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Programmable WSe, 2D Lateral p-n Junctions Controlled by

Dual Floating Gates

Nuertai Jiazila, Peng Song, Chijun Wei, Xuanye Liu, Hui Gao, Jiequn Sun, Chengze Du,

Hui Guo, Haitao Yang, Lihong Bao,* and Hong-Jun Gao

2D transition metal dichalcogenides (TMDs) materials with inherent flexibility,
transparency, and sizable bandgap have gained significant attention as
promising candidates for future semiconductor nanodevices. However,
complementary doping in these 2D semiconductors remains a challenge
because conventional ion implantation can lead to permanent damage to the
atomically thin 2D channels. Here, programmable WSe, 2D lateral p-n
homojunction controlled by dual floating gates on a SiO, /Si substrate,
achieving a rectification ratio of ~10° and three dynamically switchable
current levels is demonstrated. By injecting charges into two floating gates by
applying voltage pulses with different polarities, lateral p-n, n-p, n-n, p-p
homojunction can be formed. The ideality factors for the p-n and n-p junctions
are extracted as 1.56 and ~1.57, respectively. The WSe, p-n homojunction
shows a maximum photovoltage responsivity of 6.67 x 10° V W~ under a
weak light power of 0.09 nW. These results demonstrate outstanding electrical
and optoelectronic properties in the programmable 2D lateral p-n junctions,
establishing a solid foundation for the development of future non-volatile

light-emitting devices!''13131 and other

electronic and photonic devices. One im-
portant aspect is that 2D materials could
be used as an ultra-thin channel of an
FET to immune short-channel effects and
provide the opportunity for novel device
concepts.[1®17] For electronics and micro-
electronics applications, developing 2D
semiconductor doping methods is a key
issue,!'8 but the situation becomes unique
when dealing with 2D materials. Due to
the weak screening ability of the electric
field in 2D materials, the defects created
by high-energy particles during ion im-
plantation form deep-level defects, acting
as scattering centers to reduce mobility,
and charge recombination centers to re-
duce carrier lifetime, thereby lowering the
overall device performance.l') Therefore,
ion implantation doping techniques for 2D

reconfigurable devices.

1. Introduction

2D materials!'~! have demonstrated superior electrical proper-
ties, stimulating both academic and industrial communities to
devote significant efforts to explore these materials for their appli-
cations in field-effect transistors (FETs),!*®] photodetectors,*12]
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materials typically do not compromise their
structural integrity and will introduce de-
fect states into the energy band, degrading
the device’s performance.

As a basic device element, lateral p-n homojunctions based
on 2D semiconductors have been achieved by adjusting the de-
gree of energy band bending in the lateral direction of chan-
nel materials through methods such as split gates,!11:1420-24]
thickness engineering,!?>%° geometry-induced doping,!?’-?°! fer-
roelectric polarization, 3% semi-floating gates,[**¥] chemical
doping,3%*] surface charge transfer dopingl*! and middle-
floating gates.[**] However, charge density modulation via sep-
arate gates requires continuous external voltage input, making
it difficult to achieve reconfigurable logic-in-memory function-
ality. Meanwhile, the gate-induced non-uniform charge distribu-
tion may reduce surface light emission.[*] Thickness engineer-
ing and surface charge transfer doping methods cannot be ap-
plied to industrial production and are unable to precisely modu-
late the energy band. In the case of ferroelectric-based modula-
tion, non-volatility remains a key challenge, and the fatigue of fer-
roelectric materials has yet to be fully addressed.[*] Semi-floating
gates, despite their good retention and endurance characteris-
tics, cannot dynamically adjust the direction of lateral p-n junc-
tions as flexibly as split gates. Chemical doping, while effective,
is typically irreversible and may introduce defects and impuri-
ties; once completed, it is difficult to remove or adjust the doping
levels through simple means. Therefore, developing a reliable,
effective, and programmable doping method for construction of
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Figure 1. Device architecture and energy band diagram of the WSe, lateral homojunction formed by dual floating gates modulation. a) Schematic of a
WSe, lateral homojunction device. b) Optical image of a typical WSe, lateral homojunction device. The scale bar is 5 um. c) The circuit diagram of a
dual-floating-gate device. d) Dual-sweeping transfer curve of a WSe, FET with hBN-SiO, as the gate dielectric. The inset shows the device schematic
diagram. e) Dual-sweeping transfer curve of a WSe, floating gate device. The inset shows the device schematic diagram. f) Energy band diagrams for
different types of homojunctions under the given polarity of two floating gates. g) The different current states and majority carrier type in the device for

