
Light-Triggered Anti-ambipolar Transistor Based on an In-Plane
Lateral Homojunction
Hecheng Han, Baoqing Zhang, Zihao Zhang, Yiming Wang, Chuan Liu, Arun Kumar Singh, Aimin Song,
Yuxiang Li,* Jidong Jin,* and Jiawei Zhang*

Cite This: Nano Lett. 2024, 24, 8602−8608 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Currently, the construction of anti-ambipolar transistors
(AATs) is primarily based on asymmetric heterostructures, which are
challenging to fabricate. AATs used for photodetection are
accompanied by dark currents that prove difficult to suppress, resulting
in reduced sensitivity. This work presents light-triggered AATs based
on an in-plane lateral WSe2 homojunction without van der Waals
heterostructures. In this device, the WSe2 channel is partially
electrically controlled by the back gate due to the screening effect of
the bottom electrode, resulting in a homojunction that is dynamically
modulated with gate voltage, exhibiting electrostatically reconfigurable
and light-triggered anti-ambipolar behaviors. It exhibits high
responsivity (188 A/W) and detectivity (8.94 × 1014 Jones) under
635 nm illumination with a low power density of 0.23 μW/cm2, promising a new approach to low-power, high-performance
photodetectors. Moreover, the device demonstrates efficient self-driven photodetection. Furthermore, ternary inverters are realized
using monolithic WSe2, simplifying the manufacturing of multivalued logic devices.
KEYWORDS: weak light detection, asymmetric structure, self-driven photodetection, light-triggered anti-ambipolar transistors

Distinctly different from unipolar field-effect transistors
and conventional ambipolar devices, anti-ambipolar

transistors (AATs) are devices that exhibit a convex-shaped
transfer characteristic, where the channel electrical conduc-
tance peaks at a specific gate bias.1,2 Typically, AATs are based
on asymmetric device structures in which n-type and p-type
semiconductors are located at both ends, creating a p-n
heterojunction at the middle overlapping part.1,2 Particularly,
the turn-on voltage of a p-type semiconductor needs to be
larger than that of the n-type counterpart.1−3 It is generally
assumed that the spike-shaped transient current of AATs
occurs when both p- and n-channels in series are
simultaneously in the on-state.1−3 Hence, the design of
AATs requires carefully matched turn-on voltages for the p/
n-type semiconductors, precisely controlled carrier density, and
elaborate energy band alignment.1,2 Currently, researchers
have developed many outstanding AATs, including MoS2/
MoTe2,

4,5 1D GaAsSb/2D MoS2,
3 InSe/WSe2,

6 MoTe2/SnS2,
7

and more. In fact, this anti-ambipolar characteristic has crucial
applications in logic circuits, optoelectronics, and quantum
superposition state processing.1−3,8,9 For instance, by utilizing
the flipping of transconductance, these devices can be applied
to construct frequency doublers, binary phase-shift keying, and
ternary inverters.1−3 Additionally, recent studies have found
that light can act as a switch to realize the device conversion
between binary and multivalued logic (MVL), providing a new

paradigm for information encryption.4 Additionally to the
aforementioned features, adjusting the different energy band
alignments within the heterojunction through gate control
enables the manipulation of the separation and transport of
photoinduced carriers, enabling optimization of photocurrent
amplitude.3,4 This characteristic can be utilized for the effective
capture of optical signals.3,4

By constructing AATs based on heterojunctions, researchers
have successfully employed a gate-controlled modulation
strategy to achieve effective acquisition of optical signals.3,4

However, these photodetectors operate when both p-type and
n-type semiconductors conduct simultaneously, making the
carrier concentration of these gate-tunable photodetectors
largely subject to gate control rather than the optical signal.3,4

