate, which demonstrates continuous photovol-
taic response modulation with good controllability (small nonlinearity and write
noise) enabled by gradual polarization switching. Using photovoltaic response
as synaptic weight, this device exhibits versatile synaptic functions including
long-term potentiation/depression and spike-timing-dependent plasticity. A
simulated FePV synapse-based neural network achieves high accuracies (>93%)
for image recognition. This study paves a new way toward highly controllable
and silicon-compatible synapses for neuromorphic computing.

INTRODUCTION

The human brain can outperform the most advanced digital computer in many intellectual tasks, such as
image and voice recognition, data classification, and associative learning (Drachman, 2005; Banerjee
etal., 2017; Kuzum et al., 2013; Markram, 2012). Moreover, the human brain consumes only ~20 W power
to perform an intellectual task, which is at least three orders of magnitude lower than that of the digital
computer (Eryilmaz et al., 2015; Yang et al., 2018b). Therefore, the brain-inspired neuromorphic computing
is considered as a very promising computing architecture in the coming era of artificial intelligence. The
learning in the brain is enabled by the ability of synapses (Figure 1A) to strengthen or weaken their connec-
tion strengths (or weights) in response to external stimuli, which is called synaptic plasticity (Abbott and
Nelson, 2000). Artificial synaptic devices that can emulate the synaptic plasticity are, therefore, a key build-
ing block for a neuromorphic computing system. A simple yet energy-efficient synaptic device is the mem-
ristor, whose resistance can be continuously tuned depending on the history of electrical signals (Chang
et al., 2011; Ohno et al., 2011). Most reported memristors are based on filament-forming oxides (Yan
et al., 2018; Guan et al., 2019), electrolyte-gated oxides and polymers (Ge et al., 2019; Gkoupidenis
et al.,, 2015), two-dimensional (2D) nitrides and sulfides (Shi et al., 2017; Wang et al., 2018; Li et al., 2018),
and phase change materials (Tuma et al., 2016; Kuzum et al., 2012; Ge et al., 2020). These memristors op-
erate through the migration and ordering of ions or atoms, which are inherently stochastic and difficult to
control (Burr et al., 2018). Large device variability and poor reliability are therefore ubiquitous in these
memristors.

A promising alternative to the aforementioned memristors is the ferroelectric synapse, whose synaptic
behavior is induced by a purely electronic switching process, namely, polarization switching. There have
been two types of ferroelectric synapses demonstrated so far: ferroelectric tunnel junctions (FTJs) (Chanth-
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Figure 1. Polarization-Modulated Photovoltaic Response in the FePV Device

(A and B) Schematic illustrations of the structures of (A) a biological synapse and (B) a Pt/PZT/LNO FePV device grown on a
silicon substrate.

(C-G) (C) Bipolar, (D) positive monopolar, and (E) negative monopolar P-V hysteresis loops measured with different
applied voltages (frequency: 3.3 kHz). llluminated I-V characteristics measured after applying (F) positive pulses from +1V
to +6 V (starting from the initial —6-V pulse-written state) and (G) negative pulses from —1V to —6 V (starting from the
initial +6-V pulse-written state). Insets in (F) and (G) show the variation of Eqal (vector sum of Eg, and E;ny) during the
polarization switching.

(H) Evolutions of Isc and Vioc as a function of pulse amplitude (V).

Chen et al., 2018; Ma et al., 2020) and ferroelectric field effect transistors (FeFETs) (Hoffman et al., 2010;
Nishitani et al., 2012; Tian et al., 2019; Kim and Lee, 2019; Luo et al., 2020), which use the switchable polar-
ization to tune the tunneling current and channel current, respectively. Although both FTJs and FeFETs
have shown large ON/OFF ratios, low energy dissipations, and synaptic functions including short-/long-
term plasticity and spike-timing-dependent plasticity (STDP) (Li et al., 2019; Majumdar et al., 2019; Boyn
etal.,, 2017; Guo et al., 2018; Chen et al., 2018; Nishitani et al., 2012; Tian et al., 2019), they are still facing
challenges in terms of the controllability of polarization and the device fabrication. Specifically, an FTJ re-
quires the ferroelectric film to be ultra-thin (several nanometers) to allow the current tunneling, whereas an
FeFET needs to use a semiconductor channel whose screening ability is apparently lower than that of a
metal electrode. Both ultra-small film thickness (Kohlstedt et al., 2005; Cai et al., 2011) and poor screening
at the ferroelectric/semiconductor interface (Wurfel et al., 1973) can lead to a large depolarization field
(Egp)- The large Eqp in turn causes the polarization instability, making it difficult to precisely control the po-
larization state and associated conductance level. In addition, an FTJ typically requires strained epitaxy of
an ultra-thin ferroelectric film on a single-crystalline oxide substrate (Chanthbouala et al., 2012; Wen et al.,
2014; Lietal.,, 2019; Majumdar et al., 2019; Boyn et al., 2017; Guo et al., 2018), whereas for an FeFET a careful
optimization of the ferroelectric/semiconductor interface quality is demanded (Hoffman et al., 2010;
Nishitani et al., 2012; Tian et al., 2019; Kim and Lee, 2019). The limited polarization controllability as well
as complex and costly fabrication processes may, therefore, become the major challenges for both FTJs
and FeFETs to be used as synaptic devices in hardware-based neural networks.
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To address the above-mentioned challenges, ferroelectric synapses with a new way to read out the polar-
ization state, other than the tunneling current in FTJs and the channel current in FeFETs, should be
explored. Ferroelectric photovoltaic (FePV) effect offers a viable way of readout, i.e., polarization-
controlled switchable photocurrent (Yuan et al., 2014; Fan et al., 2015; Ji et al., 2010; Yi et al., 2011; Guo
et al., 2013). Using the photocurrent as the readout, ferroelectric materials (in any form and with a broad
range of thicknesses) (Tan et al., 2018, 2019; Yang et al., 2010; Qin et al., 2009; Chen et al., 2011; Bai
et al., 2018; He et al., 2019; Blouzon et al., 2016; Alexe and Hesse, 2011) sandwiched between two metal
electrodes can in principle function as FePV synapses. Therefore, the limitations in FTJs (ultra-small film
thickness and epitaxial growth) and FeFETs (semiconductor channel and optimization of interface quality)
no longer exist in the FePV synapses. One consequence is that the Eq, effect can be reduced in the FePV
synapses and hence the controllability of polarization is enhanced, beneficial for the performance of neural
networks built from these devices. Another consequence is that the FePV synapses with simple structures
can be fabricated using a wide variety of low-cost techniques and substrates. These advantages suggest
the immense application potential of FePV synapses in neuromorphic computing architectures. It is, how-
ever, noted that whereas the FePV effect was once used for the binary data storage (Guo et al., 2013), the
use of the FePV effect for synaptic applications has never been attempted yet.

Herein, we develop a proof-of-concept FePV synapse with a simple two-terminal structure of Pt/
Pb(Zro 5 Tio.g)O3 (PZT)/LaNiO3 (LNO) (Figure 1B). PZT with a Zr/Ti ratio of 20/80 is chosen as the FePV ma-
terial because it possesses robust ferroelectricity, strong photoresponse in the UV wavelength region (Tan
et al.,, 2019), and wide process window. The Pt/PZT/LNO FePV device can be facilely grown on a silicon
substrate, showing its good compatibility with the silicon technology. More importantly, it exhibits
gradual polarization switching behavior benefitting from the multi-domain switching with relatively slow
dynamics in the polycrystalline PZT film. This gives rise to multilevel nonvolatile photovoltaic responses,
which can be continuously tuned with small nonlinearity and write noise, highlighting the good control-
lability. Using the photovoltaic response as the synaptic weight, the FePV device exhibits various synaptic
functions, such as long-term potentiation (LTP), long-term depression (LTD), and STDP. A FePV synapse-
based neural network is further simulated, and it achieves high accuracies (>93%) for image recognition,
comparable to those achieved by neural networks based on high-quality FTJs and FeFETs. These highly
controllable and silicon-compatible FePV synapses are therefore a promising candidate for synaptic
applications.

RESULTS AND DISCUSSION

Gradual Polarization Switching in Polycrystalline PZT Film

The key component of the proposed FePV synapse is the polycrystalline PZT film (Figure S1) exhibiting
gradual polarization switching, which enables the access to multilevel photovoltaic responses. The polar-
ization switching behavior was first investigated by measuring bipolar and monopolar polarization-voltage
(P-V) hysteresis loops. Figure 1C shows that the bipolar P-V loop opens gradually as the amplitude of
applied voltage increases. The remanent polarization (P,) can reach ~10 pC/cm?, consistent with that re-
ported for polycrystalline PZT (Meng et al., 2000). In addition, these bipolar P-VIoops have a slanted shape,
indicative of gradual polarization switching. The monopolar P-Vloops, shown in Figures 1D and 1E, further
illustrate that the polarization is gradually switched to the downward (upward) direction as the amplitude of
applied positive (negative) voltage increases.

