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Figure1 (Color online) Schematic diagrams of the synapse and the common transistor. (a) A schematic diagram of the biological synapsé™; (b) a
schematic diagram of the traditional field-effect transistor with a bottom-gate structure*”

3322



iF

"

(@) 1
s
0
__ 400} 2
< At=T0 ms =
5’ AJdA=182% ;
& g
W 200r 3
e ¢
A, a
0 —
0.0 0.5 1.5
Time (s)
100
(c) s
Depolarization
04 — L 1
&‘ 1 U ﬂ - -
= Electrolyte e I
3 =1001  polarization , § -100 A ‘i‘z V -
) O
-200 e e _
= 13.0 13.5
Vire ” Time (s)
-300 T +
12 16

Time (s)

250

® =
" Ll
__200} & t
®
3 \ Ad S . '&)r.
150 F \ ( '
L R
100 : 1 R’
0 500 1000 1500
At (ms)
100 '
(d)
80-
& 601
<
3 40
20-
D_
0 500 1000 1500 2000
At (ms)

B2 (MRS AL(PPF). (8) A7 — X 5 Rl s | & i % g PSS AR L O, A FNAG 3 BIRER 1 URRNER 2 YR %A I 2 Al Je Hh 30 14 il
{H; (b) AofA T PRIk el 4 ] B ALY PR BRI, PREIRL: ph— o) sk ) 4 52 B 2 Ak BT 0845 | & B EPSCIEZ . XUbk i (PPD): (¢) — %
S b ok e I 7E OFET M LA, b=, 108 1 T 5 i TRl FL U (1 o), FE2 SO TFIRHTE) A R ER . | most Y TRAELAKT R PPDAT N (d) AR E 43,

1-(AdA), T At R E (SN

Figure2 (Color online) Paired-pulse facilitation. (a) EPSCs triggered by a pair of presynaptic spikes, A; and A, are the amplitudes of the first and the
second EPSCs, respectively; (b) ratio of Ay/A; is plotted as a function of interspike interval, At, between the two spikes. Inset: image of the EPSCs trig-
gered by a pair of temporally correlated presynaptic spikes*™. Pair-pulsed-depression. (c) A pair of presynaptic pulses (Vi) is applied at the OECT
gate electrode and the postsynaptic drain current (Ipos) is measured as a function of time, the amplitude A of |p.s exhibits PPD behavior; (d) depression

percentage of A, 1-(AJ/A;), as afunction of pulseinterval AtlY
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Figure 3 (Color online) Dynamic filtering (high-pass filtering/low-pass filtering). schematic images of the |GZO-based electric-double-layer (EDL)
transistors gated by ion conducting electrolyte films. (a) Drain and gate electrodes are shortly connected as one terminal; (b) source and gate electrodes
are shortly connected as one terminal dynamic filter™™. (c), (d) are synamic filters simulation results for both high-pass and low-pass filtering charac-
teristics. The solid curves are for fixed-rate spike trains, and the spots are for Poisson spike trains. (¢) Amplitudes of the EPSC by applying 100
pre-synaptic spikes for varied frequency (50 and 100 Hz) for both facilitating and depressing device, normalized by the first EPSC; (d) amplitudes of
the EPSC, normalized by the first EPSC and plotted as a function of presynaptic spike frequency (or mean frequency). The spots are the average results
of the 80th—100th EPSC for Poisson spike traind™®; (e) low-pass filtering: atrain of pulses (Vpe) is applied at the gate electrode for variable pulse width

tp (1-9 ms), a period Tp=10 ms, V=100 mV, and Ip. iS measured as a function of time. The sensitivity of the channel increases as the effective pulse
frequency is decreased!*®
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Figure4 (Color online) Spatiotemporally correlated signal processing.
(a) Schematic image of the laterally coupled synaptic transistor with two
in-plane gates. Presynaptic spikes are applied on two in-plane |ZO gates,
and a constant Vps=0.5 V is used to measure the EPSC. (b) EPSCs trig-
gered by presynaptic spike 1 (0.5 V, 20 ms) and presynaptic spike 2 (1.0
V, 20 ms), respectively; (c) the amplitude of the EPSCs at t=0 (when the
presynaptic spike applied on the presynapse 1 finished) is plotted as a
function of Atpeo.pres between the two presynaptic spikes'”
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Figure5 (Color online) Response turns to adaptation under continuous intense stimulations. (a) A train of pulses (Ver) is applied at the gate electrode
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Figure6 (Color online) The long-term plasticity of a CNT synapse. (8) The stimulation protocol to induce long-term potentiation (LTP) and depres-
sion (LTD). Left hand side shows LTD stimulation: a series of 5V, 1 ms pre-synaptic spikes with a fixed inter-spike interval, Atp, is applied (starting
at t=0 s, as marked by the arrow). Right hand side shows LTP stimulation: a series of 5V, 1 ms post-synaptic spikes is applied with a fixed inter-spike
interval, Ateog. The synaptic strength of the CNT synapseis tested consecutively every 2 s by measuring the amplitudes of EPSC triggered by the5V, 1
ms pre-synaptic spikes. The relative change of the EPSC amplitude was calculated by the average EPSC amplitude of the first 1000 s (n=500) before
stimulation and the last 1000 s (n=500) of experiments, and the statistical significance was tested by the paired sample. (b) The EPSC amplitudesin a
CNT synapse are plotted as a function of time when the LTP and the LTD stimulations are applied respectively at t=0 s (marked by the arrow) with
Atpe=2 ms and Atpos=2 Ms; (€) the EPSC amplitudes in a CNT synapse are plotted as a function of time when the LTP and the LTD stimulations are
applied respectively at t=0 s (marked by the arrow) with Atpe=101 ms and Atps=101 ms. There is no significant change in the EPSC amplitude; (d)
there was statistically significant change of the EPSC amplitude with Atpe and Atpeg <20 ms. The relative changes of EPSC amplitudesin a CNT syn-
apse are plotted versus Atp, and Atgg under the LTP and the LTD stimulations™
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Figure 7 (Color online) STM to LTM transition. (a) EPSC curves of the albumen-gated synaptic transistor stimulated by gate pulses with the same
width of 1000 ms but different amplitudes; (b) EPSC retention curves of the albumen-gated synaptic transistor for gate pulses with the same amplitude