This is bound to result in higher dark current and consequently
high power consumption, thereby reducing detectivity and the
ability to capture weak optical signals. Achieving both the off
state (dark condition) and the light-triggered anti-ambipolar
state with the same gate modulation can enhance weak optical
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signal detection. Nevertheless, studies of light-triggered anti-
ambipolar transistors with extremely low dark current remain
limited. This may result from the challenging fabrication of
anti-ambipolar heterodiodes and the lack of effective light-
triggered anti-ambipolar transistor fabrication strategies.3

In existing methods, AATs are constructed based on
heterojunctions, requiring sophisticated transfer techniques.4−6

Unfortunately, precise transfers entail a certain risk of failure,
increased operational complexity and time costs.10−12 More-
over, the band structure of two-dimensional (2D) materials
changes significantly with layer count, requiring precise
identification techniques.13,14 In principle, the energy bands
of both the p/n-type semiconductors and the intermediate
heterojunction change simultaneously under gate modula-
tion.4−6 Furthermore, when irradiation is introduced, it is
almost impossible to ascertain the principles.3,15 Indeed, the
principles guiding conventional AATs are controversial, while
the physical principles of light-triggered anti-ambipolar
transistors are even more intricate.3,4 Therefore, there is a
need to develop structurally optimized AATs without van der
Waals (vdW) heterojunctions to simplify fabrication and
address theoretical research challenges.3

This work presents the demonstration of light-triggered
WSe2 AATs without vdW heterostructures, for the con-
struction of highly sensitive photodetectors. In this device, the
WSe2 channel can be divided into two regions: either
modulated or unmodulated by the back gate through the
screening effect of the bottom metal electrode. The built-in
electric field direction of WSe2 AATs changes with the
variation of gate voltage (VG) due to unilateral electrical
control of the back gate, exhibiting electrostatically reconfig-
urable and light-triggered anti-ambipolar transport behaviors.
It is worth noting that the WSe2 AATs achieve low dark
current (0.69 pA) and a sensitive response to light due to
phototriggered anti-ambipolar transport occurring in the
depletion region (dark condition). The device exhibits high
responsivity (188 A/W) and detectivity (8.94 × 1014 Jones)
under 635 nm illumination with a weak power density of 0.23
μW/cm2. Additionally, an extremely high responsivity of 1.97
× 1011 V/W can be realized with very low power consumption
(0.412 nW) through WSe2 AATs connected to an external
resistor. Moreover, WSe2 AATs with asymmetric electrodes
exhibit excellent self-driven photodetection performance, with
a high responsivity of 20.2 A/W and a detectivity of 2.1 × 1013
Jones. Therefore, the presented device structure has diverse
application prospects in low-power photodetection. Finally,
ternary inverters are fabricated using a monolithic WSe2,
significantly simplifying the manufacturing of MVL circuits.
Figure 1a illustrates the schematic structure of a WSe2 AAT.

The fabrication method for the WSe2 AAT device is detailed in
section 1 of the Supporting Information. The Raman spectrum
shown in Figure S1 reveals a peak difference of 10 cm−1

between the E2g1 and A1g vibration modes of WSe2, indicating
that the channel material in the device is multilayer WSe2.

16,17

In the WSe2 AAT, the WSe2 region on SiO2 can be modulated
by electrical control of the back gate, while the WSe2 region on
Ti is only weakly modulated due to the screening effect of the
bottom electrode.18 Figure 1b shows the top view of a WSe2
AAT. Figure 1c illustrates the transfer curve (ID−VG at VD =
−1 V) of the WSe2 AAT when illuminated with a 635 nm light
source, revealing a distinct convex-shaped anti-ambipolar
transfer characteristic. Within the green shaded region, the
WSe2 AAT shows a decrease in drain current in the negative