Gradual Polarization Switching-Induced Multilevel Photovoltaic Responses

To investigate the effect of gradual polarization switching on the photovoltaic response, current-voltage
(I-V) characteristics under illumination were measured for the FePV device in different polarization states.
UV light with a wavelength of 365 nm and an intensity of 105 mW/cm? was used for illumination (Figure S2).
The polarization was first set in the fully upward (downward) state by applying a —6 V (+6 V) write pulse with
a width of 1 ms. Then, a series of positive (negative) write pulses with increasing amplitudes (pulse width:
10 us) was applied sequentially to produce intermediate polarization states. No erase pulses were applied
between these write pulses. In each intermediate polarization state, the illuminated I-V characteristics were
measured with a sufficiently low voltage sweeping speed (Figure S3A). The dark -V characteristics were
also measured, and the dark currents at low voltages were found to be orders of magnitude smaller
than the photocurrent (Figure S3B). The applied voltage is defined to be positive when the top electrode
is positively biased, and the current is termed positive when it flows from top to bottom.
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As shown in Figure 1F, the FePV device exhibits noticeable photovoltaic behavior with a short-circuit cur-
rent (Isc) of ~57 nA and an open-circuit voltage (Voc) of ~-0.33 Vin the fully upward polarization state (i.e.,
the —6-V pulse-written state). Starting from this state, applying positive write pulses from +1Vto +6 V leads
to the successive shift of the illuminated I-V curve toward the origin, indicating the continuous decrease of
photovoltaic response. Eventually, Isc and Voc decrease to ~23 nA and ~-0.15V, respectively, in the fully
downward polarization state (i.e., the +6-V pulse-written state). All the available photovoltaic responses are
rather stable against time (Figure S4), attesting to the nonvolatility of the emerging intermediate photores-
ponsive states. On the contrary, applying negative write pulses from —1V to —6 V leads to the successive
shift of the illuminated I-V curve away from the origin (Figure 1G). Moreover, the values of Isc and V¢ are
almost recovered to those in the initial —6-V pulse-written state (see comparison between Figures 1F and
1G). Figure 1H presents the evolutions of Isc and V¢ as a function of write pulse amplitude, both of which
form well-shaped hysteresis loops akin to the P-V hysteresis loops. Similar successive shift of the illuminated
[-V curve and hysteretic evolutions of Isc and Voc with applied write pulse are observed at different light
intensities (Figures S5 and Sé). Apparently, the observed reversible multilevel modulation of photovoltaic
response is associated with the gradual polarization switching in the polycrystalline PZT film (Figures 1C~
1E). Notably, if the polarization switching is abrupt, only two bistable photoresponsive states can
commonly be accessed, as observed in epitaxial ferroelectric films (Figure S7).

The modulation of photovoltaic response by polarization is further confirmed by microscopic observations
of concurrent changes in domain configuration and photocurrent (Figures S8 and S9). The mechanism of
how the polarization controls the photovoltaic response in our FePV device is discussed in detail with Fig-
ure S10. Briefly, a switchable Eg, and an unswitchable internal bias field (E;ny) may be considered as the
driving forces for the photovoltaic effect (Ji et al., 2010; Fan et al., 2017a). In the fully upward polarization
state, both Eqo and E;n are oriented downward, resulting in a large total field (Eioral) pointing downward
(inset in Figure 1F). When the polarization is switched downward, Eq, rotates to the upward direction,
whereas Ej,; remains unchanged (inset in Figure 1F). Given that |Ej,| is larger than |Egy|, the resultant Eqoa
is still pointing downward but its magnitude is smaller than that in the fully upward polarization state. As a
result, the magnitudes of Isc and Voc decrease (increase), whereas their signs remain unchanged as the
polarization switches from upward to downward (downward to upward) (Figures 1F and 1G). As the gradual
polarization switching induces a dynamic modulation of Eyo.;, multilevel photovoltaic responses are thus
produced.

Domain Dynamics Underlying Gradual Polarization Switching

Because the gradual polarization switching is crucial for realizing continuously tunable photovoltaic
response, further understanding of the underlying domain dynamics is required. Figure 2A shows the evo-
lution of domain configuration in the polycrystalline PZT film with varying write voltage, measured by pie-
zoresponse force microscopy (PFM). As the write voltage increases from +1V to +4V, the purple areas with
downward domains gradually expand, whereas the yellow areas with upward domains gradually shrink.
Opposite domain evolution is observed as the write voltage varies from —1V to —4 V. Interestingly, the
plot of area percentage of upward domains against write voltage forms a hysteresis loop (Figure 2B),
akin to the P-Vhysteresis loops (Figure 1C). These PFM imaging results therefore directly reveal the contin-
uous domain evolution behavior at the microscopic level. The continuous domain evolution is attributed to
the fact that the polycrystalline PZT film possesses multi-domains with small sizes (minimum size of an in-
dividual domain is below ~100 nm) facilitating the formation of multiple nonvolatile domain configurations
during the domain switching.

To gain deeper insights into the domain dynamics, switchable polarizations (AP) as a function of pulse
amplitude and width were measured using a positive-up-negative-down (PUND) method (Schloss and
Mclntyre, 2003; Borkar et al., 2017). In the PUND method, the first and second pulses with the same polarity
measure the total polarization (Pyota)) and nonswitchable polarization (Pys), respectively. AP is obtained by
subtracting Pns from Piotar. Figure 2C displays that the normalized AP (AP,o.m) systematically increases with
increasing pulse amplitude at a given pulse width or with increasing pulse width at a given pulse amplitude.
This indicates that the domains take a longer (shorter) time to be switched at a lower (higher) electric field.
To quantitatively describe the switching kinetics, the nucleation-limited switching (NLS) model (Jo et al.,
2007; Tagantsev et al., 2002) was employed. In this model, domain switching occurs region by region inde-
pendently, and the switching in each region is governed by the nucleation of reversed domain. The time-
dependent AP can be expressed as:
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Figure 2. Domain Switching Kinetics in the Polycrystalline PZT Film

(A) PFM phase images measured on the bare PZT film after applying different write voltages (varyingas 0 — +4V — -4V
— 0). Scale bar, 1T um.

(B) Area percentage of upward domains as a function of write voltage, as statistically obtained from (A).

(C) Normalized switchable polarization (AP,om) versus pulse width under different pulse amplitudes measured using the
PUND method.

(D) Lorentzian distributions of characteristic switching times (tp) extracted from the fits in (C).

(E) Rescaled AP orm (APnorm/A) as a function of pulse width using the parameters for the NLS model.

©

AP(t) = 2P$/ [1—exp{ — (t/t)"}] F(log to)d(log t) (Equation 1)

o

where Py is the spontaneous polarization (AP/2P, is indeed AP, om), to is the characteristic switching time, n
is the effective dimension (n = 2 for thin films, Jo et al., 2007), and F(logto) is Lorentzian distribution of the
logarithm of switching times. The expression of F(logto) is given by:

w

F(log to) = é

(Equation 2)
7 | (log to — 10g tmean ) + W2 g

where A is an amplitude factor, tmean is the mean switching time (i.e., the center of the distribution curve
peak), and w is the half-width at half-maximum of the distribution curve peak.

As shown in Figure 2C, the experimental data of AP,om(t) can be well fitted by the NLS model. Fig-
ure 2D presents the Lorentzian distribution curves at different pulse amplitudes. As the pulse amplitude
increases, the distribution curve peak shifts leftward and becomes sharper, corresponding to the de-
creases of tmean and w, respectively. tean decreases from ~107% to ~107° s as pulse amplitude in-
creases from 1 to 6 V (corresponding to 50 to 300 kV/cm). These tynean values are at least one order
of magnitude larger than those in epitaxial ferroelectric films in the same electric field range (So
et al., 2005), well accounting for the gradual feature of polarization switching in our polycrystalline
PZT film.

By rescaling the AP, ,.(t) data using (logt — logtmean)/w, all the curves merge into a single arctangent curve
(Figure 2E). This scaling behavior suggests that the switching times obey the Lorentzian distribution. More-
over, the dependence of the mean switching time tmean on the reciprocal of electric field follows the Merz's
law (Jo et al., 2007) (Figure S11). These results in turn validate the NLS model. Therefore, the nucleation-
limited multi-domain switching with relatively slow dynamics gives rise to the gradual polarization switch-
ing in our polycrystalline PZT film.

iScience 23, 101874, December 18, 2020 5
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Figure 3. Continuously Tunable Photovoltaic Response (J,,*) in the FePV Synapse

(A-G) (A) A schematic showing the pulse train following a triangular profile. Dependences of Jop* on the pulse amplitude
measured using the pulse trains (shown in A) with varying (B) +Viax and (C) -Viax. Evolutions of Jou* measured using
repeated pulses with (D and F) varying pulse number and pulse amplitude while fixing the pulse width and (E and G)
varying pulse number and pulse width while fixing the pulse amplitude.

(H) Evolution of Jon* (lower panel) measured using the negative-positive-negative pulse train (upper panel) where the
number of positive pulses (+2.2 V) between two negative pulse groups is varied.

