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Realizing the Switching of Optoelectronic Memory and

Ultrafast Detector in Functionalized-Black

Phosphorus/MoS, Heterojunction

Chang Liu, Shuimei Ding, Qianlei Tian, Xitong Hong, Wanhan Su, Lin Tang,
Liming Wang, Mingliang Zhang, Xinggiang Liu,* Yawei Lv, Johnny C. Ho,* Lei Liao,*

and Xuming Zou*

A single device with switchable functions is highly attractive to the growing
demands of complex optoelectronics. However, most of the currently reported
devices either exhibit a lack of multifunction operation or require complex
electrode configurations with limited performances. Here, a new concept of a
functionalized-black phosphorus (f-BP)/MoS, heterojunction is proposed,
which enables the coexistence of an optoelectronic memory and a detector in
a single device. The oxidation-induced artificial-traps on the BP surface result
in a gate-modulated photogating effect, so that the device can be freely
switched between memory and detector by simply changing the back-gate
voltage. In the memory model, the device has an ultra-long storage time (10
years), an ultra-high on/off ratio (3.5 x 107), and outstanding multi-bit storage
(=90 states), while in the detector model, the device still exhibits a fast
response (130/260 ps), an impressive responsivity (22.2 A W~'), and

1. Introduction

As mono-function optoelectronic devices
continue to mature and approach their
fundamental limit, a burning question
is how to develop technology enabled
with reduced product size and increas-
ing functionality.l'?! For now, monolithic
optoelectronic technologies that integrate
two or more mono-function components
into a single chip can advance inspiring
and promising applications, which fur-
ther fill the needs of emerging industries
such as unmanned technology and ar-
tificial intelligence.>) For example, the
artificial visual system generally com-

self-driven broadband detection (ultraviolet to near-infrared). Most
importantly, the highly anisotropic BP enables fast NIR polarization resolution

with a maximum polarization ratio of 6.98 at 1064 nm.
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bines a sensitive photodetector to per-
ceive the multiple visual inputs, a mem-
ory unit to store the visual information,
and a processing unit to conduct com-
plex image-processing tasks.l®] Although
these mono-function integrations enable improvement in device
performance and functionality, the manufacturing of a variety of
components and then assembling them into a chip inevitably
complicates the fabrication process and increases the cost.”®]
Therefore, it is highly desirable to achieve individual multifunc-
tional components, which is beneficial for simplifying the fabri-
cation process, boosting the integration level, and expanding the
application fields.

Two-dimensional (2D) materials provide a unique opportu-
nity for the development of artificial heterojunction due to weak
van der Waals (vdW) forces between individual layers.>3] To
date, various vdW heterojunctions formed by vertical stacking
2D materials have enabled a variety of functions and applica-
tions, including p-n junction,®) tunneling transistors,'* tunable
inverter,?] photodetectors,!'] light-emitting diodes,*! and non-
volatile memories,!'”] et al. However, for different functions, peo-
ple usually consider the conductivity type and band-structure of
these materials, then design different 2D heterojunction archi-
tectures to achieve. In this case, a single heterojunction with
switchable functions is highly important. Although a few mul-
tifunctional heterojunctions have been reported,>”#! they still
require complex electrode deposition and different test ports
to accomplish functional switching, which is not inherently a
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Figure 1. Structure schematics and material characterizations of the f-BP/MoS, heterojunction. a) Schematic diagram of the device configuration.
b) Optical microscopic images of the device. Inset: AFM image of the corresponding area. c) Cross-sectional STEM image and the corresponding EDS
element distribution mapping. d) Raman spectra of BP and MoS, and their heterojunction. e) PL measurement of BP and MoS, and their heterojunction.

f) The potential value of layered BP after oxygen adsorption.

multifunctional integrated stand-alone device. Additionally, their
functions mainly focus on the traditional electrical-functions
such as diode, transistor, inverter, rectifier, etc. There are no re-
ported devices with switchable optoelectronic functions. In terms
of performance, most reported devices achieve multifunctional
operation at the expense of device performance. Such as, an
asymmetric 2D heterojunction was recently reported to func-
tion as transistor, rectifier, and photodetector,!'! whose multifunc-
tional operation is achieved by stacking four 2D materials, includ-
ing Graphene, BN, MoS,, and MoTe,. As we know, the stacking of
multiple 2D materials can facilitate multifunctional operations.
However, this strategy results in serious current jitter and large
noise originating from the scattering of different materials.[¥]
Also, the multiple material-transfers not only complicate the fab-
rication process but introduce more impurities to degrade device
performance. Therefore, designing high-performance and mul-
tifunctional heterojunction devices remains a challenge.

Here, we demonstrate a new concept of 2D defect-engineering
heterojunction to realize gate-controlled optoelectronic memory
and photodetector switching in a single device. Although inter-
face defects are often considered problematic, defect-engineering
has proven to be a simplistic way to modulate properties and
create new functions in contemporary materials science.['*%2]
In our work, the freely switching capability is achieved by black
phosphorus (BP) oxidation-induced surface defects in a planar
BP/MoS, heterojunction, in which the trapped holes can in-
duce a gate-voltage-controlled photogating effect for optoelec-
tronic memory and detector operation. At negative gate voltage
(Vs = —60V), when a laser pulse is applied, the photo-generated
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carriers in heterojunction are spatially separated by a large built-
in potential. The type-II heterojunction allows electrons rapidly
transfer from BP to MoS,, while leaving the trapped holes to in-
duce a high photogain as electron recirculates in the channel.
In this case, our device is operated as an optoelectronic mem-
ory with ultra-low dark current (0.13 pA), ultra-high switching
ratio (3.5 X 107), outstanding multi-bit storage (90 states) as well
as excellent broadband memory from ultraviolet to near-infrared
(UV to NIR). Under a positive gate voltage (V,, = +20 V), the
Fermi level of the BP layer is shifted upward and a large number
of electrons are able to neutralize the trapped holes, thus atten-
uating the photogating effect and transforming the device into a
detector that quickly responds to optical signals. As a result, the
device exhibits fast response (130/260 ps), stable photoswitching
(750 cycles), self-driven broadband detection (375-1550 nm), and
infrared polarization resolution (a maximum polarization ratio of
6.98). All these results obtained in our multifunction heterojunc-
tion are already much better in nearly all aspects of performance
than the previously reported 2D mono-function memories and
detectors, achieving the optimal balance between all figure-of-
merits.

