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The growing need for efficient processing of large amounts of data
in compact electronic systems is driving interest in investigating
alternative device architectures. 2D material-based devices exhibit-
ing anti-ambipolar behaviour represent a promising option to
address this need. In this work, we investigate a WSe,-based field-
effect transistor that shows ambipolar conduction with dominant
n-type behaviour in the dark. Under illumination, using either
diffuse white LED light or a collimated red laser, the device exhibits
a transition to anti-ambipolar transport, with a prominent current
peak in a narrow driving voltage range, which is desirable for fast
switching logic applications. This response allows for the identifi-
cation, under controlled illumination conditions, of three distinct
current levels in three different bias regions, which are suitable for
implementing a three-state logic device. The peak amplitude varies
linearly with light intensity, and the corresponding photodetection
performance results in a significant responsivity of 0.13 AW~ under
red laser illumination. The light-induced transition from ambipolar
to anti-ambipolar behaviour is qualitatively described through
energy band diagrams, with the photocurrent peak corresponding
to the n—p transition point observed in the dark.

Introduction

In recent decades, two-dimensional (2D) layered materials,
particularly transition metal dichalcogenides (TMDs), have
attracted widespread attention because of their unique and
tuneable electrical and optical characteristics that make them
appealing for next-generation optoelectronic and circuit
applications.'™ In recent years, exploiting the absence of dang-
ling bonds and the relaxed constraints on lattice matching, van
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transition in WSe,-based FETs
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New concepts

We report a new mechanism to achieve anti-ambipolar transport in a
WSe,-based field-effect transistor (FET) through a light-tunable transition
from its intrinsic ambipolar behavior. While anti-ambipolar responses in
2D devices have so far been primarily realized in carefully engineered
heterostructures, our work demonstrates that illumination alone is
sufficient to reconfigure the transport regime of a single-material device.
In the dark, the transistor exhibits ambipolar characteristics with domi-
nant n-type conduction, but under controlled optical excitation, it evolves
into a clear anti-ambipolar profile. This light-driven transition is not only
reversible and reproducible but also allows the definition of three distinct
current states, enabling ternary logic operation without the need for
complex heterojunction architectures. The peak current scales linearly
with illumination intensity, showing that optical excitation provides a
powerful handle for modulating device behavior. In this way, the same
WSe, FET integrates logic functionality and photodetection within a
compact platform, bridging computation and sensing. By shifting the
focus from structural engineering to optical control, this concept estab-
lishes a versatile route for next-generation optoelectronic systems. The
ability to tune transport regimes by light offers new degrees of freedom
for designing reconfigurable, low-cost, and multifunctional circuits that
combine speed, energy efficiency, and scalability.

der Waals (vdW) heterostructures have been fabricated by stack-
ing different 2D layers of these materials with several methods.
Developing beyond single material devices, these heterostruc-
tures have demonstrated significant potential in various tech-
nologies, including photodetection, transistor operation,
sensing, logic devices and neural network applications.” ™

Building on these developments, 2D materials are now being
considered for next-generation logic architectures in response
to the growing demands of high-speed, compact, and flexible
electronics driven by advances in artificial intelligence and
neuromorphic computing. To meet these challenges, novel
electronic and optoelectronic logic devices, such as ternary
inverters, bipolar components,'® and multi-level systems, are
increasingly needed.

Recently, as a novel feature, anti-ambipolar behaviour,
which contrasts with the more common ambipolar response,
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was found in several 2D/2D heterostructures. Anti-ambipolar
behaviour refers to the drain current reaching a local maximum
at a specific gate voltage, which results in an “A-shaped”
current vs. gate voltage curve rather than the typical
“V-shape” of ambipolar devices. Devices based on this feature
can implement numerous logic functions, such as having more
than two logic states for information storage and information
transmission, which are crucial to simplify the circuit design
and increase their energy efficiency.

This phenomenon was first observed in carbon nanotubes/
MoS, p-n heterojunctions® by Jariwala et al, and it was
attributed to the tunability, with gate bias, of the resistance
of the p and n-type semiconductors in series, which affects the
net series resistance of the channel.