the different polarity of floating gates (FGD and FGS) and Vps.

lateral p-n homojunctions based on 2D semiconductors still re-
mains a challenge. Zhe et al.[**] developed a middle-floating-gate
field-effect transistor featuring specially shaped floating gates. By
leveraging the controllable polarity through the interaction of the
control gate, floating gate, and drain voltages, diverse current lev-
els are achieved. This strategy of shaping floating gates offers
several advantages, including high programming speed, recon-
figurability, and enhanced memory performance.

In this work, we choose WSe,, a typical bipolar 2D semicon-
ductor with a bandgap of 1.65 eV,*’*®! as the channel materials
with a vertically stacked WSe, /hBN/multilayer graphene van der
Waals heterostructure on a SiO,/p*™ Si substrate to construct
lateral p-n homojunctions programmed by dual floating gates
(Figure 1). By applying voltage pulses to two direct tunneling elec-
trodes with different polarities, charges can be stored/released in
the two floating gates below the metal contact regions and dif-
ferent doping states of WSe, channel can be achieved, enabling
the construction of lateral p-n, n-p, n-n, p-p homojunctions. For
both p-n and n-p junctions, the rectification ratio can reach ~10°
and similar ideality factors (~1.56 and =~1.57, respectively) can
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be extracted. Moreover, the WSe, lateral homojunction exhibits
typical photovoltaic functions, achieving a maximum electrical
power conversion efficiency of 0.53%, a photovoltage responsiv-
ity of 6.67 X 10° V W™, and a peak external quantum efficiency
of 2.4%. With its excellent electrical and optoelectronic character-
istics, the device holds great potential for advancing future elec-
tronics and optoelectronics applications.

2. Results and Discussion

Figure la schematically shows the configuration of the
WSe,/hBN/graphene-based dual-floating gate field-effect tran-
sistor (DFG-FET) device, in which the WSe,, hBN, MLG
(multilayer graphene) act as the channel material, tunneling
layer, floating gate, respectively. The two separating floating gates
are aligned under the drain and source regions, respectively, to
form a DFG-FET device. A typical DFG-FET device is shown
in the optical image in Figure 1b. The device is fabricated by
first exfoliating MLG on a SiO,/p** Si substrate with a SiO,
thickness of 285 nm, followed by stacking hBN and WSe, in
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Figure 2. Programmable 2D WSe, lateral p-n junction controlled by dual floating gates. a) Operating principle of a lateral dual-floating-gate device.
i) Electrons in the channel tunnels through hBN and be stored in the two floating gates by applying a 30 V, 160 ns pulse to the control gate. ii) Holes
tunnel through hBN and neutralize the electrons in the floating gates, by applyinga 15V, 1.6 s pulse to the DTS electrode. iii) Measurement of the channel
current at Vpg = 1V after two floating gates storing the opposite charges. b, Output characteristics of the 2D WSe, homojunction at Vg = 1V after
programming. ¢, Transfer characteristic by dual sweeping the voltage applied to control gate at Vs = 1V. d,e) Dual sweeping transfer characteristics
with a forward and reverse voltage (between —15 and +15 V) scanning on the DTS electrode at Vg = +1V when the FGD stores electrons (d) or

holes (e).

sequence. The thicknesses of WSe,, hBN, and graphene were
4.3, 11.6, and 4.1 nm, respectively, which were measured by
atomic force microscopy (AFM). The source and drain electrodes
are positioned directly above the floating gates, allowing for bet-
ter modulation of the Schottky barrier near metal contacts and
enhancing doping capability of the floating gates on WSe,.31:49:50]
The floating gate located at the drain side is referred to as FGD,
while the floating gate at the source side is referred to as FGS.
The electrode used to inject charges into FGD is called DTD,
and the electrode used to inject charges into FGS is called DTS.
The equivalent circuit diagram of the DFG-FET device is shown
in the Figure 1c.