2. Results
2.1. Device Structure and Basic Characterizations
Figure 1a gives a schematic diagram of our multifunction het-

erojunction device. The device architecture is a 2D planar het-
erojunction consisting of a BP layer at the bottom and a MoS,
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layer at the top, in which two self-assembled phosphorus oxide
(PO,) layers are located on the upper and lower surfaces of BP.
The Cr/Au (10/50 nm) electrode contacts on each layer and a gate
voltage (V) applied to the P*Si substrate adjusts the carrier den-
sities in each semiconductor layer. The straightforward prepara-
tion steps are schematically illustrated in Figure S1, Supporting
Information. Figure 1b shows the optical image of a representa-
tive fabricated device. The inset is the atomic force microscopy
(AFM) image of the selected region, and the thickness informa-
tion of two materials is shown in Figure S2, Supporting Infor-
mation, where the BP and MoS, is 8 and 3 nm, respectively. The
PO, layer plays an important role in the function switching of
our device, which can be seen in cross-sectional scanning trans-
mission electron microscopy (STEM) images. As shown in Fig-
ure 1c, two obvious PO, layers can be observed at the BP/MoS,
and BP/SiO, interface. The related O and P elements can be fur-
ther confirmed by energy-dispersive X-ray spectroscopy (EDS) el-
ement distribution mapping. We also note that the thicknesses
of MoS, and BP in the heterojunction are 2 and 7 layers, re-
spectively. This thickness can maintain high light adsorption ef-
ficiency while providing high carrier mobility and large switch-
ing ratio for transistor operation. The intensity of all elements
in heterojunction is demonstrated in Figure S3, Supporting In-
formation, where the element distribution is consistent with the
ideal device architecture we designed. The crystalline quality of
BP, MoS,, and heterojunction is further tested by Raman char-
acterization (Figure 1d). Three strong peaks of BP can be seen at
362, 439, and 466 cm™!, representing the Aé, B,,, and A2 modes,
respectively.?>?*] For MoS,, the peaks are located at 383 and 407
cm™!, corresponding to the in-plane vibration mode E;g and out-
of-plane vibration mode A, respectively.”’! For their heterojunc-
tion, the spectra contain all the peaks of MoS, and BP. There
is no peak shift or degradation, indicating the heterojunction is
coupled strongly with a high crystalline quality. Figure le gives
the photoluminescence (PL) of MoS,, BP, and their heterojunc-
tion. Here, a significant PL quenching can be observed in the
heterojunction region. The peak intensity decreases by 79% com-
pared to the pristine MoS, material due to the exciton dissoci-
ation and interlayer charge transfer in hetero-interface.?”! This
result also demonstrates that the presented BP/MoS, heterojunc-
tion has a type-II band alignment as previous studies,[?*2°l which
enables ultra-efficient carrier transfer. In order to verify the trap-
ping effect of oxidized BP layer for holes, we calculated the po-
tential of layered BP along the thickness direction after oxygen
adsorption by density function theory (DFT) (Figure 1f). The re-
sults show that the average potential (red curve) increases obvi-
ously towards the oxygen-adsorbed BP surface, verifying that the
oxidation-induced traps can effectively confine holes.

2.2. Gate-Controlled Photoresponse Characteristics and
Mechanisms

To probe the different operation models, we systemically
study the gate-controlled photoresponse characteristics of
functionalized-BP  (f-BP)/MoS, heterojunction. Figure 2a
demonstrates the transfer curves (Iy; — V) in dark and light
states with a fixed drain-source voltage (V) of —2 V. In this de-
vice configuration, the source-drain electrodes are in contact with
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MoS, and BP layer, while leaving the overlapped region away
from the electrodes to form a lateral heterojunction field-effect
transistor (FET).[?} In this case, electrons are injected from the
source to drain electrode through the functionalized-BP channel,
BP/MoS, /PO, hetero-interface and MoS, channel, consecutively.
The back-gate controls the entire channel electrostatic potential,
resulting in non-monotonic current modulation. Therefore, in
the dark state, the I;; — V,,, curves of heterojunction exhibit an
N-shaped curve, where two threshold voltages (V) located at
—60 and 20 V can be found. Here, threshold voltage is defined as
the inflection point of the transfer curve in dark. This character-
istic can be further confirmed by the transfer characteristics of
n-type MoS, and p-type BP (Figure S4, Supporting Information),
revealing the electrical properties of heterojunction can be
modulated by MoS, and BP individually. For the first threshold
voltage (V; = —60 V), the MoS, channel is fully depleted with
a sufficiently negative gate bias, which can turn off the entire
channel and results in an ultra-low dark current (I, ) of 1.2 X
107" A. While at the second threshold voltage (V; = 20 V), the
device current is dominated by the non-overlapped BP channel,
in which the BP channel is completely depleted, so the current
is again decreased to ~8.3 x 1071% A. It is worth noting that the
functionalized BP does not affect the basic electrical properties
of p-n junction, whose output curve (I, — V) still exhibits
excellent rectification characteristics (Figure S5, Supporting
Information). Under light illumination, when we used a 532 nm
laser with an incident power density (Pyg,) of 3.6 W cm™?, the
heterojunction is fully turned on, resulting in a large on/off ratio
especially at the positions of V} and V. With these character-
istics in mind, we further explored the transfer characteristic
under different Py, from 0.08 to 3600 mW cm™ (Figure S6,
Supporting Information). When we used an ultra-low Py, of
80 W cm™2, an obvious V shift toward the negative direction
can be observed, while this shift is small at V; . Considering the
dominated n-type MoS, channel, this shift can be attributed to
the trapping of photo-generated holes in PO, layer, indicating
a profound photogating effect obtained here.['73%] Meanwhile,
the ratios of light-state current (I;,,,) to dark-state current (Iy,,)
at V; and V; are extracted in Figure 2b. Our device shows an

