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Rapid development of artificial intelligence techniques ignites the emerging demand on accurate perception
and understanding of optical signals from external environments via brain-like visual systems. Here, enabled by
quasi-two-dimensional electron gases (quasi-2DEGs) in InGaO3(ZnO)3 superlattice nanowires (NWs), an artificial
visual system was built to mimic the human ones. This system is based on an unreported device concept
combining coexistence of oxygen adsorption-desorption kinetics on NW surface and strong carrier quantum-
confinement effects in superlattice core, to resemble the biological Ca%* ion flux and neurotransmitter release
dynamics. Given outstanding mobility and sensitivity of superlattice NWs, an ultralow energy consumption down
to subfemtojoule per synaptic event is realized in quasi-2DEG synapses, which rivals that of biological synapses
and now available synapse-inspired electronics. A flexible quasi-2DEG artificial visual system is demonstrated to
simultaneously perform high-performance light detection, brain-like information processing, nonvolatile charge
retention, in situ multibit-level memory, orientation selectivity, and image memorizing.

INTRODUCTION
Human brain is one of the most complicated objects in our known
universe. It consists of a massive collection of parallel and reconfig-
urable neural networks with gigantic numbers of neurons and neu-
ronal junctions (synapses). These synapses can get strengthened or
weakened over time in response to the increase or decrease in their
activity. This ability of synapses is referred to as synaptic plasticity,
where their event dependence constitutes the basis of parallel comput-
ing and distributed memory (I). Taking inspiration from the human
brain, artificial neuromorphic systems that adopt an in-memory com-
puting approach can address the energy and throughput inefficiency
of conventional von Neumann computing architectures such that the
data processing and memorizing units are no longer physically sep-
arated (2, 3). In particular, owing to the dynamic changes of synap-
tic connection strength, the artificial synapses are capable to process
data and identify patterns more robust, plastic, and fault tolerant,
giving rise to the adaptivity to indeterministic information (4, 5). All
these exceptional characteristics of the neuromorphic computing
architecture have made it of great interest for brain-inspired tech-
nological applications such as visual information processing, which
involves enormous parallel data that are correlated.

Recently, fascinating quantized physical properties of complex
oxide materials have been widely demonstrated with their strong car-
rier quantum-confinement effects (6, 7). Representative examples
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include LaAlO3/SrTiO; and MgZnO/ZnO heterointerfaces, where the
superconductivity in SrTiOs (8) and the quantum Hall effect in ZnO-
based heterostructures (9, 10) are experimentally observed. After in-
tensive investigations, it becomes clear that quasi-two-dimensional
electron gases (quasi-2DEGs) formed at these heterointerfaces are the
key to uncover these emergent phenomena. Strong electron correla-
tions in these atomically abrupt oxide heterointerfaces can give rise to
arich variety of electronic phases, which makes these quasi-2DEGs
highly susceptible to small changes of control parameters (e.g., electric
field, magnetic field, or light irradiation) (7, 8, 11). Interactions be-
tween these quasi-2DEGs and control parameters would create advanced
optoelectronic devices with tunable properties, e.g., nonvolatile resist-
ive switching (12), ultrasensitive potentiometric biosensing (13), and
giant persistent photoconductivity (PPC) (14). Given the high carrier
mobility together with the high sensitivity to various stimuli, quasi-
2DEG systems are anticipated to enable technological breakthroughs
in the development of neuromorphic sensing systems, which can sub-
stantially lower energy consumption and enhance sensitivity that are
not achievable by other material systems. Nevertheless, to the best of
our knowledge, there are still no reports on the utilization of quasi-
2DEGs for artificial neuromorphic systems.

At the same time, considering the ultrahigh surface-to-volume
ratio of nanowires (NWs), their unique morphology would make
them possible for massive probing of optical signals (15). To date,
various NW technologies have been proven to have a number of ad-
vantages in terms of charge carrier transport, energy efficiency, me-
chanical flexibility, process scalability, and device miniaturization
that usually outperform other counterparts. In this investigation,
we propose an unreported device concept for quasi-2DEG photonic
synapses based on the coexistence of oxygen adsorption-desorption
kinetics on NW surfaces and strong carrier quantum-confinement
effects in the superlattice core, to resemble the Ca** ion flux and neu-
rotransmitter release dynamics in biological synapses. In particular,
here, superlattice-structured InGaO3(Zn0O); NWs are used to develop
the quasi-2DEG-based artificial visual systems. The details of the
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NW growth are provided in Materials and Methods. Briefly, by using
one-step vapor-liquid-solid (VLS) growth process performed at am-
bient pressure (16, 17), InGaO3(ZnO); superlattice NW's with well-
defined morphology and average diameter of ~25 nm are successfully
synthesized as shown in Fig. 1A and fig. S1. As compared to the layer-
by-layer epitaxial growth processes (e.g., molecular beam epitaxy and
pulselaser deposition) that are generally used to fabricate superlattice-
structured complex oxide materials (18, 19), the one-step ambient-
pressure VLS method used here does not require complicated equipment
for the experimental operation. In addition, because the as-synthesized
InGaO3(Zn0); superlattice NWs are transferable on any substrate by
well-developed contact printing schemes (fig. S1; with details described
in Materials and Methods), there are no concerns about the com-
patibility of between the target device substrate and the NW growth
process; thereby, devices can be even made on flexible plastics in a
scalable and low-cost manner.