The unique performance of the device can be attributed to its
structure, where the floating gates can optimize the injection of
charge carriers in the contact area.’'~2] Based on the current
in the WSe, transistor at V.; = 0 V (Figure 1d) is at the elec-
tron branch, it can be inferred that the intrinsic doping of WSe,
is n~-type. From Figure le, it can be seen that the floating gate
can easily dope WSe, as n-type or p-type, with almost the same
level of on-state current I, =1 X 10° A at V,g = 1 V. Figure 1f
shows the band diagrams for different types of homojunctions
under different polarities of the two floating gates and drain volt-
ages. Figure 1g illustrates the relationship between the charge
stored in the two floating gates and the conductivity of the chan-
nel. The polarity of the floating gates is determined by the polar-
ity of the pulses injected by the two direct tunneling electrodes.
When both floating gates store holes, the channel is in an n-type
state, and it remains conductive regardless of the polarities of Vg
(Figure 1f-i,ii). However, the electrons trapped in the floating
gates will produce mirror-imaged charges (holes) in the WSe,,

Adv. Funct. Mater. 2025, 2423196

2423196 (3 of 9)

which leads to the WSe, over the graphene p-doped. And the
WSe, outside the floating gates remains n™-type, which forms
the channel a p-n~-p junction, preventing current flow in both
directions (Figure 1f-iii,iv). The channel will form a p-n junction
(or n-p junction) as the two floating gates store opposite charges.
The direction of rectification will depend on the polarity configu-
rations of the floating gates (Figure 1f-v—viii).

Thanks to the capability of the independent control over the
two floating gates, the various conductivity states mentioned
above can be easily achieved. To independently inject different
charges into the two floating gates, two metal electrodes were de-
posited on the tunneling layer above the floating gates. There-
fore, the floating gates here can capture charge through two op-
erations, which is shown in the Figure 2a (illustrates the oper-
ating process for forming a p-n junction). When a positive volt-
age pulse (Vg puse = 30V, 160 ns) is applied to the control gate,
electrons within the WSe, tunnel through hBN to reach the two
floating gates via Fowler-Nordheim (FN) tunneling (Figure 2a-i).
After the pulse is removed, the electrons or holes stored in the
MLG will not tunnel back into the channel, but rather remain
trapped within the floating gates.[>** When a positive pulse
is applied to the direct tunneling electrode at the source (typ-
ically 15 V, 1.6 ps), holes tunnel through hBN into the MLG,
neutralizing the floating gate at the source and storing holes
(Figure 2a-ii). Since the two floating gates are not connected, the
other side’s floating gate is not affected. At this point, the two
floating gates have stored different charges, resulting in the non-
volatile hole/electron doping of the two parts of the WSe, chan-
nel stacking over the two floating-gate regions and the formation
of p-n junction (Figure 2a—iii). The programming speed differs
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between the control gate electrode (30 V, 160 ns) and the direct
tunneling electrode (15 V, 1.6 us) due to the distinct electric field
distributions generated by these electrodes. The electric field pro-
duced by the control gate (Figure S2a, Supporting Information) is
uniform and equally distributed across the hBN layer. In contrast,
the electric field caused by the direct tunneling electrode (Figure
S2b, Supporting Information) forms between the direct tunnel-
ing electrode and the source electrode, resulting in a curved dis-
tribution. This non-uniform field often has higher electric field
strengths at the edges of the electrodes. If any edge point exceeds
the breakdown voltage of hBN, the tunneling layer will cease to
function. Therefore, we prefer to apply a lower pulse height to
the direct tunneling electrode to mitigate this risk. With a lower
voltage applied to store the same amount of charge in the floating
gate, a longer pulse width is required.l>]

