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ABSTRACT: lontronics are eective in modulating electrical properties tencoispacement 5 0.1 015
through the electric double layers (EDLs) assisted with ionic migration/ s 0.10
arrangement, which are highly promising for unconventional electronics, ioni€ 3 £ 005
sensory devices, ancxible interactive interface. Proton conductors with the & ) '
smallest and most abundant protons ‘jHcan realize a faster migration/  protonic 300[T% Voom 0.1V 2e8810.00
polarization under electriceld to form the EDL with higher capacitance. Here, ™ Tssr = 2 by

a versatile triboiontronic MoSransistorvia proton conductor by sophisticated 13——
combination of triboelectric modulation and protons migration has beén>_ JUL gopps ., <4 AI 4
demonstrated. This device utilizes triboelectric potential originated froM i uesy i o Pol—il\
mechanical displacement to modulate the electrical properties of transistors ST M S

via protons migration/accumulation. It shows superior electrical properties, = * loso2m?® o © o
including high current on/o ratio over 16, low cuto current ( 0.04 pA), and 907 08, 08 1

steep switching properties (89n/dec). Pioneering noise tests are conducted to
the tribotronic devices to exclude the possible noise interference introduced by
mechanical displacement. The versatile triboiontronic Mo&hsistorvia proton conductor has been utilized for mechanica
behavior derived logic devices and an aiitil sensory neuron system. This work represents the reliable aective
triboelectric potential modulation on electronic transportation through protonic dielectrics, which is highly desired
theoretical study of tribotronic gating, active mechanosensation, self-powered electronic sldigl antelligencegetc

KEYWORDS:triboiontronic transistor, proton conductor, triboelectric nanogenerator, logic inverter, sensory neuron

arrangement to ectively modulate electronic properties, electronic devices and multifunctional senisdks.high

have evoked interdisciplinary research with involved ioperformance tribotronic Mp$ansistor has been demon:
electronic coupling from interface electrochertistrycon- strated to operate in an active mode with low thresh
ventional electronitssolid-state physits,and even bio-  displacement at 7%n and steep switch properties of &0
inspired sciences/technol6ggfc Relying on the rapid dec?® A planar graphene transistor design promises wit
migration of ions under an electredd, the space charges exiple distance sensor array in a direct-contact and a

strongly accumulate at the interface of ionic electrolyte angnsing fashigh,which has been proven to be low-powe
active materials to form the electric double layer (EDL) Wiﬂ(‘:onsuming highly eient and simpled in fabrication

ultrahigh capacitance (>F-cnv?), which is beneial for
advanced ionic artial skirf>° soft interactive interfate;
electrochromic ceflgnd energy-harvesting devit&pecif-
ically, the induced electrield in EDL eld e ect transistors
(EDL-FETS) can reach as high as 30ak®4** which shows
great potential in the modulation of charge-carrier tratisport,
phase control of nanomatertal$, gate-optimization of
thermoelectrics, and neuromorphic devi¢€s® Recently ~ Received: April 10, 2020
emerging triboiontronicgaking advantage of Maxigell /Accepted: June 22, 2020
displacement current from triboelectric nanogeneratgrtP/ished: June 22, 2020
(TENG)?**? as the gate driving force,cgently bridges the

triboelectric potential modulation on charge carrier transport

mediated with ion migration. Iters a versatile platform to

I ontronic devices, which utilize ionic migration andrealize mechanical behavior derived high performa

proces$**® Hence, functional triboiontronic devices wit
broad choice of EDL materials are believed to have ¢
potential in sophisticated and versatile electronics.

A proton conductor is a specionic-conducting material,
which generally contains immobile polymer anions and mc
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Figure 1. (a) Schematic illustration of the triboiontronic transistda proton conductor. Top inset: enlarged structure of TENG
component. Bottom inset: chemical structure of PSSH. (b) TENG output voltage (equivalent to the aygliadcording to periodic
displacement. (c) Capacitance of PS@&Hsugate voltage based on PSSH gated Moshsistor.