RESULTS

Structure and electrical characterizations of

superlattice NWs

As akind of “natural superlattice” (20), homologous compounds
of RMO3(Zn0),, (R = rare earth elements; M = Ga, Fe, or Al etc.;

o Zinc/gallium
¥ Indium
O Oxygen

Ga0(Zn0);" block

InO,~ layer
(IO octahedron)

c

L.

R i GRS, & = TN

m = integer) are easy to be crystallized with alternating stacks of RO,~
layers and MO(ZnO),," blocks (space group R3m, no. 166). In this
case, the periodic dark-bright layered structures perpendicular to the
NW radial direction are obviously witnessed in the high-resolution
transmission electron microscopy (HRTEM) images as given in Fig. 1
(B and D), in which the dark contrast corresponds to the InO,™ lay-
ers and the bright contrast correlates with the GaO(ZnO);" blocks
(21). The corresponding diffraction spots appeared in a distinctive
layered superlattice structure are as well found in the selected area
electron diffraction (SAED) pattern (Fig. 1C). All the diffraction spots
can be indexed as the InGaO3(ZnO); monoclinic structure. To be
specific, the InO, ™ layer (In’* locates at an octahedral site coordinated
by 0" and the GaO(ZnO);* block (Ga®>* and Zn** share trigonal-
bipyramidal and tetrahedral sites) (19) are alternately stacked along
the c axis [0001] direction at a period of 13.8 A (dggo3) as indicated
in the HRTEM image in Fig. 1D, which is perpendicular to the growth
direction [1T00] of the InGaO3(Zn0); superlattice NWs, all to-
gether being in perfect agreement with the typical InGaO3(ZnO);
crystal (JCPDS card, no. 40-0253). A total of 18 parallel stripe pat-
terns with a periodic spacing of 13.8 A are therefore calculated to
have a length of 248.4 A, which is well matched with the measured
NW diameter of 25 nm, suggesting that the parallel stripe patterns
distribute uniformly across the radial direction of the entire NW.
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Fig. 1. Structure and electrical characterizations of InGaO3(Zn0O); superlattice NWs. (A) Scanning electron microscopy (SEM) image of InGaOs(Zn0O)s superlattice NWs
fabricated by Au-catalyzed VLS process at ambient pressure. (B) HRTEM image and (C) SAED pattern of a typical individual InGaO3(ZnO); superlattice NW. (D) Structural
schematic of the InGaO3(ZnO); superlattice NW and its corresponding HRTEM image. (E) Qualitative energy-band diagram of quasi-2DEGs in the InGaO3(Zn0); superlat-
tice. CB, VB, and EF are the abbreviations of conduction band, valence band, and Fermi level, respectively. (F) Temperature-related transport characterizations of
InGa03(Zn0); superlattice NWs (red points) and Iny sGag 403 crystalline NWs (green points) with temperatures ranging from 78 to 298 K.
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Energy-dispersive x-ray spectroscopy (EDS) analysis is also per-
formed on the InGaO3(Zn0O); NW as depicted in figs. S2 and S3,
where the uniform elemental distribution and ideal In/Ga/Zn com-
position ratio of around 1:1:3 are observed. All these results explic-
itly elucidate the formation of layered superlattice structures of
InGaO3(ZnO)3 NWs.

With the multiple quantum well structure, the InGaO5(ZnO);
superlattice NWs are expected to have the effect of conduction band
offset at heterointerfaces and corresponding carrier quantum con-
finement, which dictate the NW device performance (18). Since the
conduction band edge of the InO, layers lies in the energy level
lower than the donor states of GaO(ZnQ);" blocks, electrons from
the GaO(ZnO); " blocks would transfer into the 2D InO, " layers when
they are in contact (22). This spatial confinement of conductive
electrons eventually leads to the band bending and the formation of
quasi-2DEGs in the InO," layers as illustrated in Fig. 1E. Further
evidence supporting this carrier quantum-confinement effect can be
provided by the temperature-dependent electrical measurement with
temperatures ranging from 78 to 298 K once these NWs are trans-
ferred and fabricated into NW parallel arrayed field-effect transis-
tor (FET) devices (Fig. 1F). It is evident that the carrier freeze-out
behavior at low temperatures is absent in the InGaO3(Zn0O); super-
lattice NWs, which is a characteristic indication of the trap-free
temperature-independent carrier transport due to the existence of
metallic-like quasi-2DEGs formed at the heterointerfaces (23). This
is in distinct contrast to the typical temperature-activated transport
behaviors of In; ¢Gag 4O; crystalline NWs (detailed material charac-
terizations can be found in figs. S4 and S5), where the carrier density
decreases exponentially with decreasing temperatures in the same
temperature range. In addition, because the confined carriers are
spatially separated from the donor sites, a reduction in ionized im-
purity scattering is realized in these two-dimensional InO,™ layers,
leading to the substantially improved carrier mobility of quasi-
2DEGs (22). For the NW parallel arrayed devices, a typical field-
effect electron mobility of 406 cm?/V's is obtained at 78 K by using
InGaO3(Zn0); superlattice NW's as active channels. This low-
temperature mobility value is substantially higher than the one of
In; ¢Gag 403 crystalline NWs (110 cm?/Vs), suggesting that quasi-
2DEG superlattice NWs are promising candidate building blocks
for next-generation high-mobility electronics.

