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Non-volatile rippled-assisted optoelectronic
array for all-day motion detection and
recognition

Xingchen Pang1,7, Yang Wang 1,2,3,7 , Yuyan Zhu 1, Zhenhan Zhang1,
Du Xiang 4,5,6 , Xun Ge 2, Haoqi Wu1, Yongbo Jiang1, Zizheng Liu1,
Xiaoxian Liu1, Chunsen Liu 1,4, Weida Hu 2 & Peng Zhou 1,3,4

In-sensor processing has the potential to reduce the energy consumption and
hardware complexity ofmotiondetection and recognition.However, the state-
of-the-art all-in-one array integration technologies with simultaneous broad-
band spectrum image capture (sensory), image memory (storage) and image
processing (computation) functions are still insufficient. Here, macroscale
(2 × 2mm2) integration of a rippled-assisted optoelectronic array (18 × 18 pix-
els) for all-day motion detection and recognition. The rippled-assisted
optoelectronic array exhibits remarkable uniformity in the memory window,
optically stimulated non-volatile positive and negative photoconductance.
Importantly, the array achieves an extensive optical storage dynamic range
exceeding 106, and exceptionally high room-temperature mobility up to
406.7 cm2 V−1 s−1, four times higher than the International Roadmap for Device
and Systems 2028 target. Additionally, the spectral range of each rippled-
assisted optoelectronic processor covers visible to near-infrared
(405 nm–940 nm), achieving function of motion detection and recognition.

In the era of technological revolution, characterizedby intelligence and
information technology, motion detection and recognition (MDR)
technology has become increasingly important in various applications,
including autonomous driving, security monitoring, road traffic
enforcement, military defense and intelligent night vision1,2. Current
state-of-the-art motion detectors based on complementary metal-
oxide-semiconductor (CMOS) image sensors only efficiently detect in
bright environments difficult to achieve in dark environments, and
cannot extract and processmotion information due to lack ofmemory
capacity3,4. Moreover, converting tremendous data from widely dis-
tributed image sensors into digital form for data transmission and
storage also leads to time and power wastage5. Two-dimension (2D)

materials show great potential due to their unique properties, includ-
ing local field adjustability, van der Waals contacts, broadband and
highphoton sensitivity,making themhighly suitable for optoelectronic
all-in-one applications6–10. However, previous work has not integrated
the functions of broadband spectrum detection, non-volatile memory
and processing functions into a single device to achieve MDR11–13.
On the other hand, floating gate devices based on multi-layer stacked
heterostructures are difficult to achieve large-scale integration of
positive and negative optical storage devices due to themanufacturing
process complex14. The integration of MDR all-in-one technologies can
effectively reduce the energy consumption and hardware complexity
of motion image information processing.
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Snakes possess the remarkable unique ability to senseboth visible
and infrared light using their eyes and pit organs, allowing them to
generate motion visual representations of potential predators or prey
regardless of light conditions in their surroundings15. Taking inspira-
tion from snakes, an approachhas been developed formotion imaging
and recognition in the dark environment that extends beyond only
visible radiation14. This type of vision system detects both visible
and near infrared radiation can efficiently sense the motion with lim-
ited computing resources regardless of the illuminance conditions,
which has inspired us to develop integrated all-in-one all-day MDR
technology.

Here, we demonstrate a parallel atomically thin MoS2 optoelec-
tronic array (18 × 18 pixels) on a specially treated commercial sr-SiNx

substrate for the all-day MDR, possessing negative and positive
optical detection as well as memory and computation capabilities.
Notably, the rippled-assisted optoelectronic (RAO) array exhibits
remarkable uniformity in both electrical transport and optoelectronic
properties, including memory window and optically stimulated non-
volatile states. The RAO processor not only enables continuously
reconfigurable non-volatile positive and negative photoconductance
(NV-PPC and NV-NPC), but also enhances room-temperature mobility
(maximum 406.7 cm2 V−1 s−1) and optical storage dynamic range
(over 106). Moreover, the RAO array mimics the characteristics of a
snake vision system, showing a broadband spectrum detection from
the visible (405 nm) to the near-infrared (940 nm) range for all-day
MDR.Overall, this work presents a high level of integration formotion
targets image detection and establishes a model platform for inte-
grating future intelligent optoelectronic devices for versatile engi-
neering applications.