Figure 2b shows the typical output curves across the WSe, ho-
mojunction at room temperature. When both source and drain
floating gates store holes, the channel is n-n type (blue curve),
and there is no rectification in both directions of the current. The
currents on both sides are equal, indicating a good ohmic contact.
On the contrary, if the floating gates store electrons, the channel
modulated by the floating gates is p-p type (red curve). Due to
the middle region showing a n™-type behavior, the channel was
formed a p-n~-p junction preventing the current from flowing
in either direction. When the two floating gates store different
charges, the channel forms a p-n homojunction (green curve) or
n-p homojunction (black curve), and the rectification ratios for
both junctions are approximately equal at ~#10° (Vs = +1 V).

The rectification curve of the p-n junction can be described by
a modified Shockley equation:**]

Ve [LR Vy + LR
=TT w|2s 5exp<—D 0 5)]—10 1)
Rg nVr nVr

where n, Vi (V= kg Tfe), Rg, W, I, kg, € are the ideality factor,
the thermal voltage at temperature T, the series resistance asso-
ciated with the electrode/WSe, contact, the Lambert W function,
and the reverse-bias current, the Boltzmann constant, elemen-
tary electron charge, respectively. Figure S3 (Supporting Infor-
mation) displays the experimental data and fitting curves of the
rectification curves for WSe, n-p and p-n homojunction in a lin-
ear coordinate system. For both the p-n junction and n-p junc-
tion, the fitting results of the rectification curves match the ex-
perimental results quite well. The ideal factors for the two homo-
junctions are ~1.56 and ~1.57 respectively, showing a close ap-
proximation. This demonstrates the good symmetry of this pro-
grammable DFG-FET WSe, homojunction. The different ideal
factors represent different transport mechanisms.>®! For an ideal
p-n junction, an ideal factor of 1 indicates that transport is pri-
marily diffusion-dominated, while # = 2 indicates that transport
is primarily recombination-dominated. All the ideality factors ex-
tracted from p-n and n-p are approximately in the middle between
1and 2, indicating that both diffusion and recombination mecha-
nisms are present in this device, and they contribute to the trans-
port behavior to a similar extent. The contribution of the recom-
bination mechanism indicates that there is a certain amount of
defect states within WSe,, which act as recombination centers.!!]

Figure 2c shows the transfer characteristics of the DFG-FET
device, scanning V., from —25 V to 25 V and then back to
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—25V. The transfer curves of WSe, DFG-FET and WSe, FGFET
(Floating Gate Field Effect Transistor) show distinct differences
in their transfer curves, with DFG-FET exhibiting two clearly de-
fined low-conductance plateaus. When V. scans from negative
to 0V, positive charges are stored in the floating gates, modulat-
ing the channel to n-type. However, when V. < 0V, the mid-
dle region is field-controlled to become p-type, forming a n-p-n
junction (high-resistance state). When V. scans from positive
to 0 V, negative charges are stored in the floating gates, modu-
lating the channel to p-type. However, when V. > 0V, the mid-
dle region is field-controlled to become n-type, forming a p-n-p
junction (high-resistance state). For the WSe, FGFET (Figure 1le),
its high-resistance states pass quickly through the transfer curve
without forming plateaus. To better confirm the situation of stor-
ing different charges in the two floating gates, a pulse of Vi e
= +30V, 160 ns pulse was applied to the CG to store electrons
or holes on both floating gates before scanning the direct tun-
neling electrode on the source side. Then, another two different
transfer curves were obtained by scanning the direct tunneling
electrode between —15 V to +15 V once again, as presented in
Figure 2d and 2e respectively. Overall, the resistive state of the
device’s channel is determined by the combination of Vig puie
VDT, pulse’ and VDS‘