th
ultra-high on/off ratio of 3.5 X 107 at V!, while the value can

still reach 2.6 x 10° at V7. Such a high \t/glue can be attributed
to the ultra-low dark current and the amplified output current
caused by photogating effect.*"] To confirm this photoresponse
mechanism, we extracted the photocurrent (I, = gy — Igan) of
V, and V2 as a function of Py, which is fitted according to the
equation of I;, o Py,,*. Here, a is a constant. Generally, « = 1
represents a perfect photoconductive effect, and « < 1 represents
the existence of a photogating effect.*! In both V; (=60 V) and
V2 (20V), the fitted a values are less than 1, which fully indicates
the presence of photogating effect in our device (Figure 2c). We
also observe that the value of Vi (0.24) is smaller than V;} (0.66).
This result reveals that a stronger photogating effect appears at
V., which is consistent with its larger threshold shift.

To fully explore the gate-controlled function switching, we con-
ducted time-dependent photoresponse measurements at differ-
ent gate voltages (Figure 2d). Here, a 532 nm laser pulse (power
density is 675 mW cm™? and duration time is 5 s) is applied as
the incident light signal. When the V, is fixed at V; (—60 V), the
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Figure 2. Gate-controlled photoresponse characteristics and mechanisms. a) I4,-V,

www.lpr-journal.org

os curves of f-BP/MoS, heterojunction in the dark and light state at

Vgs = =2 V. b) The extracted ljgp/lgar values with different laser power density. c) The photocurrent plotted as a function of laser power densities.
d) Photoresponse characteristics under different gate voltages. e) The extracted response speed under different gate voltages. f-i) Mechanisms of the
device in memory mode (V,; = —60 V) with (f) and without (g) light irradiation, respectively; in detector mode (V,, =20 V) with (h) and without (i) light
irradiation, respectively. Here, VB and CB denote the energy level of valence band and conduction band, respectively, and the “E” arrow denotes the gate

electric field direction.

device has an ultra-low dark current of 1.2 X 10713 A due to the
transistor being turned off. The applied laser pulse can quickly
raise the device current to saturation value (I°") and then main-
tain a stable non-decaying state. In other words, the input optical
signal can be efficiently converted to current and stored. This can
be explained as follows: the incident photons can excite a large
number of electron-hole pairs, which can be separated by the
interface electric field of heterojunction. When photo-generated
electrons are transferred in the heterojunction, the holes are still
trapped on the surface of BP. Under a large negative gate voltage,
the trapped holes are difficult to escape for charge neutralization,
and then induce a strong photogating effect to further amplify the
photocurrent. Thus, the device can maintain a persistent photo-
conductive (PPC) state. Considering this characteristic, the de-
vice at V;; can function as a nonvolatile optoelectronic memory,
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where the optical signal can be written, stored, and readout.[3%!
Here, the PPC behavior is dependent on the ozone treatment
time (Figure S7, Supporting Information). The 60 s treatment
time exhibits the strongest PPC behavior in which the long-live
charge traps can govern the electron-hole recombination, while
the devices without ozone treatment showed almost no PPC be-
havior. With the increasing gate bias (—40 and —20 V), the dark
current increases which is consistent with the transfer curve of
the device in the dark state. At V,; > 0V, the PPC behavior disap-
pears and the device exhibits a fast photoswitching response like
a typical reverse-biased photodiode. This is due to a large num-
ber of electrons generated in the p-type BP layer at a positive V,,
which can neutralize the trapped photo-generated holes and weak
the photogating effect. In this case, the device can function as a

photodetector with an ultrafast photoresponse switching. We can
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observe that the device has the largest on/off ratio at V; (V,, =
20 V), which originates from the low dark current here. Note that
the dark current at V;} is mainly controlled by the p-type BP ac-
cording to the heterojunction transfer curve, which is obviously
higher than that of V} . Although a lower dark current can reduce
power consumption and increase the sensitivity of photodetector,
this dark current is already one order of magnitude lower than the
lowest value reported for MoS, /BP heterojunction FET,[?! which
is a record value. When we choose a thicker BP (=12 nm) for the
heterojunction, there is a higher dark current of 3.8 x 107 A (Fig-
ure S8, Supporting Information). Theoretically, thinner BP layers
are capable of having lower off-state currents. However, our de-
vice configuration requires the BP to have strong light absorption
even after the oxidation treatment. After extensive exploration, we
finally found that ~8 nm BP is the optimal thickness, which en-
sures the optimal balance of all device performances. Addition-
ally, the response speed at different gate voltages is also tested by
the oscilloscope (Figure S9, Supporting Information). In our f-
BP/MoS, heterojunction, the photo-generated carrier separation
and recombination are controlled by the reversed-bias p-n junc-
tion, where this process is known to be faster than other carrier
separation and recombination processes. Therefore, the rise and
decay times for two models are much faster than the conven-
tional optoelectronic memory and detector as shown in Figure 2e.
We also notice that the detector mode is significantly faster than
the memory, which is attributed to the weaker trap-assisted car-
rier separation and recombination as described above. This result
also justifies the feasibility of operating our device as an ultrafast
detector.