More recently, anti-ambipolarity was investigated in 2D/2D
p—n heterojunctions. The performance of these junctions
depends largely on the threshold voltages of their respective
p-type and n-type materials. The threshold voltage of the p
material needs to be higher than the threshold voltage of the n
material to have this feature, as highlighted by Li et al.’* They
fabricated p—n heterojunctions by using p-WSe,, n-MoS, and
n-SnS,. Apart from choosing the right material combination,
several improvement strategies, such as intentional doping and
increasing carrier concentrations by using thicker TMDs, were
discussed.

Accordingly, Sun et al. > combined a few-layer p-MoTe, with
multi-layer n-InSe to obtain a type II band alignment, which
results in an “A” shape of the transfer curve with a peak-to-
valley ratio of 10°. The quantum confinement effect and the
strong interlayer coupling allow for modulating the bandgap
and carrier concentration of 2D materials by changing their
thickness. Therefore, the threshold voltage of the two compo-
nents can be controlled separately by tuning the number of
layers.

Lv et al'® found the anti-ambipolar behaviour at room
temperature under both dark and illuminated conditions in a
p-WSe,/n-SnS, type II heterojunction. They analysed the phe-
nomenon with an equivalent circuit model and simulations
based on Poisson and drift-diffusion equations. Having a type-
II heterojunction with doped n and p materials is not necessa-
rily enough to observe anti-ambipolarism. It is needed to have a
large vdW barrier at the interface, together with recombination
of electrons and holes at the space charge region to have a
strong peak-to-valley ratio.

Also, other combinations, such as p-MoTe,/n-MoS,'” and
BP/MOoS,,"® have been discovered to show this feature under
different conditions. However, it is still a challenge to fabricate
anti-ambipolar devices with reliable and consistent perfor-
mance, primarily because it requires a highly accurate control
of the on-set voltage and the carrier density of both n-type and
p-type components. Moreover, 2D/2D heterostructures strongly
depend on precise interface quality and multi-layer fabrication
processes that lead to high production costs and complexity,
limiting practical deployment.

In the search for architectures based on a single material,
WSe,-based FETs have attracted significant attention. WSe, is a
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group-VI TMD that exhibits an indirect bandgap of 1.25 eV in
its bulk form, which transitions to a direct bandgap of 1.64 eV
in the monolayer limit. Unlike many other semiconductors,
WSe, typically shows p-type or ambipolar transport behavior,
making it particularly attractive for a variety of electronic and
optoelectronic applications."’

Thakar and Lodha®® demonstrated that ambipolar and anti-
ambipolar transport in a WSe,-based field-effect transistor can
be reconfigured and tuned by using a dual electrostatic control
scheme. Their device employs three back gates: one controls
the channel region, while the other two, connected together,
modulate the regions beneath the metal contacts, affecting the
Schottky barriers. By adjusting the voltages applied to these two
sets of gates, the polarity of each region can be independently
controlled, enabling different transport regimes depending on
the chosen bias configuration. This enables the realization of
multi-bit encoding schemes. The physical mechanism is simi-
lar to that in p-n junction devices.

Simpler architectures were used by Wang et a who
fabricated a WSe,-based field effect transistor with large
Schottky barriers at the metal contact interfaces. Because of
large barriers, under dark conditions, the transistor is in the
off-state, but anti-ambipolar transport occurs under light illu-
mination. Three logic states can be identified in the transfer
curve under illumination by sweeping the gate bias.

In this study, we propose a back-gate WSe,-based field effect
transistor with Ni/Au metal contacts. Under dark conditions,
the device shows a slight ambipolar behaviour with a dominant
n-type conduction, which, under illumination, transforms into
anti-ambipolar transport. The amplitude and position of the
peak in the drain current are tunable by increasing the light
intensity and the sweep delay in the measurement acquisition
system. This phenomenon was investigated under both the
illumination of a white LED ring and a monochromatic red
laser. The light-induced transition from ambipolar to anti-
ambipolar behaviour in WSe, provides multiple degrees of
freedom, enabling precise tuning and control of different
electronic states via gate voltage and/or illumination.

l.,21

Experimental materials

WSe, flakes, whose atomic structure along three axes is dis-
played in Fig. 1a, were mechanically exfoliated by using scotch
tape and successively transferred on a Si/SiO, (85 nm) sub-
strate. Ni/Au (20 nm: 200 nm) metal contacts were deposited by
metal evaporation and patterned through standard photolitho-
graphy and lift-off processes, giving the device shown in the
optical image in Fig. 1b. Raman spectra acquired from other
devices fabricated using the same process, confirming the
structural integrity and material quality of WSe,, are shown
in Fig. S1. The asymmetry in the contacts, arising from the
different geometry, is considered potentially beneficial, as
similar configurations have shown useful effects in WSe,
devices.”® The height profiles, acquired through atomic force
microscopy (AFM) in contact mode, reveal that the multi-layer