Figure 3a shows the retention characteristics of the WSe, de-
vice when acting as a DFG-FET memory. To better articulate how
each state was achieved, (1, 1, 1) represents the Vg e = +30V,
160 18, Viyrp, puse = +15 V, 1.6 ps, Vpg = +1 V. On the oppo-
site, (0, 0, 0) represents the Vg s = =30V, 160 1S, Viyrp puise
=-15V, 1.6 ps, Vg = —1 V. Whether Vq = +1 V nor V¢ =
—1V, the device has a pretty high on/off ratio over 107. The same
WSe,/hBN/MLG heterojunction with double floating gates ex-
hibits a higher rectification ratio compared to the semi-floating
gate structure (Figure S4, Supporting Information). The 8 states
show no significant change in current over 500 s, indicating good
retention capability during this period.

The endurance performance of the DFG-FET non-volatile
memory is measured by cyclic switching of the eight states in
Figure 3b,c. Figure 3b shows the current state when electrons
are pre-stored on FGS, followed by applying Virp puse = 15V,
1.6 ps, and then reading the current state within V3 = +1 V.
The endurance performance in Figure 3c was tested when holes
were pre-stored on FGS. The results indicate that this device can
be freely switched between the eight states by applying different
pulses, and the current of the eight states shows no significant
decay within 250 cycles. To further improve the device’s on-off
ratio and rectification ratio, a high-k dielectric layer can be cho-
sen as the tunneling layer to achieve better modulation capability
and lower tunneling voltage.[11:1420]

In integrated circuits, digital inverters are fundamental com-
ponents that are crucially important. In CMOS technology,
inverters are typically implemented using both NMOS and
PMOS transistors. In NMOS logic, the same function can be
achieved using an N-type FET and a resistor (or a depletion-mode
N-type FET).”] Figure 3d illustrates the circuit schematic of an
inverter logic implemented after pre-storing holes in FGS. Dur-
ing the process of scanning Vi, from —15 to 15 V (Figure 3e),
electrons are first stored in FGD followed by holes storage.
The channel transitions from a p-n junction to an n-n junction
and the resistance of the double floating gate memory changes
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Figure 3. Multi-level nonvolatile memories and digital inverters based on 2D WSe, lateral homojunction. a) Retention characteristics of the non-volatile
memory by recording the evolution of three current level (Ips) over time, after adjusting the polarity of the charges within the two floating gates and
reading Ips at Vps = +1V at room temperature. The three numbers in parentheses represent the polarity of the pulse applied to the control gate, the
polarity of the pulse applied to the DTD, and the polarity of Vs, respectively. For example, (1, 1, 1) indicates applying a +30 V, 160 ns pulse to the
control gate, then applying a+15V, 1.6 ps pulse to DTD, and subsequently measuring Ips at Vpg = 1V. b,c) Endurance characteristics of the non-volatile
memory by cyclically switching the three current level, while the FGS was pre-stored electrons b) and holes c), by alternately applying Viprp puises =15V,
1.6 s and reading Ips at Vg = +1V. d,f) Circuit diagram of the inverter based on a WSe, homojunction, in which the FGS (or FGD) was storing holes,
the source electrode is grounded, drain and DTD (or DTS) electrodes are connected to the output and input terminals, respectively, Vp is connected
with a 5 GQ resistor to drive the device. ) Output curves of the inverter with DTD as the input at various Vpp (Vpp = 0.5 V for black curve and then
increases from 0.5 to 2.5 V in a step of 0.5 V). The inset shows the voltage gain under Vpp = 2.5 V. g) Output curves of the inverter with DTS as the input
at various Vpp (Vpp = 0.5 V for black curve and then changes from 0.5 to 3 V in a step of 0.5 V). The inset shows the voltage gain under Vpp = 3.0 V.

from ~10° to ~#10° Q. Figure 3f depicts the circuit schematic of
an inverter configured after pre-storing holes in FGD. During
the Vppg scanning process from —15 to 15 V (Figure 3g), the
FGS initially stores electrons followed by holes injection. This
results in a transition of the channel from an n-p junction to
an n-n junction, accompanied by an increase in the resistance
of the double floating gate memory from ~10"* to ~10° Q. As
Vpp increases, the gain of the inverter also increases (Figure S5,
Supporting Information). At Vpp = 2.5V, the gain of the inverter
configured in Figure 3e is 2.7. At V, = 3.0 V, the gain of the
inverter configured in Figure 3g is 4.3.

