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Table 1.  Comparison of different types of flexible synaptic transistors.
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Fig. 1. Schematic diagram of biological neuron (a) and biological synapse (b)!00.

P2 TTIA] Y 2 iR BE FR SRR, 5 fl AR R
MECHTACE: (RIS mln] 81, el Mg RG]
FRCAZ A O8], Sl T SPE S R AR S (short-
term plasticity, STP) FIHFE I M. 6 A2 93P X 17
%) 32 FIHUS 5 b AR ) 2 s, Rt f|) Sy J L+
R DI N U EZ ST N A S g = P
(A A= B L il 69701, XUk wh 5 £k /30 i (paired-pulse
facilitation/depression, PPF/PPD) &G FE 8 1Y
— M EEERIUE . B T ROH AT DR AT ] Py
HUAR G fASCER, DR I 5 Ao T L ek 39 5 A0 ) 2
PUE AR 7 U8 A% 72 KA T A M S K A o
(long-term potentiation, LTP) A A2 (long-

term depression, LTD), J& % fil A H HF 2 450/

WOAFFE R BRI AN B, 222 22 R 2517 R K A
PERRAE, YIRS RO SRt T A B 7).
Jo R BRI T DA 3 78 A I R R R 1 i 28 T T B
iy KRR, ORGSR
4k L (74,75]

i (1] 2 WAL ¥ T #8 14: (spike-timing-depen-
dent plasticity, STDP) #& Hebbian ¢ >J K )| ) J
AR Z — EAIR T ISR [ A IR 7] ] B A
P %ok 5 FphASUFRL ERI 2, iAo 22 P 45 v AT A ]

F RHACHTCI AR 09 TR IACY STDP
Je A2 i 28 W 4 v O B 2 o] B REARIL AR 07,
RUH AT IV (spike-rate-dependent plasticity,
SRDP) it iz 47 il 5 fk Bij DK iof ) A3 SR 3 5 5 i A
H. ARG SRDP =7 > KL, w0 A 5 fk By ok 2 1
SRR fih A 2T BONE, TARRAB B 5 i T Bk 2410
il 3K Aof 5 iz (78501,

3 AR RO R o R

L fift M A R4S (electrolyte-gate transistor,

66]

EGT) HAMK TR R RS 58 il 2 Un 3l
J12EAT RIS, TEM B 22 g TR
MTE. EGT MZEH RN sk A0 A, HO2
HL i B AR T AZ G MY BT, 7R H 35 1 R
T, BT R B BH S A AR m A B, JF B4
T HL AR RIB AN . PR S FIA T ) AL AR R T
WEAPF fem? MM ERIH)ZE (electric-double-
layer, EDL) HL 2 BV Myt fin 1 4B 49 oL AH X
EAIGET, FHOBUHE 22 HE 25 X0 T8 L iR A T B e PR
5. 220 B Y R R 8 I R T Y
AT RE 2 Ik R SO RN VA I Y LT, WA TRLAE
B IR SR R A AR SO, DT ST A
T TR ) R PR 12,

HHT, # AR BT s 325 1) T
HLEZS LT, I AngRIBTRE S10,183-801 | AL, 04758
2) BT WE B 1089-92); 3) BRG  HA A T B
RHFRTT, B0 LiCl10,/BIE LK (polyethylene
oxide, PEQ)3-9 | 575 196-99],

3.1 ZEHEERER

TCHL I 285 v A A A A B8 R T2 203
2%, I HEABARAHI 2018 B, 75 Rk i 1Sl A
A ERAR AT (R 6l R 5 ™
AR, FTRESX A 3. 2013 4F, Wan 55
i 3 A B TR R AL S AR DTR A A AL (ITO)
HEERXR "R, B (polyethylene tereph-
thalate, PET) % I§ LU T — 2B B 9 94 K ks
SiO,, E T AT B [ A %7 A Gl TR (120)
IR NG TE, B T EPSC, PPF, LTP
G BGMIEE. ORI T 5 fil i — R B
SR, WM RIS RGN AT, 2284y
PR T R BE B FISRUIEEAE R G &, TR TESR
PERPEE FHI45 7T PH ARSI 2 AR IER