(I) Evolution of Jon* (lower panel) measured using the positive-negative-positive pulse train (upper panel) where the
number of negative pulses (—2.2 V) between two positive pulse groups is varied.

Modulation of Photovoltaic Response by Electrical Pulse

With the aforementioned understandings, the gradual polarization switching-induced multilevel photovoltaic
responses in the FePV device were further characterized. The photocurrent density at 0V per unit light intensity,
denoted by Jop* with the superscript “*" meaning “per 1 mW/cm?,” was used as a quantitative term to repre-
sent the photovoltaic response. Note that the Jon* data presented hereafter were measured at a light intensity
of 105 mW/cm? and those measured at other light intensities are shown in Figures S12 and S13.

"

Figures 3B and 3C show the hysteretic evolutions of Jop* as the pulse amplitude varies following triangular
profiles (see Figure 3A) while keeping the pulse width at 1 ms. Starting from the same state written by the
—6-V pulse, applications of positive pulse trains with maximum amplitudes of +2, +2.2, +2.5, and +3 V result
in intermediate Jon* levels of ~0.95, ~0.80, ~0.66, and ~0.60 pA/cm?, respectively (Figure 3B). Likewise,
intermediate Jo* levels ranging from ~1.24 to ~1.38, ~1.54, and ~1.62 pA/cm? can be obtained by
applying negative pulse trains with maximum amplitudes increasing from —2 to —2.2, —2.5, and -3V,
respectively. All these intermediate Jon* levels are nonvolatile based on the observations of almost flat bot-
tom and top parts of the hysteresis loops (Figures 3B and 3C).

Besides the triangular pulse trains, repeated pulses were also used to tune the polarization states and
consequent Jon* levels. As shown in Figures 3D and 3E, the initially set high Jo* decreases and eventually
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reaches a saturated value as the number of applied positive pulses increases. The saturation of Jo* can be
explained by the fact that the domains that are responsive under this pulse amplitude and width are
switched during the first few pulses and then no more domains can be switched with further increasing
pulse number. In addition, the variation of J,,* from the initial value to the saturated value becomes larger
with larger pulse amplitude and longer pulse duration, due to the switching of more domains. Similar de-
pendences of the J,,* variation on pulse amplitude and width are observed when tuning the initial low-Jpp*
state by applying repeated negative pulses (Figures 3F and 3G).

Then, the effects of the history of applied pulses on Jo,* were investigated by applying consecutive pulse
trains containing alternate positive and negative pulses. Figure 3H (upper panel) shows the sequence of a
negative-positive-negative pulse train: two —6-V pulses (for setting the high-Jg* state), +2.2-V pulses with
varied numbers, and three —1.5-V pulses (the widths of all pulses are 1 ms). Applying this pulse train to the
FePV device produces the evolution of Jou* shown in Figure 3H (lower panel). Interestingly, the Jo,* value
after each group of —1.5-V pulses gradually decreases, which can be attributed to the increasing number of
previously applied +2.2-V pulses. Similar history dependence of the Jyp* variation is also observed when
applying a positive-negative-positive pulse train (Figure 3l).

Synaptic Functions of the FePV Synapse

Because the FePV device exhibits continuous modulation of Jon* depending on the amplitude, duration,
and history of applied pulses, it can thus be qualified as a synaptic device with the tunable photovoltaic
response (i.e., Jop*) corresponding to the synaptic weight. To further demonstrate the synaptic plasticity
of the FePV device, the STDP behavior was characterized, as shown in Figure S14. In addition, LTP and
LTD characteristics were also measured using an increasing-voltage pulse scheme (upper panel of Fig-
ure 4A). In this pulse scheme, a positive pulse train (amplitude: from 0 to +2.5 V in increments of
~0.17 V; width: 10 ps) and a negative pulse train (amplitude: from 0 to —2.5 V in decrements of
~ -0.17 V; width: 10 ps) were applied alternately, and Jyn* was measured after each pulse. The reason
for using this pulse scheme was because more domains become responsive and can be switched under
larger pulse amplitude, thus allowing a continuously tuned photocurrent with increasing pulse number.

As shown in Figure 4A, Jop* gradually decreases as the number of positive pulses increases, indicating an
LTD behavior. Conversely, the LTP behavior, manifesting as the increase of Jpn*, occurs during the appli-
cation of the negative pulse train. These results are consistent with those in Figures 1 and 3, all of which can
be explained by the polarization modulation of photovoltaic response. Almost identical LTD and LTP pro-
cesses can be repeated for 20 cycles, demonstrating a small cycle-to-cycle variation (~2%). In addition,
there are 16 different Jo,* levels in the LTD and LTP processes, confirming that multiple photoresponsive
states are accessible.

FePV Synapse-Based Neural Network

Using the experimentally measured cyclic LTP/LTD characteristics to map the synaptic weights, we further
simulated a FePV synapse-based neural network for image recognition (Figures 4B and 4C). A three-layer
(one hidden layer) neural network, as shown in Figure 4B, was used for the back-propagation algorithm-
based simulations (Saerens and Soquet, 1991; Hegazy et al., 1994). Each synaptic weight matrix between
two neuron layers was modeled as a crossbar (Figure 4C). The crossbar performed vector-matrix multiply
and parallel rank one outer product update, with our FePV devices acting as the synapses in the crossbar.
The neural network was trained and tested on two datasets: a small image version (8 X 8 pixels) of hand-
written digits from the “Optical Recognition of Handwritten Digits” dataset (Kang and P.-Brown, 2008) and
a large image version (28 x 28 pixels) of handwritten digits from the “Modified National Institute of Stan-
dards and Technology” (MNIST) dataset (Deng, 2012). The pixel values of the images were encoded as the
light intensities used to illuminate the FePV synapses (see Figure S15 for detailed descriptions about the
operations of the FePV synapse-based neural network).

Generally, the performance of a neural network is greatly influenced by the controllability (e.g., nonlinearity
and write noise) of synaptic devices, which can be quantitatively analyzed using the probability distribution
of the change in Jop* induced by a write operation (i.e., AJgh*). The plots of Adgp* versus initial Jou* (i.e.,
Jpn*a), derived from the cyclic LTP/LTD characteristics, are presented in Figures 4D and 4E for potentiation
and depression, respectively. The magnitude of AJy,* first increases and then decreases with increasing
(decreasing) Jon*o in the potentiation (depression) process. The average slopes of AJgp* versus Jon*o are
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Figure 4. Long-Term Plasticity and Neural Network Simulation

(A) LTD and LTP characteristics (lower panel) measured using the alternate positive and negative pulse trains (upper

panel).

(B) A schematic showing a three-layer (one hidden layer) neural network.

(C-G) (C) Schematics of a crossbar architecture based on the FePV synapses and the light arrays used for the read
operation. Probability distributions of the change in Jon* induced by a write operation (i.e., AJpp*) versus initial Jon* (i.e.,
Jon*o) for (D) potentiation and (E) depression. CDF denotes the cumulative distribution function. Evolutions of accuracies
with training epochs achieved by the ideal floating-point-based and the FePV synapse-based neural networks for

recognizing (F) small (8 x 8 pixels) and (G) large (28 x 28 pixels) images.

~0.12 and ~0.21 for potentiation and depression, respectively, which are relatively small and thus demon-
strate the small nonlinearity of our FePV synapses (note that a slope of zero means that the synaptic device
is ideally linear). In addition, AJgh* deviates with an average standard deviation (os) of 4.75 X 1073 uA/cm2
(4.96 x 1072 pA/cm?) for potentiation (depression). The average signal-to-noise ratios AJph*Z/GSZ are ~80
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Figure 5. Device-to-Device Variation and Endurance

(A) A 3 x 3 FePV synapse array with uniformly high Jon* values in the initial state.

(B and C) Distribution of J,* values after applying (B) +5-V and (C) —5-V pulses to each of the five selected FePV synapses
(forming a letter “P").

(D) The cyclic switching of all FePV synapses by applying +4-V pulses repeatedly for 10° cycles.

(E and F) Distribution of Jyp* values after applying (E) +5-V and (F) —5-V pulses to each of other five selected FePV
synapses (forming a letter “V").

and ~127 for potentiation and depression, respectively, which are quite large and comparable to those
observed in the state-of-the-art Li-ion synaptic transistors (Fuller et al., 2017). The small nonlinearity and
write noise of our FePV synapses may render good performance for the neural network.

Figures 4F and 4G show the recognition accuracies of the FePV synapse-based neural network after training
with small and large images, respectively. The results of the ideal floating-point-based neural network are
also shown, which represent the theoretical limits for the neuromorphic algorithm. For small images, the
accuracy exceeds 90% after the first two training epochs and approaches ~95.4% after 40 training epochs,
which is only ~1.4% lower than the ideal accuracy (~96.8%). For large images, the accuracy reaches a
maximum value of ~93.7% after 4 training epochs, which deviates the ideal accuracy (~98.0%) by ~4.3%.
Further increasing the training epoch leads to the decrease of accuracy, probably due to the issue of over-
fitting. Nevertheless, these accuracies rank high among those obtained with FTJs (Li et al., 2019; Ma et al.,
2020), FeFETs (Yang et al., 2018a; Kim and Lee, 2019), filament-forming oxides (Choi et al., 2018), and phase
change materials (Ge et al., 2019, 2020) (see Table S1 for details), demonstrating the great potential of FePV
synapses for application in high-performance neuromorphic computing. Note that in the above simula-
tions the simulated accuracy already took into account the effect of the cycle-to-cycle variation because
the cyclic LTP/LTD characteristics were used. The effects of other non-ideal factors of the FePV synapses
on the simulated accuracy can be found in Figure S16.

