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Optoelectronic devices present a promising avenue for emulating the
human visual system. However, existing devices struggle to maintain
optical image information after removing external stimuli, preventing
the integration of image perception and memory. The development of
optoelectronic memory devices offers a feasible solution to bridge this
gap. Simultaneously, the artificial vision for perceiving and storing
ultraviolet (UV) images is particularly important because UV light carries
information imperceptible to the naked eye. This study introduces a
multi-level UV optoelectronic memory based on gallium nitride (GaN),
seamlessly integrating UV sensing and memory functions within a single
device. The embedded SiO; side-gates around source and drain regions
effectively extend the lifetime of photo-generated carriers, enabling
dual-mode storage of UV signals in terms of threshold voltage and ON-
state current. The optoelectronic memory demonstrates excellent
robustness with the retention time exceeding 4 x 10* s and program-
ming/erasing cycles surpassing 1 x 10° Adjusting the gate voltage
achieves five distinct storage states, each characterized by excellent
retention, and efficiently modulates erasure times for rapid erasure.
Furthermore, the integration of the GaN optoelectronic memory array
successfully captures and stably stores specific UV images for over 7
days. The study marks a significant stride in optoelectronic memories,
showcasing their potential in applications requiring prolonged retention.

Introduction

The human visual system has inspired the advancement of
optoelectronic sensing and storage devices."” Visual perception
and memory involve the processes of learning and memorizing
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New concepts

We present an optoelectronic device based on gallium nitride (GaN) that
uniquely integrates ultraviolet (UV) signal sensing with memory capabil-
ities. This new concept diverges significantly from existing research,
which has predominantly focused on optoelectronic devices that sense
optical signals without the concurrent capability to store these signals
effectively. Our GaN-based device, enhanced by a novel side-gate structure
formed through the embedding of SiO, barriers at the source and drain
electrodes, facilitates the effective storage of photogenerated carriers.
This allows the conversion of perceived UV signals into electrical signals
(threshold voltage and ON-state current), which are then stored within
the device. Our work offers multiple new insights: it demonstrates the
feasibility of multi-stage storage of UV signals, meeting the demand for
multi-bit signal storage and paving the way for more complex signal
processing. Additionally, our demonstration of storing specific UV images
using GaN optoelectronic memory arrays highlights their potential in
advanced imaging applications. This integration of sensing and memory
in a single GaN-based device marks a major stride in UV photoelectric
applications, underscoring the potential of multifunctional integrated
optoelectronic memories. These are crucial for the development of GaN
optoelectronic integrated circuits and represent a substantial leap
forward in artificial vision systems.

optical information, such as images and text. Various optical
image sensing devices, including pixel image sensor arrays,
have emerged as favorable choices to emulate biological vision
functions.>> However, current optical image sensing devices
primarily focus on real-time perception and recognition of
specific images, with limited efforts on storing and recalling
detected image information.®® In the human visual system,
effective storage of image signals is as vital as perception,
constituting a key factor in the efficient utilization of optical
signals. Therefore, the lack of memory ability of image sensors
is a critical flaw that needs overcoming. To address this gap, the
combination of optoelectronic sensors and memory compo-
nents to simultaneously detect and store optical information
has become a feasible choice for emulating the biological visual
system.” " In comparison to discrete optoelectronic sensing
and memory devices, advanced optoelectronic storage devices,
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integrating optoelectronic sensing and memory functions, over-
come signal transmission bottlenecks and substantially
improve the efficiency of information perception, processing,
and storage.

