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ABSTRACT: Molecular electronics offers a promising avenue for ultimate device miniaturization, yet realizing
versatile functionalities such as nonvolatile ambipolar switching in a robust solid-state transistor platform. Here, we
report a reconfigurable molecular transistor switch achieved by vertically integrating an alkanethiol self-assembled
monolayer (SAM) channel with monolayer graphene and a ferroelectric polymer gate. The ferroelectric polarization
of the top gate allows for nonvolatile modulation of the Fermi level of the graphene relative to the molecular
orbitals. This also enables reversible switching between hole- and electron-dominant conduction pathways within
the same molecular channel, effectively creating an ambipolar switch. The switching conduction can be reconfigured
on-demand by both gate and drain biases, as well as the molecular species. The device exhibits stable nonvolatile
switching endurance over 100 cycles and retention for 103 s. Furthermore, leveraging the gate-tunable analog
conductance states and nonvolatile characteristics, we present a proof-of-concept demonstration of synaptic
plasticity, achieving ∼84.37% accuracy and ∼5.98 μJ of vector-matrix multiplication (VMM) energy per image in a
Fashion-MNIST pattern recognition task. This work demonstrates a solid-state vertical molecular device for
nonvolatile ambipolar transistors, supporting advanced reconfigurable in-memory computing and neuromorphic
electronics utilizing molecular-scale channels.
KEYWORDS: molecular electronics, molecular transistor switch, reconfigurable ambipolar transistor, molecular heterojunction,
ferroelectric polarization modulation, synaptic plasticity

INTRODUCTION
The pursuit of controlling charge transport at an ultimate
electronic scale has propelled the advancement of the
contemporary semiconductor industry since its inception.1−4

As conventional semiconductor architectures and channels
approach their physical scaling limits, molecular electronics has
emerged as one of the promising routes for ultimate
miniaturization through the bottom-up approach,5,6 offering
molecular-scale channels,7,8 quantum-level transport phenom-
ena9,10 and the versatility of chemical design.11−15 The
cornerstone of modern electronic devices begins with

constructing a field-effect transistor (FET) where an external
gate node modulates the charge density of the channel by
shifting its energy bands relative to the Fermi level (EF) of the
electrodes.16−18 By exploiting a molecular-scale channel,
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diverse methodologies for the implementation of the molecular
transistor have been proposed and demonstrated more for the
past few decades. For example, Park et al. developed a single
molecular FET by patterning electromigrated Au nanogap
electrodes with a Si back gate, demonstrating gate-tunable
Coulomb blockade conduction.19 Guo et al. have developed a
method for covalently interconnecting a conducting molecule
with gaps in single-walled carbon nanotubes.20 This device
enables reversible conductance switching via back gate
modulation of the interfacial Schottky barrier. Song et al.
demonstrated the direct manipulation of molecular orbitals via
back-gate modulation in a single-molecule transistor, which
allows for changes in the effective barrier height based on the
magnitude of the gate voltage.12 These all-suggested methods
can provide testbeds for investigating the field-effect electrical
characterization of various molecular species. In addition, these
demonstrations have facilitated scientific breakthroughs and
significant engineering progress in functional molecular-scale
transistors and their applications. Nonetheless, significant
hurdles persist, including the manufacturability of large-scale
devices, stable contact formation, efficient gating modulation,
and operation at room temperature, which must be addressed
to realize commercially viable molecular transistors.21 More-
over, these molecular transistors frequently encounter low
device yields and considerable fluctuations in conductance due
to the necessity of lateral bridging molecules in the nanogaps,
which can severely restrict their applicability.22,23

Recently, vertical configurations of molecular self-assembled
monolayers (SAMs)-based transistors have been proposed to
address these challenges in lateral molecular transistors. This
method does not require a predefined lateral nanogap
configuration; instead, it intrinsically establishes the gap
through the thickness of the molecular layer itself. It may
enable a high-efficiency and reliable platform for molecular
transistors. For example, Jia et al. demonstrated a vertical
molecular transistor gated by an ionic liquid, achieving reliable
and room-temperature tunneling switching with stable contact
formation.24 Similarly, Kim et al. developed a vertical
molecular transistor that integrates mixed alkanethiol-based
SAMs in ion-gel-gated Au/graphene stacks.25 In this transistor,
the net dipole of the mixed SAMs improved gating efficiency
by suppressing the field screening effect, clearly observing a
transition from direct to Fowler−Nordheim tunneling regime
using ion gel gating. However, reliance on an ionic liquid gate
may present challenges concerning high-density devices and
the fabrication of large-scale arrays, which are essential for
contemporary electronic applications.22−26 Therefore, the
development of solid-state vertical molecular transistors is
essential for progressing to the next stage of molecular
electronics.22