The p-n junction can serve as a photovoltaic device, as the
photo-excited charge carriers under light irradiation can sepa-
rate under the built-in electric field to form a voltage difference.
Figure 4a presents the schematic diagram of the WSe, homo-
junction under 633 nm laser irradiation. Figure 4b shows the
Ing-Vps curves at Vig ranging from —1 to 1 V of the WSe, dou-
ble floating gate homojunction forming a p-n junction (bottom)
and an n-p junction (top) in the dark and under light illumina-
tion of a 633 nm, 5.63 nW laser. The black curve in the dark con-
dition shows obvious rectification behavior. Under the 5.63 nW
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laser illumination, the p-n junction produces an obvious pho-
tocurrent, showing a positive open-circuit voltage (Vo) and a
negative short-circuit current (I5.). Both homojunction exhibit
nearly identical photo-current responses under the same power
and wavelength laser illumination, indicating good device sym-
metry. For the n-n junction (Figure S6b, Supporting Informa-
tion), there is no significant difference in current between dark-
ness and laser irradiation. For the p-p junction (Figure S6a, Sup-
porting Information), however, it exhibits a different behavior. It
shows the same large photocurrentat Vg =1Vand Vg =-1V,
symmetrically, but does not exhibit the photovoltaic effect. This
indicates that the photovoltaic and photoelectric effects can only
be realized for the WSe, p-n and n-p homojunction. With the in-
crease in laser power from 0.09 to 180 nW, V. and Iy of the
Ins-Vps curve gradually increases, which is shown in Figure 4c,
indicating the device’s capability for photovoltaic energy conver-
sion. Figure 4d shows the dynamic performance of the WSe, p-
n junction and n-p junction under cyclic operation with dark-
ness and 5.63 nW laser irradiation. It can be observed that the
photocurrent quickly responds to low-power laser irradiation.
The directions of the photocurrent in the p-n junction and n-p

© 2025 Wiley-VCH GmbH
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Figure 4. Photovoltaic and optoelectronic characteristics of WSe, p-n and n-p junctions. a) Schematic diagram of a WSe, homojunction device under
633 nm laser illumination. b) Output curves of WSe, n-p (upper panel) and p-n (lower panel) junctions in the dark (black) and under 633 nm laser
illumination with a power of 5.62 nW (red). c) Ips-Vps output curves of the 2D WSe, p-n homojunction in the dark and under light illumination by a
633 nm laser with different power levels. The laser power increases from 0 (black) to 0.09 (red), 0.22 (blue), 2.8 (green), 22.4 (violet), and 180 (khaki)
nW. d) Time-dependent short-circuit photocurrent for WSe, n-p (red) and p-n (blue) junctions in the dark and under 5.62 nW 633 nm laser illumination
at Vpg = 0V, indicating that the WSe, p-n and n-p junction shows an apparent and robust photoelectrical response. e) photocurrent of the WSe, p-n
junction under illumination by a 633 nm laser with increasing power levels at Vg = 0 V. f) Output electrical power (Pg,) as a function of Vs under

different laser powers.