Generally, daily visual information perceived by the human
eye comes from visible light. Nevertheless, ultraviolet (UV)
signals, invisible to the naked eye, carry specific details and
phenomena beyond the visible range.’*** In nature, certain
insects and mammals possess tetrachromatic vision, enabling
them to perceive UV images and aiding in their hunting,
survival, and environmental adaptation.">'® In human society,
the importance of UV signals has been recognized across
various domains, including fire detection, military defense,
and societal security."®" Nonetheless, the invisibility of UV
signals complicates their capture, storage, and interpretation
and utilization. The development of UV detection and storage
devices has therefore become a crucial task, conducive to
enhancing human cognitive understanding of the world and
playing a pivotal role in critical sectors such as security,
national defense, and environmental preservation.?>>* Among
numerous electronic materials and devices, gallium nitride
(GaN) stands out as an excellent candidate for UV sensing
due to its direct and wide-bandgap (3.4 eV) and physical
properties,>® demonstrating favorable UV absorption win-
dows and physical and chemical stability under complex and
extreme conditions (such as space, high-pressure, and high-
temperature environments).>>*° Choosing GaN as the material
for manufacturing optoelectronic devices can achieve specific
response to UV signals and avoid interference from visible light
signals, thereby achieving filter-free sensing and storage of UV
light signals. In addition, compared with emerging materials
such as gallium oxide, GaN’s process flow is relatively mature
and its cost is lower. Since GaN has been used in business and
its commercialization potential and application fields are wider.

y 9.9 "
'
.%%"7
nti=
LR
L] y
QIE-
&

P ]

L
S Ly pes tirioayad

GaN

@
9

R

100 nm 500 nm

View Article Online

Nanoscale Horizons

Moreover, optoelectronic devices based on GaN materials can be
compatible with existing mature semiconductor processes, facil-
itating the integration of multiple devices on a single chip, thus
enabling the realization of a complete GaN-based integrated
circuit. Recent years have witnessed widespread attention on
GaN-based UV detection technologies,”*>° including p-i-n
structured UV photodetectors developed using GaN nanowires
and asymmetric structures composed of Au/nanoporous GaN/
graphene vertical junctions,*** specifically tailored for visible-
blind UV detection. Despite the significant progress in UV signal
detection using GaN-based UV detectors, there remains a defi-
ciency in the ability to store and recall the detected UV image
information once external UV signals are removed. This limita-
tion is attributed to the high carrier recombination rate within
GaN materials, which hinders optoelectronic devices from
achieving long-term storage of optical signals. Therefore, effec-
tive UV signal storage remains a critical aspect for the recogni-
tion and efficient utilization of UV signals, presenting a
continuous challenge.

What’s more, with the explosive growth of contemporary
data volume and the increasing demand for digital computa-
tion, traditional data memory devices are approaching their
limits. Consequently, memories that can achieve multi-level
memory states have become a new direction of current
research. Extensive research using various materials and struc-
tures has demonstrated the potential for achieving multi-level
storage states.*>® The multi-level memory states can also be
integrated with neuromorphic computing functionalities.
Therefore, the effort to develop multi-leve]l memory states is
vital for handling the growing data volumes and achieving
more complex functionalities in single devices.

Here, we present a multi-level UV optoelectronic memory
based on GaN. An embedded silicon dioxide side-gate structure
is introduced to address the issue of short storage time of

(b)

Fig. 1 (a) 3D optical microscopy images of the GaN ultraviolet optoelectronic memory device. (b) The schematic diagram of the GaN ultraviolet
optoelectronic memory and its SEM top view image. (c) The TEM image shows the cross-sectional multi-layer structure in the gate region. (d) The TEM
image of the gate-drain area displays the structure of embedded side-gate SiO,.
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photo-generated carriers in GaN when exposed to UV radiation.
This structure restricts the direct connection between the two-
dimensional electron gas in the channel and the source-drain
electrodes, thereby achieving the storage of photo-generated
carriers. The proposed scheme has endowed the device with
stable non-volatile multi-level storage capabilities while perceiving
UV signals. Notably, the device exhibits threshold voltage and ON-
state current storage modes, with highly reliable information
storage, maintaining a retention time exceeding 4 x 10" s and
endurance more than 1 x 10> cycles. Through the modulation of
gate voltage, the device not only realizes stable five-level storage
but also efficiently adjusts the erasure speed for rapid erasure.
Furthermore, specific UV images are successfully captured and
stored by integrating a GaN storage pixel array. Remarkably, the
array maintains the excellent storage characteristics of the
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captured images even after 7 days. This study also provides a
cross-validation of the working mechanisms of GaN optoelectro-
nic storage devices in terms of electrical characterization, materi-
als, and low-frequency noise analysis. The successful implemen-
tation of simultaneous UV sensing and memory within a single
GaN device not only provides an insight into the storage of GaN
UV sensing information, but also contributes to the advancement
of GaN-based optoelectronic integrated circuits.