To better understand the mechanisms of multifunctional op-
erations, we plotted the schematic band diagrams of the het-
erojunction in four different operational states. For the memory
model (at V,, = —60 V), electron-hole pairs are generated in both
MoS, and BP layers with light irradiation (Figure 2f). Here, the
functionalized-BP layer is used as the dominant adsorption layer
due to its thicker thickness as well as narrower-bandgap,?! in
which the oxygen-induced impurity energy-levels have two possi-
ble ways to excite electrons: 1) direct excitation by absorbing pho-
ton energy in the light; 2) the valence band electrons related to
the trapped holes are excited to conduct band. In this case, when
a large number of electrons are transferred from the BP to the
MoS, layer under the built-in potential, the holes are confined in
the BP surface, leading to a high photogain given by the formal of
Thitetime / T ransivr 2 0) where 700 denotes the lifetime of trapped
holes in BP and 7, denotes the transit time for the electrons
transporting in the conducting channel. The trapped-holes can
rapidly raise the Fermi energy level of BP, providing a photogat-
ing effect with the recirculation of electrons in the channel.l”]
Thus, the BP acts not only as a light-absorbing layer but also as
an electron-injecting “valve”, and the incident photon acts as the
trigger for the switch.?3) When the light irradiation stops (Fig-
ure 2g), the low electron concentration in BP is unable to neu-
tralize the trapped holes. The trapped-holes induced strong pho-
togating effect makes the device in a stable PPC state and the de-
vice can be operated as a nonvolatile optoelectronic memory. In
contrast, when a gate voltage of +20 V is applied, the Fermi en-
ergy level of BP shifts upward. Under light irradiation, electron-
hole pairs are still generated and transferred as in the memory
mode (Figure 2h). But after the light irradiation stops (Figure 2i),
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alarge number of electrons in BP is able to neutralize the trapped
holes, thus attenuating the photogating effect and increasing the
barrier height of the heterojunction. As a result, the PPC behav-
ior disappears and the device works like a photodiode to achieve
fast photoresponse switching.

2.3. Multi-Bit Optoelectronic Memory Model

Nonvolatile optoelectronic memories, as it allows multi-bit stor-
age operations by optical writing and electrical readout, are an
important component in the modern electronic industry. When
we fix the gate voltage at V; (—60 V), our device can switch to
a nonvolatile optoelectronic memory model. In Figure 3, we sys-
temically investigated the optoelectronic properties of f-BP/MoS,
memory, especially in storage time and multi-bit storage. Specif-
ically, Figure 3a shows the photo-response I;-V;, curves of the
device under 532 nm laser illumination at V,; = =60 V and V,
= —2 V. In dark, the device has an ultra-low dark current of 0.12
PA due to the complete depletion of MoS, layer and large elec-
tron injection barrier. This dark current value is 8, 33, 39, and
48 times lower than the reported WSe, /BN memory,*2] mono-
layer MoS, artificial traps memory,**) MoS,/PVP/Au practical
memory,**) and MoS, /Al, O, /Graphene memory,*®! respectively.
Under the laser illumination, even at an ultra-low power density
of 60.4 nW cm~2, our device still has a significant current in-
crease of nearly four orders of magnitude. The extracted Ijigp, /Iy
values are shown in Figure S10, Supporting Information, which
is an important parameter that determines the storage capacity
of the optoelectronic memory. Our device exhibits a maximum
Lignt/ Laanc value of 3.5 x 107 at Vo = =2 V and Py, = 3.6 W
cm™2. This value is 4 and 1 orders of magnitude higher than those
reported defective engineered MoS, memory** and MoS, /h-
BN/Graphene memory,*’] respectively. Such a high switching ra-
tio is due to ultra-low dark current, ultra-high co-adsorption effi-
ciency, and current amplification by a strong photogating effect.
We can also observe an obvious photovoltaic (PV) effect in strong
light. To quantify this PV effect, we extracted the photocurrent as
a function of Vy, and Py, plotted in a contour graph (Figure 3b).
With the increasing laser power, the photocurrent keeps on in-
creasing, where a high short-circuit current (I) of 1.1 x 1077 A
and a large open-circuit voltage (V,.) of 0.3 V are obtained (Fig-
ure S1la, Supporting Information). Also, the external quantum
efficiency (EQE) at V,,; = —60 V can be further evaluated by the
formula of EQE = I_-h-c/P,,-e-A, where h, ¢, P,, ¢, and A are the
Planck constant, the speed of light, the incident optical power,
the charge of single electron, and the wavelength of incident laser,
respectively.'®] Here, the maximum EQE value is calculated to be
~27.4 % at Py, = 80 uyW cm™ (Figure S11b, Supporting Infor-
mation). This strong PV effect makes our optoelectronic mem-
ory different from other memory, which may allow our mem-
ory to finish the full power-off storage while maintaining a high
secondary read-current (as demonstrated by the blue line of Fig-
ure 3d). In addition, the switching ratio, responsivity (R) is an im-
portant parameter to quantitatively assess the photocurrent gen-
erated on the active area of the device. The R is given by the for-
mula of R = I,/ Py, S, where S refers to the overlapping area of
the heterojunction.!'”! As shown in Figure 3c, the R can be mod-
ulated by the varying V, and Py, It is observed that the R in
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Figure 3. Optoelectronic storage performances in memory mode. a) Iy,-Vy curves of the device under 532 nm laser illumination at V,, = —60 V. b)
Vgs and Pygp,, dependent photocurrent to show the V. and Iy of our device. c) Vg and Pyigy, dependent responsivity extracted from the I4,-Vy, curves.
d) Long-term storage tests written by a 532 nm laser pulse with Py, of 3.6 W cm™2 for 25 s. Inset: estimated storage time and efficiency according to
current decay trend. e) Writing and erasing operation of the memory using laser and gate voltage pulses, respectively. f) PPC characteristics at different
temperatures (80-300 K). Here, the applied laser pulser is 532 nm (3.6 W cm™2 for 2 s). g) Dynamic behavior of the memory under the repeated laser
pulses (duration: 300 ms, Pjgp, = 15 nW cm™2). h) The linear fitting of the readout current in (g). i) The broadband memory characteristics written by
different wavelength lasers ranging from UV to NIR (375-1550 nm). Here, the laser duration is set to 10's.

