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Moiré synaptic transistor with room- 
temperature neuromorphic functionality

Xiaodong Yan1,10, Zhiren Zheng2,10, Vinod K. Sangwan1, Justin H. Qian1, Xueqiao Wang2, 
Stephanie E. Liu1, Kenji Watanabe3, Takashi Taniguchi4, Su-Yang Xu5, Pablo Jarillo-Herrero2 ✉, 
Qiong Ma6,7 ✉ & Mark C. Hersam1,8,9 ✉

Moiré quantum materials host exotic electronic phenomena through enhanced 
internal Coulomb interactions in twisted two-dimensional heterostructures1–4.  
When combined with the exceptionally high electrostatic control in atomically thin 
materials5–8, moiré heterostructures have the potential to enable next-generation 
electronic devices with unprecedented functionality. However, despite extensive 
exploration, moiré electronic phenomena have thus far been limited to impractically 
low cryogenic temperatures9–14, thus precluding real-world applications of moiré 
quantum materials. Here we report the experimental realization and room-temperature 
operation of a low-power (20 pW) moiré synaptic transistor based on an asymmetric 
bilayer graphene/hexagonal boron nitride moiré heterostructure. The asymmetric 
moiré potential gives rise to robust electronic ratchet states, which enable hysteretic, 
non-volatile injection of charge carriers that control the conductance of the device. 
The asymmetric gating in dual-gated moiré heterostructures realizes diverse 
biorealistic neuromorphic functionalities, such as reconfigurable synaptic responses, 
spatiotemporal-based tempotrons and Bienenstock–Cooper–Munro input-specific 
adaptation. In this manner, the moiré synaptic transistor enables efficient compute-in- 
memory designs and edge hardware accelerators for artificial intelligence and 
machine learning.

The exploding use of artificial intelligence and machine learning has 
created an urgent demand for alternative computing schemes that 
can handle vast quantities of data in an energy-efficient manner15–17. 
Conventional digital computing hardware relies on the von Neumann 
architecture with distinct memory and information processing blocks, 
which necessitate frequent data transfer with unfavourable speed and 
power consumption characteristics, especially in the limit of big data. 
Neuromorphic computing is an emerging approach to circumvent the 
von Neumann bottleneck15, which takes inspiration from the human 
brain (for example, colocation of memory and logic, parallel processing 
and hyperconnectivity) to enable low-power hardware accelerators for 
artificial intelligence/machine learning. The major bottleneck in neu-
romorphic hardware is a fast, stable and scalable non-volatile memory 
element that can also emulate the synaptic behaviour of biological 
neural networks18. Common candidates, such as memristors, rely on 
conductive filament formation and rupture, defect migration, charge 
trapping, material phase change and ferroelectricity16. The physical 
limitations of these mechanisms imply that existing memristive devices 
typically possess one or more drawbacks, including limited switch-
ing speed and endurance, large device-to-device variations, redun-
dant forming processes, uncontrollable stochasticity, high-voltage 
operation and a limited number of non-volatile conductance states15,19.  

In addition, memristive synaptic devices typically do not incorporate 
the additional functionality that underlies the sophisticated and recon-
figurable learning behaviour of biological neural networks20.

Recently, moiré heterostructures based on twisted two-dimensional 
nanosheets have emerged as a material platform capable of hosting 
diverse electronic phenomena, such as unconventional superconduc-
tivity, orbital magnetism, generalized Wigner crystal states and inter-
acting moiré excitonic phases1–4,9–14. In particular, the ferroelectricity 
hosted in bilayer graphene (BLG)/hexagonal boron nitride (hBN) moiré 
heterostructures stands out as a potential candidate for neuromorphic 
devices3,21. Different from the sliding ferroelectricity found in twisted 
hBN and transition metal dichalcogenide heterostructures22–27, BLG/
hBN moiré ferroelectricity possesses an intrinsically electronic origin 
resulting from the asymmetric moiré structure. Specifically, the struc-
ture consists of Bernal-stacked BLG sandwiched by two hBN layers with 
vastly different angle alignments (Fig. 1a). At the top interface, BLG 
is closely aligned with the top hBN, resulting in a long-range moiré 
potential that leads to charge localization and enhanced Coulomb 
interactions. At the bottom interface, BLG is purposely misaligned 
with the bottom hBN by roughly 30°, which results in a more uniform 
and highly mobile charge distribution. Hence, the asymmetric moiré 
potential landscape divides the system into localized and itinerant 
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subsystems. These two subsystems are separated in the z direction but 
remain Coulomb coupled (Fig. 1b). At specific biasing conditions, the 
dynamical interplay between the two subsystems leads to the emer-
gence of a ratcheting electronic state that accommodates hysteretic, 
non-volatile charge transfer. Importantly, the deep moiré potential and 
strong internal Coulomb interactions allow these electronic properties 
to be preserved at elevated temperatures, suggesting the possibility 
of room-temperature device applications3,21.