Device concept of quasi-2DEG photonic synapses

After that, these global back-gate FET devices based on parallel
InGaOs3(ZnO); superlattice NW arrays are further electrically char-
acterized at different measurement conditions (Fig. 2A). Taking
advantage of the surface chemical treatment of receiver substrates,
controlled and uniform assembly of superlattice NWs into parallel
arrays was realized by a simple contact printing process. As expected,
all the individual device channels demonstrate the uniform distri-
bution of NWs with an NW density of 1.5 + 0.1 um™" (fig. $6). For
directly examining the uniformity of device performance, transfer
curves of 30 devices in a 6 x 5 array is measured, which exhibits an
average on current of 6.54 uA/um with a deviation of 0.37 pA/um
and an average hysteresis window (AV) of 38.07 V with a deviation
0f 4.01 V (fig. S7). These device performance parameters also high-
light the uniformity of NW distribution in the parallel-NW array
device. When measured in ambient atmosphere, the FET exhibits
the classical n-type transfer characteristics with a moderate on/off
current ratio of >10° and an obvious hysteresis window of ~40.6 V
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as depicted in Fig. 2B. Such electrical hysteresis is usually related to
the charge trapping phenomena that occur at the NW surface de-
fects (24, 25). Evidently, there is a surface defect layer observed in
the HRTEM image of obtained NWs (Fig. 2D), in which this defect
layer is a typical feature associated with the VLS-grown NWs.
In contrast, the hysteresis window of the FET device is notably
reduced down to ~7.1 V, while the on current is considerably in-
creased once the 10-nm-thick alumina (Al,O3) passivation is depo-
sited onto the surface of InGaO3(Zn0O)s; superlattice NWs (Fig. 2C).
This hysteresis reduction suggests that the charge trapping events
that occurred at surface defect sites (e.g., accepter-like defects or
adsorbates) are the main reasons for the poor electrical conductivity
and substantial hysteresis of NW devices (25). All these postulates
can be further confirmed by the device transfer characteristics mea-
sured in vacuum with a pressure of ~1 x 10~* Pa. Under vacuum,
the device gives enhanced conductivity (~10° times larger at a gate
bias of 0 V) together with excess carrier concentration that cannot be
depleted completely to achieve the device off-state (i.e., the “always-on”
behavior). The high-vacuum condition is always used to purposely
remove the adsorbates away from NW surface defect layers and hence
release the trapped charge carriers. After the NW devices have been
stored in vacuum for more than 48 hours, the conductivity of the
electron gases can be modulated from a semiconducting state to a
metallic-like state. This finding reveals a slow adsorption process of
adsorbates under vacuum conditions. When taking the devices out
of vacuum and exposing them to ambient air again, the hysteresis
loop of transfer curves slowly enlarges along with the exposing time
from 0 to 12 hours. It takes roughly 12 hours for the hysteresis loop
to revert back to its original state as shown in fig. S8. In any case,
ohmic-like electrical contacts are found in the output characteristics
of all measured devices in different conditions, which exclude the
influence of contact resistances or oxygen/electrode interactions on
electrical device measurements (fig. S9).

Meanwhile, on the basis of the wide-scan x-ray photoelectron
spectroscopy (XPS) spectrum and O1s peak analysis in Fig. 2 (E and F),
there is a dominant peak centered at 532.7 eV for the InGaO3(ZnO);
superlattice NWs, in which the peak can be attributed to the existence
of water and/or oxygen molecules adsorbed onto the NW surface. A
control experiment of thermal heating-induced water molecule de-
sorption (fig. S10) is also carried out to exclude the possibility of
water molecules adsorbed onto NW surface layers acting as the charge
trapping sites (with details described in text S1). In this case, the
desorption of oxygen molecules from the NW surface is inferred to
release the trapped electrons participating in the carrier transport,
resulting in the enhanced conductivity of InGaO3(ZnO); superlat-
tice NWs in vacuum. As discussed in previous reports, other external
stimuli, such as light irradiation, can also lead to the oxygen desorp-
tion in quasi-2DEG systems. For instance, Meevasana et al. (26) found
that the carrier density of a quasi-2DEG system can be controlled
through exposing the SrTiO; surface to ultraviolet (UV) light, possibly
as a result of light-mediated oxygen desorption from the SrTiOj3 sur-
face. Thus, directly writing the surface states onto the quasi-2DEG
NW surface using light could be an attractive route toward the effi-
cient programming of their conductivity and widening of their
functionality.

At this stage, to mimic the biological synapse, the photonic syn-
apses based on InGaOs(ZnO); superlattice NW arrays are constructed.
In this work, all the emulated synaptic behaviors of quasi-2DEG pho-
tonic synapses are demonstrated in ambient air. The conductivity of
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Fig. 2. Oxygen adsorption-desorption kinetics and strong carrier quantum-confinement effects on InGaOs(ZnO); superlattice NWs. (A) Schematic illustration and

corresponding SEM image of the FET device based on InGaO3(ZnO)s superlattice N
InGa03(Zn0); NW array FET measured at different ambient and vacuum conditions. T

W arrays with SiO, layer as the gate dielectric. (B) Transfer characteristics of the
he scan rate is 500 mV/s. (C) Transfer characteristics of the InGaO3(Zn0O); NW array