protons (H, the smallest and the most abundant f8rs).  semiconductor interface to form EDL (with ultrahigh
can realize a faster migration/polarization under el@dttic  capacitance >10F-cn?) and e ciently modulate the
to form the EDL in the polyelectrolyte compared with othefglectrons transport in transistor channel. The triboiontronic
ions in larger size or volufieMeanwhile, by elaborately MoS transistorviaproton conductor shows superior electrical
Ut'“z.";?f the %rotons as Ithﬁ onlydmop|le |o|ns,' It Is moreproperties, including high current onfatio over 1% low

rai rwar ntr n ion ri L :
straightforward to control the conduction polaritytype cuto current ( 0.04 pA), and steep switching properties (89

semiconductor materidfsFor the EDL formed at the _ , :
interface with protons/electrons, the reduction of capacitor™dec). Pioneering low frequency current noise tests are

gap and the increased ion density at the interface can greéﬂyoduced in tribotronic deViceS, which are h|gh|y desired for

enhance the EDL capacitaficEhe protons also interact with the mechanical behavior controlled electronics. From the

the active material surfacengy through electrostatic drairScurrent noise spectra densities tests, it is demonstrated

interactions without any chemical reaction/bonding, which ighat no extra current noise interferes with the output currents

pl’eferential for h|gh performance electronics with exce”eabring the mechanicai Operation process_ The Working
gure of merits and fast logic switching applicatidrfsrom mechanism of triboiontronic Mo®ansistorvia proton

the aspect of bioelectronics application, neuron connectio nductor is minutely explained based on the operation
neutral information delivery, and synaptic plasticity are a . :
modulated by protorficor ionic uxes® Utilizing proton- mode and energy band diagrams. Based on the proposed tribo-

conductor-gated EDL-FETs to directly mimic the neuraprotonic gating transistor, we demonstrate the mechanical

functions has represented tremendous potential compared wi@havior derived tribotronic logic devices with good stability
traditional complementary metal oxide semiconductoand high gain at 0.15-iwl. Furthermore, an artial
(CMOS) neuromorphic circuits. The sophisticated combinasensory neuron system is demonstrated to decode the
tion of triboelectric modulation with protons migration mayspatiotemporal input information on external mechanical
further achieve mechanical behavior derived multifunctionglsplacements. A further simulation of mechanical behavior
electronic devices. assisted visual imaging system is also carried out by using this

He_re, we demonstrate a versa_1t|Ie tnpmont_romcz Mc.)sarti cial synapse. The multifunctional triboiontronic transistor
transistorvia proton conductor, which utilizes triboelectric . . .
ia proton conductor demonstrates the reliable agctiee

potential originated from mechanical displacement to mody- ) ) ; . .
late the electrical properties. The triboiontronic transistor i§iPO€lectric potential modulation on electronic transportation

composed of a proton-conductor-gated,Mea8sistor and a through protonic dielectrics. It is exceedingly desired for high
sliding-mode TENG. The triboelectric potential can driveperformance mechanosensation, self-powered interactive inter-

protons to migrate fast and accumulate at the electrolytdace, articial intelligencestc
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Figure 2. (a) Cross-sectional diagram and (b) equivalent circuit diagram of the PSSH gated triboiontronic transistor. (c) Typical output
characteristics and (d) transfer characteristics of the PSSH gated Mm$istor. (e) Tribotronic output characteristics and (f)
corresponding transfer characteristics of the PSSH gated transistor modulated by TENG displacement. (g) Dynamic test of the
triboiontronic transistorvia proton conductor. The response time and decay time are 0.2 and 0.33 s, respectively. (h) NormaliZd drain
current noise spectra densitie§ (p?) of the PSSH gated transistor under drentVg conditions (from 0 to 1 V). The black dashed line is a
standard 1f noise guide. (i) Normalized draSturrent noise spectra densitie§ (%) of the triboiontronic transistor under dierent TENG
displacements (from 0 to 1.4 mm). Both the normalized d&ainrrent noise spectra densities in (h) and (i) are divided into three regions:

cuto region (black-series curves), subthreshold region (red-series curves), and on-state region (blue-series curves).