Here we report the experimental realization of a moiré synaptic tran-
sistor (MST) based on the aforementioned BLG/hBN moiré heterostruc-
ture, which presents two main advantages over existing non-volatile 
memories. First, the intrinsic ratcheting states are realized by stacking 
hBN and BLG layers with specific stacking orders and alignment angles, 
which result in ferroelectricity from the electronic degrees of freedom. 
By contrast, traditional memristors and ferroelectric memories rely on 
ion migration and atomic displacement, and they often require special-
ized growth techniques, annealing, active layers and forming processes 
to intentionally create defective states or multiple ferroelectric domains 
in switching layers. With their underlying ratcheting mechanism, MSTs 
possess low power consumption (20 pW) comparable with the state 
of the art, show high endurance and retention of multiple states, and 

are compatible with scalable fabrication in crossbar architectures. 
Second, hysteretic electronic ratcheting results in room-temperature 
tuning of non-volatile conductance states with unique gate-tunable 
synaptic plasticity. This reconfigurable synaptic plasticity enables 
diverse neuromorphic computing applications, such as spike-based 
perceptrons and spatiotemporal-based tempotrons. Furthermore, the 
unique asymmetry of the dual-gated BLG/hBN moiré heterostructure 
allows for biorealistic bidirectional synaptic threshold sliding using 
voltage as a state variable instead of frequency, which is preferred for 
hardware integration and is not possible with competing devices with-
out additional circuit elements. These distinctive features imply that 
MSTs possess clear advantages over existing non-volatile memories 
for mimicking biological homeostatic mechanisms and input-specific 
adaptation that can accelerate emerging neural network applications.

We first examine the basic characteristics of the MST. In Fig. 1c, the 
drain current (ID) is plotted as a function of the top gate bias (VTG) in a 
closed loop while varying the VTG range (∆VTG) in the positive direction 
(the VTG scan trajectory is shown in the inset). The device is prepared 
to be in the same state at the beginning of each loop (VTG at 0 V). The 
forward and backward traces overlap when ∆VTG is below 1.5 V but show 
strong hysteresis when ∆VTG exceeds 1.5 V. In the latter case, the device 

n e
 (×

10
12

 c
m

–2
)

a b

BLG
Moiré interface

Free
electrons

Localized
electrons

Moiré
potential

Channel

<1 nm

At t = 0, VBG = 0 V
is on electron branch

10 ms0 V

3 V

10 ms–3 V

0 V

VTG = 0 V
VD = 0.1 mV

2

4

0

–2

0 1 2 3 4 5

2

0

–2

–4

–4–5 –3 –2 –1 0

60

58

56

0 10 20 30
Pulse number

60

58

56

54

0 10 20 30
Pulse number

c d

e

f h

g

0

0

5
VTG (V)

–5 0

300

250

200

150

100

50

I D
 (n

A
)

I D
 (n

A
)

300

250

200

150

100

50

t

t0

Electron ratchet

Hole ratchet

n h
 (×

10
12

 c
m

–2
)

VBG = 0 V

VTG = 0 V
VD = 0.1 mV

VBG = 0 V

ΔVTG (V)

ΔVTG (V)

VTG

VD = 0.1 mV

VBG = 0 V

VD = 0.1 mV
VBG = 0 VI D

 (n
A

)
I D

 (n
A

)
VTG

VTG (V)