147301-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022) 147301

eyl 20 25 S A O SRR RO S R IR AR

VTS A MO SR B o) B, 2 T R TR
170 3438 Hh (9 B2 12 ph A S R i A T BT ROR ST SRR, (U BT

i ATECRA S 2515 TAEPE RS DU ] 44 2% YR BRI R p ik B SR A B IR
BT, X pH A R 8% B s A ik 29 105 mV /pH. T BE A A 100, A w23 ] IR 2544 4 )
BT A AR I PR L T — BRI FE | = R TEFHR . B IROR R T HE I HAT AT B =

JE | R B A S AL B 6 P HL 2 IS T A AT T, 8 S 0 B ey ) o DG 3k
@ G o) R @ Presynaptic ‘ =: Anion @ Cation + : Hole
a Ref 1

electrode / doatTO S
~Fm oating gate G1
(Solutl) W . \
S y Vos [ Ve ‘ /o
/ey Ny
G Vas & Postsynaptic
ITO []"at],lg . = & : g A‘- Drain
1ZO channel : =, " G2 pouree
Al-electrode
n-8i0; electrolyte G
© Mobile proton Ven D
1 cm ~
S
—432 f 102
—378 - (C) 10!
—324 o L 100 - ].
—270 I 1T ul- I 5.0s < 10-!
< — E 102
= —432 = Firing ¢ > 10-3
o —378 F £ -
Ed; ] ] ‘
% —2r0 11 )1 082 g 1
A 010! pliiss
—432 F ¥ Firing B 100 TR
—324 p 102 &
_o70 E 0.05 s 10-3

0 250 500 750 1000
Number of pulses/#

8. 1 cm
5 6 7829810

Neurofiber transistor network

K2 (a) T 2H 120 MEIEEMRERZEME pH 28RS 1R B E B (b) # & L7 4E-OECT Y3 B 45475 B K Fl OECT-# 4
PRI IR, IR B T AE B B R T B Ze ML R B A (c) P3CT- ?'EF 22T YR PSC AR TN H, Q06 22 [ 1 ] i By (A
B PREL (Vg = —0.7 V, 100 ms); (d) P3CT-F1 PSHT-# &L i bR i 45 AN JE 1A LTP A1 LTD R ME; (o) A= W ph & M 4%
FRE 2 4 AR R B (45), 10 x 10 P3CT-# £ 27 4E I 51 (1 B8 F- (A7) 1ol

Fig. 2. (a) Schematic illustration of the flexible pH sensor based on an IZO neuromorphic transistor with multiple gate electrodes®!
(b) schematic of the device architecture for neurofiber-OECT and photograph of OECT-neurofiber, inset: schematic of the doping
mechanism by ions in a permeable semiconductor; (¢) PSC of a P3CT-neurofiber as a function of the time interval (At) between ap-
plied voltage spikes (Vgg = —0.7 V, 100 ms); (d) cycle test of LTP and LTD in P3CT- and P3HT-neurofibers over 45 cycles;
(e) schematic of biological neural network and neurofiber transistor network (left), photograph of a 10 x 10 array of P3CT-neur-
ofibers (right)!0)
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Fig. 3. (a) Schematic of synaptic transistors with LiClO, dissolved in PEO as gate electrolyte; (b) paired-pulse facilitation, inset:
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PPF index is plotted as a function of time interval between the two pulses; (¢) EPSC triggered by 40 presynaptic pluses; (d) repeata-
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Fig. 4. (a) Schematic diagram of the freestanding photoelectric neuromorphic transistor; (b) schematic illustration of photoexcited
corneal nociceptor; (c) energy-band diagrams of optical responses in IGZO-based transistor; (d) experimentally measured photocur-
rents of the PCN before and after “wounded”; (e) central sensitization simulated by Vg = 0.1 V with Py reduced to 4.98 nW/um? ;
(f) analgesic effect simulated by Vg = —0.1 V with Pr increased to 17.62 nW /um?7.
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Fig. 5. (a) Schematic of the all-inorganic flexible FeFET; (b) EPSC triggered by presynaptic voltage pulse with different spike
widths; LTP and LTD with the different bending radius, (c) different bending cycles (d), and different bending durations (e);