FET before and after Al,O; passivation measured at ambient atmosphere. The scan rate is 500 mV/s. (D) HRTEM image of a typical InGaO3(ZnO); NW with the distinct

surface defect layer. (E) Wide scan XPS spectrum and (F) O 1s peak analysis of the InG

a03(Zn0); NWs. a.u., arbitrary units. (G) Light spike-induced EPSC generation and

decaying characteristics of InGaO3(Zn0O); NW arrays, demonstrating typical STP and LTP models. (H) EPSC triggered by a low-intensity presynaptic light spike
(left) and short-term synaptic enhancement by two consecutive presynaptic light spikes (right) in 2DEG photonic synapses. (1) Spike duration—dependent plasticity of the

InGa03(Zn0)3 NW arrays with tpike ranging from 10 to 1000 ms. (J) Schematics of oxyg
release on InGa03(Zn0); superlattice NWs.

quasi-2DEG NW arrays is considered as a synaptic weight (or strength),
while the light stimulus (261-nm UV light, 0.1 mW/cm?) is consid-
ered as a presynaptic light spike. Under a bias voltage of 50 mV, light
spikes with different duration times (tpix.) ranging from 10 to 1000 ms

Meng et al., Sci. Adv. 2020; 6 : eabc6389 11 November 2020

en adsorption-induced charge trapping and subsequent optically induced charge

are used to trigger the excitatory postsynaptic current (EPSC). Ata
tspike Of 10 ms, the EPSC reaches a peak value of 10.6 uA and gradu-
ally decays back to its initial state within 10 s (Fig. 2G). Such EPSC
behavior is quite similar to short-term plasticity (STP) in a biological
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synapse (27). In another aspect, the transition behavior of STP to
long-term plasticity (LTP) can also be mimicked. For example, by
extending the £k, to 200 ms, the EPSC of photonic synapses is fur-
ther increased to a higher level (33.6 nA), while the EPSC can stay ata
relatively high level for a long period after the spike, referring to a mod-
elknown as LTP (27). In a particular case as shown in Fig. 2H (i.e., bias
voltage ~0.1 mV, tpike ~10 ms, and light density ~0.01 mW/cm?),
the energy dissipation of a single spike event is estimated to be ~0.7 {J.
The energy consumption for a single spike event is defined as the
sum of electrical energy consumption (Ipcak x t x V) and input light
energy consumption (P x A x t) (with details described in text S2).
Such subfemtojoule-level energy consumption is lower than that of
biological synapses (~10 f] per synaptic event) (28), complementary
metal-oxide-semiconductor (CMOS) silicon neuromorphic circuits
(~3000 f] per synaptic event with an integration of 14 transistors
and 3 capacitors) (29), and other hardware-based artificial synapses
reported until now as summarized in table S1. The recorded low
energy consumption of quasi-2DEG photonic synapses presented in
this work is due to (i) the high mobility and high sensitivity of quasi-
2DEG to various stimuli, (ii) the ultrahigh surface-to-volume ratio
of InGaO3(ZnO); superlattice NWs that is critical for the oxygen
adsorption-desorption kinetics, and (iii) the relatively short device
channel length of 2 pm that reduces the path of energy dissipation.
Scaling down the device dimensions and reducing the spike dura-
tions to submillisecond levels could be used as feasible strategies to
further decrease the energy consumption per event.

Moreover, the spike duration-dependent plasticity of quasi-2DEG
photonic synapses is also studied as depicted in Fig. 2I and fig. S11.
The measured EPSC peak values increase from 10.6 A all the way
to 44.5 uA with tg. spanning from 10 to 1000 ms. From a view
point of charge-storage accumulative photoelectric effect (25), the
InGaO3(Zn0); superlattice NW arrays could break the power law
dependence of conventional photodetectors (Iph~P°') (30), follow-
ing the time-dependent exbponential—association photoelectric con-
version law [Iph~a- (1 -e” P11 in which more charge carriers can
be accumulated in the NWs through the longer light exposure and
thus giving rise to the higher responsivities and detectivities of pho-
todetectors (with details described in text S3). Importantly, with a
duration time of 1000 ms, quasi-2DEG photonic synapses exhibit a
high responsivity of 1.05 x 10° A/W and a high detectivity of 3.15 x
10" Jones (fig. S12). All these performance parameters are already
comparable to those of state-of-the-art low-dimensional semiconductor-
based photodetectors (table S2). Generally, the responsivity measures
the input-output gain, while the detectivity represents the sensitivity
of a detector system. These superior sensing parameters directly
indicate that quasi-2DEG devices presented in this work would
accurately and efficiently detect external light stimuli.

To better understand the device operation mechanism, simplified
schematic diagrams are used and illustrated in Fig. 2], in which ox-
ygen adsorption-induced charge trapping and subsequent optically
induced charge release are highlighted (with details described in
text S4). The biological synapse changes its conductance by exchang-
ing Ca”" ions when the spike stimulus arrives, while the quasi-2DEG
synaptic devices presented here change its conductance by regulat-
ing the number of adsorbed oxygen according to the applied light
pulse. This shows the potential of building artificial neuromorphic
devices using such strongly electron-correlated quasi-2DEG super-
lattice NWs. In addition, we should note that owing to the strong
carrier quantum-confinement effects at superlattice heterointerfaces,
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quasi-2DEGs are highly sensitive to the applied electrostatic fields
(8, 11, 31). When the light-mediated surface states induce the asso-
ciated electrostatic fields, channel conductance can be precisely iden-
tified as a result of the altered carrier confinement. In this case, it is
incredible to build a truly brain-like cognitive system by using quasi-
2DEG systems, using the oxygen adsorption-desorption kinetics on
the NW surface and the strong carrier quantum-confinement effects
in the superlattice core, which has bionic performance that is un-
reachable by other conventional semiconductors.