VD = 0.1 mV
VBG = 0 V

VD = 0.1 mV
VBG = 0 V

VTG VTG

Top gateDrain
Source

BN

BNBottom
gate

Fig. 1 | Non-volatile charge injection in MSTs enabled by an electronically 
controlled ratcheting mechanism. a, Schematic of a dual-gated MST. The 
inset shows that the top hBN and BLG form a long-wavelength moiré superlattice. 
b, Moiré potential at the top interface serves as a charge reservoir that can 
localize charges, which are separated in the z direction by less than 1 nm from 
the conducting channel, which serves as an itinerant system for lateral charge 
transport. c, Drain current (ID) of device no. 1 measured as a function of VTG 
(each has a 20 nA offset for clarity, and the y axis is only for reading the 
bottommost curves) with VTG always scanning in the forward direction first 
from 0 V to a finite positive value and then back to 0 V (as illustrated by the 
inset). The red line represents the forward scan direction, and the blue line 
represents the backward scan direction. The bottom gate bias (VBG) is 0 V for  
all measurements. d, Drain current (ID) of device no. 1 measured as a function  
of VTG (each has a 20 nA offset for clarity, and the y axis is only for reading the 
bottommost curves) with VTG always scanning in the backward direction first 

from 0 V to a finite negative value and then back to 0 V (as illustrated by the 
inset). e, Extracted electron density (ne) at the end of each scan in c (the blue dot 
in the inset, which is always at VTG = 0 V) as a function of VTG scan range. When 
functioning as an electron ratchet (illustrated by the inset as a mechanical 
ratchet that can be electrically controlled), the top gate adds electrons to the 
channel in the forward (red) scans but does not fully remove them in the 
backward (blue) scans. f, Extracted hole density (nh) at the end of each scan in d 
(the blue dot in the inset, which is always at VTG = 0 V) as a function of VTG scan 
range. When functioning as a hole ratchet (illustrated by the inset as a mechanical 
ratchet that can be electrically controlled), the top gate adds holes to the 
channel in the backward (red) scans but does not fully remove them in the 
forward (blue) scans. g, Gradual increase of the channel conductance enabled 
by electron ratchet pulsing. h, Gradual decrease of the channel conductance 
enabled by hole ratchet pulsing. VD is 0.1 mV for all measurements.
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reaches distinct conductance states at the end of each loop as ∆VTG 
increases. Similar behaviour is observed when varying ∆VTG in the nega-
tive direction (Fig. 1d). The carrier density is extracted at the end of the 
scan loop (indicated by the blue dots in the insets in Fig. 1c,d) according 
to the conductance state (Supplementary Fig. 1) and then plotted as a 
function of ∆VTG in Fig. 1e,f, respectively. In Fig. 1e, the electron density 
remains unchanged for small ∆VTG (less than 1.5 V) and linearly increases 
as ∆VTG becomes larger. Similarly, in Fig. 1f, the hole density remains 
unchanged for small ∆VTG (|∆VTG| < 1.5 V) and linearly increases when 
|∆VTG| becomes larger. The corresponding moiré wavelength is 13.2 nm 
(Supplementary Information section II).

This unidirectional charge density modulation effect arises from the 
layer-contrasting electronic states in the asymmetric BLG/hBN moiré 
heterostructure. In particular, the long-range moiré potential at the top 
BLG/hBN interface leads to charge localization, whereas the uniform 
charge distribution at the bottom interface leads to mobile charge 
transport. In the loop measurements in Fig. 1c, no charges are initially 
occupying the moiré localization sites. Scanning VTG in the positive 
direction (red lines) adds electrons to the moiré localization sites such 
that the channel conductance remains constant. When ∆VTG < 1.5 V, 
this process is reversible, meaning that electrons are removed from 
the moiré localization sites to return the system back to its original 
state (blue lines). However, this process becomes irreversible when 
∆VTG > 1.5 V. Once the moiré localization sites are fully filled, increasing 
VTG can no longer add electrons to the localized subsystem because of 
on-site Coulomb repulsion. Instead, these electrons are added to the 
conductance channel, resulting in a change of conductance (Fig. 1e). 
This process is driven by the formation of new electronic states such 
that the MST falls into a local energy minimum at each increment, 
making this process irreversible. Hence, reversing the voltage scan 
direction anywhere within this regime triggers a hysteretic response, 
where electrons are removed from the localization sites, leaving the 
channel conductance unchanged (blue lines). At the end of the voltage 
loop measurement, the device returns to a different electronic state 
each time the range of ∆VTG is increased (for ∆VTG > 1.5 V). The scenario 
in Fig. 1d,f is the same as in Fig. 1c,e except that the process is described 
in terms of hole injection. This unidirectional electron/hole injection 
into the conductance channel from VTG resembles a mechanical ratchet 
that can be electrically controlled. Additional details of this electronic 
ratcheting effect are discussed in ref. 28 and Supplementary Figs. 2–4.