negative bias is generally greater than the forward, which may
be caused by the lower dark current in the reversed-bias state.
Also, the R decreases with the laser power density, which can be
explained by the high recombination rate of photo-generated car-
riers at strong laser illumination. Here, our device exhibits a max-
imum R value of 3.0 x 10> A W~! at V. = =2V, which is much
higher than most 2D optoelectronic memories.[**3738] Next, we
focus on storage time testing, which is an important parame-
ter for practical applications. When the device is illuminated by
a strong 532 nm laser for 25 s (Pyy, = 3.6 W cm™?), the read-
out current raises rapidly to the I°" of 3.0 X 107 A (Figure 3d).
As the laser is turned off, the I°" can be fully maintained with a
measurement range of ~2.5 X 10* s. The storage efficiency of the
device can reach 77.8 % for 2.5x10* s after the end of the laser
pulse (Figure S12, Supporting Information). Even after a 5-h full
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power-off, that is, the bias and gate voltages are removed, a high
current of 1.1 x 107® A can be secondarily readout and main-
tained again for 1.5 x 10* s due to the strong PV effect. With
conservative extrapolation, the readout current of the device can
still be preserved at 60% for 10 years, demonstrating its poten-
tial as a non-volatile memory (Inset of Figure 3d). These results
were found to be superior to all 2D heterojunction memories af-
ter systematic comparison (Figure 4a,b). The writing/erasing op-
erations of our memory are shown in Figure 3e, which contains
four basic steps, 1) OFF-state current reading, 2) laser pulse writ-
ing, 3) ON-state current reading, and 4) gate voltage pulse eras-
ing. To be specific, when a negative gate voltage (—60 V) is applied
to the device, the device is in the OFF-state with an ultra-low read-
ing current of 0.12 pA. With the laser turned on (3.6 W cm™? for
2 ), the device current instantaneously increases to 4.2 X 107° A
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Figure 4. Performances comparison of our multifunction device with previously reported 2D heterojunction-based mono-function memories and de-
tectors. For optoelectronic memories, a) the comparative retention time and number of multi-bit storage states; b) the comparative photoresponse
wavelength range and maximum switching ratio. For photodetectors, c) the comparative response speed and responsivity; d) the comparative photore-

sponse wavelength range and maximum polarization photocurrent ratio.

with an ultra-high switching ratio of 3.5 X 107. When a large pos-
itive gate voltage pulse (+80 V, 300 ms) is applied to the device,
the device current suddenly increases due to the back-gate ca-
pacitance effect, which can instantaneously increase the electron
density. Therefore, we can see an immediate rise of I -current,
and then decreases to the initial non-conducting state, complet-
ing a writing/erasing cycle. The specific working principle is ex-
plained as follows, in the dark state, the device is operated in the
OFF-state by a —60 V gate voltage. For the writing process, strong
light-induced photo-generated holes are trapped in the surface of
BP to keep the device in a highly conductive state. With the laser
off, the long-lived charge traps effectively prevent electron-hole
recombination, which results in a stable PPC state. For the eras-
ing process, when a large positive gate voltage is applied, the BP
is converted to n-type and the excess electrons are able to neu-
tralize all the trapped-holes, causing the device to return to the
initial OFF-state. To further explore the temperature stability of
oxidation-induced artificial traps, PPC behaviors at varying tem-
peratures (T) from 80 to 300 K were tested (Figure 3f). When the
device is written by laser pulses, the readout current exhibits a
rapid rise at all temperatures. With the increasing temperature
from 80 to 300 K, two important features can be seen: I) The PPC
behaviors are not affected by temperature, suggesting that the
trapped-holes can effectively resist thermal fluctuations; II) Both
OFF- and ON-state currents increase with increasing tempera-
ture, which may stem from the additional current contribution
of thermally excited-electrons.**) In addition, our device shows a
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maximum switching ratio at 300 K (Figure S13, Supporting In-
formation), indicating its potential as a high-performance room
temperature memory.