In general, the majority of carriers in the previously
developed molecular transistors are challenging to change
because of the constrained gating modulation range and the
dominant molecular orbital path initially formed in their
junction geometries.22 These inherent limitations may impede
the expandability and applicability of the molecular transistors,
especially for the construction of complementary molecular
FETs. For example, integrating n- and p-type molecular
transistors within a single device framework using two distinct
molecular components may pose challenges in its fabrication
complexity and the programming coherence between two
types.26 Given these unavoidable issues, the development of a
novel molecular ambipolar transistor offers a compelling

alternative because it possesses the unique characteristic of
allowing both types of carriers to be transported simulta-
neously and selectively within the channel.27 Therefore, it can
integrate the functionalities of both n- and p-type transistors
within a singular device regardless of the operational coherence
between them, thereby potentially streamlining device
fabrication and lowering production costs in comparison to
complementary molecular FET technology that requires
precise matching and integration of separate p-type and n-
type devices.28,29 Furthermore, if the nonvolatile switching
capability is integrated into the molecular ambipolar transistor,
its range of applications could significantly expand. For
example, these functionalities may facilitate their utilization
in reconfigurable in-memory computing and neuromorphic
electronics. Despite such potential, there are rarely reports
regarding nonvolatile molecular ambipolar transistors. Rather,
due to the structural and functional challenges of the three-
terminal molecular transistor switch, two-terminal molecular
junctions based on redox-active molecules have been recently
employed to demonstrate reconfigurable and neuromorphic
functionalities.30−32 These behaviors originate from proton-
coupled electron transfer processes, exhibiting hysteretic
conductance modulation and synaptic-like plasticity.30−32

However, such functionality strongly depends on the intrinsic
properties of specific molecular systems, and achieving stable
operation typically requires soft liquid-metal electrodes such as
eutectic gallium−indium (EGaIn), which presents challenges
for scalable and solid-state integration. In this context, it is
important to design and develop a novel solid-state vertical
molecular ambipolar transistor that possesses reconfigurable
nonvolatile characteristics. Building upon these molecular
junction approaches, vertical molecular transistor architectures
have a potential to enhance tunability and design freedom by
enabling external electrostatic control of molecular channels
through a gate electrode.
In this study, we report on the design and fabrication of a

three-terminal solid-state vertical molecular ambipolar tran-
sistor switch. This device architecture integrates an alkanethiol
SAMs channel of 1−2 nm with a monolayer graphene
electrode and a ferroelectric polymer top gate. The remnant
polarization of the ferroelectric polymer, which can be
gradually adjusted by the electrostatic gating, is used to
nonvolatilely shift the EF of the graphene compared to the
molecular orbitals of the SAMs. This enables reversible
switching between hole- and electron-dominant conduction
pathways within a single device framework, demonstrating the
gate-controlled ambipolar switching. This gate-controlled
switching can be also reconfigured on demand through the
drain voltage and molecular species. Leveraging these
characteristics, we successfully implement long-term potentia-
tion and depression (LTP/LTD) behaviors, and as a proof-of-
concept, simulate a neural network for pattern recognition.
This study introduces an innovative solid-state vertical
molecular device for nonvolatile ambipolar transistors,
facilitating progress in sophisticated reconfigurable in-memory
computing and neuromorphic electronics that employ
molecular-scale channels.

RESULTS/DISCUSSION
Here, we designed and fabricated a novel structure of
reconfigurable molecular ambipolar transistor switches (240
cells on a single device chip) comprising a vertical stacked
mixed-dimensional structure of Al/P(VDF-TrFE)/monolayer
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graphene (1L-Gr)/molecules/AuTS. The device incorporates a
one-dimensional (1D) molecular SAMs channel, a two-
dimensional (2D) monolayer graphene (1L-Gr) electrode,
and a three-dimensional (3D) ferroelectric polymer used as the
gate dielectric. As shown in Figure 1a,b, these mixed-
dimensional layers are vertically stacked to form a three-
terminal transistor switch structure, which is advantageous for
achieving scalable integration and high device density. This
1D/2D/3D vertically stacked heterostructure possesses
compatibility with sequential large-scale fabrication for
developing a vertical molecular transistor in solid-state device
systems.
In this device architecture, the alkanethiol molecular SAMs