Brain-like functions of flexible quasi-2DEG
photonic synapses
In contrast to the conventional complex oxide materials fabricated
on rigid substrates (e.g., single-crystalline yttria-stabilized zirconia
substrate) by epitaxial growth (18, 19), InGaO3(ZnO); superlattice
NWs presented here also have a great deal of interest to be integrated
on plastic substrates to achieve mechanically flexible brain-like elec-
tronics. To demonstrate the possible implementation of InGaO3(ZnO);
superlattice NWs for flexible neuromorphic systems, the entire de-
vice fabrication procedure is transferred onto a polyimide substrate
(Fig. 3A). The flexible quasi-2DEG photonic synapses are then elec-
trically characterized before and after 100 successive mechanical bend-
ing cycles with a bending radius of ~5 mm (fig. S13). It is noted that
the EPSC measurements do not reveal any substantial changes, dem-
onstrating the decent mechanical stability arising from the unique
NW morphology. The flexible quasi-2DEG photonic synapses have
the potential to be merged with other research fields ranging from
wearable AT systems to personalized health care in the near future.
In biological systems, synapses can update their synaptic weight
according to the history of the stimulation, which is important for
decoding temporal information (27). For example, in a typical syn-
aptic plasticity called paired-pulse facilitation (PPF), synapses can fill
in their synaptic weight based on the timing between paired spikes
(32). In this case, to mimic the PPF behavior in our flexible quasi-
2DEG photonic synapses, two consecutive presynaptic light spikes
(0.1 mW/cm?, 10 ms) with interspike interval (Atp.) ranging from
200 to 2000 ms are applied onto the InGaO3(ZnO); superlattice
NWs. As depicted in Fig. 3B, the peak intensity value of EPSC trig-
gered by the second light spike (At = 200 ms) is much larger than
that by the first one, which is a characteristic indication of PPF be-
havior. This bionic PPF phenomenon is attributed to the spatially
separated photoexcited states that contribute to the synaptic weight of
the quasi-2DEG photonic synapses. After the first light spike, photo-
generated electrons will diffuse gradually back to their equilibrium
position on the NW surface. If the second light spike is applied at this
time with a smaller At,., photo-generated electrons triggered by the
first spike are still partially residing in superlattice NW cores, con-
tributing to the synaptic weight. Under this condition, EPSCs trig-
gered by the second spike are augmented, which induces the PPF
behavior. The PPF index, defined as the ratio of the amplitudes be-
tween the second EPSC peak (A2) and the first EPSC peak (A1), is
plotted as a function of Aty in Fig. 3C. It is obvious that a higher PPF
index value can be obtained when the applied paired spikes have a
shorter Atyre. When Aty is 200 ms, a maximum PPF index value of
210% is witnessed (Fig. 3A), which is substantially larger than most
of the reported artificial synapses (table S3). This finding indicates
that the flexible quasi-2DEG photonic synapses have the outstanding
ability to decode temporal information. Apart from the temporal
related plasticity discussed above, light intensity—dependent plasticity
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Fig. 3. Brain-like information processing, nonvolatile charge retention, and multibit-level memory functions of flexible quasi-2DEG photonic synapses.
(A) Photograph of flexible quasi-2DEG photonic synapse devices based on polyimide substrates. Inset shows the corresponding SEM image of the fabricated 6 x 5 device
array. Photo credits: You Meng, City University of Hong Kong. (B) Paired-pulse facilitation (PPF) behavior of a typical quasi-2DEG photonic synaptic device. (C) PPF index,
defined as the ratio of A2/A1, plotted as a function of interspike time. (D) Light intensity-dependent plasticity of quasi-2DEG photonic synapses at a constant spike time
of 10 ms for 10 pulses with light intensity ranging from 0.1to 0.5 mW/cm?. (E) Pulse number-dependent plasticity of quasi-2DEG photonic synapses at a constant spike
time of 10 ms and light intensity of 0.1 mW/cm? with the pulse number ranging from 3 to 9. (F) Giant PPC phenomenon in InGaOs(ZnO); superlattice NW arrays with the
nonvolatile charge retention time using logarithm y coordinate and (inset) linear y coordinate. (G to I) Multibit storage properties of InGaO3(ZnO); superlattice NW arrays
with more than 400 conductance states are continuously programed by laser pulses.

(Fig. 3D) and pulse number-dependent plasticity (Fig. 3E) are also
successfully demonstrated on our flexible quasi-2DEG photonic syn-
apses, suggesting a more active role in precisely defining their synaptic
weight according to the optical cues with different spike durations,
intensities, or pulses.

To examine the dynamic potentiation and depression behaviors
of quasi-2DEG synapses, sequential photonic/electric pulses are used
as the presynaptic input signals. Specifically, the sequential photonic
pulses (amplitude, 0.05 mW/cm?; duration, 10 ms; interval, 1 s) are
applied onto the device to increase the EPSC gradually, realizing the
optical potentiation function. On the other hand, sequential nega-
tive electric pulses (amplitude, —5 V; duration, 10 ms; interval, 1 s) are
applied onto the gate terminal to mimic the electronic suppression
function. Similar strategies that involve light-induced potentiation
and electronic-induced suppression have been reported by several
recent works (33-35). While under a negative gate voltage, more elec-
trons are concentrated at the NW surface and captured by oxygen
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molecules (O;) adsorbed onto the NW surface: O,(g) +e” — O, (ad).
The adsorbed oxygen would deplete the InGaO3(Zn0O); NW and
make it with relatively low conductivity. In this regard, the synaptic
depression (erase) operation in our quasi-2DEG synapses can be re-
alized by simply applying negative gate voltage pulses. As shown in fig.
$14, the monitored EPSC increases stepwise to 2.94 x 10° A by varying
the 100 light pulse sequences and then drops back to 2.48 x 10’ A by
applying the 100 positive voltage pulse sequences. All of the positive
and negative exponentially varied EPSC responses indicate the poten-
tiation and depression behavior of the quasi-2DEG synapses.