The electronic ratcheting effect allows for continuous tuning of the 
conductance by applying short VTG pulses. For example, by applying 
3 V, 10 ms pulses, VTG acts as an electron ratchet and monotonically 
increases the conductance of the channel as shown in Fig. 1g (in this 
measurement, the majority carriers in the channel are initially elec-
trons). Then, by subsequently applying −3 V, 10 ms pulses, VTG acts as a 
hole ratchet and monotonically decreases the conductance of the chan-
nel (Fig. 1h). The ratcheting effect is consistently observed among mul-
tiple fabricated devices (Supplementary Fig. 5), and device-to-device 
variability can be further improved by controlling the thickness of 
the hBN layers and orientation angle in the moiré heterostructure 
(Supplementary Information section  IV). Retention and endur-
ance characterization of multiple intermediate conductance states  
indicate the non-volatile nature of the ratcheting mechanism (Supp-
lementary Figs. 6–8). The power needed to pass one spike through 
an MST is approximately 20 pW (Supplementary Figs. 9–11), which 
compares favourably with state-of-the-art synaptic devices, such as 
memristors, phase change memories, magnetic memories and charge 
trap memories.

Just as the degree of depolarization of a postsynaptic cell in biologi-
cal neuronal networks can be increased (also called potentiation) or 
decreased (also called depression) by pulsed electrical stimulation 
of the presynaptic cell29, the ratcheting effect enables the BLG/hBN 
moiré heterostructure to show similar synaptic behaviour and thus, 
act as a synaptic transistor. For example, the inset of Fig. 2a shows a 

series of VTG pulses with differing amplitudes that result in a range of 
synaptic potentiation and depression responses (Fig. 2a, main plot). 
Device no. 2 behaves qualitatively the same as device no. 1 except 
that device no. 2 has a thicker hBN layer and thus, requires larger 
gate biases to introduce similar charge carrier concentration into the 
system (Supplementary Information section VIII). Specifically, the 
long-term potentiation (LTP) and long-term depression (LTD)29,30 can 
be tuned from strong LTP (Fig. 2a, blue line) to moderate LTP (Fig. 2a, 
lavender line) and from strong LTD (Fig. 2a, orange line) to moder-
ate LTD (Fig. 2a, pink line). In this manner, MSTs can emulate the Heb-
bian learning of biological synapses when the top gate is connected 
to the preneurons and the source is connected to the postneurons 
(Fig. 2b). As schematically depicted in Fig. 2c and Supplementary 
Fig. 12, MSTs are also compatible with crossbar array architectures 
for large-scale neural networks including spike-based perceptrons and 
spatiotemporal-based tempotrons using existing growth and transfer 
methods for hBN and BLG, as described in Supplementary Information 
section IX. The proposed crossbar architecture in Supplementary Fig. 12 
occupies a cell size of 8.75–12.25 F2 depending on if the source line is 
shared between neighbouring rows. For comparison, the cell sizes for 
one-transistor-one-memristor crossbars and static random-access 
memory cells are 7 and 120–150 F2, respectively31,32. A comparable foot-
print with one-transistor-one-memristor is achieved because the two 
gates for MSTs are processed in different layers below and above the 
hBN/BLG heterojunction. Using the MST synaptic response, a multi-
layer perceptron is modelled in Supplementary Fig. 13, resulting in 
a greater than 85–90% recognition rate of handwritten digits even 
with device-to-device and cycle-to-cycle variations of 10%33. Although 
multilayer perceptrons encode information through the rates of neu-
ronal action potential firing, tempotrons employ spatiotemporal spike 
patterns34 that are used in biologically plausible supervised learning 
models to supplement the perceptron model35. To demonstrate util-
ity for tempotrons, MSTs are modelled as afferents that can integrate 
input patterns into output signals (Fig. 2d and Supplementary Figs. 14 
and 15). When the output value exceeds a predetermined threshold, 
the neural network fires a single spike and resets the output value to 
zero (Supplementary Information section X). By employing the tunable  
LTP/LTD plasticity of MSTs, two neurons can be trained in the tempotron 
to fire zero times and one time in response to input patterns (Fig. 2e). 
To test the robustness of the tempotron, jitter noise (quantified by 
σpre) was added to the input patterns (Fig. 2f, inset). Stability against 
jitter noise is observed for σpre < 5 ms (Fig. 2f), suggesting high noise 
tolerance for MST-based tempotrons.