Results
Model of the rippled-assisted optoelectronic array
Figure 1a–b demonstrates the 3D schematic and optical image, of the
RAO array (18 × 18 pixels) fabricated using a large-area monolayer
rippled MoS2 synthesized by chemical vapor deposition (CVD)
method. To enhance the optical absorption, a specially treated sr-SiNx

layer is used as the dielectric under the monolayer MoS2 in each pro-
cessor of the array (see Method for further details on the treatment
process of the sr-SiNx layer). Figure 1c shows the high-resolution
scanning transmission electron microscope image, illustrating the
RAO processor with the interface of the monolayer MoS2 and the
rippled dielectric layer. The energy dispersive X-ray spectroscopy
element mapping characterization of the RAO processor is shown in
Supplementary Fig. 2. Figure 1d, e present the Raman spectra of the
selected 64 RAO processors and the distribution according to the
position of the array respectively, validating the uniformity of the as-
grown and post-transferred monolayer MoS2 films. The dynamic evo-
lution of non-volatile positive photoconductance (NV-PPC) with a
single 10ms optical pulse is shown as the blue curve in Fig. 1f, and the
dynamic evolution of non-volatile negative photoconductance (NV-
NPC)with the same optical pulse is shownas the red curve. Figure 1g, h
demonstrate the proposed mechanism for the non-volatile photo-
conductance. The sr-SiNx dielectric contains abundant hole-trapping
centers due to the widely distributed Si-Si bonds16. When a large
positive gate voltage is applied, the hole-trapping centers can trap
injected holes fromheavily p-doped silicon. These trapped holes act as
a positive local gate, inducing an n-type doping effect and enhancing
the electron concentration in the MoS2. The trapping status of the
holes maintains even when the gate voltage is removed, which gives a
largememorywindowbased on the trap and release of the holes in the
dielectric. We conducted long-term measurements of the channel
current to assess this memory stability, which shows a remarkable
retention ability (See Supplementary Fig. 13). When a small positive
gate voltage is applied, the trapping centers in the dielectric are in an
empty state. The photon carriers generated by optical stimuli will

overcome the MoS2/sr-SiNx interface barrier and flow along the
direction of the electricalfield, whichbrings the trapof the holes in the
dielectric according to the direction of the electric field. This leads to
an increase of positive charge in the dielectric, resulting in NV-PPC
(Fig. 1g). For light erase process, a fixed −3 V gate voltage is applied
accompanied by the optical stimulus, in which the holes in the
dielectric are released. The reduction of stored holes leads to a smaller
channel current, resulting in the negative photo conductance (NPC).
The carrier distribution and band diagram of NV-PPC and NV-NPC is
shown in Supplementary Fig. 12. We compared the electrical transport
properties of the devices with specially treated sr-SiNx and normal
SiNx, with different roughness (See Supplementary Fig. 4). The wet
polishing method is used to decrease the roughness of the substrate,
and a more detailed demonstration is shown in Supplementary Fig. 5.
The transfer curve of the RAO processor exhibits a large memory
window in the anticlockwise direction. The sr-SiNx dielectric contains
rich Si-Si bonds that are widely distributed, leading to abundant hole-
trapping centers, which serve as the foundation of the device’s mem-
ory window. It is noteworthy that the roughness of the dielectric sur-
face can have a significant impact on the optical storage capacity and
the dynamic range of the device. The average roughness of the RAO
processor is around 3.4 nm (See Supplementary Fig. 4c), which is
intentionally created to improve the carrier mobility and the photon
current17. The RAO processor with rougher surfaces shows much
stronger NV photocurrents in comparison to that on smoother sur-
faces, mainly due to the enhanced mobility with the rippled structure
(see Supplementary Fig. 3 for the comparison of the photocurrent and
dynamic range of different roughness). Besides, a first-principles cal-
culation clearly demonstrates that both the in-plane and out-of-plane
dielectric constants of MoS2 exhibit an increase with the height of
curvature. Consequently, the ripples in the MoS2 caused by bulged
substrate results in an increase in the dielectric constant, This, in turn,
contributes to the enhancement of mobility. (detailed discussion is
shown in Supplementary Section 2).