Results and discussion

Fig. 1a shows the three-dimensional optical microscopy images
of the GaN-based UV optoelectronic memory array and devices.
Fig. 1b provides both the schematic diagram of the GaN UV
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(a) Schematic representation of the UV programming process of the GaN optoelectronic memory. (b) The transfer curves of the GaN memory at

Vpbs = 0.1V before and after UV programming. (c) A single program—-readout—erase cycle of the GaN optoelectronic memory at programming voltage
Vas = —20 V. (d)-(f) Schematic illustration of the gate energy band of the GaN optoelectronic memory during programming, readout and erasing
processes.
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optoelectronic memory and its top view image captured
through scanning electron microscopy (SEM). The memory
device was programmed by irradiating UV light on the gate
region. The polarization effect of the AlGaN/AIN/GaN hetero-
structure enhanced the two-dimensional electron gas (2DEG)
formation in the GaN channel.?”*® Notably, the SiO, side-gates
embedded at the source and drain electrodes are highlighted
using the red boxes in the SEM image of Fig. 1b. Fig. 1c displays
the layers in the gate region, where Al/Ti/TiN metals were
utilized as the gate electrode. The dielectric layer, Siz;N,, and
the heterojunction layer, AlGaN/AIN, featuring a 24.5 nm thick
AlGaN layer and an approximately 0.7 nm thick AIN layer,
demonstrate the excellent uniformity of the device fabrication
process. Energy dispersive X-ray spectroscopy (EDS) character-
ization in the gate region also provides direct evidence for the
characterization of the heterojunction and dielectric layer
structures, as shown in Fig. S1 (ESIf). Taking the drain elec-
trode side as an example, the TEM image in Fig. 1d clearly
shows the SiO, side-gate structure embedded near the drain
electrode. In Fig. S2 (ESIt), X-ray photoelectron spectroscopy
(XPS) characterization was conducted to analyze the elemental
composition, which further confirmed the successful prepara-
tion of the heterojunction, dielectric layer, and side-gate struc-
ture. The basic transfer characteristics (Ips—Vgs) and output
characteristics (Ins—Vps) of the prepared devices were mea-
sured, as shown in Fig. S3a and b (ESIf). The mobility of
the device was extracted from the transfer characteristics in
Fig. S3b (ESIF) to be 286.4 cm® V' s~ '.*° Fig. S3c (ESIT) depicts
the excellent performance and ultra-low gate leakage (~ 10 fA)
exhibited by the GaN device.