nm, 3ir31dicating the band gap of MaS 1.82 eV Figure
. . . . . S19.
Figure & shows a schematic illustration of the triboiontronic . . . . .
transistorvia proton conductor, which includes a proton- Tgﬁé {ﬁbsrlli?j?rtmzdm'\gggr(acgsrfptg;elz (t)?epno|l;ttegra£ﬁy|vev22 a
fr?:?r?g;?é}]gt?;ﬁ?c“frgizgigto,(/;%d ar:hglrr;% mbOdrﬁeEEgr(\;i‘(.:;T (PTFE) and Al friction layers) to realize the triboiontronic
L ’ prep y gatingviathe PSSH proton conductor. Upon the sliding action
exfoliation and transferred on the,&8substrate. Au source- (or displacement) of TENG, the induced triboelectric
drain electrodes are ded__by e-beam lithography with tential dissociates the PSSH chains into protons and
subsequent thermal deposition process. Poly(styrenesulfoi yanions and drives protons to the PSSH/NmSgate!/
acid (PSSH, a kind of polyanionic polymer with chemicgbggyy) interface to form EDL with ultrahigh capacitance,
structure in the inset bfgure @) is selected as the dielectric |, ih can eciently modulate the Femi level of Mcgnnel
layer, which is one of the representative proton conductofzq the corresponding electronic transportation properties.
Wlth protons as the only mo_blle cations anqxhd p_olymer Instead of applying gate voltagé)( the triboelectric
chain as the counter polyanions. Before spin-coating the PSEHﬁential induced by TENG displacement can be used to

it is necessary to pattern a thin layer of poly(methyyate the transistor through the protonic solid-state electrolyte,
methacrylate) (PMMA, 200 nm) on the sourBerain ¢ tribojontronic transistoria proton conductor. With Al

electrodes to segregate them from the proton conductor am§ction layer connected to the transistor gate, we da

avoid the undesired leakage curféritse Au gate electrode initial relative displacement between Al and PTFE friction
is th_ermally deposited on PS_SH_ dielectrics to ach_leve tlp@yer adD, (inset of Figure &), at which the triboelectric
transistor component. The optical image of the spisiice  potential is preset to be zero. The opposite-direction sliding
without PSSH is shown iRigure SlaThe thickness of  (which will result in a decreased contact area between Al and
mechanically exfoliated MaS estimated to be 2.7 nm by PTFE) tends to drive the induced positive triboelectric charges
atomic force microscopy (AFM), corresponding to quadrilayeransfer from Allm to the gate electrode. In other words, the
MoS. The Raman spectrum shows the vibration peal§pposite displacement will induce an equivalent pusitive
positions for the in-plane mode and the out-of-plane modge proton-conductor-gated MdET, which is deed as

are at 382 and 407 cmh, respectively, agreed well with the positive displacemenb,). To the contrary, the relative-
previously reported value for quadrilayer, if§ure S1p** direction sliding will result in an increased contact area with
In addition, the Raman spectrum of Ma@&h PSSH has  more triboelectric charges awed at the AI/PTFE interface,
barely shifted, indicating no doping of protons to,fd& which can induce an equivalent negsge the Mo$ FET

the photoluminescence spectrum, the peak positi@80s  (de ned as negative displacemeg}, Figure b shows the
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corresponding TENG output voltage (equivalent to thetestedFigure 2 displays the typical output performance of the
appliedVg) upon a periodic displacemeb, gtepped at 0.1 PSSH-gated Mg®&ansistor measured at etientVy biases.
mm). The curve can be divided into four regions: (i) @/ith The drain current ) increases from 0.96 pA to 0.46with
increased from 0 to 0.7 mm (Al and PTFE contacts less), thé; increased from 0 to 1 V at the drain voltagg ¢f 0.5 V.
output voltage increases step by step from 0 to 2.15 V due ltoshows a linear dependencevgrat lowerVp(0 to 0.1 V)

more unbalanced electrostatic charges transfer to gate, whacid approaches saturation at hiyhér0.4 V). Figure d
results in a positive triboelectric potential coupling to the MoSllisplays the transfer characteristics of the PSSH-gated MoS
FET. (ii) With D recovered step by step from 0.7 to O mm (to transistor a¥, = 0.1 V. The device is turned on &alose

the initialDy position), the output voltage recovers from 2.15to 0 V, andly increases from 0.04 pA to 0.18 with

to 0 V, exhibiting a similar variation in a reverse tend. (iiijncreaseds, achieving a high on/aatio at 3.7« 1C. The

With D further decreased from 086.7 mm (Al and PTFE eld-e ect mobility () of the PSSH-gated Mo®ansistor is
contacts more), the output voltage decreases fro8108® 0.25 crAV°Ls°t (Figure SHaThe subthreshold swing$