VG direction under illumination. The peak-to-valley ratio of
our device is 29.3 under 635 nm light illumination with a
power density of 20.61 μW/cm2, which is comparable to that
of previously reported devices based on two-dimensional
materials.19−24 Moreover, a comparable anti-ambipolar transfer
characteristic is evident when applying drain voltages of VD =
−0.5 V, −1 V, −1.5 and 1 V (detailed device electrical
properties can be found in section 2 of the Supporting
Information). The corresponding transconductance (gm) with
respect to the VG under illumination is shown in Figure 1d,
where negative differential transconductance can be clearly
observed.
To investigate the distinctive phenomena exhibited by this

device, a series of electrical tests were conducted under both
dark and light illumination conditions. The transfer curve of
the device under dark conditions demonstrates that the device
polarity can be reconfigured as either p-type or n-type when
the drain bias is set at −1 or 1 V respectively, as illustrated in
Figure 2a. The device’s dark current was 0.69 pA, with on/off
current ratios for both n- and p-type transistors approximately
equal to 103. The green shaded region in Figure 2a consistently
remains in the off state, regardless of whether a positive or
negative drain bias is applied. Moreover, the light-triggered
anti-ambipolar transport behavior precisely occurs in this
green-shaded region when a negative drain bias (VD = −1 V) is
applied. This phenomenon is quite different from the previous
research, where anti-ambipolar transport behavior typically
occurs when both p- and n-channels are simultaneously in the
on-state.3,25 The reconfigurable transfer behavior of this device
can be attributed to the in-plane homojunction, which
undergoes changes in response to variations in VG.

18 The
homojunction effectively blocks the injection of charge carriers
from the bottom electrode,18 while holes and electrons can be
injected from the top electrode by tunneling through narrow
Schottky barrier.18,26,27 Therefore, this WSe2 AAT exhibits
reconfigurable transfer behavior in the dark, and its direction
can be determined by VG. For detailed energy band diagrams
and the ID-VD curve of the device without illumination, please
refer to section 3 of the Supporting Information.

Figure 1. Device structure and transfer characteristics of the WSe2
AAT. (a) Schematic of the WSe2 AAT. (b) Optical image of the WSe2
AAT. (c) ID−VG curve of the WSe2 AAT under illumination (λ of 635
nm and power density of 20.61 μW/cm2). (d) gm−VG curve of the
WSe2 AAT under illumination (λ of 635 nm and power density of
20.61 μW/cm2).
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Figure 2b illustrates the ID−VD characteristics of the WSe2
AAT under 635 nm illumination (power density = 20.61 μW/
cm2). As VG changes from −10 to 0 V, both the short-circuit
current (Isc) and open-circuit voltage (Voc) of the AAT
undergo changes in sign, indicating a change in the polarity of
the built-in electric field.28,29 At VG = −3 V, it is notable that
there are minimal photovoltaic effects, suggesting the absence

of a significant built-in electric field.28,29 This suggests that
modulation of VG may align the energy bands of two regions:
WSe2 on the Ti bottom electrode and WSe2 on SiO2, leading
to the occurrence of light-triggered anti-ambipolar transport
behaviors. Whether VG is increased or decreased, a
homojunction is generated in the boundary between the two
regions, resulting in a decrease in photocurrent. Thus, we
preliminarily infer that these unique phenomena may be
attributed to the dynamically modulated homojunction with
the back gate. The Fermi level (EF) of 2D materials can be
determined using EF= ℏνF√n, where ℏ is the reduced Planck
constant, n is the carrier concentration, and νF is the Fermi
velocity (5.0 × 105 m/s in WSe2).30,31 When the VG changes
from zero to −3 V, the calculated EF shift is −82.8 meV. Since
the WSe2 located on the bottom Ti electrode is not subject to
gate modulation, its EF can be considered constant. Thus, at
zero gate voltage, the difference in EF between the two regions
is approximately 82.8 meV. The existence of the in-plane
homojunction was further confirmed using Kelvin probe force
microscopy (KPFM). The partial atomic force microscopy
(AFM) image of the WSe2 anti-ambipolar transistor is shown
in Figure 2c. The work functions of WSe2 in the highlighted
region in Figure 2c were determined by measuring the contact
potential difference (ΔVCPD) between the KPFM tip (ΦTip)
and WSe2 film (ΦS), and then subtracting ΔVCPD from ΦTip
(ΦS = ΦTip − ΔVCPD).19 Figure 2d shows KPFM mapping
image and corresponding regional work-function histograms.
The average work functions were 4.55 eV for WSe2 on Ti and
4.47 eV for WSe2 on SiO2 regions, which aligns with the
calculation results. This difference in work function of WSe2 on
different regions could be attributed to the construction of
asymmetric electrodes32,33 The measured thickness of the
WSe2 nanosheet and the Ti electrode in the device, along with