(e.g., octanethiol (C8)) serve as a vertical channel (sub-2 nm)
that is formed by chemisorption onto a patterned template-
stripped Au (AuTS) electrode (source). The utilization of AuTS
substrate enhances the quality of the molecular assembly by
providing an ultraflat surface,33−35 as demonstrated by atomic
force microscopy (AFM) analysis (see Figures S1 and S2). The
1L-Gr was transferred onto the molecular SAMs and serves as a
drain electrode as well as barrier modulator (the left scheme of
Figure 1a). In addition, it can be also utilized as a separation
layer for preventing unwanted interfacial formation and

sustaining interfacial integrity. Subsequently, a spin-coated
P(VDF-TrFE) layer was deposited onto the 1L-Gr and served
as a gate ferroelectric layer (the right of Figure 1a). The
direction of the ferroelectric domains in this layer can be
changed by an electric field, endowing it with reconfigurable
switching states (Figure 1b).36−38 The P(VDF-TrFE)
copolymer used here exhibits the electro-active β-phase,
yielding a remnant polarization and moderate coercive field
at room temperature (Figure S3).39−41 These strong ferro-
electric properties enable the film to retain nonvolatile dipole
orientation, which is expected to alter the position of the EF of
1L-Gr with respect to the molecular orbitals. Then, a patterned
top Al metal was deposited onto the P(VDF-TrFE) layer using
a shadow mask and played as a top gate electrode (the right of
Figure 1a,b). This vertical mixed-dimensional heterostructure
can provide a solid-state molecular vertical transistor
configuration that can extend into large-scale fabrication
while minimizing damage to the molecular SAMs itself.
Figure 1c shows an optical image (left) of the fabricated 240

reconfigurable molecular ambipolar transistor switches on a 1
× 1 cm2 substrate. A total of 16 units is patterned on the
substrate, each consisting of one shared global drain (D) and
gate (G) electrode, connected to 15 individual source (S)

Figure 1. Schematics of the fabricated molecular ambipolar transistor switch. (a) Schematic illustrating the bottom-up approach for the
mixed-dimensional vertical molecular transistor: (left) formation of 1L-Gr/C8 SAMs/AuTS stack and (right) subsequent deposition of the
P(VDF-TrFE) ferroelectric polymer and Al top gate. (b) Cross-sectional schematic of the vertical molecular transistor switch. (c) Optical
image of 240 molecular transistor switches on a 1 × 1 cm2 chip (left) and SEM images of the 16-unit devices pattern (top right), the radial
arrangement of 15 sources (S) around one shared drain (D) and gate (G) (bottom left), and a magnified view of a single via-hole defining
the molecular junction (bottom right). (d) Cross-sectional TEM image of a single vertical molecular transistor, displaying well-defined layers
in the structure (Al (35 nm), P(VDF-TrFE) (225 nm), 1L-Gr/C8 (sub-2 nm), and AuTS (30 nm)). (e) Topographical line profiles across a
via-hole into the SiO2 layer on an AuTS electrode obtained from noncontact AFM. Inset shows the corresponding 2D AFM image. (f) Surface
potential images of bare AuTS and C8/AuTS obtained by scanning Kelvin probe microscopy (SKPM) (left), demonstrating a work function
shift due to the SAM formation. Schematics (bottom right) illustrates the SKPM setup and corresponding energy band diagram indicating
the change in work function (top right).
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electrodes arranged radially, as shown in the scanning electron
microscope (SEM) images of Figure 1c. The global drain is
connected to the 1L-Gr layer, and the gate voltage (VG)
modulates the ferroelectric polarization of the P(VDF-TrFE)
layer underneath the top Al electrode. A cross-sectional
transmission electron microscopy (TEM) image of a selected
junction reveals the stacked structure of Al (∼35 nm)/P(VDF-
TrFE) (∼225 nm)/1L-Gr/C8/AuTS (Figure 1d). The C8
SAMs are localized within isolated micro via hole (∼5 μm)
structures etched into the SiO2 (∼100 nm) layer (Figure 1c,e,
and Figure S1). The C8 thickness is known to be ∼1.2
nm42−44 which is marked with a dashed blue line of Figure 1d.
To verify the successful formation of the C8 SAMs on the AuTS
electrode, scanning Kelvin probe microscopy (SKPM)
measurement was performed on both bare AuTS and C8
SAMs/AuTS substrate (Figure 1f). The surface potential (Δϕ)
of the C8 SAMs/AuTS decreases by −0.61 eV relative to bare
Au, and its direction and magnitude agree well with previous
results.45,46