Reliability and Energy Consumption of the FePV Synapse

For a neural network, besides the accuracy, the reliability is also a key concern. While the cycle-to-cycle vari-
ation and retention of the constituent synaptic devices have already been addressed, the device-to-device
variation and endurance are yet to be measured. Measurements on the device-to-device variation and
endurance were performed with an array of 3 X 3 separated FePV synapses, as shown in Figure 5. In the
initial state (Figure 5A), the Jon* values of all FePV synapses are distributed uniformly at ~1.65 pA/cm?. After
applying a +5-V pulse (10 ps) to each of five selected FePV synapses (forming a letter “P"), the J,,* values of
these devices decrease uniformly to ~0.81 pA/cm? (Figure 5B). The Jph*
~1.65 pA/cm? by simply applying a —5-V pulse (10 ps) to each of the selected FePV synapses (Figure 5C).
All the FePV synapses were then switched by +4-V pulses repeatedly for 10° cycles (note: the pulse ampli-
tude was selected to be ~1.5 times the coercive voltage, following the standard protocol used for the
endurance test). Afterward, the pulse modulations of the Jon* values of other five selected FePV synapses

values can be recovered to
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(forming a letter "V") were demonstrated, and the Jon* variations were observed to be similar to those
before the endurance test, as shown in Figures 5D-5F. Detailed evolutions of polarization and Jyu* with
the number of switching cycles are presented in Figure S17, revealing that both polarization and Jop*
change slightly even after switching for 10° cycles. These results demonstrate that our FePV synapses
have small device-to-device variation and good endurance.

The last concern is the energy consumption. For the FePV synapse presented in this work, the write energy
is calculated to be on the order of ~10 nJ (Figure S18), which is much higher than the fJ level as reported
previously (Ma et al., 2020; Tian et al., 2019). The reasons for the high write energy include the large device
area(3.14 x 10~*cm?) and large pulse width (=10 ps). Indeed, we previously demonstrated that the switch-
able photovoltaic response could be observed in an FePV device as small as ~1 um? (Fan et al., 2017b). In
addition, as indicated by Figure 2C, to switch the same amount of polarization, a small increase in the pulse
amplitude can lead to a decrease of the pulse width by orders of magnitude. For example, a 12.3-V pulse
can switch a polarization of ~134 uC/cm? within a switching time of 1.7 ns, and the triggered current density
was ~9 X 10% A/cm? (Grigoriev et al., 2011). For our PZT film with a switchable polarization of ~20 uC/cmz,
the current density triggered by the 12.3-V/1.7-ns pulse may thus be ~1.3 x 10* A/cm?. Therefore, the write
energy of our FePV synapse may be reduced to ~2.7 pJ (12.3V x 1.3 x 10* A/ecm? x 1 pm? x 1.7 ns). In
terms of the read energy, only the light energy is considered because the photocurrent exists at zero
read voltage. Using the light intensity of 105 mW/cm? and the device area of 3.14 x 10~* cm?, the light po-
wer is calculated as ~0.03 mW. Although in this work the pulsed light was not used, it was reported that the
FePV effect could occur by applying light pulses as short as ~1 ns (Xing et al., 2015; Yang et al., 2020; Li
et al., 2017; Gerasimenko et al., 2019). Also considering the device downscaling (assuming a device
area of ~1 pum?), it is therefore possible to bring the read energy of the FePV synapse to ~1 aJ
(105 mW/cm? x 1 um? x 1 ns).

Merits of the FePV Synapse

Finally, let us summarize the merits of the FePV devices as artificial synapses. Unlike the traditional mem-
ristive devices, which are defect-mediated, the FePV devices use the polarization to modulate the photo-
voltaic response, thus providing a more precise control over the synaptic weight. Compared with other
ferroelectric synapses, like FTJs and FeFETs, the FePV synapses have two major advantages as follows.
First, the FePV synapses have simple structures and facile fabrication procedures. Taking our FePV synapse
as an example, it consists of a simple two-terminal Pt/PZT (polycrystalline film)/LNO structure, which can be
easily grown on a silicon substrate, demonstrating its good compatibility with the silicon technology. More
generally, ferroelectric materials in any form (thin films, Tan et al., 2018; Yang et al., 2010; Tan et al., 2019;
Qin et al., 2009; Chen et al., 2011; ceramics, Bai et al., 2018; He et al., 2019; single crystals, Blouzon et al.,
2016; Alexe et al., 2011; etc.) can be used for constructing FePV synapses because of the universality of the
FePV effect. By contrast, FTJs and FeFETs typically require the epitaxy growth (Chen et al., 2018; Ma et al.,
2020) and careful optimization of the ferroelectric/semiconductor interface quality (Hoffman et al., 2010),
respectively, and some of them are difficult to be integrated with the silicon substrate. The second advan-
tage of the FePV synapses is the ability to directly measure and precisely control the polarization. As a
result, the coupling between polarization and photovoltaic response can be unambiguously demon-
strated, which not only makes clear the mechanism of the polarization-mediated synaptic behavior but
also allows us to better control the synaptic weight. However, the direct measurement and precise control
of polarization are still challenging for both FTJs (Boyn et al., 2017) and FeFETs (Tian et al., 2019), because
of the ultra-thin ferroelectric films and semiconductor channels used in FTJs and FeFETs, respectively.

CONCLUSIONS

To sum up, we have proposed and demonstrated a prototype FePV synapse based on a polycrystalline PZT
film sandwiched between Pt and LNO electrodes grown on a silicon substrate. This device relies on (1) the
gradual polarization switching benefitting from the multi-domain switching with relatively slow dynamics
and (2) the polarization control of photovoltaic effect, to achieve multilevel nonvolatile photovoltaic re-
sponses, as demonstrated by the combined P-Vloop and PFM measurements. Moreover, the photovoltaic
response (i.e., Jon*) can be continuously and reversibly tuned by varying the amplitude, duration, and his-
tory of applied pulses, thus qualifying the FePV device as a synaptic device. Typical synaptic functions
including LTP, LTD, and STDP have all been realized by the FePV synapses. More importantly, the FePV
synapses also exhibit good controllability (small nonlinearity and write noise), high endurance, small de-
vice-to-device variation, and potentially low energy consumption. Consequently, a simulated neural
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network built from these devices achieves a high accuracy of ~93.7% for recognizing the MNIST hand-
written digits. Considering the above good performance as well as their simple fabrication and silicon
compatibility, the FePV synapses may therefore represent a new type of hardware implementation of ferro-
electric synapses for high-performance neuromorphic computing.

Limitations of the Study

The photocurrent of the present FePV device is at the 10-nA level, which can be further enhanced if a ferro-
electric material with a narrower band gap is used. A quantitative relationship between the photocurrent
response and the pulse parameters, which can guide us to design the pulse scheme, is yet to be estab-
lished. Although the FePV synapse-based neural network has been simulated and good performance
has been predicted, the hardware implementation is still challenging. This is mainly because the uses of
increasing-voltage pulse scheme for small nonlinearity and light signals (John et al., 2020) for reading
would increase the circuit complexity. Encoding the image pixel values as the light intensities increases
the number of operation events.
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Figure S1. Structural and morphological characterizations of the PZT/LNO/Si film
(related to Figure 1). (a) XRD 6-26 diffraction patterns of a PZT/LNO/Si film and a LNO/Si
film (control sample). (b) AFM topography image and (c) cross-sectional TEM image of the

PZT/LNO/Si film.
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Figure S2. Effects of light wavelength and intensity on photocurrent (related to Figure 1).
Photocurrent versus light intensity (a) at different light wavelengths in the Py state and (b) in

different polarization states under the illumination of the 365 nm UV light. In b, the polarization
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states were set by applying -6 V, +2 V, +3.5 V, and +6 V pulses sequentially.
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Figure S3. Demonstration of steady photocurrent and comparison between photocurrent

and dark current (related to Figure 1). (a) llluminated I-V characteristics measured in the Pyp

state with different voltage sweeping speeds. (b) Comparison between the illuminated and dark

I-V characteristics. Only the dark I-V characteristics the Py, state are shown, because the

difference between the Pyp and Paown State is small (see Figure S10).
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Figure S4. Stability of photovoltaic response (related to Figure 1). (a) Multi-cycle and (b)
one-cycle time-dependent photocurrents (read at 0 V) of the Pt/PZT/LNO FePV device
measured sequentially after applying -6 V, +2 V, +6 V and -2 V pulses to set different
polarization states. In a, the light is switched ON and OFF alternately with 6 and 30 seconds

for the ON and OFF periods, respectively. In b, the light is switched ON for an elongated time

of ~60 seconds.
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Figure S5. Effect of light intensity on illuminated I-V curves (related to Figure 1).
Illuminated 1-V characteristics measured after applying (a,c,e,g) positive pulses from +1 V to