V. This is because the more positive triboelectric charges isy derived to be 62 mV/ded-iure S5bclose to the
electrostatic induction are coad at the AI/PTFE contact theoretical limit value of 60 mV/dec), which may be attributed
interface, resulting in a negative triboelectric potential coupling the ultrahigh capacitance of the PSSH protonic electrolyte
to the MoS FET. (iv) WherD gradually recovers to the preset gate dielectrics greatly decreases the opé&fating V).

initial positiorD,, the negative TENG output vanishes step by For the Mo$ transistor under triboelectric potential
step. The corresponding transferred charges and short-cirquibtonic gating, the tribotronic output performance is shown
current of the TENG component upon periodic displacemerih Figure 2. Relying on the triboelectric potential induced by
are represented igure SZthe displacement speed is set to TENG displaceme, thelp increases with the increaBed

be 0.77 mm/s). All of the above results demonstrate that thend exhibits a similar variation trend with the output
TENG output performances vary steadily and synchronoughgrformance irFigure 2. The corresponding tribotronic
with the TENG displacement, indicating the stable andransfer characteristids, s D extracted from the output
excellent properties of the TENG component in thecharacteristics are showfigure 2 1 increases from 2.2 pA
triboiontronic transistor. to 81.2 nA wittD changed from 0 to 1.4 mm\4 = 0.1 V.

The capacitive properties of the PSSH are investigated witlhhe TENG displacement of 1.4 mm is estimated to be
a metabinsulatoBmetal (MIM) capacitor model (Au/PSSH/  equivalent to ¥ of 1 V. The excellent electrical performances
Au structure). Impedance spectroscopy is conducted to extractthe triboiontronic transisteia proton conductor indicate
corresponding capacitive parameters by ap%g an ARe triboelectric potential originated from the TENG displace-
voltage with frequency from 0.1 Hz to 0.1 he ment is eective in gating the MgSransistor through
frequency f) dependent capacitance is illustrateHigmre protonic electrolyte. The current on/matio under TENG
S3awhich is 22 F-cnP? at a low frequency of 100 Hz and still displacement) from 0 to 1.4 mm) is 1, which can be
higher than 1 F-cnt? at 10 kHz. The corresponding phase further enhanced by applying available larger raride of
angle and Nyquist plot are also discussedyime S3bTo Analogy to the characterization of electdgabnd S$S
further characterize the capacitive properties of PSSH aorresponding tribotronic transconductarigeafd tribo-
proton-conductor-gated Mo®ansistor, theCSV measure-  tronic subthreshold swir§§ can be derived by replacing the
ment with met&insulator-semiconductor (MIS) structure is Vg with D in relevant formulas, which are estimated to be
also carried out. As showirigure t, the spect capacitance 0.16 A/mm and 89 m/dec, respectively-igure S5d)e
of the device increases from 20 to B2n? with the gate  The tribotronic subthreshold swing is much better than the
voltage increased froBi1.0 to 0.5 V, all of which are counterparts of tribotronic FET with traditional ,SiO
maintained in a high level during the operation of the protordielectrics $$ = 4.6 mm/dec}® and comparable with that
conductor-gated transistor. Theative capacitance evaluated of ion-gel-gated tribotronic transis®$ € 20 m/dec)?* A
from both MIM and MIS structures is >I®cnr?, which is real-time dynamic test of the triboiontronic transistor is also
much higher than that achieved from conventional high-conducted irFigure g. Thanks to the ultralow gate leakage
oxide dielectrics. This can be attributed to the fact that theurrent ( pA level))y varies accordingly under the periodic
protons (or polyanions) in PSSH are strongly accumulated &ENG displacement (direct change from 0 to 1.4 mm),
the PSSH/Mogor PSSH/Au interfaces under an elecéiid realizing high on/o ratio ( 1) with stable on/o-state
to form the EDLs, which can be regarded as nanogaprrents. The forward and backward response time during the
capacitors and possess ultrahigh capacitance. As thaamic testis extracted to be 0.2 and 0.33 s, respectively. The
fundamental of triboiontronic transist@proton conductor,  relatively slower backward response time (or decay time) is
the in uence of triboelectric potential on proton migration andoreferential for the potential application of the triboiontonic