This journal is © The Royal Society of Chemistry 2026
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(a) Atomic structure of WSe; along three axes. (b) Optical image of the WSe,-based field effect transistor with Ni/Au metal contacts. (c) AFM

profile extracted along the white line represented in the AFM image in the inset. (d) Schematic of the device showing the measurement set up.

flake is around 50 nm thick. A representative profile is shown in
Fig. 1c. As mentioned above, thicker flakes enable higher
carrier concentration than thinner flakes. The schematic of
the device together with the measurement set up is displayed in
Fig. 1d. We performed electrical measurements in a two-probe
configuration using a Janis probe station equipped with nanop-
robes connected to the source/drain leads. The back gate
voltage was applied through the sample holder of the probe
station that is in direct electrical contact with the substrate. The
measurements were acquired through a Keithley 4200 SCS
Parameter Analyzer at room temperature and pressure. The
photoresponse of the device was investigated using a white LED
ring with a maximum power of 1.4 W and a Thorlabs (639 nm)
red laser with a nominal power of 4.37 mW.

Results and discussion
Section 1: Electrical characterization under dark conditions

We first performed electrical measurements in the dark. Fig. 2a
shows the output curves (45 vs. Vg5 as a function of V) on a
semi-log scale obtained by sweeping Vg5 between —1 and 1 V
and stepping Vg from —20 to 20 V. At Vs = 0 V, the deviation
from linearity in the I4-V4s curve indicates the presence of
Schottky barriers at the metal/WSe, interfaces.”® The drain

This journal is © The Royal Society of Chemistry 2026

current is in the range of tens of pA, confirming that the
contacts are highly resistive and that significant carrier injec-
tion requires applying a gate bias. We limited to &+ 20 V the bias
applied at the gate terminal to avoid stressing the gate oxide
and because the current had already reached saturation within
this range. Beyond the non-linear behaviour, the output curves
are also asymmetric, revealing that the two metal/semiconduc-
tor interfaces contribute differently to charge injection. In
particular, positive drain biases favor charge injection more
effectively, consistent with asymmetric Schottky barriers at the
source and drain.”**® This asymmetry is more pronounced at
positive gate voltages. For clarity, band diagrams describing the
evolution of the Schottky barriers under different gate condi-
tions are included in Fig. S2. The drain current increases while
stepping the gate bias both positively and negatively, revealing
that the device shows a slight ambipolar behaviour.

The ambipolar conduction is confirmed by the transfer
curves (Ig vs. Vg at fixed Vgg) in Fig. 2b and c, acquired at
positive and negative Vg, respectively, by sweeping Vs from 20
to —20 V. Ambipolarity is related to a band shift under the
application of an external field, which is equivalent to displace
the Fermi level between the valence band and the conduction
band, which is possible because of the weak Fermi level
pinning at the metal/WSe, interface. The effective polarity
depends on the thickness of WSe, and the work function of

Mater. Horiz.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01871d

Open Access Article. Published on 12 December 2025. Downloaded on 1/20/2026 3:50:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

(a)

View Article Online

Materials Horizons

10° : P = 10° mbar
3 3 10-9_ T=293K /g o
10-101 .l
— — 10»10- E
< 107 | =
—° 1024 ] —° 10™4 3
104 3 1 10725 :
10—-10 P = 10° mbar 0.1
10 15——-15 T=293K — Reverse sweep —0.5
20— -20 107"% - -- Forward sweep 1 4
10 05 00 0.5 1.0 20 10 0 10 20
Vi (V) Vv, (V)
(c) (d)
— Reverse sweep e P = 10° mbar
104~ -~ Forward sweep ] I 244 T=203K 1
£
— 00—l e 1 S 22 1
< =
% »
=" 10y 3 D 20- |
: )
N A 5
3 3 (/)]
q ™~ -0.5 > 181 4
\ _ T
10™4p = 10° mbar T =293 K —-0.1 . . . . .
-20 -10 0 10 20 -1.0 -0.5 0.0 05 1.0
v, (V) Vi (V)
(e) (f)
26 T T T T T R b Ih : I
P=10°mbar o 1.6 e | -
24| T=293K 1 ¢~ Ve i }
N . Peak fit JiY =
/ 'Y 2 If 1 1
S 99/ i S ; = V=05V L o3 @
el ) \\0 E i 1 f
- ’ 3 84 4 o
= 20 1 o i’
> 4 0.4 Juct=r
184 ;! °
/
164 o i 0.0 g
410 -05 00 05 10 0 10 20
V. (V) Vs V)