The electrical characteristics of the vertical molecular
transistor switches is investigated with different molecular
SAMs species and various programming schemes. Figure 2a
shows the output characteristics (ID−VD) of the vertical
molecular transistor switches incorporating different alkane-
thiol molecular species (1-octanethiol (C8), 1-decanethiol
(C10), and 1-dodecanethiol (C12)) in comparison with a
junction lacking the molecular layer (1L-Gr/Au). The presence
of the molecular SAMs introduces a tunneling barrier,
exhibiting a nonlinear length-dependent transport behavior

with lower current levels than that of 1L-Gr/Au junction.
Therefore, the molecular channel could significantly influence
the conductance of the molecular transistor switches, allowing
a high degree of its reconfigurability. The tunneling decay
coefficient for this molecular transistor switch that reflects how
much the change wave function exponentially decreases with
the molecular length is found to be 0.82 ± 0.03 Å−1 (Figure
2b), which is comparable to previously reported values for only
alkanethiol-based molecular junctions.47,48 This coefficient is
comparable to the fitting value extracted from the linear fit of
ln(J) versus molecular-backbone length (L), where the contact
current density (Jo) is found to be 1.12 ± 0.74 × 109 Am−2

(Figure S4). This indicates that the molecular transistor switch
exhibits the intrinsic tunneling conduction behavior through
the molecular barrier itself, confirming its suitability as a
molecular device platform. The conductance of the molecular
transistor switch can be also controlled by a gate, using a
ferroelectric P(VDF-TrFE) layer as the top gate insulator.
Figure 2c shows the ID−VD characteristics of the molecular
transistor switch consisting of Al/P(VDF-TrFE)/1L-Gr/C8/
AuTS structure upon varied VG from −20 to +20 V (see also
Figure S5 for VG ranging from −25 to +25 V). Upon
application of VG, the dipole alignment within the P(VDF-
TrFE) layer responds to the external electric field, gradually
establishing a net polarization direction (Figure S3). The
direction of the dipole moment is downward (red arrows)
when the VG is positive, and upward (black arrows) when the
VG is negative, as shown in the inset of Figure 2c. This can
differently shift the EF of the 1L-Gr with respect to the

Figure 2. Switching characteristics of the molecular transistor switch. (a) Representative ID−VD of the molecular transistor switch with
different molecular lengths (C8 (blue), C10 (orange), and C12 (green)), highlighting length-dependent tunneling transport through the
molecular SAMs. A direct Gr/Au junction without molecules is expressed in black line. Inset shows the schematic of the device measurement
setup. (b) Semilog plot of ID as a function of molecular length for C8, C10, and C10 SAMs at different VD. The extracted tunneling decay
coefficient (β) is 0.82 ± 0.03 Å−1. (c) Representative ID−VD of the C8 transistor switch under various VG from −20 to 20 V, demonstrating
gate-tunable transport behavior. Inset shows ferroelectric dipole orientations in the P(VDF-TrFE) under positive (left) and negative (right)
VG. (d) Representative ID−VG switching curve of the C8 transistor switch at VD = 0.1 V with VG swept between ±25 V, originated from
voltage-history-dependent ferroelectric polarization. (e) Endurance of ON and OFF states for the C8 transistor switch over 100 cycles. (f)
Retention of ON and OFF states for 103 s. The programming gate voltages are set to VG(set) = −25 V for 500 ms and VG(reset) = 25 V for 500
ms, and the read condition is VD = 0.1 V at VG = 0 V.
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molecular orbital levels. Given that charge transport through
the alkanethiol molecular junction is primarily highest
occupied molecular orbital (HOMO)-mediated conduc-
tion,14,45,49,50 the modulation of EF closer to the HOMO
level reduces the tunneling barrier and enhances ID. As VG
decreases from +20 to −20 V, the polarization-induced shift in
EF moves further below the Dirac point, approaching the
HOMO level of the molecular channel and resulting in a
progressive increase in ID. Note that the details of the
polarization-dependent charge transport mechanism through
this device are further explained in the following section.
Figure 2d shows the representative ID−VG transfer character-
istics of the C8 molecular transistor switch at VD = 0.1 V,
exhibiting a switching hysteresis loop (arrows) through the
HOMO-mediated pathway, exhibiting a higher ID at VG = −25
V than that at VG = +25 V (p-type switching). This hysteresis
originates from the voltage-history-dependent polarization
alignment of the ferroelectric layer, which in turn modulates
the EF of the 1L-Gr across successive sweeps.