arrangement is also discussédegnre SA4° transistoviaproton conductor as an acial synaptic device.
After conrming the eective triboelectric potential In general, the channel current noises commonly exist in
modulation and excellent dielectric properties of the PSSHET device and appear a$ ddise at low frequen%%}‘,8

the electrical performances of triboiontronic,M@8sistor ~ which is resulted from the charge trapping and detrapping
via proton conductor are fully investigated. Parts a and b @ ect at the interface of channel and dielectric layer. In this
Figure 2show the cross-sectional diagram of the PSSH-gateark, we introduce current noise test to the tribotronic
triboiontronic transistor and the equivalent circuit diagrantransistor to probe whether the mechanical displacements of
Under the TENG positive displacemént the induced the TENG component can introduce extra current noise
positive triboelectric potential will attract polyanions at theluring the device operation. The dainrent noise spectra
AU/PSSH interface and repel the protons to the PSSH/MoSdensities$) of the Mo$S transistor modulated by drentVgs
interface to form the EDLs. The basic electrical performancasad TENG displacements are measuredpat 0.1 V,

of the PSSH-gated MotBansistor under applié, are rst respectively. The current noises in both cases show the

D https://dx.doi.org/10.1021/acsnano.0c03030
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Figure 3. Working mechanism of the PSSH gated triboiontronic transistor, explained by operation diagram and energy band diagram,
respectively. (a) Flat-band state with a preset position of the TENG component. (b) Accumulation state upon positive displ&cgment (
equivalent to applying positivés. (c) Depletion state upon negative displacemddg)( equivalent to applying negatiwg;.

increment trend with increaséglandD, mainly dominated the Mo$S transistor through the protonic PSSH dielectrics.
by thelp, value Figure S5c and S)5The normalized dréin The protons and polyanions in PSSH are distributed randomly
current noise spectra densit4.f) are illustrated ifigure and the charge carrier density in Mdfannel maintains the
2h and2i. The current noises under the modulatidr;@ind pristine valueHigure &(i)). From the aspect of the energy
D both show decrement trends according to the incéased band diagram, partial electrons inl#ltransfer to the PTFE
and D, even at the most sensitive subthreshold region (redm at their rst contact due to dérent electronegativity,
series curves). The low-frequency noise results for the MoS8hich are balanced by the counter positive triboelectric
transistor under both electrical and mechanical modulatiombarges at the contact interface and results in a neutralized
exhibit the similar variation range and obey the standlard 1dtate of the TENG. As no electrédd is imposed on Mg@S
noise theory>*° which is originated from thectuations of  channel, its conduction band and valence band both keep in
current. That is, thigs of the Mogtransistors modulated by the at-band state F{gure 3a(ii)). When D, (opposite
both V; andD have not been disturbed by thermal noise ordisplacement between Al and PTFE) is applied to the
others. Both the excellent electrical properties and stafidard TENG, more induced positive triboelectric charges imAl
current noises indicate that tribotronic gating is a reliable waye lack of restriction and transferred to the gate electrode of
for a stable transistor operation. The in-depth comprehensidfoS, transistor, equivalent to applying a posiiveThe
of triboelectric potential modulation on the EDL transistors byransferred positive charges repel the protons to the PSSH/
current noise analysis is of great signce for the theoretical MoS, interface, which can induce the increased electrons
study on triboiontronic device and its practical applications.density in MosSchannelj.e, the accumulation stateiqure

The working mechanism of the triboiontronic transistor  3b(i)). The relevant energy band diagram is showiyime
proton conductor at three operation stdates @t-band state,  3b(ii), D, induces a positive triboelectric potential coupling to
accumulation, and depletion states) are elaborately discus#gelMo$ transistor, resulting in the accumulation of protons at
in regard to the triboeleckation-induced charge transfer, PSSH/Mo$ interface to induce more electrons in MoS
proton/polyanion distribution, and corresponding energy banchannel and bend the Mo&hergy band downward. When
diagramsHKigure 3. The triboiontronic transistera proton Ds (relative displacement between Al and PTFE) is applied to
conductor is constructed with an Al friction layer connected tthe TENG, more positive triboelectric charges areenbat
the transistor gate and the other electrode connected to tilee AI/PEFE interface and lead to more counter electrons
ground. At the beginning at-band state), Al and PTFE transfer to the transistor gate, equivalent to applying a negative
friction layers of the TENG component are preset at an initidf;. The transferred electrons attract most protons to the Au/
relative position to achieve the zero triboelectric potentiaPSSH interface, thereby decreasing the electrons density in
There are no triboelectric charges transferred to the gakoS, channel i(e, the depletion stat&igure 8(i)). The
electrode. In this state, no triboelectric potential is applied teelevant energy band diagram is showigime 8(ii), Dg
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Figure 4. (a) Circuit diagram of the triboiontronic logic devige proton conductor. (b) Typical voltage transfer characteristics and (c)
corresponding gain values of the PSSH gated transistor Whger 0.1 to 0.5 V stepped by 0.1 V. (d) Real-time test of the triboiontronic
inverter with TENG displacement decreased from 0.4102 mm. (e) Extracted voltage transfer characteristics and corresponding gain
value of the triboiontronic inverter unddd increased fron$1.2 to 0.4 mm aVpp = 0.1 V. (f) Dynamic cycle test of the triboiontronic
inverter. The response time and decay time are 0.15 s.