Fig. 2

(a) Output curves obtained by sweeping Vys between —1 and 1V at different gate voltages. (b) Transfer curves obtained by double sweeping Ve

between 20 and —20 V at several positive Vs and (c) negative V. (d) Extraction of the hysteresis width from the transfer curves reported in (b) and (c).
(e) Extraction of the shift in the threshold voltage between the forward and the reverse branches of the transfer curves. (f) Identification of the maximum
transconductance along the reverse branch of the transfer curve at V4 = 0.5 V.

the metal contacts.”®?” Ni contacts enable a transition from
p-type transport for thin devices to ambipolar and then n-type
behaviour as the WSe, thickness increases.”® The dominant
n-type behaviour in our device confirms that the Ni Fermi level
is closer to the conduction band of the 50 nm thick WSe, and
injects electrons more easily than holes.>® The p-type beha-
viour, also induced by electronegative adsorbates on the surface

Mater. Horiz.

of the material,***' becomes more pronounced at higher Vg
since the barrier at the valence band becomes thinner.

The on-current I, grows with V4s both at the n and p-type
sides, but this does not determine an increase in the I/l
ratio of the device. For the n-side, it is about three orders of
magnitude (10?) at positive V45 and two orders of magnitude at
negative Vgs.

This journal is © The Royal Society of Chemistry 2026
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By double sweeping the gate bias, a wide hysteresis occurs,
especially at the n-side. Because of the slight ambipolarity the
device shows, it determines a butterfly shape in the transfer
curve. The transition biases between n and p conduction,
corresponding to the minimum I, values in the transfer curves,
exhibit a left shift along the reverse branch and a right shift
along the forward branch, as Vg4 increases in absolute value.

Hysteresis is predominantly due to the defective interface
with the SiO, layer, but also to trapping mechanisms inside the
material and surface-adsorbate-induced traps.*> Measurements
performed in high vacuum, indeed,
hysteresis.>® Under an increasing positive gate voltage (forward
sweep), the acceptor traps capture electrons, so that they can
act as an additional negative gate bias during the application of
a decreasing Vj, (reverse sweep). This produces a right shift of
the threshold voltage on the reverse branch.>* The hysteresis
width, extracted as the maximum voltage distance between the
reverse and forward branches, and reported in Fig. 2d,
increases from ~17 to 24 as Vg4 goes from —1 to —0.1 V and
lowers from ~ 25 to 20 V as Vg, increases from 0.1 to 1 V. The
threshold voltage can be determined by finding the intersection
between the x-axis and the linear fit of the initial (lower) portion
of the transfer curve, at the onset of conduction. The separation
between the threshold voltage on the reverse branch Vi, and on
the forward branch Vi consistently decreases as |Vgsl
increases, ranging from 22 to 16 V at positive Vg5 and from 24
to 16 V at negative ones, see Fig. 2e.

The maximum mobility is calculated using the following
formula:

reveal a narrower

where gy, is the maximum transconductance, L and W are the
length and width of the channel and Co, =4.06 x 10 ®F cm™?is
the oxide capacitance per unit area. The electron mobility is
higher than the hole one and reaches its maximum at positive
Vas in correspondence with the inflexion point of the reverse
branch, as pointed out by Fig. 2f for the V4 = 0.5 V case.
However, the mobility is quite low, the maximum being around
(9 £2) x 10° em® V' ' 57 1t is likely limited by scattering
events with the defects of the material,*® surface states and
mainly at the interface with the oxide,*® as suggested by the
hysteresis. The slight variations in FET electrical parameters for
positive and negative Vg, including on-current, on/off ratio,
mobility, and hysteresis width, support the presence of asym-
metric Schottky barriers, likely due to unequal metal contact
areas that cause different contact resistances at the metal
interfaces.>