Spike timing-dependent plasticity (STDP) is of importance to
the Hebbian synaptic learning and memory functions, where it is
evaluated by the time interval and the spike order of the pre- and
postsynaptic stimulations. In this investigation, the STDP of quasi-
2DEG synapses is carried out by applying two separated input signals
from the gate terminal (as presynaptic spikes) and the light stimuli
(as postsynaptic spikes), respectively. The spike interval time (AT),
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defined as Tpost-spike — Tpre-spike> ranges from 100 to 900 ms. As pre-
sented in the corresponding schematic in fig. S15A, the presynaptic
signal is composed of a larger negative voltage pulse (—10 V, 100 ms)
and a smaller positive voltage pulse (+5 V, 100 ms) for the better
symmetry of the STDP. To detect the synaptic weight change, a read
voltage of 10 mV is applied onto the drain electrode. The relative
change in conductivity represents the variation of synaptic weight
(AW), which achieves the largest value once AT goes to zero. The ob-
tained results of the potentiation (AT > 0) and the depression (AT < 0)
responses are then illustrated in fig. S15B, where the relationship
between AW and AT can be fitted with an exponential function, be-
ing highly similar to that of biological synapses.

The flexible quasi-2DEG photonic synapses could go beyond pure-
ly mimicking the brain-like information processing by also imple-
menting a human memory model (I, 28). As given in Fig. 3F, when
an intensive light stimulation (1 mW/cm? 10 s) is applied onto the
InGaO3(Zn0); NWs, the giant PPC phenomenon with a light-to-
dark current ratio of ~5 x 10” is observed. With the aim to minimize
the influence of read voltage on the charge retention, a small read
voltage of 10 mV is used in the charge retention measurement. The
retention loss in the quasi-2DEG photonic synapses bears many
similarities to the memory loss in biological systems. The fitting re-
sult in Fig. 3F indicates that the current decay process accords well
with the Kohlrausch stretched exponential function (32, 36, 37)

I=(Ip—L.)xexp| —(t/r)ﬁ]+Iw

where I is the triggered EPSC at the end of the presynaptic spike, I,
is the final value of the decay current, and t and B denote the relax-
ation time constant and the stretching exponent, respectively. The
value of 1 is fitted to be ~1.3 x 10* 5, suggesting a good nonvolatile
charge retention characteristic, being better than those of the re-
cently reported ITO/Nb:SrTiO3 Schottky junction synaptic memris-
tors (1t ~ 1.2 x 10*s) (37) and the native oxide-inspired InSe synaptic
transistors (retention time ~10* s) (35). Owing to the simultaneous-
ly coexisted photodetector and memory functions of quasi-2DEG
photonic synapses, there is no need to construct additional nonvol-
atile memory arrays for charge storage in an image sensing chip
based on InGaO3(ZnO); superlattice NWs, which is beneficial for
the energy efficiency, scalability, and fabrication cost of integrated
visual systems.

On the other hand, the multibit data storage capability of
InGa03(Zn0O)3; NWs is also evaluated. As shown in Fig. 3G, the
quasi-2DEG photonic synapse is exposed to successive light pulses
(0.05 mW/cm?, 10 ms) at intervals of 0.5 s, leading to a progressive
EPSC increase controlled by the number of pulses. This progressive
increase signifies the direct writing of surface states onto the quasi-
2DEG NW surface and the continuous injection of electrons into the
superlattice NW core. This way, the optoelectronic memory with
400 distinct programmable states can be successfully demonstrated
(Fig. 3, G to I, and fig. S16), which is equivalent to a data storage
ability over 8 bits (i.e., 256 programmable states). This observation
is akin to a well-studied biological process, posttetanic potentiation,
in which if many stimuli follow closely one after another, the synap-
tic transmission would gradually grow with the increasing number of
stimuli. In this manner, the existing biological synaptic facilitation
model that describes the transmitter release dynamics during repet-
itive stimulation (38) could be used to predict or distinguish these
conductance states (or synaptic weights) of the quasi-2DEG synapses
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(fig. S17; with details described in text S5). In general, the learning
and memory functions in human brain are contributed by the dy-
namic change of synaptic connections (27). For an artificial neuro-
morphic system, the long-term storage lifetime and the gradual
modulation of hundreds of programmable states could enable high
learning efficiency and capacity that are useful for brain-like adap-
tive learning on indeterministic information (2, 28).