The UV optoelectronic memory function has been developed
on the GaN devices. Fig. 2a illustrates the schematic diagram of
the UV programming process, wherein the device is exposed to
a UV light pulse with a wavelength of 340 nm (duration: 5 s,
intensity: 32 mW cm™?) while experiencing a negative gate
pulse (—20 V). Fig. 2b compares the device’s transfer character-
istics before and after UV irradiation. I,s was measured by
sweeping Vs from —20 V to 0 V while maintaining Vpgs at 0.1 V.
After UV irradiation, the device exhibited a significant negative
shift in the threshold voltage and an increase in the ON-state
current signifying the successful conversion of the UV signal
into electrical signals stored in the device. Fig. S4 (ESIt) also
shows that the hysteresis window of the device will not be
significantly affected by UV light programming. Compared with
the threshold voltage shift caused by photogenerated hole
storage, the change amount in hysteresis is still minor and
negligible. This means that hysteresis does not significantly
affect the interpretation of the threshold voltage storage effect.
Fig. S5a (ESIt) demonstrates the device’s responses to light
across broader wavelengths (770-340 nm), showcasing its sub-
stantial storage response exclusively to UV signals (340 nm) and
highlighting the specific UV sensitivity of the GaN optoelectro-
nic memory. Fig. S5b (ESIt) shows the influence of UV irradia-
tion duration on the programming speed and memory state,
illustrating the device’s effective information storage capability
even in brief periods.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2c comprehensively depicts the dynamic behavior of the
GaN optoelectronic memory in a single cycle, including pro-
gramming (P), readout (R), and erasure (E) processes. The
mechanisms of these three processes are illustrated in
Fig. 2d-f. Due to the direct and wide bandgap characteristics of
GaN, photogenerated electron-hole pairs were produced in the
AlGaN/GaN heterostructure under UV pulse (340 nm) illumination
with a power density of 32 mW em ™. During the programming
process, the photogenerated carrier pairs were separated under
the influence of the gate electric field. The electrons transitioned
to the conduction band while holes tunneled through AIN and
accumulated in the AlGaN barrier layer, as shown in Fig. 2d. The
threshold voltage after programming was determined by measur-
ing the transfer characteristics and the storage ON-state current
after programming was read out at 0 V gate voltage under dark
conditions, as shown in Fig. 2e. The transitioned photogenerated
holes were stably stored in the AlGaN barrier layer, forming a
stable positive charge storage effect and thus resulting in a
shielding effect on the negative gate voltage. As a result, a larger
negative gate voltage was required to turn on the device, causing
the threshold voltage to drift from —13.4 V to —15.1 V. Simulta-
neously, due to the presence of SiO, side-gates, the photogener-
ated electrons could not rapidly escape from the source-drain
electrodes after entering the conduction band but were stored in
the 2DEG of the channel. When the gate voltage was switched to
0 V, a sharp rise of current was observed, stabilizing at around
56 pA, indicating the nonvolatile properties of the GaN opto-
electronic memory (Fig. 2c).

We further explored the transition behavior of photogener-
ated carriers in the device through 1/fnoise measurements. Fig.
S6a and b (ESIY) display the normalized power spectral density
of the device noise before and after UV programming, respec-
tively. The main noise source in the subthreshold region is the
movement of carriers in and out of AIN defects in the channel.
Calculations revealed that the defect density of AIN increased
from 4.56 x 10" cm ™ eV ' to 5.51 x 10" cm ® eV ! after
programming.*® This indicates that the photogenerated holes
indeed tunneled through the AIN layer during UV programming
of the memory, creating new defects in the AIN layer.

To erase the storage state, a positive gate voltage was applied
to the GaN memory to remove the charges stored in the AlGaN
barrier layer and GaN channel. Fig. S7 (ESIt) shows that the
larger gate voltage can cause the faster erasure operation.
Fig. 2f shows that when the positive gate electric field was
strong, the photogenerated holes stored in the AlGaN barrier
layer returned to the GaN channel and recombined with the
channel electrons. Therefore, the erase operation in Fig. 2b was
achieved by applying a positive gate voltage (Vs = 12 V) for 2 s,
leading to the local positive charges in the AlGaN barrier layer
to disappear and the threshold voltage returned to the initial
value of —13.4 V. The electrons stored in the channel were also
recombined, and the ON-state current returned to 52 pA.
Experimental results demonstrate that the device can achieve
fast erase switching of memory states.

To evaluate the reliability of the GaN optoelectronic memory
in practical applications, the retention and endurance
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(a) The transfer characteristics changing with time after UV programming. (b) and (c) Retention characteristics of the memory windows

represented by AVt and Alps, respectively. (d) The device's transfer characteristic curves after 100 000 programming and erasing cycles. (e) and (f)
Endurance characteristics demonstrated by the memory windows of AVt and Alps.

characteristics of the two storage modes, represented by the
memory window through shifts in the threshold voltage (AVyy)
and ON-state current (Alps), were tested under undisturbed
dark conditions. Fig. 3a displays the variation of device’s
transfer characteristics over time with the sweep conditions
ranging from —20 V to 0 V, revealing its capability to effectively
maintain the altered transfer characteristics after UV program-
ming, indicative of robust retention performance. Fig. 3b and c
show the threshold voltage and ON-state current from the
transfer characteristics at a fixed interval of 1 x 10° s to
determine the memory windows. Despite a slight initial nar-
rowing of the memory windows, both the threshold voltage and
ON-state current windows remain stable and reliable within the
time range of 4 x 10" s. To explore the storage retention

