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Non-volatile reconfigurable devices have the potential toimprove

integration levels and lower power consumption in next-generation
electronics. Two-dimensional semiconductors are promising materials for
making non-volatile reconfigurable devices due to their atomic thinness
and strong gate control, but it is challenging to create varied reconfigurable
functions with asimple device configuration. Here we show that an
effective-gate-voltage-programmed graded-doping strategy can be used
to create a single-gate two-dimensional molybdenum ditelluride device
with multiple reconfigurable functions. The device can be programmed

to function as a polarity-switchable diode, memory, in-memory Boolean
logic gates and artificial synapses with homosynaptic plasticity and
heterosynaptic plasticity. As adiode, the device exhibits arectification
ratio of up to 10*; as an artificial heterosynapse, it shows heterosynaptic
metaplasticity with amodulatory power consumption that can be

reducedto 7.3 fW.

Large-scale next-generation electronics will require field-effect tran-
sistors (FETs) that are highly miniaturized and have multiple func-
tionalities. However, short-channel effects limit the downscaling of
traditional FETs to sub-10 nm feature sizes and hinder the extension
of device functions'. Reconfigurable devices, which can switch their
functions during operation for different tasks, have been proposed as
analternative. However, reconfigurable devices based onsilicon FETs
need to combine complex electronic circuits and additional memory
units to perform and store the reconfiguration, which increases system
complexity, reduces the integration level and complicates the fabrica-
tion process’. It is, therefore, desirable to develop advanced recon-
figurable devices with simple configurations and using non-silicon
materials®*. Two-dimensional (2D) semiconductors, such as transition

metal dichalcogenides, have been explored for use in reconfigurable
electronicdevices. Duetotheir layered, dangling-bond-free structures,
2D semiconductors have unique electronic properties' and can offera
wide range of configurations and functions® 2.

Controllable and reversible dopingis the key to develop reconfig-
urable 2D devices. Since traditional ionimplantation doping methods
used in silicon-based devices are not suitable for 2D semiconductors
duetotheir atomic thickness’, doping strategies including the adsorp-
tion/desorption of molecules™", charge trapping"” and ferroelectric
polarization'® have been employed to create reconfigurable 2D devices.
Electrostatic gating can be used to control the doping level of these
devices. However, single-gate reconfigurable devices are mostly lim-
ited to dual or triple functions, for example, n- and p-type FETs and/
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Fig.1|Schematic and working principle of a single-gate reconfigurable
MoTe,device. a, Schematic of the charge transfer process between the MoTe,
channel and adsorbed O,/H,0 molecules. The inset shows a schematic of the
electron transfer process from MoTe, to O,/H,0 molecules. HOMO, highest
occupied molecular orbital; LUMO, lowest unoccupied molecular orbital;

E;, Fermilevel; E., conduction band edge; E, valence band edge. b, Transfer
characteristics of the MoTe, device at V= 1V. The effective gate voltage V, .
equals the applied gate voltage because V, and V, are small. ¢, Schematic of

the MoTe, device under the configuration process to an n-p diode (top). The
distribution of V, .is superimposed for clarity. Line profile of V, . distribution

Memory e Artificial synapse

Vg pulse/V, 4

Vg,eff Vg,eff
so Uniform p doped so Heterosynaptic plasticity
== I ==
2% gg
[elae] [elae)
2a ga
< <
s 5
g2 gg
88 08 | n———
] Graded n doped iRl
oc ac

T T T T
Drain Source Drain Source

under the configuration process to n-p diode or p-ndiode (bottom).

d, Schematic of the reconfigurable device as amemory (top). The configuration
process to the uniform p-doped state and graded n-doped state is illustrated on
theleftand right, respectively. Corresponding line profile of V, . distribution
(bottom). e, Schematic of the device as an artificial heterosynapse. Here, V, or V,
pulses, either positive or negative, are applied to modulate the synaptic weight.
V, «rdistribution under either V, stimuli (for the emulation of the homoeostatic
function of heterosynaptic plasticity) or V;stimuli (for the emulation of
homosynaptic plasticity) (bottom).

or homosynaptic transistors. To achieve more reconfigurable func-
tions, multiple gates are fabricated to control doping separately and
locally, though this increases system complexity and manufacturing
cost>”7_ Other structures for reconfigurable 2D devices have also
been reported, such as semi-floating gate?, half-charge-tunnelling
layer’, half-ferroelectric layer”, ionic conductive layer* and hetero-
junctions®?*, but the problem of high system complexity remains.

In this Article, we report an effective-gate-voltage-programmed
graded-doping (EGV-pGD) strategy and use it to reconfigure a
single-gate ambipolar molybdenum ditelluride (MoTe,) device to
multiple states. By simultaneously applying alarge drain-source volt-
ageand agate voltage, agraded effective gate voltage isinduced across
the MoTe, device, which precisely controls the adsorptionand desorp-
tion of gas molecules on the channel. The reconfigurable device can
function as polarity-switchable diodes, memory, in-memory Boolean
logic and artificial synapses with homosynaptic plasticity and heter-
osynaptic plasticity (Supplementary Table 1 lists a comparison with
otherreconfigurable 2D devices). The reconfigurable functions of the
devicealso show high performance. In particular, asadiode, the device
exhibitsarectification ratioup to 10*, and as an artificial heterosynapse,
the device shows heterosynaptic metaplasticity with a modulatory
power consumption under 10 fW. Our work provides asimple EGV-pGD
strategy torealize reconfigurable multifunctionality in 2D devices with
low complexity of device configuration and improves the understand-
ing of gate-controlled doping for 2D ambipolar semiconductors.