+6 V (starting from the initial -6 V pulse-written state) and (b,d,f,h) negative pulses from -1 V

S-6



to -6 V (starting from the initial +6 V pulse-written state) at the light intensities of (a,b) 105,
(c,d) 75, (e,f) 50, and (g,h) 25 mW/cm?. Note that the device used here is different from that
used for measuring Figure 1 (main text); therefore, the two sets of illuminated I-V curves at 105

mW/cm? shown here and in Figure 1 are not exactly the same.
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Figure S6. Effect of light intensity on the hysteretic evolutions of Isc and Voc (related to
Figure 1). Evolutions of (a) Isc and (b) Voc as a function of pulse amplitude (V,) at different
light intensities. Note that the device used here is different from that used for measuring Figure

1 (main text); therefore, the two sets of the Isc and Voc values at 105 mW/cm? shown here and

in Figure 1 are not exactly the same.
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Figure S7. P-V hysteresis loop and two bistable photoresponsive states in the epitaxial
PZT film (related to Figure 1). (a) Typical P-V hysteresis loop of an epitaxial PZT film
sandwiched between Pt and SrRuOz electrodes grown on a SrTiOs substrate. lHluminated 1-V
characteristics measured after applying (b) negative pulses from -1V to -4 V (starting from the
initial +4 V pulse-written state) and (c) positive pulses from +1 V to +4 V (starting from the

initial -4 V pulse-written state).
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Figure S8. Microscopic observations of concurrent changes in domain configuration and
photocurrent (related to Figure 2). (a) PFM phase image and (b) current map under
illumination measured after writing three rectangular regions (3 <1 pm?) with tip biases of +5
V, +3V, and +1 V. Note that the measurements in a and b were conducted on the Pt electrode-
capped PZT film. (c) PFM phase image taken from a Pt electrode-capped SiO2/n**-Si control

sample.
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Figure S9. Polarization switching behavior with the tungsten tip-electrode contact (related
to Figure 1 and Figure 2). (a) Photographs of the tungsten tip located in the different regions

of the Pt electrode. (b) Monopolar P-V loops measured in the regions marked in a.
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Figure S10. Conduction and photovoltaic mechanisms in the FePV device (related to
Figure 1). (a) Schematic energy band diagram of the Pt/PZT/LNO device. (b) Dark I-V
characteristics measured in the voltage range of +3 V to -3 V at a voltage sweeping rate of 0.06
V/s. The voltage sweeping sequence is indicated by the arrows, and the red arrow indicates the
first step. (c) Dark I-V characteristics measured in the Py, and Pgown States (set by -6 V and +6

V pulses, respectively) for different cycles. (d) Dark 1-V characteristics measured in the Pyp
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state at different voltage sweeping rates. (e) Dark -V characteristics plotted in linear scale. (f)

Thickness-dependent dark 1-V characteristics.
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Figure S11. Analysis of domain dynamics based on the Merz’s law (related to Figure 2).

Relationship between mean switching time (tmean) and applied electric field (Eapp) plotted as

IN(tmean) versus 1/Eappl.

S-14



(a)

Jph* (MA/CI‘I’IZ)

-2 0 2
Voltage (V)
(c) : :
N —o—Read @0V _
1+ L
<
a 0
— ~
= 1t .
[w] o
2F d
4 -2 0 2

Voltage (V)

(d)

_—
<
o
S
=]
2

2 0 2
Voltage (V)

6l Read @ 0.01 V

4t

21

0 L

) ‘ . .
-4 -2 0 2 4

Voltage (V)

Figure S12. Comparison between photocurrent and dark current in terms of hysteretic

behavior (related to Figure 3). Jon” hysteresis loops obtained with varying (a) +Vmax and (b) -

Vmax Of the triangular pulse trains at the light intensity of 25 mW/cm?. Dark currents (lgark) read

at (c) 0 V and (d) 0.01 V as a function of write pulse amplitude.
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Figure S13. Continuously tunable photovoltaic response measured at the light intensity of
25 mW/cm? (related to Figure 3). Evolutions of Jon” measured using repeated pulses with (a,c)
varying pulse number and pulse amplitude while fixing the pulse width, and (b,d) varying pulse
number and pulse width while fixing the pulse amplitude. (e) Evolution of Jpn” measured using
the negative-positive-negative pulse train where the number of positive pulses (+2.2 V) between
two negative pulse groups is varied. (f) Evolution of Jon” measured using the positive-negative-
positive pulse train where the number of negative pulses (-2.2 V) between two positive pulse

groups is varied. All the Jon" data were measured at the light intensity of 25 mw/cm?,
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Figure S14. STDP behavior (related to Figure 4). (a) Voltage waveforms of pre- and post-
synaptic spikes. (b) STDP characteristics of the Pt/PZT/LNO FePV synapse. Inset in b shows

the superposed waveforms of the pre- and post-synaptic spikes.
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Figure S15. FePV synapse-based neural network (related to Figure 4). Schematics

illustrating the (a) read and (b) write operations of the FePV synapse-based neural network.
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Figure S16. Effects of non-ideal factors on the simulated accuracy (related to Figure 4).
(@) One-cycle LTP/LTD characteristics of 10 different FePV devices (applied pulses are the
same as those in Figure 4a in the main text). (b) Photocurrent versus light intensity in different
polarization states under the illumination of the 365 nm UV light. Effects of cycle-to-cycle
variation, device-to-device variation, and realistic dependence of photocurrent on light intensity
on the accuracies for recognizing (c¢) small and (d) large images. In ¢ and d, “Reference” denotes
the case where the cycle-to-cycle and device-to-device variations are zero and the dependence

of photocurrent on light intensity is ideally linear.
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Figure S17. Endurance characteristics (related to Figure 5). Evolutions of (a) P-V hysteresis

loops and (b) Jpn” in the Pyp and Pgown States with increasing the number of switching cycles.
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Figure S18. P-V loops for the energy consumption estimation (related to Figure 5). Typical

monopolar P-V hysteresis loops measured with (a) +6 /20 ps and (b) -6V/20 pus pulses.
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Table S1. Comparison of performances of neural networks based on different synaptic

devices (related to Figure 4).

Device structure Accuracy Dataset Operating principle
(%)
Ag/BTO/NSTO ~90 MNIST Ferroelegtrig domain
(Ma et al., 2020) switching
PYBTO/SNTO 96.5 ORHD* Ferroelectric domain
(Lietal., 2019) 96.4 MNIST switching
_ 94.1 ORHD
o -MoOjs transistor Li ions intercalation
(Yang et al., 2018) 87.3 MNIST
Sio.o/Geo1 95.1 MNIST Ag ion filament
(Choi et al., 2018)
PEI/PEDOT:PSS 93.0 SFC® oroton doi
(van de Burgt et al., roton doping
2017) 97.0 MNIST
. 95.2 ORHD
BM-SFO transistor Phase transformation
(Ge et al., 2019) 92.7 MNIST
VO; transistor 94.0 ORHD Phase transformation
(Ge et al., 2020) 91.0 MNIST
Li-ion transistor 97.5 SFC intercalation of Li-ion
(Fuller et al., 2017) dopants
93.0 MNIST
Pt/PZT/LNO 95.4 ORHD Ferroelectric domain
(this work) switching
93.7 MNIST

A0ORHD: Optical Recognition of Handwritten Digits

b)SFC: Sandia file classification



Transparent Methods
1. Device Fabrication

Stoichiometric LaNiO3z (LNO) and nonstoichiometric Pb(Zro2Tiog)Os (PZT) with 15% Pb
excess ceramic targets with a purity of 99.99% were bought from the Hefei Kejing Materials
Technology Co., Ltd, which were used for the pulsed laser deposition (PLD) of polycrystalline
LNO and PZT thin films on silicon (100) substrates, respectively. Our PLD system mainly
consisted of a KrF (1 = 248 nm) excimer laser source (Coherent COMPexPro 205) and a
customized chamber (TSST HE-BO1 and TE-R08). The ~80 nm thick LNO bottom electrode
layers were first deposited on the silicon substrates at 660 <C under an oxygen pressure of 15
Pa. Subsequently, the ~190 nm thick PZT layers were grown on top of the LNO layers at a
lower temperature of 600 T with the same oxygen pressure. For the LNO and PZT depositions,
different laser energy densities of ~1.2 and ~0.9 J/cm? were used, respectively, while the laser
pulse frequency was kept at the same 5 Hz. In addition, epitaxial PZT films, as control samples,
were deposited on the SrRuOs (SRO)-buffered SrTiOs (001) substrates. The growth
temperatures of the epitaxial PZT and SRO films were 615 and 680 T, respectively, while the
same oxygen pressure of 15 Pa was used for both films. The Pt top electrodes of ~200 pm in
diameter and ~10 nm in thickness were ex situ deposited on the films by PLD through a shadow

mask at room temperature and under vacuum.