capability of the GaN optoelectronic memory, the fitting results
of the retention curves for AVyy and Alng present double-
exponential decay, as shown in Fig. S8 (ESIt). According to
the fitting results, AVqy is projected to stabilize at 1.661 V and
AILg will be stable at 0.678 pA (S6 and Fig. S8, ESIt), achieving
long-term stable storage. Moreover, the device exhibited stable
storage characteristics under varying temperature conditions of
85 °C and 125 °C, indicating the excellent data retention
properties of the GaN optoelectronic memory (Fig. S9, ESIT).
Continuous programming and erasing operations were per-
formed on the device to explore its endurance. Fig. 3d records
the device’s transfer characteristics after 10, 100, 1000, 10 000
and 100000 programming and erasure cycles. Memory win-
dows, exhibited by AVyy and Alps, were extracted from the
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(a) Transfer characteristics indicating the multi-level memory with different programming Vgs, ranging from —11V to —29 V. (b) The five storage

states of the threshold voltage modulated by Vgs. (c) The retention characteristics of five storage states.
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Fig. 5 (a) The human visual system for visible information sensing and memorization. (b) The schematic diagram of the 5 x 9 GaN optoelectronic
memory array and the optical image “EYE" sensing and memorization over 7 days.

transfer curves to evaluate the endurance of the memory device.
Fig. 3e shows that the memory window of AVyy after 1 x 10°
cycles experiences a slight decrease but still maintains a reli-
able storage state of over 70%. Fig. 3f also exhibits that window
of Al still maintains over 60% of the memory window after
1 x 10’ cycles. These experimental results clearly indicate that
the GaN optoelectronic memory exhibits an ultralong retention
time and robust endurance, demonstrating its potential for
practical applications.

The GaN optoelectronic memory developed in this study not
only possesses stable and reliable storage capabilities but also
exhibits multi-level storage capabilities, as depicted in Fig. 4a.
As the programming voltage (Vig) increases, the stored threshold
voltage shows a stepwise increase and the memory window of

This journal is © The Royal Society of Chemistry 2024

AVry gradually expands. Fig. 4b shows the threshold voltage
memory window (AVry) extracted from the transfer curves.
When the programming gate voltage Vgs ranges from —11 V to
—29V, AVry gradually increases from 1.1 V to 4.05 V, achieving
five distinct storage states. Higher negative programming gate
voltages facilitate the efficient separation of photogenerated
electron-hole pairs, allowing a higher concentration of positive
charges in the AlGaN barrier layer. This phenomenon resulted in
a further negative drift of the device’s threshold voltage,
enabling multi-level storage. To confirm the reliability of multi-
level storage in the optoelectronic memory, the threshold voltage
was extracted at fixed intervals of 1 x 10 s to determine the
threshold voltage storage window, as indicated in Fig. 4c. Fig.
S$10 (ESIY) also shows the retention characteristics of the device’s
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transfer curves for five storage states. The results demonstrate
the remarkably stable maintenance of multi-level storage states
in the GaN optoelectronic memory within a time range exceeding
4 x 10" s. These findings underscore the exceptional long-term
storage capability for multi-level data in the GaN optoelectronic
memory, demonstrating its substantial potential for practical
applications, especially in image capture scenarios that demand
requiring the recording of extensive data.