Working principle of reconfigurable MoTe,
devices

Figure 1 illustrates the working principle of the reconfigurable
MoTe, device with switchable functions among p—n/n-p diodes,
memory and homosynaptic/heterosynaptic plasticity. A variety of

switchable functions are enabled inasingle-gate device by reconfig-
urable EGV-pGD due to the programmable adsorption/desorption of
molecules on MoTe,. Supplementary Fig. 1shows the atomic force
microscopy image and Raman spectra of a typical device. MoTe,isa2D
ambipolar semiconductor withabandgap of 0.9 to1.1 eV, depending
on its thickness®. The ambipolarity of the MoTe, channel is vital for
reconfigurability because it allows MoTe, to be n doped, p doped or
graded doped, as desired. Moreover, the near-zero threshold voltage
(V) of the ambipolar MoTe, is also important for high-performance
reconfigurable functions (Supplementary Note 1 provides a detailed
discussion). It is known that the lowest unoccupied molecular orbit
of 0,and H,0 moleculesis lower than the valence band maximum of
MoTe,, which leads to electron transfer from the MoTe, channel to
the adsorbates and thus p-type doping of the channel (Fig. 1a)**%.
The large clockwise hysteresis in the transfer curve measured in air
(Fig. 1b and Supplementary Fig. 2a) versus the negligible hysteresis
measuredinavacuum (Supplementary Fig. 2b,c) confirms the adsorp-
tion/desorption of molecules. Whenapositive V, is applied, the elec-
tron density in the channel rises, which facilitates the adsorption of
0,/H,0 molecules. The adsorbates remain on the channel after V,
isremoved, and as aresult, the channel is p doped, and the transfer
curveis positively shifted. In contrast, anegative V, depletes the elec-
trons of the channel, which leads to weakened adhesion between the
channeland the adsorbates and promotes the desorption of adsorb-
ates. Thisresultsinanegative shiftin the transfer curve and n doping
of the channel compared with that before applying the negative V,
(refs.13,28,29).

In real cases, the EGV (also represented by V, ), defined as the
relative voltage between the channel and gate terminal, is more criti-
calthan V, to determine the doping states of MoTe,, which follows the
relationship
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where V,isthe global gate voltage and V,,(x) is the local electrical poten-
tial of a channel. Therefore, V, .+(x) determines the real gate voltage
distribution along the channel. When the absolute values of the source
and drainvoltages (V,and V,, respectively) are much smaller than that of
Vy, Vyernearly equals V,as V,, is negligible, whichis the common case for
anFET. However, if the drain-source voltage (V) is large enough com-
pared withalarge V;inabsolute values, V, .will be highly non-uniform
along the channel*°. Such a large V,, is known to induce a pinch-off
effectin traditional Si-based FETs*. In 2D FETs, graded doping of the
channelwill occur due to the non-uniformadsorption/desorption of O,/
H,0 molecules. AsMoTe,isambipolar and its polarity is very sensitive
to the doping level, this single-gate MoTe, device can be configured
towards multiple states by simultaneously applying different sets of
gate and drain voltages in air.

Specifically, to construct an n-p diode, a positive V, is set to be
larger than a positive V, and the source terminal is grounded (Fig. 1c,
top), such that V, is large to induce a large variation in V(x). Conse-
quently, in the region near the drain electrode, V, .« (drain) = V, - Vyis
negativesince V;is higher than V,, which promotes O,/H,0 desorption
and leads to n doping. Near the source electrode, in contrast, V, ¢
(source) = V, >0, leading to the adsorption of molecules and p doping.
As aresult, an n—-p diode is formed. Similarly, a p—n junction can be
made by applying large negative Vyand V.

Torealize and enhance the memory function of the reconfigurable
device, a p-doped state of MoTe, is formed by applying a large posi-
tive V, with a small V;, which has V, . uniform and positive leading to
uniform p doping over the channel. For the n-doped state, negative V,
and positive V;are simultaneously applied toinduce graded n doping
over the channel. As V, .+ is lower, the n-doping level is deeper near
the drain than near the source, which greatly enhances the retention
performance of the memory (Fig. 1d).

Moreover, the reconfigurable MoTe, device can also emulate a
biological heterosynapse with functions of both homosynaptic and
heterosynaptic plasticity (Fig. 1e). The drain and source terminals are
defined as pre- and postsynapse, respectively, and the channel current
is defined as the synaptic weight between them. The gate terminal
representsamodulatory synapse. The synaptic weight can be adjusted
by the stimuli of positive or negative V, pulses as an emulation of the
homoeostatic function of heterosynaptic plasticity. The weight can also
be altered by V, pulses, which changes the V, . distribution over the
channeland promotes gas adsorption/desorption. This homosynaptic
plasticity can be modulated by the gate terminal (V,,,4), representing
heterosynaptic metaplasticity.