Figure 2. Formation of the in-plane homojunction. (a) ID−VG curves
of the WSe2 AAT under dark and light illumination (λ of 635 nm and
power density of 20.61 μW/cm2). (b) ID−VD curves of the WSe2 AAT
under illumination (λ of 635 nm and power density of 20.61 μW/
cm2). (c) Partial AFM image of the WSe2 AAT. The dotted square
blocks indicate the KPFM mapping area. (d) KPFM mapping image
and work function histograms of the dotted square blocks in panel c.

Figure 3. Mechanism of anti-ambipolar transport behavior. (a) Experimental setup for obtaining SPCM images of the WSe2 AAT. (b) Top-view
optical image of the WSe2 AAT for SPCM measurements. (c) SPCM images of the WSe2 AAT at different gate voltages with a VD of −1 V. (d)
Energy-band diagrams of WSe2 AAT under light illumination. Red and blue circles indicate photogenerated carriers and gate-induced carriers,
respectively.
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a plausible explanation of the formation of in-plane
homojunction, can be found in section 3 of the Supporting
Information.
To validate the operational mechanism of the WSe2 AAT,

scanning photocurrent microscopy (SPCM) images were
acquired by utilizing a focused laser beam to scan the device
and record the induced photocurrent. The experimental set up
for obtaining SPCM images of the WSe2 AAT is depicted in
Figure 3a. The top-view optical image of the WSe2 AAT for
SPCM measurements is depicted in Figure 3b. Figure 3c
presents SPCM images of the WSe2 AAT under different gate
voltages, revealing distinct photocurrent distributions. At VG =
−10 V, minimal photocurrent is observed across the transistor.
At VG = −3 V, the photocurrent almost covers the entire
transistor, whereas at VG = 0 or 10 V, the photocurrent is
mainly generated at the Ti bottom electrode edge covered by
WSe2. Based on the above phenomena, the principle of the
light-triggered anti-ambipolar transistor is depicted in the
Figure 3d. Carriers in the light-triggered WSe2 AAT are
divided into photogenerated and gate-induced, represented by
red and blue circles in Figure 3d. Anti-ambipolar transport
occurs when p- and n-channel are simultaneously in off-state.
Consequently, a state exists in which the energy bands of WSe2
on Ti and SiO2 align, resulting in a very low carrier density in
the channel. This state can be considered as a depletion state,
leading to an off-state in the dark. However, an external light
source can effectively enhance the production of photo-
generated electrons and holes, simultaneously separating them
under the applied bias voltage, resulting in a significant current
signal.19 At this point, photogenerated electrons and holes
jointly dominate anti-ambipolar transport, leading to the peak
photocurrent. This inflection point is marked by VG = Vpeak.
When VG < Vpeak, electrostatic doping induced by the gate
potential shifts the EF of WSe2 on SiO2 downward, increasing
holes in the channel.34 The direction of the built-in electric
field is opposite to the direction of the applied bias.34 The
photocurrent induced by drain bias is offset by the photo-
generated carriers within the homojunction.19 Moreover,
increasing VG intensifies the built-in electric field. Con-
sequently, the requirement for the drain bias to overcome
the built-in electric field increases, resulting in a significant
drop in current. When VG > Vpeak, the EF of WSe2 on SiO2 up-
shifts, and the photocurrent is dominated by the built-in
electric field due to the same direction of the built-in electric
field and the drain bias. The channel area on SiO2, which
occupies a significantly larger area, makes a weak contribution
to the current, resulting in a decrease in the overall current.
Thus, the transformation of the built-in electric field,
controlled by the unilateral back gate, is the key factor causing
light-triggered anti-ambipolar transport behavior.
To evaluate self-powered photodetection performances of