38,51 In this result,
different tunneling barrier heights can be formed by the gate-
tunable position of EF with respect to the HOMO level of C8
SAMs. For example, negative (positive) VG causes the EF of the
1L-Gr to shift downward (upward), thereby decreasing
(increasing) the barrier height and increasing (decreasing) ID
(Figure S6). Since the dipole alignment of the P(VDF-TrFE)
layer is well sustained even after VG is turned off, it is expected
that the molecular transistor switch exhibits nonvolatile nature
with distinct ON and OFF current levels. Figure 2e shows the
endurance test of the switching states (ON and OFF) for C8
molecular transistor switch over 100 cycles of the program-
ming pulses. Each switching state is read out at VG = 0, and the

programming set (VG(set)) and reset (VG(reset)) pulses are set to
±25 V for 500 ms, as shown in the inset of Figure 2e. These
switching states are well maintained for 103 s (Figure 2f),
exhibiting robust polarization stability and nonvolatile control
of the C8 molecular transistor switch.
Notably, this HOMO-mediated (p-type) C8 molecular

transistor switch can function in ambipolar transport under
specific VG conditions. Figure 3a shows the ID−VG transfer
characteristics of the C8 molecular transistor switch at VD = 0.1
V with two VG sweep ranges of ±15 V and ±40 V. When the
VG is double swept from −15 V to +15 V, the C8 molecular
transistor switch exhibits dominant HOMO-mediated (p-type)
ferroelectric switching behavior. This signifies that the position
of the graphene’s EF even within the applied VG range (from
−15 to +15 V) remains in proximity to the HOMO level of C8
SAMs, maintaining the p-type conduction (Figure S6).
Interestingly, however, when the applied VG range changes
to ±40 V, the predominant p-type switching behavior
transitions to ambipolar switching and the threshold voltage
(VTH‑p) in the p-type region shifts from 15 to −19.5 V (the red
arrow of Figure 3a). As shown in the top of Figure 3b, the
VTH‑p at the p-type switching region (red circles) is gradually
decreased upon the change of VG condition from ±15 to ±40
V (see Figure 3 and Figure S7). However, the VTH‑n at the n-
type switching region (black circle) remains unchanged near
∼15 V regardless of the magnitude of the VG range while the
switching window (SW) at VGR = 20 V (the gate-read voltage)
is increased as the VG increases, as shown in the bottom of
Figure 3b. Statistical analysis on VTH‑p, VTH‑n, and SW for the
several C8 molecular transistor switches are described in
Figure S8. Therefore, in this molecular transistor switch, it can

Figure 3. Reconfigurable ambipolar transport characteristic of the molecular transistor switch. (a) ID−VG switching curve of the C8
transistor switch at VD = 0.1 V with different VG sweep ranges of ±15 V (red, exhibiting p-type behavior) and ±40 V (purple, exhibiting
ambipolar behavior). The red arrow indicates the threshold voltage at p-type region (VTH‑p) and the black arrow indicates the switching
window (SW) at VGR = 20 V. Inset shows the schematic of the biasing configuration. (b) (top) Threshold voltages at p-type (VTH‑p, red) and
n-type (VTH‑n, black) switching region, and (bottom) the SW at VGR = 20 V as a function of the VG sweep range from ±15 V to ±40 V. (c)
ID−VG switching curve of the C8 transistor switch at a fixed VG sweep range of ±25 V with varying VD from 0.1 to 1.2 V. (d−f) Schematic
energy band diagrams illustrating the proposed switching mechanism under different bias conditions. (d) VG ≪ 0 V and VD = 0.1 V. (e) VG
≫ 0 V and VD = 0.1 V. (f) VG ≫ 0 V and VD = 1.2 V.
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effectively attain ambipolar switching behavior via electrostatic
modulation of the EF of the 1L-Gr in relation to the molecular
orbitals in a nonvolatile manner, even with a conventional
molecular SAMs structure (i.e., alkanethiols). Note that C10
molecular transistor switch (Figure S9), with a longer
alkanethiol SAM channel, yields about one order lower current
with exhibiting a similar gate-tunable ambipolar switching and
nonvolatile behavior as the C8 devices. The switching behavior
of the C8 molecular transistor switch can also be reconfigured
by the application of VD itself. Applying the VD across the

junction can directly create a potential difference between top
(D) and bottom (S) electrodes, modifying the effective
tunneling barrier. Figure 3c shows the ID−VG transfer
characteristics of the C8 molecular transistor switch as the
VD increases from 0.1 to 1.2 V under the fixed VG range of ±25
V. An elevated VD increases ID at the same VG and
progressively enhances the predominant conduction character-
istic toward p-type behavior. Namely, the n-type switching
behavior gradually diminishes as the VD increases from 0.1 to
1.2 V.