EGV-pGD for polarity-switchable diodes

It is well known that p—n junctions are key components in modern
electronic and optoelectronic devices. Typically, complex device
structures and complicated fabrication processes are essential for
non-volatile polarity-switchable diodes*. Insharp contrast, our recon-
figurable MoTe, device can work as non-volatile polarity-switchable
diodes withonly one gate terminal required. As shownin Fig.2a, when
V issetto19V, V;to 28 V and the source grounded, V, . varies from
-9t019 Vfrom the drain to source. This leads to the graded doping
of the MoTe, channel, ranging from n doping around the drain to p
doping around the source, due to the desorption and adsorption of
0,/H,0, respectively. As aresult, an n—p diode forms along the chan-
nel. Similarly, a p—n diode can be configured or reconfigured on the
same device when V,=-9Vand V;=-28 V. Itis worth noting that an
abrupt V, s transition exists between the n-doped and p-doped regions
due to the pinch-off effect (Fig. 2b). This indicates that the undoped
region (where V, .« is close to zero) is narrow, leading to a relatively
sharp n—-porp-njunctioninthe middle of the channel (Supplementary
Notes 2 and 3 provide a detailed derivation)*>*. The position of this

sharp transition can be well controlled by the sets of Vyand V (Fig. 2c
and Supplementary Figs. 3 and 4). Specifically, the transition region
moves from the drain to the source electrode with decreasing V, or
increasing V. We used Kelvin probe force microscopy (KPFM) to verify
the doping states of the channel. As shown in Fig. 2d, in the regions
where positive V, . values are applied, the surface potential of the
channelis lower because of the transfer of electrons from the channel
to the adsorbates, verifying the p doping of the channel. In contrast,
thesurface potentialis higherinthe regions where negative V, . values
are applied because of the n-doping effect due to the desorption of
most adsorbates. In both n—p and p—n diodes, clear boundaries exist
between the n-doped and p-doped regions. The line profiles of the
surface potential along the channel suggest that the boundaries are
relatively sharp (Fig. 2e), which validates the formation of relatively
sharpjunctions. The depletionregionis further determined to be nar-
rower than 400 nm, as shown by the optimized KPFM measurements
and the short-channel device (Supplementary Note 4).

Both output characteristic curves of then-pand p-ndiodes reveal
typical current-rectifying behaviours, with rectification ratios of
~1.4 x10*and -1.1 x 10%, respectively (Fig. 2f). These out!/)ut curvescan
be fitted to the Shockley diode equation, / = Io[exp ( &2 ) — 1], where
lyisthereverse saturation current; nisthe ideality factor:and k, Tand
g are the Boltzmann constant, temperature and elementary charge,
respectively®. The ideality factors of the n-p and p—n states are 1.93
and1.84, respectively, both close t0 2.00. Thisindicates that the recom-
bination current—rather than the diffusion current—is dominantin the
carrier transport process, possibly resulting from a large density of
trap states introduced by the adsorbates'*. The slight difference in
therectification ratio mainly results from the different position of the
junction region and the non-uniformity of the MoTe, channel (Sup-
plementary Note 5). In addition to the switchable polarity, the MoTe,
diode also shows an obvious photoresponse (Fig. 2g and Supplemen-
tary Fig. 5), which originates from the separation of photogenerated
electrons and holes owingto thelarge built-in potentialin thejunctions.
Under positive (negative) V,,, the built-in potential of the n-p (p—n)
diodeisenhanced, and thus, a substantial photocurrentis observable.
The short-circuit photocurrent of the n-p (p—n) diode increases
(decreases) with increasing incident light power (Supplementary
Fig. 6). For comparison, the same device under a uniformly n-doped
or p-doped state shows anegligible photoresponse compared with the
deviceinann-p or p—ndiode state, verifying that the photoresponse
of the diode arises from the junction area instead of the p-doped or
n-doped region (Supplementary Fig. 7).

EGV-pGD for MoTe, memory

The configuring procedure of aMoTe, memoryisshowninFig.3a,b.In
general, the p-doped state is realized by applying a large V, (28 V) for
2 min together with negligible V;and V; (Fig. 3a). In this case, V, ¢ is
uniform and positive along the channel, leading to uniform p doping.
For the n-doped state, V,=-13V, V;=17Vand V,= 0V are simultane-
ouslyapplied (Fig.3b). Atsuchahigh drain-source voltage, V, .gradu-
allyincreases from-30 Vatthedrainto-13 Vat the source, leading to
graded n doping of the channel with a deeper doping level near the
drain (Fig. 3c). Therefore, there is a large memory window of 25V
between the transfer curves of the uniform p-doped state and graded
n-doped state (Fig. 3d). For the p-doped state, the channel ishomoge-
neously doped and can be turned off by aglobal gate voltage, leading
toasmall difference between the electron threshold voltage (V;;, .) and
hole threshold voltage (V,; ,). For the n-doped state, however, the dop-
ingis heterogeneous, and the local V,, varies at different locations. As
aresult, the channel can be partially turned off by a wide range of V,,
and the transfer curve exhibits a wide switching-off region, which is
beneficial for the retention and duration performance of the memory.
KPFM measurements clearly reveal that the p-doped device hasamuch
lower surface potential than the n-doped device (Fig. 3e). The difference
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Fig. 2| Polarity-switchable MoTe, diodes based on EGV-pGD. a, Schematic
ofareconfigurable MoTe, device under configuration to an n-p diode.

b, Distribution of V, .sunder configuration to n-p diode and p-n diode. The inset
shows the corresponding band diagram after the configuration process.
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measurements are conducted under the protection of Ar gas flow. Here ‘S’ and
‘D’ denote the source and drain electrode, respectively. e, Line profiles of the
surface potential of the diodes. f, Output characteristics of the reconfigurable
n-p and p-ndiodes fitted to the Shockley diode equation. The open circle dots
are the data points, and the dotted lines are the fitted curves. g, Optoelectrical
characteristics of the reconfigurable n-p diode under different light power
densities.

insurface potential between the p-doped and n-doped statesis 113 mV
(Fig. 3f). We note that the device experienced a short-term exposure to
air when transferred to the KPFM equipment, where it was protected
by the Ar gas flow. Thus, the n-doped device unavoidably adsorbed
some O,/H,0 molecules during the transfer, and the measured surface
potential of the n-doped device should be lower than the actual value.