induces a negative triboelectric potential coupling to the Mo®&ansition status of logic states can be derived from equation:
transistor, resulting in the accumulation of polyanions ab; = SdVy/dD, which reaches the maximum value of 0.16
PSSH/Mo$ interface to decrease the electrons density itv-mnr? at the logic switching point $0.6 mm. A real-time
MoS channel and bend the Maergy band upward. Upon dynamic test is also conducted to the triboiontronic logic
the triboelectric potential gating, the charge carrier density addvice with over 20 cyclésgure #). Every cycle shows a
corresponding energy band can leeterely modulateda stable and normative logic separation with responsé {jme (
protonic dielectrics. and decay timeTg) at 0.15 s. The corresponding inverter
The stable electrical properties, high current aatm and current also varies stably upon the periodic displacement as
paired resistance of the triboiontronic transigtoproton shown inFigure S6Excellent and stable inverter properties
conductor meet the requirements for logic gate. On this basisdicate the triboiontronic transistéa proton conductor is
we demonstrate the application of triboiontronic device asraady to be used in more complex logic gates modulated by
logic inverter with a load-resistor (10)Monnected in series mechanical actions.
(electrical circuit diagram iRigure 4). Typical voltage Relying on the mechanical displacement derived proton
transfer curves of the inverter under appligdare migration and its intrinsic relaxation behaWigu(e S); the
characterized iRigure #. Under the superpositioneet of triboiontronic transistovia proton conductor is further
the applied driving voltagé,f, from 0.1 to 0.5 V), the voltage demonstrated as an atdl sensory neuron system. As
drop on the series resistor varies according to the resistast®wn inFigure &, the TENG component can mimic the
change of MgStransistor, leading to an inverted signalmechanoreceptor to deliver the presynaptic signals, while the
between the inpuify) and output voltage/t,r). All of the PSSH-gated transistor can work as a postsynaptic device to
Vouts coincide well with the appliéghs (corresponding to  implement corresponding order by postsynaptic current
the output logi¢1”) at V,y of $1.0 V (corresponding to the (PSC)** The pulse mechanical displacement input with
input logic'0”") and decrease to nearly 0 V (corresponding tospatiotemporal information can be converted into spike
the output logi¢0") at V|5 of 0.5 V (corresponding to the triboelectric signal, delivered to the PSSH-gated synaptic
input logic“1”), exhibiting a basic logic gate function. Thetransistor, and rected in the PSC. Typical short-term
corresponding voltage gai@s, expressed & = SdVqyr/ plasticity behaviors of a neuron synapse, including potentia-
dv,y) are extracted ifrigure 4. The maximum gain value tion, inhibition and paired pulse facilitation (PPF) modulated
under dierentVpps increases from 0.37 to 0.75 With by mechanical displacement are demonstrated in the
increasing from 0.1 to 0.5 V, and the corresponding shatpboiontronic synaptic devie& proton conductor. Parts b
signal inversion position shifts frdjp = S0.46 V toV)y = and c ofrigure Hisplay the potentiation of PSCs triggered by
S0.23 V. These results indicate that the PSSH-gated MoBvo di erent groups @ pulse patterns including either spatial
inverter is qualed to realize a normative 1@base reversal or temporal information, respectively. With Eheulse
from input to output. For the triboiontronic inveviaproton increased from 0.2 to 1.4 mm at a duration time of D2 s (
conductor, the TENG displacement replaces the agplisd  spatial patterrff**? the corresponding PSC increases from 5.7
the input signal. As shownFigure 4, uponD varying from  to 34.2 nA Figure B). The largeD pulse produces a larger
$1.2 to 0.4 mm stepped by 0.1 mivz = 0.1 V, th&/oyr triboelectric potential and induces more protons accumulation
realizes a complete inversion from 0.1 V (outputi8gio O at the PSSH/MosSinterface to modulate the Fermi level of
V (output logic“0"). The averagd/o,; at each step is MoS channel, resulting in higher P&@ure & displays the
extracted and plotted irigure €, which shows a similar PSCs triggered ?pulses with derent duration timei.g,
variation trend with the voltage transfer curvegyime 5. temporal patternéy. With D pulse duration increased from
The corresponding tribotronic gaiG;Y to evaluate the 0.27 to 0.85 s at a constant displacement of 0.2 mm, the PSC
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Figure 5. Arti cial synaptic simulation based on the triboiontronic transisiaproton conductor. (a) Schematic illustration of a bioneuron