Figure 4. Neuromorphic application based on the molecular ambipolar transistor switch. (a) Schematics of a biological synapse with
neuromodulator afferent (left) and the fabricated molecular transistor switch (right). (b) A single transition of LTP and LTD function of
PSC at VD = 0.1 V for the C8 molecular transistor switch in response to 32 potentiating (Vp = −13 V) and 32 depressing (Vd = 13 V) pulses
with PW = 500 ms. (c) Repeated six cycles of LTP and LTD function of PSC at VD = 0.1 V using same VG pulses scheme as in (b). (d)
Retention of multiple PSC states at VD = 0.1 V after N (0, 10, 20, and 30) potentiating pulses (Vp = −13 V for 500 ms), showing nonvolatile
behavior over 100 s. (e) Schematic of the ANN architecture used for Fashion-MNIST image recognition, consisting of 784 input neurons, 25
hidden neurons, and 10 output neurons. The synaptic weight maps (W1 and W2) are updated based on experimental measured PSC values.
(f) Output distribution of the 10 fashion classes as a function of training epochs. Color scale indicates activation level. (g) Recognition
accuracy for the Fashion-MNIST images as a function of training epochs. Inset shows the confusion matrices between predicted and true
labels at epoch 1 and epoch 300. (h) Energy consumption per image for the VMM operation during inference as a function of training
epochs.
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The underlying transport mechanism for the ambipolar
transport behavior can be understood from the band diagrams
at different VG, as shown in the schematics of Figure 3d,e.
When the VG ≪ 0 V, the dipole direction of the P(VDF-TrFE)
layer aligns to the left (indicated by the blue arrows), which
shifts the EF of 1L-Gr below the Dirac point and closer to the
HOMO level of C8 SAMs (Figure 3d). This can further reduce
the hole barrier (ϕh or EF-HOMO level), facilitating hole
dominant tunneling. When the VG ≫ 0 V, the dipole direction
of the P(VDF-TrFE) layer aligns to the right (indicated by the
red arrows), which shifts the EF of 1L-Gr above the Dirac point
and closer to the LUMO level of C8 SAMs (Figure 3e). This
gate modulation has the potential to reduce the electron
barrier (ϕe or LUMO-EF), greatly increasing the degree of
electron tunneling in the total conduction, which causes the
ambipolar transport behavior. Since the initial EF position of
1L-Gr closely situated near the HOMO level of C8 SAMs, a
positive VG is necessary to shift the EF to its HOMO−LUMO
midgap. This explains why the C8 molecular transistor switch
can exhibit a positive VTH‑p under initial conditions. However,
when a larger positive VG is applied, the amount of ferroelectric
domains in the P(VDF-TrFE) layer that point downward
further increases. This indicates that a stronger opposing field
(i.e., negative VG) may be needed to depolarize the
ferroelectric layer and bring the EF back to the HOMO−
LUMO midgap. This elucidates the transition of VTH‑p from
positive to negative VG within the p-type switching region (as
depicted at the top (red circles) of Figure 3b). However, even
with the application of a more negative VG to shift the EF closer
to the HOMO level of C8 SAMs, the VTH‑n in the n-type
switching region remains largely unaffected (as depicted at the
top (black circles) of Figure 3b). We suspect that this
phenomenon occurs because the EF position of the 1L-Gr
approaches saturation near the HOMO level of C8 SAMs,
which may be caused by the complete upward shift of the
ferroelectric domains under these programming regimes. With
the same basis, the application of higher VD can shift the EF of
the 1L-Gr close to the HOMO level of C8 SAMs even at higher
positive VG (VG ≫ 0 V), as shown in Figure 3f. This can
further strengthen the p-type switching behavior and account
for the absence of ambipolar characteristics noted at higher VD
(Figure 3c). In fact, the capacity to reversibly modulate carrier
types and memory states through both VG and VD control
could simplify on-demand device design while simultaneously
expanding electronic functionality.
Since the conductance of the molecular transistor switch can