As shownin Fig. 3g, the MoTe, memory exhibits a long retention
time of more than 36 h in a vacuum, with an on/off ratio higher than
10°. During thislong-term testinavacuum, the channel current slightly
decreasesin the p-doped state, which should result from O,/H,O des-
orption, whereas it gradually increases in the n-doped state, possibly
due to the readsorption of residual 0,/H,0 molecules in a vacuum
(Fig. 3g and Supplementary Fig. 8). The graded n doping has greatly
counteracted the readsorption and enhanced the retention perfor-
mance by inducing a wide switching-off region. The graded n-doped
device exhibits a switching-off region wider than 7V, whereas that
of the uniformly n-doped state is narrower than 1V (Supplementary
Fig.9a).Since the memory device is read under a constant gate voltage,
awider switching-offregion provides a better capability of the device
to maintain a low read current (Supplementary Fig. 9b). As a result,
the read current of the graded n-doped state remains lower than1 pA
for more than20 h, showing much better retention performance than
the uniform n-doped state (Fig. 3h). Under an endurance test with

repeatedly adsorbing and desorbing gas molecules (Supplementary
Fig. 10a), the memory device shows steady read currents and an on/
off ratio over 10* after 500 cycles, exhibiting good endurance perfor-
mance. The Raman spectrum after the endurance test shows no oxida-
tion peak (Supplementary Fig. 10b), implying that O,/H,0 molecules
do not form chemical bonds with MoTe, and the adsorption process
was physical adsorption (Supplementary Note 6). The transfer curve of
the device exhibits a negligible shift after configuringinavacuum and
alarge positive shiftinatmosphere, verifying the proposed mechanism
of gas adsorption/desorption (Supplementary Fig. 11).

By controlling the doping level of the channel, multilevel stor-
age can be further realized (Fig. 3i). The MoTe, device is first set to a
high-resistance state by applying a negative V,, whichleads to O,/H,0
desorption and a negative shiftin V.. Then, five incremental positive
V, pulses are successively applied to induce O,/H,0 adsorption and
consequentially a positive shiftin V. As aresult, /,; increases after
each voltage pulse, and five distinct current levels can be clearly dis-
tinguished. The deviceis reset to the high-resistance state by another
negative V, pulse afterwards. Furthermore, the MoTe, device has the
function of in-memory logic based on the correlation among V,, V,
and V.. When the gate terminalis grounded, either positive V, or V,can
induce alarge negative V, son the channel and decrease the current,
correspondingto NOR logic (Supplementary Fig.12). When the source
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Fig.3|Reconfigurable MoTe, memory based on EGV-pGD. a, Schematic ofa
reconfigurable MoTe, memory under the configuration process to a uniformly
p-doped state. b, Schematic of the device under the configuration process toa
graded n-doped state. ¢, Distribution of V, . under the configuration process to
agraded n-doped state. The speed of gas desorption is faster, and the p-doping
level is deeper near the drain. The inset illustrates the band diagram of the
graded n-doped device. d, Transfer curves of the device under graded p-doped
and uniformly n-doped state. The drain-source voltage was setat1V.e, KPFM
images of adevice in uniform p-doped and n-doped states. The measurements

are conducted under the protection of an Ar gas flow. f, Line profiles of the
surface potential. g, Retention characteristics of the MoTe, memory. The current
of each state was measured in a vacuum for 5 s ata time. The intervals between
each measurement were 10 s at first and gradually increased to 600 s. The gate-
source voltage was —3.0 V, and the drain-source voltage was 0.1 V. h, Retention
characteristics of the device in graded n-doped and uniformly n-doped states.

i, Evolution of the channel current after V, pulses of different amplitudes,
showing the multilevel storage ability of the device. The pulse widths are 2.0 s for
negative pulses and 0.2 s for positive pulses.

terminalis grounded, asmall positive V,or small negative V;alone can-
notincrease the current. However, when they are concurrently applied,
large positive V, s values are induced, and the channel current rises,
corresponding to AND logic (Supplementary Fig.13).

Homosynaptic plasticity induced by EGV-pGD

The reconfigurable MoTe, device is suitable for polarity-switchable
diodes and memory but is also capable of emulating a three-terminal
biological heterosynapse. In biological nervous systems, the synapse
is the connection between biological neurons***. Information is

transmitted from one neuron to the next through synapses. A syn-
apse that connects two information-transmitting neurons is called a
homosynapse, in which the synaptic weightis the connectivity between
the two neurons and synaptic plasticity describes the adjustability of
the synaptic weight. Once anaction potential arrives at the presynapse,
neurotransmitters are released to deliver information to the postsyn-
apse and alter the synaptic weight. This input-specific adjustment of
the synaptic weight, termed homosynaptic plasticity, underlies mem-
ory and learning and can be regulated by modulatory interneurons.
A synapse can also involve—in addition to information-transmitting
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Fig. 4| Homosynaptic plasticity in MoTe, artificial synapse. a, Schematic
ofabiological heterosynapse. The synaptic weight is adjusted by presynaptic
stimuli. This homosynaptic plasticity can be adjusted by modulatory synapses.
b, Schematic of a MoTe, artificial synapse. The synaptic weight (channel
conductance) is adjusted by a presynaptic spike, represented by a V, pulse.
This homosynaptic plasticity is altered by modulatory neurotransmitters,
represented by the V, input. ¢, Distribution of V, . under V, stimuliwithan

