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!BSTRACT
4HE IMITATION OF SYNAPTIC PLASTICITY IN ARTIFICIAL NEUROMORPHIC DEVICES HAS BEEN WIDELY REALIZED
BASED ON MEMRISTORS� TRANSISTORS AND ION DEVICES� 4HIS DEVELOPMENT OF ARTIFICIAL SYNAPTIC DEVICES IS
EXPECTED TO OPEN UP A NEW ERA FOR NEUROMORPHIC COMPUTING� (OWEVER� THE COMPLICATED FUNCTIONS
IN BIOLOGICAL SYNAPSE ARE DEPENDENT ON THE DYNAMIC NEURAL ACTIVITIES WITH MODULATED PLASTICITY�
WHICH IS STILL VERY DIFFICULT TO EMULATE AT THE DEVICE LEVEL� (ERE� AN ARTIFICIAL SYNAPTIC TRANSISTOR BASED
ON 73E��GRAPHENE VAN DER 7AALS HETEROJUNCTION IS DEMONSTRATED WITH BOTH ELECTRICALLY AND
OPTICALLY MODULATED SYNAPTIC PLASTICITY� "Y CHANGING THE POLARITY OF APPLIED 6GS AND 6DS AS WELL AS
SUPERIMPOSED GATE VOLTAGE SPIKES� BOTH EXCITATORY AND INHIBITORY SYNAPTIC PLASTICITY CAN BE REALIZED
IN A SINGLE DEVICE� -OREOVER� DUE TO THE ASYMMETRIC OPTICAL RESPONSE OF 73E��GRAPHENE
HETEROJUNCTION� OPTICAL MODULATION ON HYSTERETIC BEHAVIORS IS ACHIEVED AND ALSO CONTRIBUTES TO THE
INVERSION OF SYNAPTIC PLASTICITY� (ENCE� THIS WORK DEMONSTRATES A COORDINATED REGULATION ON
SYNAPTIC PLASTICITY UNDER ELECTRICAL AND OPTICAL STIMULI AND PROVIDES A MULTIDIMENSIONAL
MODULATION STRATEGY TO UNDERSTAND THE UNDERLYING MECHANISMS OF COMPLICATED NEUROMORPHIC
COMPUTING AND FURTHER DEVELOP MULTIFUNCTIONAL NEUROMORPHIC OPTOELECTRONICS�

�� )NTRODUCTION

3YNAPTIC ELECTRONICS USE NANOSCALE NEUROMORPHIC
DEVICES TO EMULATE THE MEMORY OR LEARNING BEHA
VIORS IN HUMANS ;�n�=� )N BIOLOGICAL SYSTEMS� SYN
APTIC FUNCTIONS ARE REALIZED BASED ON PLASTICITY� I�E� THE
ADJUSTABLE RESPONSE OF CONNECTION STRENGTH� KNOWN
AS SYNAPTIC WEIGHT� OF TWO ADJACENT NEURONS UNDER
PRESYNAPTIC STIMULI ;�� �=� 4WO WELLKNOWN TYPES
OF SYNAPTIC PLASTICITY ARE SHORTTERM PLASTICITY �340	
AND LONGTERM PLASTICITY �,40	� WHERE 340 REFERS TO
A TEMPORAL CHANGE OF SYNAPTIC WEIGHT BUT ,40 INDIC
ATES A PERMANENT CHANGE OF SYNAPTIC WEIGHT ;�=� 4HE
MOST DISTINCTIVE FEATURE FOR THIS PROPERTY IS THE TIME
VARYING STRENGTHENED OR WEAKENED SYNAPTIC WEIGHT
INDUCED BY DIFFERENT NEURAL ACTIVITY� RESULTING IN SYN
APTIC POTENTIATION AND DEPRESSION� RESPECTIVELY ;�� �=�
)NSPIRED BY THE SUPERIORITY OF BIOLOGICAL SYNAPSE IN