Electrical transport and optoelectronic properties of the RAO
processor
Figure 2a presents the structure diagram of the RAO processor pre-
pared with a MoS2 thin film onto a specially treated sr-SiNx dielectric.
Figure 2b demonstrates the transfer characteristics of the RAO pro-
cessor sweeping at different gate voltages, where thememorywindow
monotonously increases with increasing gate voltages. When a scan-
ning voltage of 25 V is applied to the device, the memory window
expands to 16 V, indicating a strong memory effect induced by the
hole-trapping centers. Figure 2c displays the photocurrent curves of
the NV-PPC and the NV-NPC showing multiple states under 5ms peri-
odic optical pulses. Additionally, we conducted thorough extensive
testing on the response time of the RAO device with light stimuli
lasting from 1 to 50ms (see Supplementary Information Fig. 9a–f).
Remarkably, the RAO device exhibits proper functionality even under
light pulses as short as 1ms. Furthermore, the device continues to
perform effectively when exposed to light pulses lasting up to 50ms.
We also extracted the non-volatile photocurrent between the PPC and
NPC at different optical pulse numbers, as shown in Fig. 2d. The
R-square value for the linear fitting of the non-volatile photocurrent is
0.9995 and 0.99658 for NV-PPC and NV-NPC respectively, indicating
the remarkable linearity of the responsivity under continuous optical
pulses. Furthermore, we examined the precise conductance extracted
from the evolution of the current under periodic optical stimuli
(Fig. 2e–f). Both NV-PPC and NV-NPC could be divided into 28 discrete
states, indicating their optical programmability for intelligent recog-
nition training in the implementation of convolutional neural networks
(CNN) and image recognition. We also investigated the reconfigurable
properties of both NV-PPC and NV-NPC. The current curves under
continuous periodic optical stimuli with periodically tuned gate
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voltage were measured, which determines the sign of the photo-
current, with the repetition of 50 cycles, as shown in Supplementary
Fig. 20. The NV-PPC and NV-NPC in the cyclic test are extracted and
demonstrated in Fig. 2g–h, where the conductance at each state is
observed in a certain range without significant outlier, indicating the
outstanding cyclic endurance of the RAO processor. It is also noted
that the neighboring states are almost completely separated with
negligible overlaps, further validating the excellent stability of the NV-
PPC and NV-NPC. Furthermore, we investigated the relationship
between the photocurrent and drain voltage (VDS) (see Supplementary
Fig 15), where both the NV-PPC and NV-NPC are linearly modulated by
changing the VDS from 0.1 V to 0.9 V, indicating the great potential for
the implementation of CNN. To ensure the continuous operation of
the RAO processor, we carried out the optoelectronic measurements
under a wide range of laser powers and pulse numbers at different
wavelengths, with the extraction of all the NV-PPC and NV-NPC from

the current curves. The measurements in Fig. 2c–h are all experi-
mented with laser pulses at 520 nm and other wavelengths are shown
in Supplementary Fig 16. Both the NV-PPC and NV-NPC at different
wavelengths areplotted in 2D colormapping. As the pulse number and
the laser power increase, the absolute value of photocurrent demon-
strates the consistent enhancement trend for all wavelengths (Sup-
plementary Fig 17–19), leading to similar color mappings.
Furthermore, widening the detection wavelength of the optoelec-
tronic processor to the near-infrared band (~940nm, Fig. 2o–p),
illustrating its broadband photoresponse and artificial hyper-vision
functionality. To further verify the functionality of the specially treated
sr-SiNx, we’ve tested the property of MoTe2 to better evaluate the
enhancement induced by the rippled interface. The rippled MoTe2
device demonstrates the same continuously reconfigurable NV-PPC
and NV-NPC, illustrating the rippled sr-SiNx dielectric layer has good
generality and flexibility for providing functionality of both positive
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and negative photo response and memory capacity for some types of
Transition Metal Dichalcogenides (See Supplementary Section 10 and
Supplementary Figs. 25–31).