amplitude of £20 V. Most of the channel is under |V, .« larger than10 V.d, KPFM
line profile of aMoTe, artificial synapse before and after 100 V, pulses with an
amplitude of -20 Vand awidth of 0.1 s. e, EPSC after negative V, pulses with
amplitudes from-5to-20 V. The pulse widthis1s. The inset shows the extracted
weight change under different pulse amplitudes. f, Dependence of weight change
on V, pulse width. The amplitude is 15 V for positive stimuliand —20 V for negative
stimuli.

neurons—modulatory neurons thatare notactive ininformation trans-
mission. This multiterminal synapse, called a heterosynapse, has better
synapse specificity and stability, as discussed later.

Toemulate abiological heterosynapse, the drain and source termi-
nals of the MoTe, device are defined as the presynapse and postsynapse,
respectively, and the gate terminal is used as a modulatory synapse
(Fig. 4a,b). The synaptic weight is represented by a postsynaptic cur-
rent (PSC), namely, /.. Toemulate homosynaptic plasticity, the stimuli
of V, pulses are applied with the source terminal grounded. The gate
terminalis grounded or biased, indicating that the modulatory synapse
issilent or active inthe adjustment of homosynaptic plasticity, respec-
tively. Wefirstset V,as O Vtoinvestigate the homosynapticbehaviour
without heterosynaptic modulation. The distribution of V, . under
negative and positive V pulsesisillustrated in Fig. 4c. Undera V pulse
of =20V, V, . near the drain is 20 V as the gate terminal is grounded,
inducing p doping over there, whereas V, . near the source remains
0 V.Since V,,isnear 0 V, the channelis pinched off near the source, and
thus, V, rchanges morerapidly there. As aresult, most of the channelis
graded pdoped underalarge positive V, ¢, leading toa deeper doping
level near the drain and a large increase in the PSC. Under positive V;
pulses, the mechanismis similar, whichresultsinalarge negative V,
over most of the channel and reduces the PSC. KPFM measurements
reveal that the surface potential of the channel is uniform before V;
pulsesbut decreases and becomes lower near the drain than the source
after the pulses (Fig. 4d and Supplementary Fig.14), indicating adeeper
p-doping level near the drain, which is consistent with the calculated
Vg« distribution in Fig. 4c. This further verifies the proposed mecha-
nism of homosynaptic plasticity.

Excitatory postsynaptic currents (EPSCs) after negative V;pulses
with different amplitudes are shown in Fig. 4e. EPSCs rapidly decay
in the first 100 s after the stimuli, probably due to the desorption of

weakly attached adsorbates or the release of trapped charges, fol-
lowed by aslow decline afterwards. However, EPSCs become stable for
1,000 s, indicating a long-term modification of the synaptic weight.
This long-term plasticity is consistent with the good retention per-
formance of MoTe, memory. Furthermore, inhibitory postsynap-
tic currents after positive V,; pulses are measured (Supplementary
Fig. 15), and the dependence of weight changes (Aw) on the ampli-
tude and sign of V, pulses is extracted (Fig. 4e, inset). The absolute
value of Awrises with increasing V; amplitude. Homosynaptic weight
change is also affected by the width of the V, pulses (Fig. 4f and Sup-
plementary Fig.16). The absolute value of weight change is larger for
wider V; pulses because gas molecules are adsorbed/desorbed more
completely. Meanwhile, the weight change in a vacuum is negligible
compared with that in air, proving that the homosynaptic plasticity
results from gas adsorption/desorption (Supplementary Fig. 17). To
further validate the mechanism, EPSCs after negative V;, pulses are
measured with the gate terminal either floated or grounded (Supple-
mentary Fig.18). EPSCs reach 3,500 pA and show long-term facilitation
whenthe gateisgrounded, whereas only small short-term facilitation
is observed when the gate is floated (Supplementary Note 7). This
comparison rules out the direct influence of the lateral electric field
V4 on homosynaptic plasticity, since the status of the gate terminal is
irrelevant to V. Moreover, it indicates that EGV-pGD cannot be fully
exterminated by setting the gate terminal either grounded or floated,
which should be carefully considered for other 2D FETs if large drain-
source voltages are applied. We also note that the relatively large V;
used for reconfiguring diverse functions does not affect the reconfigu-
ration and stability of our MoTe, device, because the largest electric
field applied on the device ismuchlower than the breakdown electric
field and the temperature rise induced by the large V; is negligible
(Supplementary Note 8).
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Homoeostatic function of heterosynaptic plasticity
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Fig. 5| Heterosynaptic plasticity in MoTe, artificial synapse. Heterosynaptic
characteristics of the MoTe, artificial synapse. a, Dependence of weight
change (Aw) on V, pulse amplitude. The pulse widthis 2.6 s. The inset
illustrates a biological heterosynapse under the homoeostatic modulation of
heterosynaptic plasticity. The synaptic weight is modulated by input V, pulses.
b, Five consecutive cycles of LTP and LTD measurements with 256 resistance
states. The amplitude and width of positive V, pulsesare 18 Vand 0.1s, and the
amplitude and width of negative V, pulses are-28 Vand 5.0 s. ¢, Heterosynaptic
STDP characteristics of the device. The balls are the experimental data, and the
solid lines are the fitted curves. The inset shows the shape of the input spike and
the definition of the time interval.d, LTP and LTD performance with the drain
terminal as the input and the gate terminal as the modulatory terminal. The