and corresponding triboiontronic sensory neuron. (b) TENG displacement dependent PSCs as a function of time (above) and
corresponding PSC values (below), wheXg = 0.1 V and the duration time d pulse is 0.2 s. (c) Duration of time-dependent PSCs as a
function of time (above) and correspondind®SC values (below), whe¥g = 0.1 V andD = 0.2 mm. (d) PPF index, deed as the ratio of

Al Aq, as a function of interspike interval {). Inset is a typical PSC response activated by a pair of D pDised.2 mm and t = 0.4 s).

(e) llustration of the visual imaging system. (f) Simulation of image inversion in visual imaging by building matrix multiplication accelerator
with the triboiontronic arti cial synaptic transistor. (g) Working mechanism of the matrix multiplication accelerator.

increases from 6.5 to 9.0 nA. The longer duration & the interval time oD pulses is larger than 0.9 s, which is not
pulse gives enough time for the proton to be fully accumulatedntradictory with the stable dynamic test of the triboiontronic
at the PSSH/MosSinterface, which can moreeetively transistor with displacement interval at 2 s as demonstrated in
enhance the electrons transport in Mb@&nnel and lead to  Figure 8. A series of pair&lpulses (amplitude at 0.2 mm,
higher PSC. To further characterize the synaptic plasticitluration of 0.2 s) with dérent intervals are further applied on
behavior, the PPF triggered by mechanical displacementthe tribotronic synaptic devideiqure S9a The PPF index
investigated. Insetiéfjure 8 shows the typical PPF behavior de ned as?y/ A, (whereA; andA, are the PSC amplitudes of
with PSC triggered by a pair of presynaptipulses the rst and second spikes, respectively) decreases from 1.16 to
(amplitude at 0.2 mm, duration of 0.2 s) with pulses interval.01 with the increased from 0.4 to 0.9 s, consistent with

( t)at 0.4 s. The PSC peak (5.2 nA) triggered by the secontthe relaxation behavior of protons migration. The potentiation
D pulse is larger than that (4.6 nA) triggered byrgtgoulse.  and inhibitory plasticity of the acial synapse triggered by
This is attributed to that part of the accumulated protonsnultiple consecutivi@ pulses (pulse number is 50) is also
triggered by therst D pulse cannot dise back to the initial  investigatedRjgure S88d), exhibiting relevant increment or
random state when the sec@ngulse arrives, which induces decrement in the PSC peak values according b ghkse

more accumulated protons to modulate the electrons densityumbers. The demonstrated potentiation/inhibitory, synaptic
in MoS channel and results in the second higher consecutiygasticity, and PPF in the triboiontronic transiségproton

PSC. Notably, the PPF behavior almost disappears when tt@nductor are highly analogic to the behavior of biosynapse.
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As the synaptic weighte{ the channel conductance) of photoluminescence (PL) characteristics of, Me& measured by
PSSH-gated transistor can be signily modulated by the HORIBA/labRAM evolution spectrograph with emission laser at 532
mechanical displacement, we can utilize the triboiontronf¥n: The displacements of TENG were precisely controlled by a
device to simulate a mechanical behavior assisted visfigforized positioning system, and the output properties were