Quasi-2DEG artificial visual system

Since the quasi-2DEG photonic synapses are capable of high-
performance light detection, brain-like information processing,
and multibit-level data storage, all these functionalities can be com-
bined together and implemented as human visual systems (Fig. 4A).
In visual systems, orientation selectivity is a well-known biological
function of the primary visual cortex that is necessary for encoding
of visual images (1, 39). In the primary visual cortex, neurons re-
spond preferentially to edges with a particular orientation of input
patterns, which is ascribed to the feed-forward filtering function that
causes weight enhancement near the preferred orientation (39). To
imitate the orientation selectivity in the primary visual cortex, a spe-
cial experimental setup is established for the orientation dependence
experiment in the attended conditions. In detail, a square panel with
10 pairs of black-white grating patterns (each light-tight black and
transparent white stripes with a width of 0.5 cm) is placed perpen-
dicular to the incident light, irradiating on the device, with a con-
trolled lateral movement at a fixed speed (v) of 1 cm/s (Fig. 4B). On
top of the lateral movement, the grating stripes can also be rotated
to have different orientation angles of 8 with respect to the incident
light (Fig. 4B, inset). When the stripes are located vertically, the 6 val-
ue is defined as 0°. Once the stripes rotate in a clockwise direction
or in an anticlockwise direction, the 6 value increases or decreases
accordingly. Hence, for each grating orientation angle, when the edge
of a transparent white stripe moves across the incident light during
the lateral motion, the presynaptic terminal of quasi-2DEG photon-
ic synapses would receive a light pulse signal. The visual response is
referred to the maximum EPSC peak value at each orientation angle
(fig. S18). In explicit, when the orientation is set at 0°, 10 presynap-
tic light spikes are triggered successively, inducing a set of markedly
increasing EPSC peaks with a maximum value of 6.47 pA (Fig. 4D).
When the orientation angle is changed to 72°, only four presynaptic
light spikes are triggered, giving four EPSC peaks with a maximum
value of 2.55 pA (Fig. 4E). These visual responses of quasi-2DEG
photonic synapses are then plotted as a function of the orientation
angle 0 (Fig. 4C). Following the typical neuroscience protocol (40),
the half-width measured at half-maximum height (HWHM) of the
fitting curve is used as a criterion of orientation selectivity. In this
work, the HWHM value is estimated to be 45°, which is comparable
to some biological experiments on monkey visual cortex (41). More-
over, suppressed visual responses in the “unattended” mode relative
to the “attended” mode are also successfully demonstrated in Fig. 4C.
To add extra irrelevant stimuli to orientation selectivity studies in
the unattended conditions, the incident light is further mechanically
chopped with a frequency of 100 Hz (fig. S19). Although unattended
mode suppresses the visual responses of quasi-2DEG photonic syn-
apses, the selectivity measured by the HWHM of its orientation-
tuning curve does not get obviously altered. Overall, although
there have been some pioneer simulation works about the orien-
tation selectivity on artificial synapses (42-44), here in our work,
the orientation selectivity is fully experimentally demonstrated on a
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Fig. 4. Artificial visual system based on flexible quasi-2DEG photonic synapse arrays. (A) Schematic diagram of the human visual system, consisting of retina, visual
nerve, and primary visual cortex. (B) Schematic diagram for the experimental setup of the attended orientation selectivity. (C) Attended and unattended visual responses
of quasi-2DEG photonic synapses plotted as a function of the orientation angle. The solid line represents the Gaussian fitting curve as a guide to the eye. (D and E) Visual
responses of quasi-2DEG photonic synapses with orientation angles of 0° and 72°, respectively. (F) Optical micrograph of the artificial visual system based on quasi-2DEG
photonic synapse arrays. A human hair with a diameter of ~80 um was used to pattern the light. (G to I) Imaging and memorizing behaviors of the artificial visual system

after different retention time.

real moving object, which is extremely meaningful to hardware
applications toward visual information detection and processing.
To further shed light on the functionality and scalability of these
devices, an artificial visual system, consisting of a 6 x 5 pixel array
(i.e., total 30 devices), is fabricated to record the information of the
applied patterned light. As an individual pixel has a feature size of
100 pum in our artificial visual system, a pixel density of 254 pixels
per inch is achieved. Such high pixel density makes our quasi-2DEG
artificial visual system able to recognize very tiny objects. This pixel
size is substantially smaller than those of previously reported artifi-
cial visual systems, such as the pixel size of 250 pm in two-terminal
MoOx optoelectronic resistive random access memory arrays (45)
and the pixel size of about millimeter level in artificial flexible visual
memory system using UV-motivated memristors (46). As depicted
in Fig. 4F, a human hair with diameter around 80 um is used to pat-
tern light. This way, only devices exposed under the patterned light
can be triggered. After removing the light, a clear hair-shaped pattern
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can be observed from the EPSC mapping in Fig. 4G that read directly
from the quasi-2DEG visual system (fig. S20). This system not only
can detect optical patterns but also can store them for later read out.
For example, after powering off the devices for 1 hour, the visual
memory arrays can still retain the hair-shaped pattern with little atten-
uation (Fig. 4, H and I), demonstrating the capability of imaging, data
processing, and memorizing here. To reveal the real-time imaging
and memorization capabilities of our artificial visual system, a movie
file is provided (fig. S21 and movie S1). In the future, a higher pixel
density can be used to distinguish more sophisticated patterns.