be gradually reconfigured with different VG and VD conditions
and has a nonvolatile nature owing to the aligned ferroelectric
domains by the applied electric field, it has the potential to be
utilized in a brain-inspired computing application (Supporting
Note S1). As a proof-of-concept, the solid-state vertical
molecular transistor was leveraged for its nonvolatile and
gate tunable conduction via VG pulse sequences to emulate
analog synaptic behavior. Figure 4a illustrates the conceptual
and functional analogy between a biological synapse connected
with a neuromodulator afferent (left) and the molecular
transistor switch (right) consisting of a vertical stacked mixed-
dimensional structure of Al/P(VDF-TrFE)/1L-Gr/C8 SAMs/
AuTS. In the biological synapse, the synaptic weight is regulated
through chemical signals such as neurotransmitters and
neuromodulators between pre- (or afferent) and postneurons
in response to stimuli.52 Inspired by this underlying principle
in controlling the synaptic weight between neurons, the C8

SAMs and the P(VDF-TrFE) of the molecular transistor
switch play roles as the synaptic channel and the neuro-
modulator, respectively. The change in the magnitude of
neuromodulator released from the afferent in the biological
synapse can be mimicked by the change in the polarization of
the ferroelectric domain of the P(VDF-TrFE) layer, which can
be controlled by the VG input conditions.36,53,54 According to
the applied VG, the interfacial tunneling barrier at 1L-Gr/C8
SAMs is adjusted, changing the magnitude of the postsynaptic
current (PSC) at a fixed VD that reflects the strength of the
synaptic weight. Therefore, in our designed transistor switch, it
is possible to reconfigure the synaptic weights depending on
the VG pulse conditions in an analog manner. Figure 4b shows
an example of a single transition between long-term
potentiation (LTP) and depression (LTD) of the PSC at VD
= 0.1 V for the C8 molecular transistor switch. The VG pulse
trains were composed of 32 potentiating (Vp = −13 V) and 32
depressing (Vd = 13 V) pulses, each with a pulse width (Pw) of
500 ms, making individual 32 PSC states. When the negative
Vp gate pulses are continuously applied, the dipole moment of
the ferroelectric domains gradually aligns to the upward
direction, bringing the EF of 1L-Gr even closer to the HOMO
level of C8 SAMs. As a result, the magnitude of the PSC
increases. However, when the positive Vd gate pulses are
continuously applied, all the dipoles are reversely changed,
leading to the decrease of the PSC. Using the repeated Vp(d)
pulse scheme, the stable and repeated transition between LTP
and LTD function during 384 pulses (6 cycles) is
demonstrated, as shown in Figure 4c. In addition, the updated
PSC values according to the different programming numbers
of Vp pulses (N = 0, 10, 20, and 30) are well maintained for
100 s without significant degradation in the states (Figure 4d).
It demonstrates the nonvolatile and cumulative properties of
ferroelectric polarization via gate modulation of the device.
To evaluate the learning capability of the molecular

transistor switch, we performed the pattern recognition task
for 10 Fashion-MNIST image data sets using a standard
supervised backpropagation (BP) learning algorithm.55−58 The
artificial neural network (ANN) for the image recognition
process was configured with 784 input neurons (corresponding
to 28 × 28 pixels), 25 hidden neurons, and 10 output neurons,
as shown in Figure 4e. The first weight map (W1) connecting
the input-to-hidden layers consists of the dimension of 25 × 28
× 28, while the second weight map (W2) connecting the
hidden-to-output layers consists of the dimension of 25 × 10.
Note that the updated W1 and W2 values are obtained from
experimentally measured PSC characteristics in the LTP and
LTD function for the C8 molecular ambipolar transistor
switch. The trainedW1 as a function of epochs from 1 to 300 is
shown in the Supporting Information (Figure S10), which can
project the input image matrix (28 × 28) into 25 hidden
neurons. The activation values from the 25 hidden neurons
serve as intermediate features and are subsequently transmitted
through the W2 (25 × 10) to generate 10 outputs
corresponding to 10 MNIST Fashion images (Figure S11).
The distribution of W2 was updated appropriately and stably
with increasing epochs, reflecting progressive adaptation to the
classified image data sets (Figures S12−S14). Figure 4f shows
the output distribution of the 10 fashion classes as a function of
the training epoch, demonstrating class-wise neuron selectivity
and well-defined class discrimination. Note that the color scale
reflects the activation level of each output neuron, where red
(1.0) indicates higher activity and blue (0.0) indicates lower
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activity. Using these trained W1 and W2 maps, the molecular
transistor switch-based ANN can reach about 84.37% accuracy
after 300 epochs for the recognition of the 10 Fashion-MNIST
image data sets, which is comparable to results found in earlier
studies. This result can be further confirmed in the confusion
matrix between predicted and true labels obtained at epochs of
1 and 300, respectively, as shown in the insets of Figure 4g.
Note that the inference loss curve and the additional confusion
matrix according to the number of epochs are described in
Supporting Information (Figures S15−S17).
We also investigated the total accumulated energy