Section 2: Electrical characterization under LED light

The photoresponse of the device was first recorded under the
illumination of a white LED ring (400-700 nm), providing
broadband illumination across the visible light range, where
WSe, exhibits high optical absorption.?” This allows a compre-
hensive evaluation of the device’s behaviour under visible-light
excitation, without biasing the measurement toward a specific

This journal is © The Royal Society of Chemistry 2026
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wavelength. The I-V curve at Vi = 0 V in Fig. 3a shows a
significant enhancement of the drain current when the light is
on at both positive and negative V4,. To investigate the impact
of the gate bias on the drain current, we measured transfer
curves under light by double sweeping V,, from 20 to —20 V. To
emphasize the differences between the transfer characteristics
under dark and illuminated conditions, a direct comparison is
presented. For the sake of clarity, the analysis is restricted to Vg
= 0.5 Vand —0.5 V, see Fig. 3b and c, respectively, but the
analogous behaviour is observed at different V.

Under illumination, the device exhibits positive photocon-
ductivity across all gate voltages, resulting in an overall upward
shift of the transfer curve compared to the dark condition.
However, ambipolar transport develops into a more complex
scenario, as the gate voltage modulates the channel current to
produce distinct peaks at specific gate biases, indicating the onset
of anti-ambipolar behavior at both positive and negative V.

The transfer curves under illumination also exhibit hyster-
esis. Two separate current peaks appear during the gate voltage
double sweep at fixed V4 one along the reverse sweep at
positive gate voltages and the other along the forward sweep
at negative gate voltages.

In Fig. 3d, the reverse branches (solid lines) of the transfer
curves at Vgs = —0.5 V and 0.5 V are separately shown and three
distinct operating regions can be identified as a function of the
gate bias. (The same for the forward sweep is reported in
Fig. S3). Moving from left to right, the current initially remains
nearly constant for Vys < 2 V (yellow region), with a gentle
decreasing slope as Vg increases, resembling the p-type branch
of the transfer curve in the dark. The peaked regions, instead,
extend between ~2 and 12.5 V (orange region). At positive Vy,
the current of the peak follows the shape of the transfer curve:
the current level on the right side of the peak is higher than
on the left, and the peak maximum does not correspond to the
highest current value in the transfer curve. Conversely, the peak
observed at negative V45 shows the opposite trend, with the
current on its right side lower than on the left, and it is more
pronounced than in the positive counterpart. For Vgg > 12 V
(pink region), the current enters a monotonically increasing
region, resembling the n-branches of the dark transfer curves,
and approaches saturation at positive Vys.

Anti-ambipolar transport naturally gives rise to negative
differential resistance (NDR), a nonlinear carrier transport
phenomenon in which increasing the bias voltage leads to a
reduction in current. Various architectures have been exploited
to obtain it in TMD-based structures. For instance, Wang
et al®® identified semiconducting TMDs hosting the S-type
NDR in a vertical electrode/TMD/electrode structure, and they
attributed it to the thermal feedback conduction mechanism
induced by the Joule self-heating effect. Huo et al.,*® instead,
proposed a VAW heterostructure made of semi-metallic Td-
WTe, and MoS,/MoTe,, exploiting the formation of a type-1II
band alignment. In both cases, the NDR appears as a peak in
the I-V characteristics. In our case, anti-ambipolar transport
manifests as negative transconductance (NTC) with respect to
the gate voltage, see the dashed lines in Fig. 3d. Such a feature
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Fig. 3 Comparison between (a) I4—Vys curves, (b) transfer curves at Vg4s = 0.5V, and (c) transfer curves at Vys = —0.5 V, measured in the dark and under LED
illumination. Colored arrows highlight the alignment between the inflection points of the dark transfer curves and the onset of the peak photoresponse.
(d) The three colored regions identify distinct operating regimes along the reverse sweep (solid lines) of the transfer curves at Vg4 = —0.5 V (top) and
V4s = 0.5 V (bottom). Dashed lines represent the transconductance as a function of gate voltage in each case.