High-capacity multi-bit memory can avoid the complex inte-
gration of continuous scaling to ensure more memory cells per
unit area. The ultra-low dark current and high photogain of our
memory enable us to obtain a record multi-bit storage as shown
in Figure 3g. Here, we show the dynamic behavior of our memory
under periodic exposures of laser pulse (15 nW cm~2, 300 ms).
The inset is an enlarged data region. Obviously, the readout cur-
rent gradually increases with the number of pulses, which in-
dicates that more holes are trapped leading to more electrons
circulating in the channel. Our memory allows 90 effective stor-
age states before current saturation. This number is an order of
magnitude higher than that of previously reported optoelectronic
memories (Figure 4a). To probe the practicality of the device for
multi-bit storage, we further analyzed the linear characteristics
of readout current (Figure 3h). Our devices can obtain up to 50
linear storage states, which steadily increased by 20.1 pA with
each laser pulse applied, showing a good linearity. This also con-
firms that the multi-bit memory is reliable and reproducible in
the case of repeated switching. Although the above performances
are mainly based on a 532 nm laser, the device also has an ex-
cellent capacity for broadband storage. With varying wavelength
laser from 375 to 1550 nm, the device has a perfect memory
behavior under all conditions (Figure 3i). Meanwhile, the read-
out ON-state current is demonstrated in Figure S14, Supporting
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Figure 5. Ultrafast detection and polarization resolution in photodetector model. a) I44-Vy, curves of the device under 532 nm laser illumination at
Vgs =20 V. b) Vs and Pjigy, dependent responsivity extracted from the Iy5-Vys curves. ) Photoswitching response of the detector under 532 nm laser
illumination with Py, = 16 W cm™2. d) Frequency response showing a 3 dB frequency of 3 KHz at 4 = 532 nm. Inset: the rise and decay times tested
by Oscilloscope. e) Fast detection characteristics under different wavelength lasers ranging from UV to NIR (375-1550 nm). f) The self-driven detection
at different Pyigy,. g) Photoswitching response using laser pulses of 1064 nm and continuously changing the polarization direction. h) The extracted
photocurrent as a function of polarization angle. i) The extracted polarization ratio of various wavelengths ranging from UV to NIR (375-1064 nm).

Information, which decreases gradually with increasing wave-
length. It is also noted that the 375 nm laser shows the high-
est readout current due to the higher photon energy and co-
absorption of the heterojunction. Our broadband memory is ca-
pable of storing encrypted information through different wave-
length writing. Based on the optical anisotropy of the BP, we fur-
ther performed polarization-resolved storage tests (Figure S15,
Supporting Information). Here, we define the polarization angle
(6) as the angle between the polarization-light and the BP zigzag
direction (e.g., @ = 0° means that the polarization light is aligned
with the zigzag direction of BP), then change the 8 to test the pho-
tocurrent of the device. When we change the 6 from 0 to 180°,
we find that the device is able to store different photocurrents
at different angles (Figure S15a, Supporting Information). The
readout currents are further extracted and fitted in a polar co-
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ordinate system (Figure S15b, Supporting Information), and we
find a perfect “8” shape of the photocurrent as the angle changes,
exhibiting a full-angle polarization identification.

2.4. Ultrafast Photodetector Model

Photodetector is an indispensable component in many optoelec-
tronic applications including freespace communication, remote
control, medical imaging, etc. When we change the V,,; from —60
(V) to 20 V (V7), the device can quickly switch from a memory
to a photodetector, and its performances are further explored in
Figure 5. First, the I, — Vy, curves at V,,; = 20 V under 532 nm
laser illumination are demonstrated (Figure 5a). Even at a low
power density of 0.5 mW cm™2, the device still has a significant

© 2022 Wiley-VCH GmbH

95U8017 SUOWIWOD aAIERID) 9|gedi|dde au Aq peusenob ale sajoiLe O ‘85N Jo sajni o} ArIqiauljuO 9|1 UO (SUONIPUOD-PUR-SLULBIW0Y" A3 |1 AR lq 1 )Bul JUO//:SANY) SUONIPUOD PUe SWiS | 8y 8es *[£Z0z/c0/yT] Uo Akeigiauluo Aejin ‘Buoy BuoH Jo Aisieaun Aid Ag 98700220z 1od|/200T 0T/10p/wod A3 |1 Arelq euluo//sdny Wwolj pspeojumod ‘g ‘€202 ‘6688E98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