junction are opposite because of the opposite directions of the
built-in electric fields. The photocurrent in the p-n junction is
back forward at Vi, = 0V, while the photocurrent in the n-p junc-
tion is forward. This ability for fast detection under weak light
can be further developed into photonic devices, photovoltaic de-
vices, and optoelectronic logic devices. Figure 4e shows the pho-
tocurrent of the WSe, p-n homojunction as it varies with laser
power from 0.09 to 180 nW. A clear photocurrent switching be-
havior can be observed. The electrical power (P, ) is plotted in
Figure 4f, which can be calculated by Py, = I X Vpg. The max-
imum output electrical power (Pg ..,) varies from V5 = 0.60
to 0.86 V, which implies that the optimal output working voltage
for these devices, when utilized in photovoltaic cells to achieve
maximum energy conversion, is 0.7 V. The fill factor (FF =
Py max/Isc X Voc), electrical power conversion efficiency (7gpc
= Pg max/ Plaser)» Photovoltage responsivity (Vo /Pyge,), and open-
circuit voltage can also be extracted, as shown in Figure 5a. The
power conversion efficiency can reach 0.53%. By selecting an
appropriate thickness, the transparency of the material can be
balanced with the efficiency of photoelectric conversion.['!] As
shown in Figure 5b, I and P, exhibit the following exponen-
tial relationship:

ISC & Plaser (2)

Adv. Funct. Mater. 2025, 2423196

with a fitted exponent a = 0.96. Within the range of laser power
used in the experiment, no saturation of the short-circuit current
is observed, suggesting the presence of sufficient defect states in
the WSe, material. The external quantum efficiency (EQE) rep-
resents the ratio of collected charge carriers to the number of in-
cident photons:

ISC = Plaser X EQE X /16/’16 (3)

where 4, ¢, h, and ¢ are the wavelength of the incident light, elec-
tron charge, Planck’s constant, and speed of light, respectively.>®!
The peak EQE in this device is 2.4%, as illustrated in Figure
5c. The photoelectric performance of our devices, in comparison
with other WSe, p-n junction devices, is detailed in Table S1 (Sup-
porting Information).

For the steady-state open-circuit condition, the carrier con-
centration of the p-n junction is determined by the balance be-
tween the photo-generated carriers and the interlayer recombi-
nation carriers. The resulting open-circuit voltage (V) can be
described by the following formula:

AVoc

dln (P laser)

2423196 (6 of 9)

=2
p

ky

e

)

© 2025 Wiley-VCH GmbH

85UL0| 7 SUOLILLIOD A TeR.D 3|qeal|dde aup Aq peusenob ae ssjoiiie YO ‘8sn JO Sa|nJ Joj A%eiq 1T aUIUQ 4|1/ UO (SUONIPUOD-PUR-SW.B)WI0Y" A8 1M Afe1q U1 UO//SANY) SUONIPUOD pUe SW.B | 31 89S *[GZ0Z/70/9T] U0 Ariq18uliuQ 8|1 ‘Seausds JO Awspedyy 8ssuIyD SISAUd JO aImisu| Ag 96TEZYZ0Z W IPe/200T OT/I0p/wWoo A8 | 1M Aeid 1 pul U0 peoUeApe//Sdny Wolj papeojumod ‘0 ‘8Z0E9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

a

www.afm-journal.de

laser power (nW) Voc (V) Isc (A) PeL, max (W) Fill factor | Efficiency (%) Rea%g\r/'l;lvv)lty
0.09 0.60 7.41x10™"3 2.91x10™"® 0.65 0.32 6.67
0.22 0.68 2.70x10"? 1.16x107"? 0.63 0.53 3.09
2.8 0.76 1.58x10™ 7.99x10712 0.67 0.29 0.27
22.4 0.84 1.41x1071° 7.76x10°" 0.65 0.35 0.04
180 0.86 1.03x10° 5.58x1071° 0.63 0.31 0.005
b . C )5 d o9
“l m
0.9} a=0.96 0.8+
—~ o I —~
< 06 X120 S
Q o)
= 0.3 8 1.5 " =
: =l 0.6
0.0 . . o5
0 50 100 150 200 1.0 =350 100 150 200 704 1 10 100
Plight (nW) Plight (nW) Plight (nW)