is valuable for various emerging analog and digital applica-
tions. In the analog domain, it has been shown that single
material-based transistors exhibiting the coexistence of positive
and negative transconductance regions can generate in-phase,
out-of-phase, and frequency-doubled signals when an AC input
on the gate terminal is combined with a proper DC bias.?”
Additionally, in some anti-ambipolar architectures, the inter-
play between gate biasing and optical modulation has been
employed to produce phase-, amplitude-, and frequency-
selective output waveforms, suitable for analog modulation/
encoding schemes in data communications. Multi-bit analog
transmission has also been demonstrated in transistor designs
that allow switching between ambipolar and anti-ambipolar
transport by electrostatically control drain/source barriers and
channel polarity.>® Furthermore, NTC has been exploited to
realize ternary inverters and ternary static random access

memory.16’40’41
Fig. 4a and b show the reverse and forward branches of the
transfer curve at V4 = —0.5, respectively, under progressively

stronger illumination, from 0.18 to 1.1 W. The peaks already
appear at low power and get sharper with increasing intensity.
At low light intensity, a dip in the current close to the maximum
peak is observed along both branches; however, as the intensity

Mater. Horiz.

increases, only one peak remains visible. Something similar
was observed in the MoTe,-MoS, heterojunction, where the dip
in the transconductance was related to photodoping.*> We refer
to the peak on the reverse branch as p1 and the one on the
forward branch as p2.

The height of the peaks evaluated with respect to the baseline
is almost the same on the two branches at fixed LED intensity. It
ranges from (3.2 4 0.2) x 10> to (2.46 + 0.08) x 10~ ' nA for p1,
and from (4.4 + 0.3) x 107> to (2.42 + 0.06) x 10" nA for p2, as
the LED intensity increases. This value is different from the
maximum current, which is slightly higher and reaches 0.31 nA,
as evident from Fig. 4a and b. When plotting the peak height as a
function of the LED power, we observe a linear relationship for
both p1 and p2, as indicated by the full symbols in Fig. 4c. The
bias voltages at which p1 and p2 appear are indicated as V},; and
Vp2 in Fig. S4. As the illumination increases, the position of p1
shifts slightly to the left, because of phototrapping processes,
while V,,, remains nearly unchanged.

The driving voltage range (AV,), defined as the voltage
difference between the on-set and off-set of the peak, is
narrower in our device compared to other reported devices and
heterostructures,'>** where AV, typically spans several tens of
volts. In our ambipolar channel, this range corresponds to the

This journal is © The Royal Society of Chemistry 2026
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intensity. (d) Peak-to-valley current ratio calculated on the forward branch (top) and the reverse branch (bottom) considering the left side (square) and

the right side (circle) of the peak.

bias region where both p- and n-type conduction branches are
partially active; outside this region, one mode dominates.
Inflection points in the dark curves align with the onset of
the photoresponse peak, as indicated by the colored arrows in
Fig. 3b and c, reflecting the overlap of the initial, resistive
portions of both branches. This reduced AV, is favourable since
it enables faster and more energy-efficient switching in logic
circuits.*** In our measurements, AV, is almost constant
around 3 V in the forward sweep, while it can be tuned from
approximately 2 to 4 V in the reverse sweep — see empty symbols
in Fig. 4c. The full width at half maximum (FWHM) of the
forward peaks, indeed, are lower than the peaks on the reverse
branch.

The peak-to-valley current ratio (PVCR) is not the same as
the peak is approached from the left or from the right,
because of the transfer curve shape, as highlighted in
Fig. 4d for both the reverse and the forward branches. At the
maximum LED intensity, it reaches approximately 4 on the
forward branch and ~ 5 on the reverse branch, which is lower
than in heterostructures, but comparable with other WSe,-
based devices.>' However, it needs to be improved for efficient
applications.

This journal is © The Royal Society of Chemistry 2026

Table S1 compares the main figures of merit of our device
with those reported in the literature.

Section 3: Electrical characterization under a red laser

To gain deeper insight into the phenomenon, the device’s
photoresponse was also investigated under illumination with a
monochromatic red laser (A ~ 639 nm), corresponding to a
photon energy of approximately 1.94 eV. This energy lies above
the WSe, bandgap (~1.2-1.7 eV),** enabling efficient photocar-
rier generation while avoiding high-energy induced effects. Red
excitation is also standard in WSe, photodetector studies. The
drain current significantly increases, see Fig. 5a, by three orders
of magnitude from the dark one. Fig. 5b compares the transfer
characteristics in the dark and under light, at V45 = —0.5 V.
The overall behaviour is the same as under white light, but
with a higher photocurrent. However, unlike the case under
LED illumination, the forward and reverse branches of the
curve can be sharply divided into three distinct current regions,
as highlighted in Fig. 5c at V43 = —0.5 V. The same applies at
positive Vs, see Fig. S5. In both cases, in the yellow and pink
regions, the gate bias barely modulates the drain current,
which remains at two flat levels. This behaviour is due to the
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three separate current levels (solid lines) in the forward (top) and reverse (bottom) branches of the transfer curves. Dashed lines represent the
transconductance. (d) Switching behaviour of the device in response to repeated laser pulses, in correspondence to the peak on the forward branch.