In addition to the synaptic functionalities facilitated by VTG alone, the 
asymmetry of the BLG/hBN moiré heterostructure implies that VTG and 
bottom gate bias (VBG) provide distinct tunability in dual-gated MSTs. 
Because of the spatial separation between the two subsystems in the 
BLG/hBN moiré heterostructure, VBG and VTG have preferential control 
over the conductance channel and the moiré localization sites, respec-
tively. In particular, only in the ratcheting regime does VTG induce a 
unidirectional charge injection into the conductance channel. In Fig. 3a, 
the drain current ID is measured as a function of VBG at a range of VTG 
values between 0 and 3.2 V. Regardless of the VTG value, the forward scan 
(red) and the backward scan (blue) overlap with each other, indicating 
that VBG can add and remove charges from the conductance channel in 
a reversible manner (Fig. 3c). In comparison, Fig. 3b shows the ID versus 
VTG curves at different VBG values. At each VBG value, significant hysteresis 
is observed between the forward and backward scans. In the constant 
conductance segments, VTG modulates the occupation of the moiré 
localization sites, leaving the channel conductance unchanged. The 
voltage range for the constant conductance segments is the same for 
each scan, which corresponds to the maximum charge density that the 
moiré localization sites can accommodate. In the ratcheting regime,  
VTG adds electrons/holes to the conductance channel through the elec-
tron/hole ratchet mechanism (Supplementary Fig. 2b,c, respectively). 
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In contrast, reversing the VTG voltage scan direction immediately 
activates the ratchet locking mechanism such that charges are first 
removed from the moiré localization sites. In summary, VTG hyster-
etically controls the non-volatile ratcheting effect at the top BLG/hBN 
interface, whereas VBG reversibly controls the conductance channel in 
a manner analogous to a conventional BLG transistor.

By exploiting the combined effects of VTG and VBG, the occupation of 
the moiré localization sites and the channel conductance can be deter-
ministically programmed (Supplementary Figs. 3 and 4), enabling rich 
and broad tunability of the MST synaptic response. Experimentally, we 
initialize the MST to the same state through a closed-loop sweep of VBG 
(from −2 to 2 V and then back to −2 V) while constantly biasing VTG at −4 V. 
The drain current ID is then measured after applying 10 ms VTG pulses 
of amplitude 2.5 V (Fig. 3c) or 4 V (Fig. 3d) at various VBG biases from −2 
to 2 V. The change in ID (∆ID) from Fig. 3c,d is plotted in Fig. 3e,f, respec-
tively, showing how the threshold where LTD and LTP switch (noted 
as θt) is modified by VTG. In the case when VTG is 2.5 V (Fig. 3e), θt falls 
between 0 and 1 V in VBG, which indicates that the device is LTD favoured. 
On the other hand, in the case when VTG is 4 V (Fig. 3f), θt lies between  
−1 and 0 V in VBG, which indicates that the device is LTP favoured.