Uniformity in electrical and optical statistics of the RAO array
The RAO processor features a simple CMOS-compatible architecture
and possesses outstanding performance in integrated sensing, storage
and processing, which demonstrates great potential for scalable array
fabrication enabling efficient motion detection and recognition. We
performed a comprehensive assessment of MoS2 characteristics
obtained throughboth chemical vapor deposition (CVD) synthesis and
mechanical exfoliation (ME). The comparison between devices fabri-
cated from CVD and ME films, featuring identical channel length and
width, holds significant value in elucidating the consistency and per-
formance of these materials in electronic applications (shown in Sup-
plementary Figs. 22–24). We characterized the electrical transport and

optoelectronic properties of an RAO array of 324 devices designed for
MDR to obtain significant figure-of-merits. As shown in Fig. 3a, 262
devices demonstrate consistent transport characteristics without sig-
nificant fluctuations in dark conditions, suggesting a high yield of 80%.
An apparent gap exists for the transfer curves sweeping in different
directions, which illustrates the uniformity of the memory window.
Furthermore, we performed a statistical analysis of the carriermobility
(μ= dIDS

dVGS
× ½L=WCiVDS�, where L, W and Ci are the channel length, the

channel width, and the capacitance between the channel and the back
gate per unit area, respectively) from the transfer curves, of which the
statistical data shows a similarity to normal distribution. The mobility
statistics of the RAO array illustrate a normal distribution as shown in
Fig. 3c, illustrating that the specially treated sr-SiNx dielectric layer
significantly enhances carrier mobility, with a maximum value of
406.7 cm2 V−1 s−1. This is notably higher than the mobility observed in
the conventional transistors made with monolayer MoS2 synthesized
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by the CVDmethod. Additionally, we extracted the threshold voltages
of all the phototransistors using the constant-current method.
The arbitrary constant drain current is set by the equation
Iconstant = ðWm=LmÞ× 10�7, where Wm and Lm are the mask channel
width and length respectively, and the constant current is 0.2μA18. The
statistics of the threshold voltages were similar to a normal distribu-
tion and parallel to the distribution of the carrier mobility (Fig. 3d).
Most of the threshold voltages of the phototransistors fall within
6–12 V. Furthermore, the uniformity of the maximum and minimum
current of the transfer curves, where the majority of the currents are
within a range of one decade are shown in the color mapping plot in
Fig. 3e–f. The minimum source-to-drain currents per width of most
phototransistors are below 10-5 μA/cm at the VDS = 0.5 V, which
approaches the limit of the test instrument. On the other hand, the
maximum source-to-drain currents typically exceed 102 μA/cm.

Figure 3b illustrates the data of both the NV-PPC and NV-NPC for the
RAO array under periodic and continuous optical pulses, presented in
a box chart, displaying the distribution, mean and median for each
state. Despite the large amounts of pixels, the relatively low overlap
between each pair of adjacent states indicates excellent stability and
functionality, making the RAO array suitable for MDR. The RAO pro-
cessor also exhibits outstanding electrical transport performance in
contrast to other 2D semiconductors and conventional silicon CMOS
devices. Notably, our transistors exhibit a significant advantage in
carrier mobility, as shown in Fig. 3g–h, surpassing that of all previous
works within the range of transistors based on CVD MoS2, and
exceeding the IRDS 2028 target19–32. It is worth mentioning that the
RAO array demonstrates the highest mobility within the 2D family as
the channel thickness approaches the limit of a single atomic layer. To
discern the impact of contact resistance and channel resistance, we
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utilized a Transmission Line Model to determine the specific contact
resistivity of the metal-semiconductor junction (shown in Supple-
mentary Section 11). The comparison of optical dynamic range under
different wavelengths for intelligent image perception technology
among previous works is shown in Fig. 3i5–7,13,14,33–38. The RAO array has
reached both the highest dynamic range (over 106) and the broadest
band spectra for the MDR functions in comparison to the pre-
vious works.