laser’s higher local power density and spatial confinement,
which generate a large concentration of carriers in a small
region, locally lowering the Schottky barriers and enhancing
injection. As a result, the current becomes less sensitive to gate
modulation, leading to flatter response levels. Nevertheless, a
prominent peak appears in the central region despite the
overall saturated regime, and the peak current is the highest
obtained when sweeping the gate bias both at V45 = —0.5 and
0.5 V. The values of V,, and the driving voltage range AV, are
consistent with those obtained under LED illumination.

In both branches, in Fig. 5c¢, the current in region I is
approximately 1.33 nA, reaches a peak of 2.8 nA, and then drops
to about 0.4 nA in region III. These three current levels are stable
and well-defined, suggesting that the device can operate as a
multi-level element under controlled illumination conditions.
Multi-state devices are particularly attractive for circuit miniatur-
ization because they can encode more information per device
than binary CMOS. Whereas CMOS logic requires at least two
transistors to encode a single bit, a ternary logic unit provides
three distinct output states, increasing information density from
2" to 3" levels with the same number of units.

Considering that the peaks in the transfer curve under
illumination almost coincide with the valley in the ambipolar

Mater. Horiz.

transfer curves in the dark, we investigated the dark-light switch-
ing behaviour of the device at Vs = V5, as this gate voltage
provides the largest separation between the current values
measured in the dark and under illumination. The current
increases quickly, reaching a steady on-state current and then
decreases rapidly when the light is switched off, indicating a
rapid photodetection mechanism at this bias point. From the
pulses in Fig. 5d, we extracted the photocurrent as:*®

Ioh = Lighe — ldark = (3.73 £ 0.07) nA

Defining Pin. = (P/Aspod)-Afiake as the incident power and g as
the electron charge, we can calculate the responsivity as follows:

A
T o134

R =
Pine w

and the detectivity as:

. A
D* = R, [Tk~ 1.3 % 10Jones
2qldark

During operation with 10-second light pulses, the instanta-
neous power consumption in the ON state is ~1.85 nW, while

This journal is © The Royal Society of Chemistry 2026
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in the dark state it drops to ~1 pW. The average power
dissipation over a full light-dark cycle is below 1 nW:

_ Vdsllightlon + Vaslaark Loft

Py = ~0.93nW
e fon + tofr B

Additionally, the narrow driving voltage range minimizes
the dynamic power consumption. All these parameters high-
light the anti-ambipolar transistor’s promise for low-power
optoelectronics.

Section 4: Mechanism

Based on the direct comparison between the transfer curves in
the dark and under illumination presented in the previous
section, we observe that the on-set gate bias of ambipolarity in
the dark is linked with the current peak under light. Specifi-
cally, the vertex of the V-shaped ambipolar transfer curve in the
dark is related to the peak of the A-shaped anti-ambipolar
transfer characteristic under illumination.

The correspondence between the two points is not precise
because the acquisition time for the transfer curves in the dark
and under illumination differs. Even with identical measure-
ment settings, the time required to record each data point
depends on the current level: lower currents, as typically
observed in the dark, result in longer measurement times.

(a) (b)
Vgs>Vp dark

VgsVp light

WSe,

Ni ol

Ni

Vgs <V, dark

Vs <V, light

View Article Online
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Therefore, we tried to slow down the measurement in light
by adding a sweep delay (see Fig. S6) at each data point
acquisition time. Under these conditions, p1 on the reverse
sweep shifts to higher gate voltages, while p2 on the forward
sweep shifts to lower gate voltages. This indicates that, during
both reverse and forward Vg, sweeps, reducing the sweep speed
causes the peaks to appear earlier along the gate voltage axis
and they better align with the minimum points of the transfer
curves in the dark. This result supports our hypothesis that
anti-ambipolar peaks correspond to the ambipolar transition
points.