consumption of the vector-matrix multiplication (VMM)
operation36,59 for the C8 molecular transistor switch-based
ANN for inferring the 10 Fashion-MNIST image data sets. As
shown in Figure 4h, the VMM energy overall decreases as the
number of epochs increases, indicating the weight maps are
almost updated. The average VMM energy per image was
approximated 5.98 μJ for the 300 epochs. In fact, the energy
consumption of VMM is significantly influenced by the
magnitude of the conductance states; thus, we assert that it
can be effectively and substantially modified by regulating the
molecular length (Figure 2a and Figure S9) and the
programming scheme (Figure 3c). Note that the thickness of
the P(VDF-TrFE) layer can be further reduced to sub-10 nm
when the substrate provides smoothness and high surface
energy that promote uniform wetting and stable nucleation.
This reduction is expected to lower the operating voltage in
our molecular transistor switch as well as the VMM energy.
Such a flexible controlling ability in the suggested molecular
transistor switch could help to improve energy efficiency for
low-power brain-inspired computing systems. In summary,
these results indicate that the reconfigurable molecular
ambipolar transistor switch can facilitate the synaptic weight
update process due to its analog nonvolatile characteristics as
well as offer a promising pathway for the ultimate scaling
benefits of molecular-scale channels.

CONCLUSIONS
In this work, we have successfully engineered and demon-
strated a novel solid-state vertical molecular transistor
architecture that achieves reconfigurable nonvolatile ambipolar
switching, a significant step forward in molecular electronics.
By precisely integrating an alkanethiol SAMs channel with the
1L-Gr electrode and a P(VDF-TrFE) ferroelectric top gate, we
have gained unprecedented control over the dominant charge
carrier type�hole or electron�within a single molecular
device framework. The key to this functionality lies in the
nonvolatile, history-dependent modulation of the EF of the 1L-
Gr by the ferroelectric gate’s remnant polarization, which
strategically positions it relative to the molecular orbitals. This
fine-tuned electrostatic control not only enables reversible
switching between p-type and n-type dominant conduction but
also creates distinct and stable analog switching states. The
molecular ambipolar transistor switch demonstrates good
endurance in switching states for over 100 cycles and maintains
these states for 103 s, highlighting its suitability for practical
molecular memory applications. Beyond this, we have also
utilized these unique electrical phenomena in a compelling
demonstration of neuromorphic functionality. Especially, the
analog conductance modulation and nonvolatile characteristics
were harnessed to emulate synaptic functions such as LTP and
LTD. This synaptic mimicry was further validated through a
proof-of-concept neural network simulation for Fashion-

MNIST image recognition, which achieved a notable accuracy
of ∼84.37% and an average VMM energy of ∼5.98 μJ per
image. These results vividly illustrate the potential of our
molecular ambipolar transistor switch as building blocks for
energy-efficient, in-memory computing architectures and
sophisticated brain-inspired electronic systems utilizing molec-
ular-scale channel.

METHODS/EXPERIMENTAL
Sample Preparation. Self-assembled monolayers (SAMs) of

three molecular alkanethiols C8, C10, and C12 were obtained from
Sigma-Aldrich Korea. The alkanethiol molecules formed densely
packed monolayers on a micro pore Au bottom electrode. The SAMs
were formed on the template stripped Au (AuTS) bottom substrate.
The monolayers exhibited a grafting density N0 of 4.65 × 1018 m2 for
the C8 monolayer. 1L-Gr used as the top contact was synthesized by
chemical vapor deposition (CVD) and transferred onto the target
substrates by a standard wet transfer procedure. The ferroelectric
polymer layer was prepared using poly vinylidene fluoride trifluoro-
ethylene P(VDF-TrFE) (75:25 wt %, Sigma-Aldrich Korea). The
polymer was dissolved in N,N-dimethylformamide (DMF, Sigma-
Aldrich Korea) to prepare the ferroelectric polymer solution. The
ferroelectric gate layer was prepared by casting the solution and spin
coating, followed by thermal annealing at 120 °C to induce
ferroelectric crystalline ordering. Detailed fabrication process, device
characterization, and simulation method are described in Supporting
Information.
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