. . . - - asured by a Keithley 6514 electrometer. The capacitance of
imaging system which realizes the reversion transform of géSH was measured with an electrical workstation (CHI 660E). The

object image through a multilayer neuron simulation Networe rical performance of the transistor was characterized with a
(Figure S8e As is known, the image of an object in retina issemiconductor device analyzer (Agilent B1500A) with a probe
centrosymmetric to the real object (right to left and upside tgtation. The draBcurrent noise spectra densities were measured
downside). The object information is transformed into nervaith a noise measurement system (PDA NC300L, 100 kHz
signals, which are subsequently transferred to the visual cortexidwidth). During the test, the device and the TENG should be
analyzed, and recognized as a reversed visualFfigage ( Well screened to protect the test system from the disturbance of
5e). Here, the input digital information on nuniB&rfrom surrounding electrostatic chqrges. A_II of these tests were carried out at
784 neurons are delivered to the mediate neural laydPO™m temperature and ambient environment.

processed by the hidden neural layer (simulated by the

triboiontronic synaptic devices), and inverted to obtain th ) _

reversed digital information on nun&rfrom the output Supporting Information _

neurons Eigure §). The working mechanism is sketched in The Supporting Information is available free of charge at
Figure § with matrix multiplication accelerator. This Nttps://pubs.acs.org/doi/10.1021/acsnano.0cQ3030

mechanical displacement modulated synaptic device may be Characterization of the mechanical exfoliated few-layer

helpful for the touch assisted braille recognition system.

Based on the triboelectric potential modulation on the
electrical propertiegia protons migration/arrangement, a
versatile triboiontronic Mg®&ansistor has been demonstra-
ted. Its working mechanism is minutely explained based on the
operation mode and energy band diagrams. Superior electrical
properties have been achieved, such as high current on/o
ratio (>16), low cuto current ( 0.04 pA), and steep
switching properties (89m-dec?). Low frequency current
noise tests demonstrate that no extra current noise interferes
with the transistor output performance during the mechanical

MoS,; electrical characterization of the sliding-mode
TENG component; impedance analysis of PSSH
capacitor with MIM structure; discussion of triboelectric
potential inuence on protons migration and arrange-
ment in PSSH; electrical performances of PSSH-gated
transistor and corresponding tribotronic properties;
current performances of the tribotronic logic inverter
via proton conductor; mechanism of synaptic behavior
of the PSSH-gated triboiontronic transistor; simulation
of short-term synaptic plasticity behaviors in the
triboiontronic transistoiPOR

displacement gating process. The triboiontronic, MOSCorresponding Authors
transistorvia proton conductor has been used as a highly Qijun SunS Beijing Institute of Nanoenergy and Nanosystems,

stable mechanical behavior derived logic devices and an
arti cial sensory neuron system to simulate a mechanical
behavior assisted visual ging system. The versatile
triboiontronic transistowvia proton conductor @rs an

e ective technique to multifunctional and low-power-consum-
ing electronic devices, such as h8magchine interaction,
electronic skin, and intelligent wearable desices,

Materials and devices preparatidtype doped Si wafer with 300
nm SiQ layer was served as the substrate. Few-layeralMesSwere
prepared through mechanically exfoliation method from the
purchased natural bulk Mo¥hen source-drain electrodes (Cr/Au,
5/40 nm) were patterned on MoSake through standard electron
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beam lithography (EBL) and thermal evaporation deposition Process,thors

Next, a 200 nm PMMA was spin-coated on top to protect these
electrodes, and a second EBL process was conducted to expose f
channel areas. After that, 9 wt % PSSH water solution was spin-coate
onto the substrate at 3000 rpm for 60 s, followed with a thermal
annealing process at 20for 60 s. Finally, the top gate electrodes
were deposited through a shadow mask. TENG composed of an Al/
PTFE/AI structure was integrated on the extended transistor gate
electrode.

PSSH MIM capacitor: the Cr/Au metal layer wstsprepared on
the SiQ/Si substrate by thermal evaporation process. Then aqueous
PSSH solution (9 wt %) was spin-coated onto the surface of the Au
electrode with the same parameter as above. Finally, the top Au
electrodes were thermally deposited through a shadow mask to
achieve the MIM mode capacitor.

Performance characterization: The surface topography and thick-
ness of few-layer MoBas characterized by AFM. The Raman and
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