Note that all the film depositions were conducted in our lab, while previous studies (Schatz
et al.,, 2017; Yu et al., 2007; Kim et al., 2000) were referred to for optimizing the deposition

parameters of the polycrystalline PZT films on silicon substrates.
2. Characterizations

The phases and crystal structures of the films were examined by X-ray diffraction (XRD)

(X’Pert PRO, PANalytical). The microstructures of the films were characterized using a Tecnali
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G2-F20 transmission electron microscopy (TEM) system operated at 200 kV. The film
morphology, domain switching, and current mapping were studied by atomic force microscopy
(AFM), piezoresponse force microscopy (PFM), and conductive AFM (C-AFM), respectively.
The AFM, PFM, and C-AFM measurements were performed on a commercial atomic force

microscope (Cypher, Asylum Research) with Pt-coated silicon tips (EFM Arrow, Nanoworld).
3. Electrical Measurements

The polarization-voltage (P-V) hysteresis loop, positive-up negative-down (PUND), and
endurance tests were conducted with a ferroelectric workstation (Precision Multiferroic,
Radiant). The current-voltage (I-V) characteristics were measured using a SourceMeter (6430,
Keithley) with an automatic voltage sweeping program. Both the ferroelectric workstation and
SourceMeter can generate electrical pulses with various amplitudes and widths (ranging from
10 ps to 1 s). For the photovoltaic measurements, an ultraviolet light-emitting diode (LED) with
tunable light intensities and a wavelength of 365 nm was mainly used as the light source. Unless
otherwise specified, the electrical pulse interval was fixed at 1 s, and the light intensity was
fixed at 105 mW/cm?. When measuring the illuminated 1-V characteristics, the light was
switched on ~10 seconds before the measurement to exclude the contribution from the transient
photocurrent response, and a sufficiently low voltage sweeping speed (~0.038 V/s) was used to

record the steady current (see Figure S3a).
4. Neural Network Simulations

The neural network simulations were conducted using a CrossSim simulator (van de Burgt
etal., 2017; Fuller et al., 2017) based on the back-propagation algorithm. The simulator used a
three-layer (one hidden layer) neural network, and each synaptic weight matrix between two
neuron layers was modeled as a crossbar. The crossbar performed two matrix operations:
vector-matrix multiply and parallel rank one outer product update. The numerical weights in a

crossbar were mapped directly onto the experimental Jon" values measured in the
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potentiation/depression cycling test (see Figure 4a in the main text), and thus the numbers of
weight levels were 16 for both the potentiation and depression processes. The number of
neurons and synapses used in the image recognition simulations were dependent on the image
datasets. For small images (8 %<8 pixels), 64, 36, and 10 neurons were used in the input, hidden,
and output layers, respectively. The numbers of synapses in the two crossbars were therefore
2304 (64 =< 36) and 360 (36 > 10), respectively. For large images (28 > 28 pixels), a network
size of 784 %300 =10 was used. When training a neural network, 3823 and 60000 examples
were used for small and large images, respectively. Afterwards, the accuracy of the neural
network was tested with 1797 (10000) examples for small (large) images. The learning rates
for the simulations of small and large image recognitions were optimized to be 0.15 and 0.025,

respectively.
5. Data Analysis for Figure S1

Figure Sla shows the XRD #-26 diffraction patterns of a PZT/LNO/Si bilayer film and a
LNO/Si film, with the latter as the control sample. The (001) and (110) peaks from PZT are
clearly identified, indicating that polycrystalline PZT with a perovskite phase is formed. There
are no peaks from impurity phases, demonstrating the phase purity of the PZT film. Figure S1b
displays that the polycrystalline PZT film exhibits a granular surface, with a relatively small
roughness of ~4 nm. The cross-sectional TEM image, as shown in Figure Slc, demonstrates
that the PZT film is tightly adhered to the LNO layer with a sharp interface. Additionally, the

PZT film exhibits columnar grains, which are ~190 nm in height and ~50 nm in diameter.

6. Data Analysis for Figure S2

Figure S2a shows that at the same light intensity the 365 nm UV light produces the highest
photocurrent, which is consistent with the fact that PZT has a relatively wide bandgap of ~3.6
eV (Tanetal., 2019). In addition, as shown in Figure S2b, in all the different polarization states

the photocurrent scales almost linearly with the light intensity. As seen from the above results,
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the 365 nm UV light with the intensity of 105 mW/cm? is a suitable illumination condition.

Therefore, this illumination condition was mainly used in the main text.
7. Data Analysis for Figure S3

As shown in Figure S3a, although the voltage sweeping speed decreases from ~0.038 V/s to
~0.0056 VI/s, the photovoltaic I-V curve remains almost unchanged, demonstrating that the
current values measured at ~0.038 V/s are already steady ones. In addition, the light was
switched ON ~10 seconds before the I-V measurement to exclude the contribution from the
transient photocurrent response. Figure S3b shows that the photocurrent is orders of magnitude
larger than the dark current at low voltage. In addition, measuring the photocurrent at zero

voltage has technically eliminated the contribution from the dark current.
8. Data Analysis for Figure S4

Applications of -6 V and +6 V write pulses (pulse width: 1 ms) result in the fully upward and
downward polarization states, respectively. On the other hand, applications of +2 V pulse (after
the -6 V pulse) and -2 V pulse (after the 6 V pulse) (pulse width: 10 us) result in two
intermediate polarization states. Figure S4 show that the photocurrents measured in all these
states are quite stable and reproducible, indicating the nonvolatility of the photoresponsive
states. In Figure S4b, no spike is observed right after the light is switched ON, probably because
the photocurrent response time in our polycrystalline PZT film is sufficiently short (less than
~1.8 seconds, i.e., the time resolution used in the photocurrent-time measurement). This allows

us to measure the steady current when performing the photovoltaic 1-V measurement.
9. Data Analysis for Figure S5 and Figure S6

Figure S5 shows that the successive shift of the illuminated I-V curve with applied write
pulse occurs at the different light intensities. In addition, both Isc and Voc show hysteretic

evolutions with varying pulse amplitude at different light intensities (see Figure S6). The Isc
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and Voc values in the same polarization state increase as the light intensity increases, indicating
that the Isc and Voc are light-induced. The above results well demonstrate the phenomenon of

polarization-modulated switchable photovoltaic response.
10. Data Analysis for Figure S7

Figure S7a shows the square P-V hysteresis loop observed in the epitaxial PZT film,
indicating that two typical bistable polarization states exist and the switching between these two
states is abrupt. Consequently, there are two bistable photoresponsive states and the switching

between them is also observed to be abrupt, as shown in Figure S7b,c.
11. Data Analysis for Figure S8

Three rectangular regions (3 %1 um?) were written with tip biases of +5 V, +3 V and +1 V,
respectively, and then PFM and C-AFM images were measured. The C-AFM measurement was
conducted with the sample bias but zero sample bias was indeed applied for measuring the
photocurrent. The sign of the measured photocurrent was reversed because the current flowing
from top to bottom was defined to be positive.

Figure S8a displays that almost all domains in the +5 V-written region and partial domains
in the +3 V-written region are switched downward, while the domains in the +1 V-written
region remain almost unchanged. The different degrees of domain switching lead to different
changes in photocurrent. As shown in Figure S8b, the photocurrents in the whole +5 V-written
region are decreased significantly, while in the +3 V-written region only the photocurrents in
the parts where domains are switched downward are decreased. However, the photocurrents in
the +1 V-written region are similar to those in the unwritten region. The combined PFM and C-
AFM results therefore confirm that the photovoltaic response is modulated by the polarization.

Note that the Pt top electrode was used to enhance the magnitude of photocurrent; otherwise,
the photocurrent can hardly be detected using the AFM tip-film contact. The Pt electrode may

decrease the interfacial barrier height or increase the contact area, thereby enhancing the
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magnitude of photocurrent. However, the local switching of domains is observed with the Pt
electrode. To understand the origin, a similar electrical writing was performed on a Pt electrode-
capped SiO2/n**-Si control sample. The resultant PFM phase image shows no changes in the
written areas (Figure S8c), thus excluding the surface effect-induced artifacts. We therefore
think that the Pt electrode may not be an ideal conductor, because it was thin (~10 nm) and
composed of nanosized grains. Therefore, electrically writing on the Pt electrode-capped PZT
film using the AFM tip induces the domain switching and photocurrent change only in a local
area (see Figure S8a,b). This local switching behavior with a non-ideal top electrode was
reported previously (Li et al., 2017).

Indeed, for a non-ideal electrode, the tip-generated field drops as a nonlinear function of
distance from the tip-electrode contact along the in-plane direction (Li et al., 2017). This means
that when a voltage V is applied via the tip, the potential V1 in the tip-electrode contact area (Ao)
is larger than the potential V> in the area outside Ao (note: we use this qualitative description
because the exact function of the potential distribution is unknown). This non-uniform potential
distribution may cause non-uniform domain switching within the electrode area. Nevertheless,
when V is sufficiently large, both V1 and V2 exceed coercive voltage (V¢) and thus the domains
in and outside the area Ao can be switched. The total area where the domains are switched (As)
therefore depends on the voltage V and the tip-electrode contact area Ao. For a given V, if Ao is
larger, a larger area is subjected to V1 and thus more domains can be switched.