The contrasting control provided by VTG and VBG in MSTs enables 
the realization of neuromorphic input-specific adaptation. In the  
Bienenstock–Cooper–Munro model36, input-specific adaptation is 
described using bidirectional synaptic threshold sliding (Fig. 4a) and is 
applicable to biological neurons in the visual cortex under eye depriva-
tion conditions36. From a neuromorphic computing perspective (Sup-
plementary Information section XI), input-specific adaptation allows 

neural networks to actively adapt to overall activity, maintain system 
stability and mimic higher-order correlations in the brain36,37 in addition 
to supplementing Hebbian/anti-Hebbian learning rules36 (Fig. 4b, syn-
aptic threshold is fixed). Both the original biological model36 and recent 
neuromorphic hardware demonstrations38,39 rely on the frequency 
variation of postsynaptic stimulation (noted as c in Fig. 4a) to trigger 
input-specific adaptation. However, the use of stimulation frequency 
as an input variable in neuromorphic hardware is challenging, slow and 
inefficient40. By contrast, MSTs achieve bidirectional synaptic thresh-
old sliding using only VTG and VBG, thus overcoming these limitations.

We demonstrate MST-based input-specific adaptation using an asso-
ciative memory model where eye deprivation is considered. In a stable 
environment, associative memory allows the recall of a brain-stored 
pattern after seeing a similar but nonidentical pattern41. In a changing 
environment, such as when eye deprivation occurs (for example, poor 
lighting conditions), the adversarial effect is compensated for by 
input-specific adaptation in the neural system to ensure that associa-
tive memory functions correctly. Specifically, we modelled a biomi-
metic MST-based Hopfield neural network that associates a prestored 
pattern Ppre (‘111’) with a similar but nonidentical input pattern Pin  
(‘000’ in our demonstration) (Supplementary Information section XI 
and Supplementary Figs. 16–18). Initially, we limited the MSTs to only 
follow Hebbian/anti-Hebbian learning rules with θt being fixed (Fig. 4b). 
In a stable environment case without eye deprivation (Fig. 4c), the 
neural network recalled Ppre (Fig. 4e). However, when eye deprivation 
occurred (Fig. 4d), the neural network failed to recall Ppre and became 
stuck at a local minimum (Fig. 4f). Next, we allowed the MSTs to possess 

Pulse number

6

8

2

4

–2

–4

–6

–8

–10

0 400 800 1,200

0

Presynapse 

NMDA

AMPA

Postsynapse 

0 spike 1 spike
1

0 0.5 0 0.50

Time (s)
Time0

1

2

3

4

n

O
ut

pu
t (

nA
)

25

20

15

10

5

0
20 4 6 8 10

G
en

er
al

iz
at

io
n 

er
ro

r (
%

)
A

ffe
re

nt

Vpre (ms)

a

d

f

e

b

VTG

t

10 ms

A
m

pl
itu

de

–25 V
Depression

VTG
Potentiation

22 V

28 V

23 V

VD = 0.1 mV
VBG = 0 V

ΔI
D
 (n

A
)

VBG

VS

VD

VTG

VTG

VTG
VD VD VD

VS

VS

VS

VBG VBG VBG

2Vpre jitter noise

c

Fig. 2 | Synaptic responses and applications of MSTs. a, Measurements of 
device no. 2 showing the wide range of tunable LTP and LTD plasticity in an MST 
by adjusting the amplitude of 10 ms VTG pulses. Each curve shows alternating 
potentiation and depression behaviour in a long sequence of corresponding 
pulses indicated in the inset. b, Schematic of an MST mimicking a biological 
synapse. c, Schematic showing the architecture of MSTs being implemented in 
a crossbar array for large-scale neural network operation. d–f, Demonstration 
of tempotron-based multispike computation with MSTs. d, Illustration of  

input spatiotemporal patterns to train the tempotron. e, Two output neurons 
are trained to fire zero times and one time in response to input patterns.  
f, Generalization error of the tempotron as a function of jitter s.d. σpre applied 
on input patterns. The inset illustrates the relation between jitter noise  
and the temporal shift of an input signal. VD is 0.1 mV for all measurements. 
AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; NMDA, 
N-methyl-D-aspartate.