Broadband spectrum for all-day MDR functions
Snakes provide an ideal model for understanding the hyper-vision
function as their eyes are capable of detecting visible light while their
pit organs can detect infrared radiation. This dual sensory mechanism
allows snakes to create a “thermal image” ofmoving predators or prey.
By combining thermal and visual information in their brains, snakes
exhibit exceptional precision in both bright and dark environments.
Figure 4a depicts how a snake’s sensory system detects both visible
and infrared radiation under different light circumstances. As an
example, the snake can detect motion prey such as a mouse through
optical radiation in bright environments, whereas in dark environ-
ments, the pit organ enables them to sense infrared radiation to locate
motion prey. Figure 4b shows the working principle of all-day moving
target detection and recognition. The MDR functions can be achieved
by combining two arrays with opposite signs of photoconductivity.
Each motion process can be conceptualized as an image stream at
different moments. For instance, the array with positive photo-
conductivity detects the objective in frame n, while the objective in
frame n + 1 is detected by the array with negative photoconductivity.
Each RAOprocessor in either array outputs an NV-photocurrent that is
proportional to the photoconductivity multiplied by the input laser
power. When combining the photocurrent of the two arrays, the
photocurrent of pixels receiving static objective with photo-
conductivity ofopposite signs cancels out. Since themagnitudes of the
photoconductivity for both positive and negative photoresponses are
similar, the sum of the photocurrents is close to zero, which makes it
easy to obtain the resulting frame of only the motion information of
the objective. If there’s nomotion during alone the frames,most of the
pixels are dark because the photocurrent with opposite signs cancels
each other out. As demonstrated in Fig. 4c, the RAO array is capable of
detecting the motion of a person riding an electric bicycle in a bright
environment through the radiation of the visible or broadband spec-
trum. The detection results obtained through different spectra are
similar. Figure 4d displays the distribution of the brightness output
across the two spectrum bands, indicating that motion detection can
be accomplished in a bright environment using only the visible spec-
trum. However, in dark environments, using only the visible spectrum
is insufficient. The original and detected results obtained from both
the visible andbroadband spectraare shown inFig. 4e. Since the visible
part of the input is obscure, the comparison through different spec-
trum bands is more evident. With the assistance of near-infrared
radiation, the RAO array is capable of detecting motion even in a dark
environment. Additionally, the brightness detection results for two
spectrum bands in the dark environment are displayed in Fig. 4f. The
distribution of the detection result using broadband spectrum shifts
right compared to the visible spectrum, indicating that the broadband
RAO array can achieve the all-day MDR functions.

Discussion
We developed a subtle approach to achieve the all-dayMDR, based on
a parallel atomically thin MoS2 optoelectronic array (18 × 18 pixels) on
a specially treated commercial sr-SiNx substrate. The RAO processor
not only enables continuously reconfigurable NV-PPC andNV-NPC, but
also significantly enhances room-temperature mobility and optical
storage dynamic range. Moreover, the RAO array exhibits remarkable
uniformity in both electrical transport and optoelectronic properties,

including the memory window and optically stimulated non-volatile
states. Each RAO processor combines the functions that take inspira-
tion from the snake’s eye and pit organs, enabling the array to detect
moving targets in both bright and dark environments. The rippled
MoTe2 processor also demonstrates similar continuously reconfigur-
able non-volatile positive and negative photoconductance, illustrating
the consistent optoelectronic properties of the rippled structure. This
work provides a simple technique to achieve a high level of integration
for all-day MDR functions, and establishes a model platform for inte-
grating future intelligent optoelectronic devices for the artificial
hyper-vision bionic and autonomous driving design applications.