DISCUSSION

We propose, design, and demonstrate the quasi-2DEG photonic
synapses on the basis of InGaO3(Zn0O); superlattice NWs using
an unreported device operation concept by combining the oxygen
adsorption-desorption kinetics on the NW surface and the strong
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carrier quantum-confinement effects in the superlattice core. Unlike
traditional computing architectures with physically separated data
processing and memorizing units, our quasi-2DEG photonic synapses
could process information in an in-memory computing approach
with an ultralow energy consumption down to subfemtojoule per
synaptic event. During the programming process, the photo-generated
electrons can efficiently transfer into superlattice NW cores, leading
to the storage of localized electrons in multiple quantum wells, which
results in the persistent charge retention and the multibit-level mem-
ory capability. By regulating the number of adsorbed oxygen or trapped
electrons through the applied light pulse, resembling the Ca*" ions
flux and neurotransmitter release dynamics in biological synapses,
we can achieve a truly brain-like cognitive system to perform data-
intensive tasks such as orientation selectivity and image memorizing.
All these results can evidently provide a promising device scheme to
build artificial neuromorphic systems using quasi-2DEG in future
applications of bionic devices, electronic eyes, multifunctional ro-
botics, etc.

MATERIALS AND METHODS

Material synthesis

In this work, InGaO3(ZnO); superlattice NWs were grown on 50-nm-
thick SiO,/Si substrates by an ambient-pressure chemical vapor depo-
sition (CVD) method. Au film (0.1 nm thick) was deposited on the
substrates as catalyst by using thermal evaporation. For the prepa-
ration of precursor source of InGaO3(ZnQ); superlattice NWs, Ga
granules (1 to 2 mm in size; 99.999% in purity, China Rare Metal),
In granules (99.999%, China Rare Metal), zinc powder (>99.8%,
Sigma-Aldrich), and graphite powder (0.3 g, <20 um in size, synthetic;
Sigma-Aldrich) were mixed together and annealed at 250°C for 30 min
at atmosphere before placing into a tube furnace. The as-prepared
precursor source was placed at the sealed end of a quartz tube (10 cm
in length and 1 cm in diameter), while the substrate was positioned
2 cm away from the source in the same quartz tube. This quartz tube
was then put in the center of a large quartz tube (1 inch in diameter)
within the single-zone tube furnace. During the growth, the setup was
heated up to 990°C in 20 min and held for 10 min with the flow rate of
gas mixture (10% oxygen, +90% argon) and argon (99.9995%) main-
tained at 20 and 80 sccm, respectively. When the growth was completed,
the CVD system was naturally cooled to the room temperature.

Material characterization

The morphologies of as-prepared NWs were examined using scan-
ning electron microscopy (SEM, Quanta 450 FEG, FEI) and trans-
mission electron microscopy (TEM, CM 20). HRTEM (JEOL-2001F)
and SAED were also performed to assess the crystallinity of the NWss.
EDS and elemental mappings were used to evaluate the chemical com-
position of the NWs. XPS was performed with a VG MultiLab 2000
(Thermo Fisher Scientific, Waltham, MA) photoelectron spectrom-
eter. All of the binding energies were referenced to the C 1s peak at
284.8 eV of the surface adventitious carbon.

Contact printing

Taking advantage of the surface chemical treatment of receiver sub-
strates, controlled and uniform assembly of superlattice NWs into
parallel arrays was realized by a simple contact printing process. In
detail, our NW contact printing method was operated by the direc-
tional sliding of a growth substrate, consisting of a lawn of NWs, on
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top of a receiver substrate (i.e., p-type Si/SiO; substrate or flexible
PI substrate) as demonstrated in fig. S1. Before printing, the receiver
substrate was pretreated with poly-1-lysine to manipulate the adhesion
interaction between NWs and receiver substrates during the sliding
process. Besides, the donor (growth) substrate was cut into the desired
dimension and mounted on a metal weight, with the aim to provide
a uniform pressure of ~30 g/cm®. During the printing process,
the donor substrate (with the weight) was then pushed and slid
against the receiver substrate by a micromanipulator with a con-
stant velocity of ~10 mm/min. Eventually, NWs were anchored
by the van der Waals interaction with the surface of the receiver
substrate, resulting in the direct transfer of aligned NWs onto the
receiver substrate.

Device fabrication and electrical measurement

For the device fabrication, the as-fabricated NWs were transferred
onto the p-type Si substrates with a 50-nm-thick thermally grown
oxide layer by using dry transfer technique, followed by standard
photolithography to define the source and drain electrode regions
(fig. S22). Then, electron beam evaporation was used to deposit the
80-nm-thick Ni film. The lift-off process was subsequently performed
to obtain the source and drain electrodes. The detailed description
of the NW array device fabrication is schematically presented in fig.
S22. At the end, electrical performance of the fabricated NW devices
was evaluated by using a standard probe station with an Agilent 4155C
semiconductor analyzer (Agilent Technologies, Santa Clara, CA, USA).
Temperature-related electrical measurements were carried out under
high vacuum (~1 x 10™* Pa) at temperature ranging from 78 to 298 K
using a cryogenic probe station. All the transfer curves were measured
at a scan rate of 500 mV/s, with a hold time of 1 s and a delay time
of 100 ms. Field-effect mobility (ugg) in the linear regime were cal-
culated using the equation p = L’g/ (CgVa), where L is the channel
length, gy, is transconductance (defined as dlg/d V), and Cy is the
gate capacitance. The value of Cy is obtained from the finite element
analysis software COMSOL tailored for the cylinder on-plane model.
A UV laser with a wavelength of 261 nm was used in the experiment
for the optical stimuli. To demonstrate the image memorization of
the artificial visual system, we used human hair as optical mask, and
each pixel was illuminated and measured one by one.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabc6389/DC1
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