Nature | Vol 624 | 21/28 December 2023 | 555

LTD LTP

LTD LTP

80

100

60

40

150

100

50

–2 0 2

–4 –2 0 2 4 6

3.2 V

VBG

–1.8 V

2.6 V

Constant
conductance Ratcheting

Ratcheting

0 V

1 V

–1 V

1.8 V

0 V

Constant
conductance

–2 –1 0
0

2

–2

4

1 2

ca d e

fb

–2 –1
00

4

8

–4

12

1 2

0
6260

64
52

56
49

51
56

58

60

62

66
60

65

50

60
48

52

50

55

5 10 15 20 25 30
Pulse number

0 5 10 15 20 25 30
Pulse number

0 V

0 V

2 V 2 V

1 V 1 V

–1 V –1 V

Tt

I D
 (n

A
)

VD = 0.1 mV

VBG (V)

VTG pulse 2.5 V
VBG constant –2 V

I D
 (n

A
)

I D
 (n

A
)

VTG (V)

I D
 (n

A
)

VTG

ΔI
D
 (n

A
)

ΔI
D
 (n

A
)

VTG pulse 4 V
VBG constant –2 V

VBG (V)

VBG (V)

VTG 2.5 V

VTG 4 V

Tt

Fig. 3 | Dual-gate response of MSTs. a, Measurements of device no. 1 showing 
that sweeping VBG predominantly modulates carrier density in the conducting 
channel without hysteresis. The dashed line highlights the shift of the charge 
neutrality point as a function of VTG (each curve has a 12 nA offset for clarity). 
The red curve corresponds to the VBG scan in the forward direction, and  
the blue curve corresponds to the VBG scan in the backward direction.  
b, Measurements of device no. 1 showing that sweeping VTG leads to strong 
hysteresis between the forward VTG scan (red) and backward VTG scan (blue) 
for a range of VBG values (each curve has a 22 nA offset for clarity). The dashed 
lines mark the transition between the constant conductance regime and the 

ratcheting regime for the forward and backward scans. The voltage range  
of the constant conductance regime remains the same for both VTG scan 
directions regardless of the VBG values. c, Measured drain current ID of the 
MST by applying 10 ms VTG pulses with 2.5 V amplitude at various VBG biases 
from −2 to 2 V. d, Measured ID of the MST by applying 10 ms VTG pulses with 4 V 
amplitude at various VBG biases from −2 to 2 V. e, The overall ∆ID of c showing 
that the LTD/LTP threshold point is between VBG = 0 and 1 V. f, The overall ∆ID 
of d showing that the LTD/LTP threshold point is between VBG = −1 and 0 V. VD  
is 0.1 mV for all measurements.
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Fig. 4 | Input-specific adaptation for associative learning based on MSTs.  
a, Input-specific adaptation can be manifested as bidirectional synaptic 
threshold sliding with a tunable threshold θtm (m = 1, 2, 3, …). It is different 
from Hebbian/anti-Hebbian learning rules. b, In Hebbian/anti-Hebbian 
learning rules, the LTD/LTP threshold point θt is fixed. As shown in a, input- 
specific adaptation can be realized by the MST by simply tuning the two gate 
biases as opposed to the more cumbersome frequency tuning in traditional 
neuromorphic hardware implementations. c, Schematics showing associative 
learning of an MST neural network without considering the effect from eye 
deprivation. d, Schematics showing associative learning of an MST neural 
network considering the effect from eye deprivation. See Supplementary 