In the dark, the drain current can be described as the sum of
electron and hole contributions, each enabled by thermionic
emission and tunneling through a gate dependent Schottky
barrier. The dominant n-type behaviour observed in Fig. 2
indicates that the energy barrier for electrons injection is lower
than the hole barrier. As illustrated in Fig. 6a, for Vys > V},, the
electron barrier at the source becomes thinner, enhancing
n-type conduction, while for Vys < V,,, upward band bending
at the drain side reduces the hole barrier, enabling the p-type
transport (Fig. 6b).>> At Vs = V,, both barriers are sufficiently
large to suppress the injection of either carrier type, resulting in
the minimum in the transfer curve (Fig. 6c¢). As already men-
tioned, this minimum defines the transition point between
n-type and p-type conduction. A small deviation from this gate
voltage enables either n-type or p-type transport, depending on

t

Fig. 6 Band diagrams showing the band bending at the source—drain interfaces and along the channel together with the current transport in the dark at

(@) Vgs > V,, (b) Vgs < Vo, and (c) Vge

This journal is © The Royal Society of Chemistry 2026

= V. (d)=(f) The same under illumination.
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the direction of the sweep. This behavior is typical of Schottky-
contact transistors, where carrier injection is strongly modu-
lated by gate-controlled band bending.

Under illumination, photogenerated electron-hole pairs
modify the device operation, see Fig. 6d-f. At gate voltages far
from V,, the device remains largely unipolar: either photo-
electrons (V; > V) or photo-holes (V, < V,) dominate the
photocurrent, as the opposite carrier faces higher injection
barriers and recombination processes. In contrast, around
Vgs =V, the band structure let both photogenerated carriers
to be transferred and collected efficiently as illustrated in
Fig. 6f: photoelectrons can flow to the drain and holes to the
source, and their simultaneous collection produces a pro-
nounced local maximum, giving rise to the characteristic A
shaped anti-ambipolar response. When the gate bias is at the
n-p crossover, both Schottky barriers are moderately high, too
high for thermal injections, but not so high to impede photo-
generated carriers’ transport.

Thus, the observed light-induced anti-ambipolar peak
results from the combined effects of dual Schottky barrier
modulation at source and drain and efficient photogeneration
and separation of both carrier types across the flake at V,
enabled by a proper band alignment. This scenario is sup-
ported by previous reports of anti-ambipolarity in both hetero-
junctions and multilayer homostructures and confirms the
capacity of bulk WSe, to host multi-state transport under
optical stimulation.

Conclusions

In this work, we investigated the electrical properties of a
multilayer WSe, based field-effect transistor, studied at room
temperature and ambient pressure, both in the dark and under
illumination with two different light sources. In the dark, the
device exhibits ambipolar behaviour with dominant electron
conduction and a characteristic butterfly-shaped transfer curve
due to pronounced hysteresis. Upon illumination, the drain
current increases overall but shows a peak at specific gate
voltages, indicating a transition to anti-ambipolar behaviour.
The amplitude of this peak can be modulated by the light
intensity, and the narrow driving voltage range makes the
device promising for fast switching circuits. The resulting
peak-to-valley ratio is such that three distinct logic states can
be distinguished, particularly under illumination with a colli-
mated red laser. Notably, the peak in the transfer curve under
illumination appears near the valley of the dark ambipolar
curve, prompting a closer examination of the transient
response at this point. The resulting measurements highlight
promising photodetection performance and qualitative energy
band diagrams are used to describe and suggest the origin of
the observed transition. A systematic thickness-dependent
study was not performed in this work; however, it is well
established that the electrical properties of WSe,, such as
mobility, carrier type and density, screening, and Schottky
barrier height, vary significantly with layer number.***’
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Additionally, because WSe, exhibits relatively weak Fermi-
level pinning, the balance between electron and hole injection
and the position of the n-p transition point are also influenced
by the alignment between the metal work function and the
WSe, band structure.?® Since the light-induced anti-ambipolar
peak observed here is linked to this n — p crossover, variations
in thickness are expected to influence whether the transition
appears and at which gate voltage it occurs. These considera-
tions suggest that a dedicated, thickness-dependent study
could offer valuable insight into the tunability of the anti-
ambipolar effect and may be pursued in future investigation.
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