(f)~(h) the corresponding MNIST digit recognition accuracy®.
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Fig. 6. (a) Schematic diagram of freestanding ferroelectric organic neuromorphic transistors with a P(VDF-TrFE) film as the dielec-
tric layer; (b) photo images of the FONTS on the brain-shaped mold and folded FONTs with a bending radius of 50 um (lower pan-
el); (c) repetitive transition between the LTP and LTD in the folded FONTSs during 6000 spikes of presynaptic pulses (+30 V for
500 ms), the left and the right in upper graph shows the LTP and LTD during the initial and final 10 cycles, respectively!®.
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Fig. 7. (a) Schematic of the biological tactile perception system (left) and schematic device structure of the artificial tactile learning

ferroelectric skin (right); (b) schematic illustrations of “N” patterns with three different handwriting styles (N;, Ny, and N3) (left)

and constituents of a single-layer neural network used to recognize handwriting pattern (right)
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Fig. 8. (a) Schematic diagram of flexible artificial heterosynapse with photoelectric dual modulation; (b) learning, forgetting and re-

learning behaviors emulated by two sequences of consecutive light pulses; (¢ ) electrical pulses induced the LTP and LTD under il-

lumination of light, further depression was obtained by electrical pulse independently; (d) PSC as a function of pre-synaptic pulse

number in a flat states and curved state (R = 10 mm)P7; (e) schematic representation (left) and cross-sectional SEM topography

image (right) of a Cg floating gate synaptic transistor/®.
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Fig. 9. (a) Schematic diagram of the phototransistor with a CNTs/CsPbBr3-QDs channel; (b) schematics illustration of the impres-
sion of human visual systems when unfamiliar and familiar faces are observed; (c) training weight results with different number of

training pulses; (d) simulation of the learning process of a human face('?].
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Fig. 10. (a) Schematic illustration of bimodal artificial sensory neuron with visual-haptic fusion; (b) schematic diagram of visual-

haptic fusion for muscle and robotic hand actuation; (c) visual (top, pink) and haptic (bottom, blue) feedback used to infer “YES”

or “NO” in zaxis and y-axis respectively; (d) the recognition rates of unimodal and bimodal modes, respectively!'?.
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SPECIAL TOPIC—Physical electronics for brain-inspired computing

Flexible neuromorphic transistors and their
biomimetric sensing application”
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(School of Electronic Science & Engineering, Nanjing University, Nanjing 210093, China)
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Abstract

Biological perception system has the unique advantages of high parallelism, high error tolerance, self-
adaptation and low power consumption. Using neuromorphic devices to emulate biological perceptual system
can effectively promote the development of brain-computer interfaces, intelligent perception, biological
prosthesis and so on. Compared with other neuromorphic devices, multi-terminal neuromorphic transistors can
not only realize signal transmission and training learning at the same time, but also carry out nonlinear spatio-
temporal integration and collaborative regulation of multi-channel signals. However, the traditional rigid
neuromorphic transistor is difficult to achieve bending deformation and close fit with the human body, which
limits the application range of neuromorphic devices. Therefore, the research of flexible neuromorphic transistor
with good bending characteristics has become the focus of recent research. Firstly, this review introduces the
research progress of many kinds of flexible neuromorphic transistors, including device structure, working
principle and basic functions. In addition, the application of the flexible neuromorphic transistor in the field of
bionic perception is also introduced. Finally, this review also gives a summary and simple prospect of the above
research fields.
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