The AFM tip has a very small Ao (tip radius: ~15 nm). Even if As/Ag = 100 is assumed, the
resultant radius of As is ~150 nm, which is still very small. Therefore, using the AFM tip to
write on the electrode can cause a local switching. By contrast, the tungsten tip has a much

larger Ao of ~1.5 X 10 cm? (confirmed by checking the scratch left by tungsten tip), about ~5%

of the whole electrode area. If V is sufficiently large, it could be possible that As becomes the

whole electrode area (see the demonstration in Figure S9).
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12. Data Analysis for Figure S9

For the tungsten tip-electrode contact, to verify whether As can be the whole electrode area
under a large voltage, we first located the tungsten tip in Region A, B, and C, and applied -6 V
pulses to set the polarization states of all the three regions to Py. Then, the tungsten tip was
located in Region A and two +6 V pulse were applied sequentially. The measured monopolar
P-V loops are shown in Figure S9b. The first +6 V pulse switches the polarization to the
downward direction and therefore an “S”-shaped loop is present. However, the loop measured
by the second +6 V pulse does not exhibits an apparent “S” shape. This is because the
polarization is already along the downward direction, and hence this loop is contributed mainly
by non-ferroelectric factors, such as leakage current and linear dielectric response. Then, we
moved the tungsten tip to Region B and C sequentially, and measured the monopolar P-V loop
in each region by applying a +6 V pulse. The loops measured in both Region B and C are similar
to that measured in Region A with the second +6 V pulse, indicating that the domains in Region
B and C have already been switched to the downward direction after applying +6 V pulses in
Region A. This in turn supports that applying a sufficiently large voltage via the tungsten tip-

electrode contact can switch the domains in the whole electrode area.

13. Data Analysis for Figure S10

Generally, there are four FePV mechanisms accounting for the polarization modulation of
photovoltaic response: bulk photovoltaic effect, domain wall model, Schottky barrier model,
and depolarization field (Eqp) model.

The bulk photovoltaic effect often occurs in a single crystal, where the photo-generated
charge carriers with asymmetric momentum distribution can exhibit collective motion along a
certain direction (Fridkin et al., 2001). However, our PZT film is polycrystalline, the momentum
distributions of photo-generated charge carriers may cancel each other out. Therefore, the bulk

photovoltaic effect may be neglected in our polycrystalline PZT-based FePV device. In addition,
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the domain walls in the polycrystalline PZT film are not aligned in parallel, which rules out the
domain wall model as the major photovoltaic mechanism in our FePV device.

To check the applicability of the Schottky barrier model, the energy band alignment of the
Pt/PZT/LNO heterostructure is first analyzed. Because Pt and LNO have work functions of ~5.6
eV (Yan et al., 2010) and ~4.5 eV (Yang et al., 2012), respectively, and PZT has an electron
affinity of ~3.5 eV (Cagin et al., 2007), two Schottky barriers with much different heights may
exist in the Pt/PZT/LNO heterostructure (see Figure S10a). If the conduction is dominated by
the Schottky barriers, 1-V curves with large asymmetry are expected. However, the asymmetry
of the observed dark 1-V curves is rather small (Figure S10b). In addition, Figure S10b and ¢
also reveal that the switchable diode-type resistive switching behavior is absent. In Figure S10b,
a small hysteresis is observed when the voltage sweeping direction is reversed and the dark
current (ldark) becomes zero at a non-zero voltage, both of which can be correlated with the
change of the capacitive current (lcap) due to the reverse of the sign of dV/dt and the change of
capacitance [note: lcap = C*(dV/dt)]. In Figure S10c, lqark randomly varies from cycle to cycle
and it does not show a variation trend with respect to the polarization state. This can be well
explained by the randomness of lcp, Which may originate from the random capacitance
variation caused by the pulse writing-induced charge injection and redistribution. The
contribution from lcap t0 lgark Can be evidenced by measuring the dark I-V characteristics at
different voltage sweeping rates (i.e., dv/dt). Figure S10d shows that the measured lgark
increases with voltage sweeping rate, confirming the contribution from lcap t0 lgark.

Therefore, the above results rule out the Schottky barrier-dominated conduction mechanism
and the ferroelectric memristive effect. They also demonstrate that lcsp can significantly
contribute to the measured lqark, particularly when the current level is low.

While the polycrystalline PZT film has a thickness of ~190 nm, a large bulk region exists
(Figure S10a) and may greatly influence the conduction and associated FePV effect. Indeed,

the dark 1-V curves can be well fitted to the Ohmic model (see Figure S10e), suggesting that
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the conduction mechanism (in the voltage region of -0.8 V to 0.8 V) is bulk-limited (note: to
minimize the involvement of lcap, the dark I-V curve measured at a very slow rate of 0.0083 V/s
was used for fitting). Moreover, lqark decreases with increasing film thickness (see Figure S10f),
agreeing well with bulk-limited conduction behavior. For our polycrystalline PZT film,
therefore, the conduction mechanism is bulk-limited and consequently a bulk mechanism
should also be responsible for the FePV effect.

The only left bulk mechanism for the FePV effect is the Eqp model. In this model, a switchable
Eqp and an unswitchable internal bias field (Eint) may be considered as the driving forces for the
photovoltaic effect. Eqp arises from the incomplete screening of polarization, while Eint may be
formed due to stress gradients (Zhou et al., 2005), asymmetric electrodes (Lee et al., 1998), and
non-uniformly distributed space charges (Tagantsev et al., 2004). How Egp and Einx modulate

the photovoltaic response is explained in the main text.
14. Data Analysis for Figure S11

The relationship between tmean and pulse amplitude can be described using the Merz’s law:

t . € exp(a/ Eappl) ' (S1)

where « is the activation field and Eappi is the applied electric field (i.e., the pulse amplitude
divided by the film thickness). As shown in Figure S11, the In(tmean)-1/Eappi curve exhibits two
linear regions with different slopes. The a values in the low-Eapp and high-Eappi regions are
~1100 and ~340 kV/cm, respectively. These « values are consistent with those reported for the
PZT films (So et al., 2005; Jo et al., 2007). In addition, the change of a as Eappi increases was
also observed previously (So et al., 2005), which may be attributed to the different nucleation

rates in the low-Eappi and high-Eappi regions.

15. Data Analysis for Figure S12
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Figure S12a,b show the evolutions of Jgn” with the pulse amplitudes measured at the light
intensity of 25 mW/cm? using the triangular pulse trains. The Jon” evolutions form the hysteresis
loops and multiple intermediate Jpn” levels can be obtained, similar to those measured at the
light intensity of 105 mW/cm? (Figure 3b,c in the main text).

When no illumination is applied, the dark currents (lqark) read at 0 V are simply noisy signals
and no variation trend of lqark IS observed as the pulse amplitude varies (Figure S12c). We also
conducted the same measurement with the lgark read at 0.01 V. Again, ldark does not show
hysteretic evolution with varying pulse amplitude (Figure S12d). This is consistent with the
absence of ferroelectric memristive effect in our polycrystalline PZT film (see Figure S10 and
related discussion).

In addition, the variations of Jpn" as a function of pulse amplitude, width, and history were
measured at the light intensity of 25 mW/cm?. The results are shown in Figure S13, which are
basically similar to those measured at the light intensity of 105 mwW/cm? (Figure 3d-i in the

main text).
16. Data Analysis for Figure S15

In the read operation, no read voltages are applied along the rows (see Figure S15a). Because
for our FePV synapses Jon” exhibits a highly linear dependence on the light intensity (see Figure
S2), the pixel values of the input images are thus encoded as the light intensities. Consequently,

the output photocurrent along the jth column is

I, = ia* X[ g /(L mWIcm?) [x A (S2)

ph_ij i
i=1

where liight i/(1 mW/cm?) is the normalized light intensity applied along the ith row and A is the
device area of a single synapse. Eq. (S2) indicates that a parallel read operation or a vector-
matrix multiply is realized with the FePV devices used as the synapses. To represent the

negative weights, a bias row and column can be added, which are not drawn here.
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In the write operation, the programming pulses (U;j) are applied along the columns
corresponding to the selected synapses while the corresponding rows are grounded (Vi = 0)
(here, i and j are the row and column indices of the selected synapses). The number and
amplitude of the programming pulses are calculated based on the desired weight updates
obtained from the back-propagation algorithm. In this way, the weights of all the selected
synapses can be updated appropriately. For the unselected rows and columns, the half-voltage

scheme may be employed to reduce the write disturbance.
17. Data Analysis for Figure S16

First, the accuracies of the neural networks with and without considering the cycle-to-cycle
variation were computed. As the cycle-to-cycle variation changes from 0 to the experimental
value of ~2%, the accuracy decreases from 96.3% (@ 40" epoch) to 95.8% (@ 16" epoch) for
recognizing small images (Figure S16c), while that decreases from 96.8% (@ 29" epoch) to
93.7% (@ 4™ epoch) for recognizing large images (Figure S16d). Then, the LTP/LTD
characteristics of 10 different devices were measured and are shown in Figure S16a, based on
which the device-to-device variation is estimated as ~4%. Figure S16c,d compares the
accuracies of the neural networks with and without considering the device-to-device variation.
As the device-to-device variation changes from 0 to ~4%, the accuracy decreases from 96.3%
(@ 40" epoch) to 95.8% (@ 17" epoch) for recognizing small images (Figure S16¢), while that
decreases from 96.8% (@ 29" epoch) to 94.9% (@ 8" epoch) for recognizing large images
(Figure S16d). Similar degradations of neural network performance with the cycle-to-cycle and

device-to-device variations were reported in Ref. (Ma et al., 2020).