the WSe2 AATs with asymmetric electrode structures, various
photoelectric characterizations were conducted under 635 nm
illumination, as illustrated in Figure 4. Figure 4a shows the ID−
VD curves of the WSe2 AAT under dark and light conditions
with variable incident flux. As the light power density increases
from 8.21 μW/cm2 to 28.72 μW/cm2, there is an increase in
both the Isc and Voc. Figure 4b illustrates the time-dependent
properties of the WSe2 AAT under different light power
densities, showing consistent and stable photoelectric signals,
which highlight the device’s robustness. Figure 4c depicts the
photoresponse waveform of the WSe2 AAT as measured by
oscilloscope, revealing a fast photoresponse with a rising time

of 215 μs and a decay time of 292.5 μs. The calculation of the
photodetector device performance parameters is provided in
section 4 of the Supporting Information. The responsivity and
detectivity of the device decreases with increasing incident
light power, as depicted in Figure 4d. Notably, at 8.21 μW/
cm2, the device demonstrates a high responsivity of 20.2 A/W
and detectivity of 2.1 × 1013 Jones. Overall, the responsivity
and detectivity of our device are comparable to or improve
upon those of other self-driven photodetectors based on 2D
materials (see Table S1). These findings highlight the potential
of the WSe2 AATs as efficient photodetectors.
When very weak light is used (e.g., 1.51 μW/cm2) to

measure the self-driven photocurrent of the WSe2 AAT, the
resulting self-driven photocurrent becomes extremely small
(see Figure S7). Despite this, anti-ambipolar transport persists
when the device is illuminated with weak light at power
densities ranging from 0.23 to 2.88 μW/cm2, as shown in
Figure 5a. The high sensitivity of the WSe2 AAT to weak light
can be attributed to the following main factors. First, the device
exhibits low dark current in the pA range, thereby
demonstrating high sensitivity,35−43 as depicted in the inset
of Figure 5a. Second, when light-triggered anti-ambipolar
transport occurs, the entire WSe2 channel serves as a
photosensitive area. Furthermore, the WSe2 AAT demonstrates
a strong correlation between peak-to-valley ratio and light
intensity (see Figure S8a). Due to this strong correlation, it can
be utilized in various applications, including photodetection,
circuit logic, and information encryption.3,4 Figure 5b
illustrates consistent and stable time-dependent properties of
the WSe2 AAT under variable weak light illumination. As
depicted in Figure 5c, the responsivity and detectivity of the
WSe2 AAT show a decreasing trend with increasing light
power density in the range of 0.23 to 2.88 μW/cm2. The R2
value of the linear fit for both responsivity and detectivity in
Figure 5c is 0.9916, indicating excellent linearity. Notably, the
device demonstrates a very high responsivity of 188 A/W and
detectivity of 8.94 × 1014 Jones at an incident light power of

Figure 4. Self-powered photoelectric detection performance of the
WSe2 AAT with an asymmetric electrode architecture. (a) ID−VD
curves of the WSe2 AAT under dark and laser illumination (λ of 635
nm) with various power densities. (b) Time-dependent photo-
response properties of the WSe2 AAT under laser illumination (λ of
635 nm) with various power densities. (c) Photoresponse waveform
of the WSe2 AAT captured on the oscilloscope. (d) Responsivity
(black squares) and detectivity (red squares) of the WSe2 AAT as a
function of illumination intensity.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c01679
Nano Lett. 2024, 24, 8602−8608