Figure 5. Short-circuit current (Isc) and open-circuit voltage (Vo) as a function of incident laser power (Pj,.,) for the WSe, p-n homojunction.
a) Summary of the optoelectronic properties of the WSe, homojunction under different laser powers, including open-circuit voltage (Vc), short-circuit
current (Isc), maximum output electrical power (Pg yax), fill factor (FF), electrical power conversion efficiency (ngpcg), and responsivity. b) Isc as a
function of P, showing a power-law relationship of Isc & P s, * with @ = 0.96. ¢) P,..,-dependent EQE extracted by fitting the Igc-P,, curve in (b).
d) Voc as a function of P, on a logarithmic scale, where f = 1.53 is extracted from the linear fitting curve.

where T is the absolute temperature and f is the recombination
order. When f = 1, the recombination process is mainly governed
by monomolecular (Shockley-Read-Hall, SRH) recombination,
but when g = 2, it is mainly governed by bimolecular (Langevin)
recombination.l*®! The fitting from the experimental results in
Figure 5d yields p = 1.53. This indicates that both recombina-
tion processes, SRH and Langevin, are at play in the device, sug-
gesting that WSe, material still contains a certain amount of de-
fect states. The device’s photovoltaic response (V¢ /P, ) reaches
6.67 x 10° V W~! at a laser power of 0.09 nW, indicating that the
device qualifies as an ultra-sensitive photodetector. This double-
gate storage device can serve as a more flexible optoelectronic
memory, capable of storing and converting photoelectric infor-
mation, and allowing for easy adjustment of the device configu-
ration.

3. Conclusion

In conclusion, a novel non-volatile programmable WSe, 2D lat-
eral p-n junction, based on van der Waals heterostructures, has
been successfully fabricated employing a dual-floating-gate de-
vice architecture. By injecting charges into the two floating gates,
it is possible to achieve four different doping configurations of
the homojunction: p-n, n-p, n-n and p-p. The WSe, p-n and n-
p junctions exhibit nonvolatile and reconfigurable characteris-
tics, with a rectification ratio close to 10° and similar ideal fac-
tors of ~#1.56 and 1.57. Additionally, the WSe, p-n and n-p junc-
tions demonstrate highly sensitive photoelectric and photovoltaic

Adv. Funct. Mater. 2025, 2423196
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responses to low-power 633 nm laser illumination. When the
laser power is 0.22 nW, the photoelectric conversion efficiency is
0.53%, and when the optical power is 0.09 nW, the photovoltaic
response is 6.67 X 10° V WL, This new type of lateral dual-gate
structure provides a new development direction for future elec-
tronic and optoelectronic devices.

4. Experimental Section

Fabrication of the Device: The WSe,, hBN, and graphite bulk crystals
were purchased from 2D Semiconductors, HQ Graphene, and NGS Natur-
graphit, respectively. The silicon chip with 285 nm silicon dioxide was first
treated with oxygen plasma. Then the multi-layer graphene was dry trans-
ferred using 3 M Scotch tape, annealed at 400 degrees Celsius in a vac-
uum furnace with 10% H,/Ar atmosphere for 200 min. Then, the few-
layer graphene was patterned by electron-beam lithography and treated
with oxygen plasma. With the aid of a transfer stage under an optical mi-
croscope, the mechanically exfoliated hBN, WSe, on PDMS were aligned
and transferred onto the graphene floating gates inside a glovebox with
0O, and H,0 concentrations below 0.1 ppm. The 5/50 nm Cr/Au metal
electrodes were fabricated using regular EBL, EBD, and lift-off processes.
Atomic force microscopy (AFM, Asylum Research, Cypher S) was used
under ambient conditions in tapping mode to measure the thicknesses of
WSe,, hBN, and MLG flakes. The fabrication process scheme is illustrated
in Figure S1 (Supporting Information).

Electrical Characterization of the Device: The electrical properties of the
devices were probed with a Keithley 4200 semi-conductor characterization
system (4200-SCS) in a Lake Shore vacuum chamber (~10~* Pa) at room
temperature. The voltage pulses with FWHM of 160 ns were performed in
the 4200-SCS system equipped with 4225-PMU and 4225-RPM units. The
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devices were illuminated with a 633 nm wavelength laser, and an attenua-
tor was used to adjust its power. The laser intensity was measured using
an optical power meter.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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