Methods
Device fabrication
As for the device fabricated usingmechanically exfoliated crystals, the
bulk MoS2 samples were purchased from HQ Graphene. The MoS2
flakes were exfoliated and transferred onto the highly p-doped silicon
substrate with 500 nm sr-SiNx on top by a fixed-point transfer tech-
nology. The sr-SiNx ismanufactured by SiliconValleyMicroelectronics,
and was grown by the standard low-pressure chemical vapor deposi-
tion (LPCVD) technique. The roughness of the sr-SiNx layer can be
tuned with pressure and the reactant gas flow during the LPCVD
growth process. Standard electron-beam photolithography (EBL) was
used to fabricate the source (S) and drain (D) electrode patterns.
Afterward, Cr/Au (5/30 nm) electrodes were deposited by electron-
beam evaporation (EBE). After the lift-off process, the MoS2 all-in-one
phototransistor was successfully fabricated. For the RAO array, the
monolayer MoS2 sample supplied by Six Carbon Shenzhen was syn-
thesized by CVD technique on the sapphire substrate and then trans-
ferred onto the SiO2 substrate. The specific process flow for large area
growth MoS2 was obtained from Six Carbon Shenzhen. MoO3 (purity
over 99.999%) is used as the Mo source and solid sulfur is used as the
source (s). The process is taken in the Ar atmosphere in the tube fur-
nace of which the diameter is 80mmwith a double temperature zone.
MoO3 is heated to 650 °C and solid sulfur is heated to 180 °C with
pressure4000Pa in the tube. Theprocess takes 10min and theMoS2 is
synthesized on the sapphire surface. Then the monolayer MoS2 will be
carefully transferred into a target chip like Si/SiO2 substrate. After that,
the MoS2 on the SiO2 substrate was spin-coated with polystyrene (PS)
and kept at 90 °C for 10min. Then both themonolayer film and the PS
were separated from the SiO2 substrate using deionized water, and
transferred onto a polydimethylsiloxane (PDMS). After that, the PDMS
substrate carrying the MoS2 film was transferred onto the specially
treated sr-SiNx substrate by the fixed-point transfer technology keep-
ing 100 °C within the transfer process. The substrate, monolayer MoS2
and the PS layer were then soaked into the methylbenzene to remove
the polystyrene (PS) layer. Source electrodes were patterned using
laser direct writing (LDW) technology (Micro-Writer ML3) and subse-
quently deposited by EBE. The separation layer (SiO2) at the junctionof
the source and drain electrodes was patterned using LDW technology
and deposited by physical vapor deposition (PVD, Lesker PVD 75).
Then, drain electrodes were patterned using LDW technology and
deposited by EBE. The MoS2-channel region was obtained by O2

plasma etching. After the lift-off process, the RAO array was success-
fully fabricated.

Characterizations and measurements
The surface morphology of normal silicon nitride and the specially
treated sr-SiNx were characterized using Atomic Force Microscopy
(AFM). To examine the number of layers of the MoS2 synthesized
by the CVD method, a cross-sectional analysis was performed using
high-resolution transmission electron microscopy (HRTEM) technol-
ogy with energy-dispersive X-ray spectroscopy (EDS) elements map-
ping analysis. The MoS2 material was also characterized using
Raman spectroscopy, which revealed strong peaks near 388 cm−1 and
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406 cm−1. The electrical transport properties of the RAO array were
characterized by the Keysight B1500A semiconductor analyzer. The
photoelectric properties were obtained by optical stimulation of
lasers with wavelengths of 405 nm, 520 nm, 638 nm and 940 nm
(Thorlabs), and the corresponding laser powers weremeasured using
a light intensity meter (Thorlabs).

Detection and recognition of a person riding an electrical
bicycle
The process of implementingmotion detection involved several steps.
Firstly, the weight matrices of the NPC and PPC were loaded, and each
frameofmotionwas extracted from the input. Next, these frameswere
divided into smaller frames measuring 18 × 18 pixels. Each of these
small frames was mapped with the NPC and PPC weight matrices
separately. The mapping results of the two matrices were then sum-
med up, and the data was converted into image patterns using
MATLAB. In order to simulate real-life motion detection under various
lighting conditions, the specific pixel value was extracted from a
moving individual riding an electric bicycle in both bright and dark
environments.

Data availability
The data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.
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