8605

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01679/suppl_file/nl4c01679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01679/suppl_file/nl4c01679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01679/suppl_file/nl4c01679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01679/suppl_file/nl4c01679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01679/suppl_file/nl4c01679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01679/suppl_file/nl4c01679_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01679?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c01679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


0.23 μW/cm2. A comparison with previously reported weak
light detectors is presented in Figure 5d. Our WSe2 AAT
demonstrates comparable to or even better responsivity and
detectivity compared to those of previously reported weak light
detectors36−43 (see Table S2).
To improve weak light response and reduce power

consumption, a resistor was integrated with the WSe2 AAT
to create a circuit, as shown in Figure S8b (detailed test results
of the circuit are available in section 5 of the Supporting
Information). The circuit exhibits a very high responsivity of
1.97 × 1011 V/W at 0.23 μW/cm2 (see Figure S8d), surpassing
that of typical weak light photodetector. Moreover, the circuit’s
power consumption is remarkably low, measured at 0.412 nW
(see Figure S8e), indicating a promising new approach for low-
power, high-sensitivity photodetectors. Finally, a ternary
inverter was constructed using monolithic WSe2 and its
schematic diagram is shown in Figure 5e. Figure 5f shows
the voltage-transfer characteristics of the ternary inverter under
laser illumination (λ = 635 nm, power density = 2.61 μW/cm2)
when VDD equals 3 V, with the inset displaying the circuit
diagram of the ternary inverter. The inverter achieved three
distinct states: an intermediate value (logic state “1”), as well as
high (logic state “2”) and low (logic state “0”) voltage values
(More detailed information on the light-triggered ternary
inverter is presented in section 6 of the Supporting

Information). This ternary inverter can significantly simplify
the manufacturing challenges associated with MVL circuits.
In conclusion, we have demonstrated a light-triggered AAT

based on in-plane lateral WSe2 homojunctions, diverging from
the use of established vdW heterostructure design. Our
findings reveal a unique light-triggered anti-ambipolar trans-
port phenomenon distinct from previous systems, wherein
spike-shaped currents occur when both p- and n-channels are
simultaneously in the on-state. Through the screening effect of
the bottom electrode, the WSe2 channel on substrate, rather
than the bottom electrode, is electrically controlled by the back
gate, resulting in a homojunction dynamically modulated with
VG. This VG modulation can align the energy band of WSe2 in
two regions (modulated or unmodulated region), leading to
light-triggered anti-ambipolar behavior. Upon increase or
decrease of VG, a homogeneous junction is generated at the
boundary, thereby decreasing photocurrent. The WSe2 AAT
exhibits low dark current (0.69 pA) and a sensitive response to
light due to phototriggered anti-ambipolar transport occurring
in the depletion region (dark condition). It demonstrates high
responsivity (188 A/W) and detectivity (8.94 × 1014 Jones)
under 635 nm illumination with a weak power density of 0.23
μW/cm2, offering a new approach to high-performance
photodetectors. Additionally, this asymmetrical architecture
also holds the potential to facilitate advances in self-power
photodetection and multivalued logic circuits.

Figure 5. Weak light detection and ternary Inverter. (a) ID−VG curves of the WSe2 AAT under dark and light illumination (λ of 635 nm) at
different power densities (0.23−2.88 μW/cm2). The inset shows a close-up of the ID−VG curve of the WSe2 AAT under dark conditions when −4 V
< VG < −2 V. (b) Time-dependent photoresponse properties of the WSe2 AAT under light illumination (λ of 635 nm) at different power densities
(0.23−2.88 μW/cm2). (c) Responsivity and detectivity of the WSe2 AAT as a function of power density ranging from 0.23 to 2.88 μW/cm2. (d)
Summary of performance metrics for weak light detectors. (e) Schematic of the WSe2 ternary inverter. (f) Voltage-transfer characteristics of the
ternary inverter (VDD = 3 V).
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