current increase. The extracted switching ratio is shown in Fig-
ure S16, Supporting Information, where the device can obtain
the largest ratio of 1.2 x 10% at V,;, = —2 V due to the lower dark
current in reversed-bias state (V4 < 0 V). To quantify the pho-
toresponse performance, the R as a function of V,, and Py, is
calculated and displayed in Figure 5b. Here, the maximum R-
value can reach 22.2 A W1, which is one to three orders of mag-
nitude higher than most 2D heterojunction photodetectors and
commercial silicon-based photodetectors (0.8 A W~1).1*0l Such a
high R-value is attributed to the rationally designed band struc-
ture, high carrier mobility, strong co-adsorption ability, and the
current amplification by photogating effect. Photogain (G) is im-
portant to evaluate the performance of a photodetector, which
represents the number of photogenerated carriers induced by per
incident photon. The G value can be evaluated using the formula
of G = I,,+h-v/Pyg,-e = Rhec/e-i. Here, the v denotes the fre-
quency of incident light.?*] According to the calculated R values,
the G of our device reaches 51.3, which is two orders of magni-
tude higher than the reported BP/MoS,,[*!l WSe,/MoS,,[*?] and
MoTe,/MoS,!*}] heterojunction photodetector. Thus, the photo-
generated carriers can circulate multiple times in the circuit be-
fore recombination, which also confirms the presence of photo-
gating effect. In addition to R and G, the specific detectivity (D¥)
is also an important figure-of-merits to evaluate the ability of a
photodetector to detect weak signals. The D* value can be defined
by the equation of D* = (SB)"/*/NEP and NEP = i’ /R. Where
B represents the bandwidth, NEP represents the noise equiva-
lent power, and the fil/z represents the root mean square of the
noise current value.*"! To determine the D* value, we measured
the spectra of current noise power density (i) at V} and V2 with
a fixed V,, of —2 V (Figure S17a, Supporting Information). The
noise spectra display a clear 1/f-noise component in both condi-
tions, while the noise current at —60 V is much lower than that
of at 20 V due to its lower dark current. Note that the 1/f noise
results from random fluctuations of the local electronic state af-
fected by material surface defects and nonuniformity, which are
prevalentin all detectors. Here, the noise level per unit bandwidth
(1 Hz) is measured to be 1.3 x 107% and 2.7 x 107% A? Hz! at
Vs = —60 and 20 V, respectively. Meanwhile, the D* values under
different power densities are summarized in Figure S17b, Sup-
porting Information, which has the maximum D* value of 2.9
x 10" and 1.2 x 10" Jones at V,; = —60 and 20 V, respectively.
The obtained D* values are comparable to those of commercial
silicon-based photodetectors.[**! Apart from that, photoswitching
stability and response speed are also important parameters for a
practical photodetector. In Figure 5c, we demonstrated the pho-
toswitching response of the device at V,, =20 Vand V4, = -2V,
in which 750 periodical on/off laser cycles are applied. The device
current quickly increases when the laser turns on and decays to a
dark state when turns off. From the ON- and OFF-current of the
device, we can conclude that our photodetector has an excellent
stability under multiple and repeatable photoswitching, demon-
strating its promise for practical applications. Next, we focus on
exploring the response speed of the device. In Figure 5d inset,
the time-dependent photoresponse measured by a digital oscillo-
scope is demonstrated. The rise time (7;,.) and decay time (7.,
of the device are measured as 130 and 260 ps, respectively. Here,
the rise (decay) time here defines the time for the device current
to increase (decrease) from 10% to 90% (from 90% to 10%) of
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the maximum value.l**) Meanwhile, the temporal response band-
width of the device is also evaluated with 3 dB bandwidth, which
represents a frequency limit where the light-induced photocur-
rent is reduced to 0.707-times maximum value. By using a mod-
ulated 532 nm pulse laser, our device shows a high 3 dB cutoff’
frequency of 3 KHz (Figure 5d). These results are comparable
to most 2D heterojunction detectors (Figure 4c), which can be at-
tributed the type-1I heterojunction combined with a large reverse
bias voltage that allows efficient and fast photo-generated carrier
separation. The broadband detection is an important advantage
for the commercial application of photodetectors. In addition to
the above 532 nm laser, our device is capable of fast response
for shorter or longer wavelengths (from UV to NIR) as shown in
Figure 5e. Here, the incident power density at all wavelengths is
controlled at 3.6 W cm™2. In the UV region, both narrow-bandgap
BP and large-bandgap MoS, have strong light absorption, thus
the device has the highest Iy, /I, value of 1.0 x 10’ at 375 nm
(Figure S18, Supporting Information). While in the NIR region,
the value is relatively low due to the smaller photon energy of NIR
light and the weak absorption of the MoS,.

Self-powered photodetectors are highly attractive for low
energy-consumption and system simplification because they can
operate at zero bias without any external power source and inter-
connecting wires. Our f-BP/MoS, heterojunction photodetector
with a type-II energy band alignment is capable of possessing
a strong PV effect for self-powered operation. From the photo-
response Iy, — Vg, curves (Figure 5a), the Py, -dependent V.
and I are extracted in Figure S19a, Supporting Information, in
which the maximum V. and I, can achieve 0.28 Vand 4.4 x 10~/
A, respectively. The high V. and I, values give our device the
ability to perform a prefect self-powered detection. Meanwhile,
the Py, -dependent EQE values are calculated as shown in Fig-
ure S19b, Supporting Information, where our device exhibits a
maximum value of 7.6% at Py, = 3.1 mW cm™. To verify the
sensitivity of the device in self-powered state, we measured the
photoswitching response with various Py, from 0.5 to 3600 mW
cm™% at Vy, = 0 V (Figure 5f). Notice that the dark current of the
device is stably kept at an ultra-low value of 3 x 107!* A due to
the zero bias. Under light, even with a small power density of
0.5 mW cm~2, the device still has a current boost of three orders
of magnitude. As the Py, increases from 0.5 to 3600 mW cm™2,
the light current increases steadily until a maximum value of 3.3
x 1077 A, leading to a highest switching ratio of 1.1 x 10° (Fig-
ure S20, Supporting Information). This switching ratio is two and
four orders of magnitude greater than reported MoS, /BP!*!l and
MoS, /WSe,[*?] self-powered photodetectors, indicating its poten-
tial application in low energy-consumption optoelectronics.

Considering the anisotropic optical properties of BP layer, it is
worth to further investigating the NIR polarization-resolving per-
formances of the device. The test results are shown in Figure 5g.
Specifically, when we change the 6 from 0° to 360°, the device can
exhibit a varying photocurrent at different angles while maintain-
ing a fast response. The photocurrent extracted from different an-
gles is further corroborated by the polar plot (Figure 5h). Here,
the 180-360° data are replicated from 0 to 180 degrees due to
the repeated tests. We can observe an “8” shape of photocurrent
changing with the angle, demonstrating that the device has per-
fect full-angle polarization detection. Additionally, wavelength-
independent polarization ratio is evaluated. As the wavelength
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increases from UV to NIR, the polarization ratio of our device
increases sequentially, and reaches its highest polarization ratio
of 6.98 at 1064 nm (Figure 5i). The reason for this may be that
the isotropic MoS, also contributes to the photocurrent at UV
region and thus diminishes the overall polarization ratio. Our
polarization-resolved self-powered photodetector can replace the
side-by-side integration of polarized optics and multiple devices
and simplify the structure of polarized optoelectronic systems,
which has great promise in many professional applications, in-
cluding astronomy, polarization division multiplexing, and space
remote sensing.