We also considered the factor of the realistic dependence of photocurrent (Isc) on light
intensity (hignt). As shown in Figure S16b, the realistic dependence deviates from the ideal linear
dependence, and the deviation is ~3%. This means that Jon" = Isc/A/[liigh/(1 mW/cm?)], where

A is the device area and lign/(1 mW/cm?) is the normalized light intensity, is not a constant at
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different lignt. In terms of the neural network performance, the accuracy obtained with realistic
dependence is ~0.9% (~3.1%) lower than that obtained with the ideal linear dependence for

recognizing small (large) images (See Figure S16c,d).

18. Data Analysis for Figure S18

The write energy can be calculated from the area enclosed by the loop and the vertical axis
(Xu et al., 2017). Based on Figure S18a,b, the write energies are calculated to be ~18 nJ for

potentiation and ~23 nJ for depression.

S-34



References

Cagin, E., Chen, D.Y., Siddiqui, J.J., and Phillips, J.D. (2007). Hysteretic metal-ferroelectric-
semiconductor capacitors based on PZT/ZnO heterostructures. J. Phys. D: Appl. Phys. 40,
2430.

Choi, S., Tan, S.H., Li, Z., Kim, Y., Choi, C., Chen, P., Yeon, H., Yu, S., and Kim, J. (2018).
SiGe Epitaxial Memory for Neuromorphic Computing with Reproducible High Performance
Based on Engineered Dislocations. Nat. Mater. 17, 335-340.

Fridkin, V. M. Bulk photovoltaic effect in noncentrosymmetric crystals. (2001). Crystallogr.
Rep. 46, 654.

Fuller, E.J., Gabaly, F.E., Lénard, F., Agarwal, S., Plimpton, S.J., J.-Gedrim, R.B., James,
C.D., Marinella, M.J., and Talin, A.A. (2017). Li-lon Synaptic Transistor for Low Power
Analog Computing. Adv. Mater. 29, 1604310.

Ge, C,, Li, G., Zhou, Q.L., Du, J.Y., Guo, E.J., He, M., Wang, C., Yang, G.Z., and Jin, K.J.
(2020). Gating-Induced Reversible HxVO, Phase Transformations for Neuromorphic
Computing. Nano Energy 67, 104268.

Ge, C,, Liu, C., Zhou, Q., Zhang, Q., Du, J., Li, J., Wang, C., Gu, L., Yang, G., and Jin, K.
(2019). A Ferrite Synaptic Transistor with Topotactic Transformation. Adv. Mater. 31,
1900379.

Jo, J.Y., Han, H.S,, Yoon, J.-G., Song, T.K., Kim, S.-H., and Noh, T.W. (2007). Domain
Switching Kinetics in Disordered Ferroelectric Thin Films. Phys. Rev. Lett. 99, 267602.
Kim, S.S., Kang, T.S., and Je, J.H. (2000). Structures and properties of (001)-oriented
Pb(Zr,Ti)Osz films on LaNiOs/Si(001) substrates by pulsed laser deposition. J. Mater. Res. 15,
2881.

Lee, J., Choi, C.H., Park, B.H., Noh, T.W., and Lee, J.K. (1998). Built-in voltages and
asymmetric polarization switching in Pb(Zr,Ti)Ogz thin film capacitors. Appl. Phys. Lett. 72,

3380.
S-35



Li, J., Ge, C., Du, J.,, Wang, C., Yang, G., and Jin, K. (2019). Reproducible Ultrathin
Ferroelectric Domain Switching for High-Performance Neuromorphic Computing. Adv.
Mater. 32, 1905764.

Li, T., Sharma, P., Lipatov, A., Lee, H., Lee, J.-W., Zhuravlev, M.Y., Paudel, T.R., Genenko,
Y.A., Eom, C.-B., Tsymbal, E.Y., etal. (2017). Polarization-Mediated Modulation of
Electronic and Transport Properties of Hybrid MoS2-BaTiOs-SrRuOsz Tunnel Junctions. Nano
Lett. 17, 922-927.

Ma, C., Luo, Z., Huang, W., Zhao, L., Chen, Q., Lin, Y., Liu, X., Chen, Z., Liu, C., Sun, H.,
et al. (2020). Sub-Nanosecond Memristor Based on Ferroelectric Tunnel Junction. Nat.
Commun. 11, 1439.

Schatz, A., Pantel, D., and Hanemann, T. (2017). Towards low-temperature deposition of
piezoelectric Pb(Zr,Ti)Os: Influence of pressure and temperature on the properties of pulsed
laser deposited Pb(Zr,Ti)Os. Thin Solid Films 636, 680-687.

So, Y.W.,, Kim, D.J., Noh, T.W.,, Yoon, J.-G., and Song, T.K. (2005). Polarization Switching
Kinetics of Epitaxial Pb(Zro.4Tios)O3 Thin Films. Appl. Phys. Lett. 86, 092905.

Tagantsev, A.K., Stolichnov, I., Setter, N., and Cross, J.S. (2004). Nature of nonlinear imprint
in ferroelectric films and long-term prediction of polarization loss in ferroelectric memories.
J. Appl. Phys. 96, 6616.

Tan, Z., Hong, L., Fan, Z., Tian, J., Zhang, L., Jiang, Y., Hou, Z., Chen, D., Qin, M., Zeng,
M., et al. (2019). Thinning Ferroelectric Films for High-Efficiency Photovoltaics Based on
the Schottky Barrier Effect. NPG Asia Mater. 11, 20.

van de Burgt, Y., Lubberman, E., Fuller, E.J., Keene, S.T., Faria, G.C., Agarwal, S.,
Marinella, M.J., Talin, A.A., and Salleo, A. (2017). A non-volatile organic electrochemical
device as a low-voltage artificial synapse for neuromorphic computing. Nat. Mater. 16, 414-

418.

S-36



Xu, B., Figuez, J., and Bellaiche, L. (2017). Designing lead-free antiferroelectrics for energy
storage. Nat. Commun. 8, 15682.

Yan, F., Sterianou, ., Miao, S., Reaney, .M., Lai, M.O., and Lu, L. (2010). Multiferroic
properties of Bi(Feo5Sco5)O3-PbTiO3 thin films. Phys. Scr. T139, 014003.

Yang, C., Shang, D., Liu, N., Fuller, E.J., Agrawal, S., Talin, A.A,, Li, Y., Shen, B., and Sun,
Y. (2018). All-Solid-State Synaptic Transistor with Ultralow Conductance for Neuromorphic
Computing. Adv. Funct. Mater. 28, 1804170.

Yang, T.-H., Harn, Y.-W., Chiu, K.-C., Fana, C.-L., and Wu, J.-M. (2012). Promising electron
field emitters composed of conducting perovskite LaNiOz shells on ZnO nanorod arrays. J.
Mater. Chem. 22, 17071-17078.

Yu, Y.H., Lai, M.O., and Lu, L. (2007). Highly (100) oriented Pb(Zro.52Tio.48)O3/LaNiOz films
grown on amorphous substrates by pulsed laser deposition. Appl. Phys. A 88, 365-370.

Zhou, Y., Chan, H.K., Lam, C.H., and Shin, F.G. (2005). Mechanisms of imprint effect on

ferroelectric thin films. J. Appl. Phys. 98, 024111.

S-37



	ISCI101874_proof_v23i12.pdf
	Highly Controllable and Silicon-Compatible Ferroelectric Photovoltaic Synapses for Neuromorphic Computing
	Introduction
	Results and Discussion
	Gradual Polarization Switching in Polycrystalline PZT Film
	Gradual Polarization Switching-Induced Multilevel Photovoltaic Responses
	Domain Dynamics Underlying Gradual Polarization Switching
	Modulation of Photovoltaic Response by Electrical Pulse
	Synaptic Functions of the FePV Synapse
	FePV Synapse-Based Neural Network
	Reliability and Energy Consumption of the FePV Synapse
	Merits of the FePV Synapse

	Conclusions
	Limitations of the Study
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability


	Methods
	Supplemental Information
	Acknowledgments
	Authors Contribution
	Declaration of Interests
	References