Information section XI for details. e–g, Waveforms of neural network states 
‘x1, x2, x3’ get updated under different learning rules. e, Without eye deprivation, 
MSTs following the learning rule in a or b enable the neural network to correctly 
associate the prestored ‘111’ pattern (each digit corresponds to xi, i = 1, 2, 3) with  
a similar but nonidentical input ‘000’ pattern. f, With eye deprivation and 
following the learning rule in b, the neural network fails to associate the 
prestored ‘111’ pattern with the input ‘000’ pattern. g, With eye deprivation 
and following the learning rule in a, input-specific adaptation in MSTs enables 
the neural network to correctly associate the prestored ‘111’ pattern with the 
input ‘000’ pattern.
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tunable synaptic threshold sliding θ m( = 1, 2, 3, . . . )tm  (Fig. 4a). In this 
case, even in the presence of eye deprivation (Fig. 4d), the neural net-
work correctly recalled Ppre (Fig. 4g). In particular, the onset of eye 
deprivation triggered the input-specific adaptation of the MSTs and 
enabled weight adjustment of the devices in the training process to 
mitigate adversarial effects. Because this functionality can be realized 
simply by controlling biases to the gate terminals, MSTs provide an 
efficient and scalable solution for implementing biorealistic neuro-
modulation computational models in a compact form compared with 
traditional two-terminal memristors. For example, in addition to 
input-specific adaptation, vestibular–ocular reflex42 and feed-forward 
dentate gyrus–hippocampal CA3 microcircuits43,44 can be realized 
using MSTs to efficiently process information from sensory, memory 
and motor actions in neuromorphic hardware. Neurosynaptic cores 
based on MST crossbars also have the potential to be used as analogue 
memory and compute arrays to better address sensory-based prob-
lems45. The unique functionality of MSTs further offers a means of tun-
ing the synchronization level of moiré devices in a crossbar to address 
the sparse nature of spiking neural networks in large-scale spike-based 
computing chips46 (Supplementary Information section XII).

In conclusion, we have harnessed BLG/hBN moiré heterostructures to 
realize room-temperature MSTs. The electronic ratcheting characteris-
tics of these MSTs provide tunable synaptic responses that are suitable 
for neuromorphic spike-based perceptrons and spatiotemporal-based 
tempotrons. Moreover, the spatial asymmetry of the BLG/hBN moiré 
heterostructure implies that the top and bottom gates in dual-gated 
MSTs provide differential control over the moiré localization sites and 
the channel conductance, respectively, which enables bidirectional syn-
aptic threshold sliding that is suitable for implementing input-specific 
adaptation in neuromorphic hardware. Although demonstrated here 
with BLG/hBN moiré heterostructures, the evolving family of moiré 
heterostructures based on other twisted two-dimensional nanosheets 
is likely to yield additional non-volatile synaptic characteristics with  
utility for neuromorphic computing. When coupled with recent 
advances in large-area, single-crystal two-dimensional material growth 
techniques47,48 and wafer-scale aligned transfer methods49, MSTs have 
the potential for scaling in crossbar architectures45 that can implement 
complex neuromodulation and biomimicking functionalities.
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Methods
Device fabrication
When fabricating MSTs, graphene and hBN flakes are first exfoliated 
onto SiO2/Si substrates. BLG is then identified using Raman spec-
troscopy. The bottom hBN, BLG and top hBN flakes are subsequently 
stacked together and transferred onto prepatterned metal-bottom 
gates through a standard dry transfer technique using a polydimethylsi-
loxane/poly(bisphenol A carbonate) stamp. The remaining top contacts 
are fabricated by first defining the contact area with electron-beam 
lithography, then exposing graphene with etching of the top hBN within 
those areas and finally forming contacts by evaporating chromium/
palladium/gold on top of the now exposed graphene.

Electrical measurements
All room-temperature electrical measurements were carried out in 
a vacuum probe station at a pressure of approximately 5 × 10−5 Torr 
using a LakeShore CRX 4 K probe station. All pulse measurements were 
carried out with pulse measurement units in a Keithley 4200A-SCS 
Parameter Analyzer using home-built LabVIEW programs. In Fig. 1h, the 
conductance of the device is measured after each VTG pulse as shown 
in the inset. Thus, VTG alternates between −3 and 0 V during the write 
and read pulses for 10 ms each. The read voltage (VD = 10 mV) was con-
tinuously applied during the write and read process. Only one value 
of read current was obtained during each reading. Each potentiating 
(depressing) section of the zigzag pattern in Fig. 2a is one LTP (LTD) 
curve similar to the curves being shown in Fig. 1g (Fig. 1h).

Data availability
Data for all figures are available at the Harvard Dataverse repository 
(https://doi.org/10.7910/DVN/1LZUH5).

Code availability
Code for all algorithms is available from the Harvard Dataverse reposi-
tory (https://doi.org/10.7910/DVN/1LZUH5). 
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