Fig. 5a illustrates the sensing and memorization of visible
information in the human visual system, where the visible
information from the external world is perceived by the retina,
followed by delivery of the visual data to the visual cortex in the
brain for memory.*>** In order to simulate this complex
biological process, we designed and constructed a 5 x 9 GaN
optoelectronic memory array for real-time image detection and
memory of UV signals, as shown in Fig. 5b. Firstly, we tested the
transfer characteristics of each device in the array to obtain the
initial threshold voltage. Then we placed the mask of the “EYE”
image above the device array and irradiated the exposed devices
with ultraviolet light. The programming process was conducted for
5 seconds under 340 nm light with an intensity of 32 mW cm 2.
During this process, the gate voltage of —20 V was applied to each
device. After the illumination ended, we removed the gate voltage
and tested the post-exposure transfer characteristics of the devices
in order to obtain the post-exposure threshold voltage. The GaN
memory devices programmed by UV signals showed a significant
negative threshold voltage drift, reaching the maximum drift of
approximately —3 V. In contrast, the threshold voltage of the GaN
devices not exposed to UV signals remained stable. The entire array
successfully sensed the image “EYE”, as shown in Fig. 5b. Subse-
quently, we tested the transfer characteristics of each device again
after 1 day and 7 days, extracting their threshold voltages to observe
the memory characteristics of the array for ultraviolet signals.
Although the stored “EYE” image showed slight decay after one
day, it remained clear and discernible. Remarkably, even after
7 days, the “EYE” image continued to exhibit clear storage states.
This demonstrates that the GaN-based optoelectronic memory
array realizes the function of sensing and storing UV signals, so
that UV images can be captured and effectively stored for a long
time. The integration of sensing and memory greatly simplifies the
complexity of the artificial vision system. This is not only crucial for
the development of future artificial vision systems, but also has
important implications in the application of UV signals in fields
such as communications, military identification, and others. This
achievement also highlights the great potential of GaN-based
optoelectronic integrated circuits in technology and applications.

Conclusions

In summary, this work has demonstrated a multi-level UV
optoelectronic memory utilizing GaN, emulating the human
visual memory process by integrating the detection and mem-
ory of UV images. The embedded SiO, side-gates around the
source-drain region of GaN devices effectively suppress the
rapid dissipation of photogenerated electron-hole pairs in GaN

172 | Nanoscale Horiz., 2024, 9, 1166-1174
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under UV light illumination. This allows their separation under
gate electric field, resulting in significant and stable changes in
threshold voltage and ON-state current and the establishment
of two stable memory windows. This unique mechanism
enables the GaN optoelectronic memory to effectively store
UV signals in dual modes, exhibiting excellent retention
(exceeding 4 x 10* seconds) and endurance characteristics
(more than 1 x 10° programming and reading cycles). By adjust-
ing the gate-controlled voltage (Vss) during programming, the
device exhibited multi-level storage capabilities, demonstrating its
potential for extensive data storage applications. Moreover, the
proposed GaN-based UV optoelectronic multi-level memory inte-
grates UV signal detection and storage on a single device and the
memory array constructed from this device is capable of efficiently
detecting and storing UV images, greatly simplifying the complex-
ity of UV signal processing by artificial vision systems.

Methods

Device fabrication

First, the epitaxial wafer was cleaned using deionized water,
hydrofluoric acid solution, and standard cleaning solution SC-1
(a mixture of ammonia, hydrogen peroxide, and water) for
removing surface impurities. Second, devices were subjected
to dry etching for on-chip isolation, with an etching depth of
approximately 300 nm. SiO, was then deposited into the isola-
tion trenches to block the interconnection of two-dimensional
electron gas between devices. Third, source and drain electrode
openings were etched by dry etching, followed by consecutive
deposition of Ti/Al/Ti/TiN using physical vapor deposition
(PVD). Source and drain electrodes were formed after photo-
lithographic patterning. Similarly, gate electrode openings were
etched by dry etching, followed by PVD deposition of TiN/Ti/Al
Gate electrodes were formed after photolithographic patterning.
Fourth, the side gate openings were etched surrounding the
source and drain electrodes by the dry etching process. Finally,
SiO, was filled in the side-gate openings, simultaneously com-
pleting the deposition of the protective dielectric layer.

Materials characterization

XPS spectroscopy was applied to analyze the elemental compo-
sition and chemical bonds in the material. SEM and TEM were
also applied to help with the microscopic characterization
process to prove the existence of SiO, side-gates embedded
around source and drain electrodes.

Optoelectrical measurements

All basic I-V electrical measurements were carried out with a
Keysight 4200 semiconductor parameter analyzer. The 1/f noise
measurement was measured using a 9812B and an Agilent
35670. The wavelength of UV pulse was measured using an
Ocean USB4000 and an LS125 UV light meter with a UVA-X1
detector was used to confirm the intensity of UV pulse.
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