of 6.0V but different pulse widths®
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Figure8 (Color online) STDP. (a) (Top) 100 pairs of a pre-synaptic spike and a post-synaptic spike are repeatedly applied to a CNT synapse with a
fixed inter-spike interval, Atpospre, in @ STDP stimulation. Schemes showing hydrogen ions (circles) induced by the pre-synaptic spike on a CNT sur-
face (bottom, left); and CNT dehydrogenation induced by the post-synaptic spike (bottom, right). (b) EPSC amplitude is plotted as a function of time
when the stimulation of 100 spike pairs with Ateog_pe=1 Ms is applied at t=0 s (marked by the arrow). Typica EPSCs measured before and after the
STDP stimulation are shown in the insets. () The relative change of the average EPSC amplitude, measured at 20 min before and 40 min after the
stimulation spike pairs is shown as a function of the inter-spike interval, Atpos.mre. Open circles represent experimental data fitted by dashed curved™. (d)
Timing of the programming al gorithm for the STDP learning rule: the algorithm shown here uses a linearly decreasing tunnel voltage’®”
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Figure9 (Coalor online) Shunting inhibition. (a) A schematic diagram of the albumen-gated synaptic transistor with two input terminals (two in-plane
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Due to the expansion of datainformation, computers based on the traditional von Neumann architecture have been unable
to store or flexibly handle large amounts of information. Compared to this, the highly parallel nonlinear information
processing the capability of brain reveals an attractive advantage, which is considered as the target of computing
development. The human brain is composed of neuronal networks which are connected by 10*-10™ synapses. Synapses
are the connection channels for the exchange of information between neurons, characterized by synaptic plasticity.
Synaptic plasticity functions play a crucia role in the transmission of neural signals in the brain and it is the molecular
basis of biological learning and memory. In order to emulate neuronal networks, it is essential to design a physical device
possessing the functions of biological synapses, so that the neuromorphic circuits which can functionally emulate the
brain-like behaviors can be realized. The transdisciplinary researches integrated the novel insights of neuroscience,
physics, chemistry, materials science and engineering are performed. Researchers have shown that in the transistor
structure with adjustive memristive characteristics, considered as the signal transmission and regulation modules, the
conductive channel and gate function are analogous to ionic conduction and neurotransmitter release process in the
biological synapse, respectively. In most researches, voltage pulses applied on the gate electrodes are used to simulate the
presynaptic spikes or external stimuli, the channel conductance is considered as synaptic weight. So the simulation of
biological synapses can be realized in such field effect transistors. Meanwhile, as a considerably popular platform with
memory effect, the electron-type transistor memory which is designed for binary data storage is fabricated characterized
by gentle process of charge trapping, where the relaxation tendencies of OFF (ON) state in electrical operation mode can
be utilized to simulate the biological facilitating (depressing) activities, respectively. So, we can emulate the functions of
biological synapses in the electron-type transistor memory, too. In this paper, recent smulations of synaptic plasticity
functions in transistor synapses with planar structures are summarized, including short-term synaptic plasticity (such as
paired-pulse facilitation and inhibition, dynamic filtering (high-pass filtering/low-pass filtering), spatiotemporally
correlated signal processing, adaptation, etc), long-term synaptic plasticity, and the transition between them,
spike-timing-dependent plasticity, shunting inhibition, and so on. The characteristics and different simulation methods of
these functions are illustrated, the mechanisms and advantages of the planar transistor configuration are explained,
current weaknesses and challenges of transistor synapses are pointed out, the future development in this field are also
prospected.

planar structure, transistor synapse, artificial synapse, synaptic plasticity, neuromor phic computing

doi: 10.1360/N972016-01359

3334




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 650
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