amplitude and width of the V; pulses are =15V and 0.1 s, respectively, for positive
pulsesand15Vand 1.0 s, respectively, for negative pulses. V, pulses (if any)

are simultaneously applied with V pulses. e, Homosynaptic STDP modulated

by the gate terminal. The balls and solid lines are the experimental dataand
fitted curves, respectively. The inset shows the shape of the input spike and

the definition of the time interval. V;, pulses (if any) are simultaneously applied
with V;and V, pulses. f, Comparison of heterosynaptic-metaplasticity power
consumption of 2D artificial heterosynapses, including devices with lateral
modulatory terminals'®*°, with vertical modulatory terminals®*****"**and the
reconfigurable MoTe, devices reported here (90-nm-thick SiO, and 35-nm-thick
Al,O; as the gate dielectric). Power consumption is calculated by multiplying the
lowest modulatory voltage by the corresponding modulatory current.

Heterosynaptic plasticity induced by EGV-pGD

In addition to homosynaptic plasticity, the reconfigurable MoTe,
artificial synapse can also emulate heterosynaptic plasticity, which
is a vital complement to homosynaptic plasticity in real nervous sys-
tems. In biological heterosynaptic plasticity, neuromodulators are
released by modulatory interneurons into the synaptic cleft between
the presynapse and postsynapse toimplement two functions. First, the
heterosynapse can adjust the synaptic weight between the presynapse
and postsynapse®**’. Such ahomoeostatic function of heterosynaptic
plasticity is responsible for stabilizing the neural system and facilitat-
ing synaptic competition. Second, it can modulate the homosynaptic
plasticity between the presynapse and postsynapse®**. Such modula-
tion, termed as heterosynaptic metaplasticity, is vital for long-term
memory and synapse specificity. Since homosynaptic plasticity and
both functions of heterosynaptic plasticity correlate with each other
and are crucial for biological neural systems, it is valuable for neu-
romorphic devices to emulate all of them®**%* However, although
homosynaptic and heterosynaptic plasticity have been concurrently
realized on 2D devices®"'$*°4°42 few of them have emulated both
heterosynaptic metaplasticity and the homoeostatic function of het-
erosynaptic plasticity at the expense of structural simplicity'®*°*,
Our simple-structured reconfigurable MoTe, device can mimic all
plasticity discussed above due to the high flexibility of the EGV-pGD
mechanism.

The homoeostatic function of heterosynaptic plasticity is arti-
ficially realized by using V, pulses as stimuli. The source terminal is
grounded during the measurement, whereas a small-bias V,, (typi-
cally1V)isapplied to record the PSC. As shown in Fig. 5a, the change
in synaptic weight (Aw) depends on the sign and amplitude of V,
stimuli. Positive V, pulses increase the synaptic weight by facilitating
gas adsorption, whereas negative V, pulses lead to a decrease in syn-
aptic weight. Under a positive V, pulse of 25 V, Aw reaches a value of
17,700%. Both EPSCs and inhibitory postsynaptic currents are stable
for 1,000 s, indicating long-term plasticity (Supplementary Fig. 19).
Wider V, pulsesresultingreater weight changes due to more complete
gas adsorption/desorption (Supplementary Fig. 20). In addition, the
synaptic weight change increases with the number of V, pulses in air,
whereas no weight change is observed in a vacuum, confirming the
mechanism of gas adsorption/desorption (Supplementary Fig. 21).
This MoTe, artificial synapse can emulate the behaviour of long-term
potentiation (LTP) and long-term depression (LTD) with high dynamic
range and linearity. AsshowninFig. 5b, the PSCisincreased from10 pA
to 1.4 nA under 255 positive V, pulses and is refreshed to 10 pA by one
negative V; pulse. This unidirectional modification of synaptic weight
is suitable for hardware neural networks that feature a unidirectional
weight-updating method****. Our device exhibits a dynamic range of
138, low nonlinearity value of 0.56 and low cycle-to-cycle variation of
2.2% (Supplementary Fig.22a). Combined with alow device-to-device
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variation of 5.8% (Supplementary Fig.22b), our MoTe, synapse favour-
ably compares with other reported three-terminal solid-state synaptic
devices based on 2D materials reported in the literature (Supplemen-
tary Table 2).

As an important feature for Hebbian learning and memory,
spike-timing-dependent plasticity (STDP) is vital for unsupervised
learning in spiking neural networks. STDP means that the sign and
magnitude of synaptic weight change are modified by the sequence
andtimeinterval Atbetween the presynaptic spike V.. or modulatory
spike V,,,q and postsynaptic spike V,,, (refs. 5,18). As shown in Fig. 5c,
synaptic weightincreases for At > 0 and decreases for At < 0, suggest-
ing that our MoTe, artificial heterosynapse is capable of emulating
STDP through the homoeostatic function of heterosynaptic plasticity.
Meanwhile, the absolute value of weight change is larger for shorter
timeintervals, and the dependence of weight change oninterval time
fits well with the asymmetric Hebbian rule with R? > 0.95 (refs. 11,42).