2.5. Performance Comparison of the Multifunctional
Heterojunction

In addition to function switching, the performances of the device
are significantly enhanced by the designed photogating mecha-
nism, which is comparable to most previously reported 2D mono-
function optoelectronic memories and detectors.[323437:39:40:43-67]
Figure 4a shows a comprehensive comparison of retention time
and multi-bit storage states with other mono-function 2D het-
erojunction optoelectronic memories, where our device in mem-
ory model exhibits an ultra-long retention and a record num-
ber of multi-bit storage states. In Figure 4b, we also demon-
strate the comparison of maximum programming/erasing ra-
tio (light on/off ratio) and photoresponse wavelength range.
Here, both the on/off ratio and photoresponse range are already
better than those reported in the past. For the photodetector
model, the device performances are also compared with other
2D heterojunction-based photodetectors. Figure 4c exhibits a
comprehensive comparison of responsivity and response speed,
in which our device can achieve the best balance of response
speed and responsivity, especially the responsivity, which is much
higher than commercial silicon-based detectors.[*°! Additionally,
considering the polarization-resolved capability of our device,
a comparison of the maximum polarization ratio and photore-
sponse wavelength range is shown in Figure 4d. Benefiting
from the photocurrent amplification of photogating effect and
anisotropic narrow band-gap BP, our device can obtain an ultra-
high polarization ratio while having a good broadband photore-
sponse. All these results show that our rationally designed het-
erojunction can not only perform multifunctional operations but
also maintain high performance in each function.

3. Conclusion

In summary, we have demonstrated that the functionalized-
BP/MoS, heterojunction can be a multifunction device with gate-
controlled free switching of optoelectronic memory and detector.
The defect-engineering-induced artificial traps result in a gate-
modulated photogating effect, which not only enables function
switching but further improves the optoelectronic performances
of the device. In the memory model, our device can obtain a spec-
ulative storage time of 10 years, an ultra-low dark current of 0.13
pA, an ultra-high on/off ratio of 3.5 x 107, as well as an outstand-
ing multi-bit storage (90 states). In the photodetector model, the
device still has an ultrafast response of 130/260 ps, an impressive
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responsivity of 22.2 A W1, a stable self-driven broadband detec-
tion, and a high polarization ratio of 6.98. All the performances
are superior to most previously reported 2D mono-function opto-
electronic memories and detectors. We believe that our presented
defect-engineering can realize the combination of high perfor-
mance and multifunction in 2D heterojunction, which can pro-
vide a valuable direction for future optoelectronics integration.

4. Experimental Section

Device Fabrication: The few-layer BP flakes were obtained by mechan-
ical exfoliation from a bulk crystal, and then transferred to a polydimethyl-
siloxane (PDMS) film. Next, these BP flakes were first oxidized by using
ozone to form a bottom self-assembly PO, layer. The ozone was produced
by UV light in atmospheric conditions. The UV light power density and op-
erating temperature are 53.5 mW cm~2 and 100 °C, respectively, and the
treatment time was set to 60 s. After this, these BP flakes were again trans-
ferred to a clean SiO, (300 nm)/P*-Si substrate by heating the PDMS film
at 80 °C for release. Next, the electrode on the BP side was first patterned
by a standard electron beam lithography process, and Cr/Au (10/50 nm)
electrode was formed by thermal evaporation and a standard lift-off pro-
cess. After that, the BP flake containing unilateral electrodes was again
treated with ozone for 60 s to form a top self-assembly PO, layer. Subse-
quently, few-layer MoS, flakes were obtained by the mechanical exfoliation,
and then transferred onto the pre-treated BP flake to form f-BP/MoS, het-
erojunction. Here, the transfer process was operated on an aligned trans-
fer platform employing PDMS film as a carrier. Finally, the Cr/Au electrode
on the MoS, side was formed using the same steps as above.

Characterization and Measurements: Raman and PL spectrums were
obtained by using a confocal Raman system (Horiba LabRAM HR). The
AFM images were obtained by an atomic force microscope (Bioscope sys-
tem, Brucker). The high-angle annular dark-field STEM images and ele-
ment mapping analyses were recorded by a Thermo Scientific Themis Z
(3.2) microscope equipped with a probe-forming aberration corrector at
an operating voltage of 300 kV (Analytical Instrumentation Center of Hu-
nan University). Electrical and photoelectrical measurements were per-
formed on a probe station (Lakeshore, TTP4) using Keysight B1500A and
Agilent B2912A semiconductor parameter analyzer under vacuum condi-
tions (~8.5 x 1073 Pa). The single-wavelength laser used in photoelectrical
measurements includes 375, 457, 532, 660, 808, 914, 1064, and 1550 nm.

First-Principles Calculation: The calculation was performed by the
open-source QUANTUM ESPRESSO plane-wave DFT package.[686°] The
Perdew—Burke—Ernzerhof exchange-correlation functional corrected by the
semi-empirical DFT-D3 method was adopted and the plane-wave cut-off
energy was 43 Ry.l’%] Considering the computation burden, the simulated
phosphorus consists of 5 layers of 3 x 3 phosphorene with surface oxi-
dation, and a vacuum space of 15 A was added in the thickness direction
to avoid image interactions.[”'] Moreover, the dipole-correction in this di-
rection was adopted to accurately capture the interlayer charge transfer.
The Brillouin zone k-point sampling was 2 x 2 X 1 for electronic ground-
state computations. Before the band calculation, the oxidized surface was
fully relaxed until the force on each atom and total energy variations were
smaller than 1x 10~ Ry Bohr~! and 1x 107* Ry.[72]
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the author.
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