Similar to the function of biological heterosynaptic metaplastic-
ity, the homosynaptic plasticity of our MoTe, artificial synapse can
be regulated by the modulatory terminal. This input-non-specific
modulation contributes to the reinforcement of long-term memory
and provides more degree of freedom and a wider dynamic range for
neuromorphicsystems**¥, AsshowninFig. 5d, the homosynaptic LTP
and LTD behaviours of the synaptic device can be effectively modu-
lated by V,,,q pulses. The PSC increases from ~10 pA to ~1.2 nA after 15
negative V, pulses and drops back after one positive V, pulse when
no heterosynaptic modulation is involved. A V.4 of 5V can improve
the homosynaptic potentiation by increasing V, . over the channel
and facilitating gas adsorption. As a result, the PSC reaches -3.2 nA
after negative V, pulses, and the dynamicrangeincreases by 1.6 times.
Homosynaptic potentiation can also be inhibited by negative V.4
pulses, which suppresses p doping and reduces the dynamic range
by 90%. The modulation gate voltage can be further reduced to +1V,
leading to an increase in the dynamic range by 41% and a decrease by
60%, respectively (Supplementary Fig. 23a).

Homosynaptic STDP can also be modulated by the modulatory
terminal (Fig. 5e). The synaptic weight change is negative for At >0
and positive for At <0 whenno V. is applied. The absolute value of
Awis higher forashorter timeinterval. With the modulation of a small
positive (negative) gate voltage of 1V (-1V), gas adsorption (desorp-
tion) is facilitated, whereas gas desorption (adsorption) is mitigated,
leading to anincrease (decrease) in Aw for both At>0and At < 0. The
homosynaptic STDP curves fit well with the asymmetric anti-Hebbian
rule, withR?>0.99 (ref. 42). Therefore, our MoTe, artificial synapse can
emulate both asymmetric Hebbianrule (by V, stimuli) and asymmetric
anti-Hebbian rule (by V, stimuli), which are two vital synaptic charac-
teristics for associative learning. This ability provides more flexibility
and efficiency for future neuromorphic hardware*>**°,

The principle of EGV-pGD provides our artificial heterosynapse
with outstanding gate controllability over the homosynaptic behav-
iour. Improvement in gate controllability is typically realized by reduc-
ingthe equivalent oxide thickness of the gate dielectric. For previously
reported 2D artificial heterosynapses, modulatory voltages are no less
than2 Vevenifahigh-k gate dielectric with an equivalent oxide thick-
ness of 3.1 nmis used”***~*°, However, the modulatory voltage of our
MoTe, deviceis only1Vusinga90 nmSiO, gate dielectric (Supplemen-
tary Fig. 24 shows a comparison). This low modulatory voltage leads to
areduced modulatory current (Supplementary Fig.23b) and ultimately
an ultralow modulatory power consumption of 48 fW. A comparison
of the power consumption with other 2D artificial heterosynapses is
shownin Fig. 5f. The energy consumption, which is 9.5f], is also much
lower than previously reported values (Supplementary Fig. 25)*. By
using 35-nm-thick Al,0; as the gate dielectric (Supplementary Fig. 26),
the modulatory voltage, power consumption and energy consumption
canbe furtherreducedto0.2V,7.3 fWand 0.73 f], respectively (Fig. 5f
and Supplementary Figs. 24 and 25).

Based on the rich functions of the reconfigurable MoTe, device
as discussed above, the reconfiguration ability of our device is dem-
onstrated by consecutively switching four representative functions/
states (Extended Data Fig. 1a). Specifically, the MoTe, device is recon-
figured among the functions of the n-p diode, graded n-doped state,
uniformly p-doped state and homoeostatic function of heterosyn-
aptic plasticity for 100 times. As shown in Extended Data Fig. 1b, the
rectification ratio of the diode, the on- and off-state currents of the
memory function and the dynamic range of the homoeostatic func-
tion of heterosynaptic plasticity remain fairly stable and reproducible
in cycles of reconfiguration. This experiment suggests that multiple
functions canbe achieved and reconfigured in the single MoTe, device,
which can be potentially used to effectively reduce the chip area or
number of devices. The device also exhibits stable performance under
variable environmental conditions. As shown in Extended Data Fig. 2
and Supplementary Fig. 27, after the device is reconfigured into dif-
ferent functions, the rectification ratios of n-p diode, on/off ratios of
memory functionand dynamic ranges of heterosynaptic plasticity are
almost identical under the common relative humidity ranging from
10%to 70% and oxygen concentrations from 10% to 40%. These results
suggest that our reconfigurable device is fairly adaptable and invari-
able under variable environments. Moreover, our device also exhibits
channel-thickness-independent performance of diodes and memories
when the MoTe, thicknesses ranges from 2 to 11 nm, because in this
thickness range, the physical adsorptionsiteson MoTe, are very abun-
dant and the surface doping is not screened from the bottom layers
(Supplementary Note 9).

Regardingintegration-level applicationsin the future, the recon-
figurable MoTe, device can be compatible with mature integrated
circuits by using an appropriate packaging technology like that used
for microelectromechanical systems (Supplementary Note 10). The
rich functions of our device, including the processing power for both
digital and analogue signals, can be integrated within asingle advanced
mixed-signal system (Supplementary Note 11). Furthermore, to dem-
onstrate the potential of our device working with shorter channels, we
fabricated adevice witha400-nm-long channel and 35-nm-thick Al,O,
asthe gate dielectric. The device exhibits excellent current-rectifying
behaviours as polarity-switchable diodes, high on/off ratio as memory
and ultralow modulatory voltage and power consumption as an artifi-
cial heterosynapse, effectively demonstrating the downscaling poten-
tial of our reconfigurable devices (Supplementary Note 12).

Conclusions

We havereported the EGV-pGD method, whichis collectively controlled
by the gate, drain and source terminals and based on the adsorption/
desorption of oxygen and water molecules. This doping method allows
asingle-gate MoTe, device to exhibit a variety of reconfigurable func-
tions, including polarity-switchable diodes, memory, homosynaptic
plasticity, heterosynaptic plasticity and in-memory logic (Supple-
mentary Table 3 lists a summary of the input reconfiguration volt-
agesforeachfunction). The reconfigurability of our device favourably
compares with previously reported 2D reconfigurable devices (Sup-
plementary Table 1) and shows high robustness during repeated recon-
figurations and under various atmospheres.

The polarity-switchable diodes show rectification ratios of 1.4 x 10*
inthe n—p state and 1.1 x 10*in the p—n state with photoelectric detec-
tion capability. The memory exhibits a retention time of over 36 h,
endurance of 500 cycles and multilevel storage ability. The MoTe,
device can emulate a biological heterosynapse with multiple plastici-
ties. The synaptic weight can be adjusted by either homosynaptic or
heterosynaptic stimuli, whereas the homosynaptic plasticity itself
is modulated by heterosynaptic stimuli with an ultralow power con-
sumption. Furthermore, in-memory NOR and AND logic gates are cre-
ated. We systematically explored the correlation among drain, source
and gate voltages, providing a doping method for 2D reconfigurable
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devices with both low structure complexity and multiple functions.
The EGV-pGD strategy could be used to design reconfigurable devices
and could be applied to other gate-induced doping effects beyond
gas molecule adsorption/desorption, such as charge trapping and
ferroelectric polarization.

Methods

Fabrication of reconfigurable MoTe, devices

MoTe, flakes were mechanically exfoliated from a commercial
2H-MoTe, bulk (2D Semiconductors) onto Sisubstrates with SiO, (ther-
mal oxide, 90 nm thick) or Al,O; (atomic layer deposition, 35 nm thick)
astheback-gate dielectric. The drainand source electrodes of Ti (S nm
thick)/Au (60 nmthick) were defined onto the MoTe, flakes by standard
electron-beam lithography, followed by electron-beamevaporationina
vacuum (<5 x 107* Pa) and alift-off processin acetone. The as-fabricated
devices were annealed in low-pressure-mixed 90% Ar/10% H, for 30 min
at140 °C toimprove the electrical contacts.

Reconfiguration and electrical measurements

Reconfiguration processes and measurements of electrical charac-
teristics were performed using a semiconductor parameter analyser
(Agilent B1500A) in anelectrical stage (Zhengzhou Ketan KT-Z165M4RT
or Linkam T96-S). All the configuration processes and electrical tests
were conducted inambientair with ahumidity of 25-45%, unless noted
otherwise. Supplementary Table 3 summarizes the input reconfigura-
tion voltages for each function. For the retention test of the MoTe,
memory, the electrical stage wasimmediately vented after the configu-
ration process was finished. The pressurereached1 x 102 Painless than
4 minand stabilized at -8 x 10 Pa. The optoelectrical response of the
polarity-switchable diodes was measured at different power densities
under a continuous white-light-emitting diode.

Characterizations

Optical images were captured by an optical microscope (Olympus
BX51M). The Raman spectrum was collected by aspectrometer (Horiba
iHR550) with an excitation laser of 532 nmin wavelength. Atomic force
microscopy and KPFM measurements were conducted using the atomic
force microscopy equipment (Bruker Multimode 8), where the samples
were protected by Ar to avoid the adsorption of additional molecules
or surface contamination.

Evaluation of nonlinearity

The nonlinearity value of the LTP curves is evaluated by fitting the LTP
curves with the equation G, = Go(1 — &™) + Gy, Where G, = '“I—G”‘
G, is the electrical conductance of the LTP curves that changes With
normallzed pulse number p; v is the nonlinearity value; and G,,,, and
Gin represent the maximum and minimum values of conductance,
respectively®.

Data availability

Source data are provided with this paper. All other data that support
the findings of this study are available from the corresponding author
uponreasonable request.
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Extended Data Fig.1| Consecutive reconfiguration of our MoTe, devices. process of n-p diode, n-doped state, and p-doped state, respectively. Positive
a, Consecutive switches of four functions among n-p diode, n-doped state, V, pulsesof 25V, 0.1s and negative V, pulses of 25V, 0.15 s are applied for the
p-doped state, and homeostatic function of heterosynaptic plasticity. The emulation of homeostatic function of heterosynaptic plasticity. b, Rectification
coloured background regions represent the electrical characterization process ratio of n-p diode, dynamic range of homeostatic function of heterosynaptic
of each function and the grey regions mark the reconfiguration processes. plasticity, and channel currents of n-doped state and p-doped state of memoryin

Vy/V,gsetsof 44 V/15V,10 V/-15V,and 1V/25V are applied for the reconfiguration repeated function switches.
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