NEUROMORPHIC COMPUTING AND INFORMATION STORAGE�
GREAT EFFORTS HAVE BEEN DEVOTED TO DEVELOPING ARTIFICIAL
SYNAPTIC DEVICES SUCH AS TWOTERMINALMEMRISTORS ;�n
��= AND FIELD EFFECT TRANSISTORS ;��n��= TO EMULATE THE
SYNAPTIC PLASTICITY� )N SUCH DEVICES� ELECTRIC SPIKES ARE
OFTEN APPLIED AS PRESYNAPTIC STIMULI ON ONE TERMINAL
OF DEVICES AND THE CONDUCTANCES OR CURRENTS TRIGGERED
BY THESE ELECTRIC STIMULI ARE RECORDED AS POSTSYNAPTIC
CURRENT �03#	� WHICH DESCRIBES THE SYNAPTIC WEIGHT
CHANGE OF BIOLOGICAL SYNAPSE UNDER THE PRESYNAPTIC
STIMULI�

(OWEVER� THE DYNAMICS OF ARTIFICIAL SYNAPTIC
DEVICES HAVE NOT BEEN FULLY ACHIEVED� WHICH IS ESSEN
TIAL FOR THE COMPLICATED BEHAVIORS OF LIVING CREATURES
;��=� ! TYPICAL BIOLOGICAL SYNAPSE IS EXPECTED TO HAVE
THE ABILITY TO EXPRESS THE SYNAPTIC PLASTICITY IN A TUN
ABLE WAY ;��=� ! WIDE VARIETY OF SYNAPTIC DEVICES
IN THE LITERATURE IMPLEMENT STATIC PLASTICITY BY USING
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ELECTRIC STIMULI TO TRIGGER THE CONTINOUS AND NON
VOLATILE CHANGE OF CONDUCTANCE ;��n��=� WHILE THE
REALIZATION OF PLASTICITY MODULATION IS STILL NOT WELL
EXPLORED� 2ECENTLY� SEVERAL STRATEGIES HAVE BEEN PRO
POSED TO MODULATE SYNAPTIC PLASTICITY� WHICH CAN BE
CLASSIFIED AS TWO DIRECTIONS� &IRST� BOTH 340 AND ,40
MAY BE DIRECTLY TUNED BY CHANGING THE CHEMICAL COM
POSITION OF FUNCTIONAL MATERIALS ;��� ��=� )N THIS WAY�
THE ELECTRICAL OR OPTICAL PROPERTIES OF THE MATERIALS
CAN BE MODULATED BY CHANGING THE ION CONCENTRA
TION� RESULTING IN A TUNABLE PLASTICITY FROM DEVICE TO
DEVICE� "ECAUSE THE CHEMICAL COMPOSITION IS ALWAYS
PREDEFINED DURING THE MATERIAL SYNTHESIS� THE DIF
FERENCE IN PLASTICITY COULD ONLY BE OBSERVED IN DIF
FERENT DEVICES RATHER THAN IN A SINGLE DEVICE� WHICH
IS INCONSISTENT WITH THE PROPERTIES OF BIOLOGICAL SYN
APSE IN WHICH THE PLASTICITY OF A GIVEN SYNAPSE CAN
BE TUNED INSITU� 3ECOND� IN SOME DEVICES� A BOTTOM
GATE IS OFTEN USED TO MODULATE THE OVERALL CONDUCT
ANCE OF THE DEVICE� WHICH OFFERS AN OPPORTUNITY FOR
SYNAPTIC TRANSISTORS TO CHANGE ITS WEIGHT� "Y THIS WAY�
AN ELECTRICALLY TUNABLE METHOD CAN BE USED TO ACHIEVE
TUNABLE PLASTICITY BY CHANGING THE POLARITY OF BOTTOM
GATE VOLTAGES TO ACHIEVE SYNAPTIC DYNAMICS� LEADING
TO THE CONVERSION BETWEEN INHIBITORY SYNAPTIC PLAS
TICITY �SYNAPTIC DEPRESSION	 AND EXCITATORY SYNAPTIC
PLASTICITY �SYNAPTIC POTENTIATION	 IN A SINGLE DEVICE
;��=� "ESIDES� A TOPGATE GRAPHENEnFERROELECTRIC TRAN
SISTOR HAS BEEN PROPOSED TO REALIZE BOTH POTENTIATIVE
AND DEPRESSIVE SYNAPSE BASED ON AMBIPOLAR TRANSPORT
CHARACTERISTICS OF GRAPHENE AND FERROELECTRIC POLARIZ
ATION TUNED BY GATE VOLTAGE ;��=� 0LASTICITY MODULA
TION CONTROLLED BY INDEPENDENT GATES IS SUCCESSFUL IN
MIMICKING THE MULTILEVEL DYNAMICS OF BIOLOGICAL SYN
APSES� !LTHOUGH THE ELECTRICALMODULATION OF PLASTICITY
IS WELL DEMONSTRATED� DOUBLEGATED STRUCTURES WHERE
THE PRESYNAPTIC STIMULI IS APPLIED ON THE TOP GATE AND
THE CONTROL SIGNAL IS APPLIED ON THE BOTTOM GATE SIGNI
FICANTLY INCREASES THE COMPLEXITY OF BOTH THE DEVICE
STRUCTURE AND THE OPERATION�

)N PARALLEL TO THE WORK ON ELECTRICAL MODULA
TIONS� OPTICALLY STIMULATED SYNAPTIC DEVICES HAVE ALSO
RECENTLY BEEN DEMONSTRATED WITH THE ABILITY TO EMU
LATE THE SYNAPTIC PLASTICITY� WHERE THE CONDUCTANCE OF
FUNCTIONAL LAYER CAN RESPOND TO OPTICAL STIMULI IN A
SYNAPSELIKE WAY ;��n��=� 4HE OPTICALLY STIMULATED
SYNAPSES OPEN UP AN ALTERNATIVE WAY TO INTEGRATE SYN
APTIC PLASTICITY AND OPTICAL INFORMATION SENSING INTO
ONE SINGLE DEVICES� (OWEVER� THE OPTICAL MODULATION
ON THE SYNAPTIC PLASTICITY HAS NOT BEEN WELL STUDIED�

)N THIS PAPER� WE PROPOSE A NOVEL STRATEGY FOR
SYNERGISTIC ELECTRICAL AND OPTICAL MODULATION OF THE
SYNAPTIC PLASTICITY� ! SYNAPTIC PHOTOTRANSISTOR BASED
ON 73E��GRAPHENE HETEROJUNCTION IS DEMONSTRATED
WITH BOTH ELECTRICALLY AND OPTICALLY TUNABLE SYN
APTIC PLASTICITY� "Y CHANGING THE POLARITY OF APPLIED
ELECTRICAL SPIKES ON THE BOTTOM GATE� A CONVER
SION BETWEEN INHIBITORY SYNAPSE AND EXCITATORY SYN
APSE IS ACHIEVED� "ESIDES� OPTICAL MODULATION IS ALSO

IMPLEMENTED IN THE SYNAPTIC PHOTOTRANSISTOR TO REAL
IZE THE INHIBITORY�EXCITATORY PLASTICITY CONVERSION�
4HE PRESENTED 73E��GRAPHENE HETEROJUNCTION SYN
APTIC PHOTOTRANSISTOR WITH ELECTRICALLY AND OPTICALLY
TUNABLE SYNAPTIC PLASTICITY OFFERS A UNIQUE OPPORTUN
ITY TO UNDERSTAND THE PHYSICAL PRINCIPLES OF NEUR
OMORPHIC DEVICES WITH COMPLEX FUNCTIONS AND TO
EXPLORE NOVEL OPTOELECTRONIC DEVICES�

�� 2ESULTS AND DISCUSSION

4HE SCHEMATIC OF THE BOTTOMGATED SYNAPTIC PHOTO
TRANSISTOR BASED ON A VERTICAL 73E��GRAPHENE HETERO
JUNCTION IS SHOWN IN FIGURE ��A	 �SEE THE EXPERIMENTAL
SECTION	� 4HE OPTICAL MICROGRAPH OF THE ASFABRICATED
DEVICE IS SHOWN IN FIGURE 3��A	 �AVAILABLE ONLINE
AT STACKS�IOP�ORG��$-����������MMEDIA	� 4HE OVER
LAPPING AREA BETWEEN THE GRAPHENE AND THE73E� FLAKE
FORMS THE VERTICAL HETEROJUNCTION� 4HE THICKNESS OF
BOTH GRAPHENE AND 73E� IS ��� NM AND ���� NM�
RESPECTIVELY� ACCORDING TO ATOMIC FORCE MICROSCOPIC
IMAGES �SEE FIGURE 3��B	� SUPPORTING INFORMATION	�
2AMAN SPECTRA OF GRAPHENE AND 73E� FURTHER CON
FIRM THEIR MULTILAYERED STRUCTURE �SEE FIGURE 3�� SUP
PORTING INFORMATION	� 4O CHARACTERIZE THE ELECTRICAL
PERFORMANCE� A CHANNEL CURRENT �)DS	 MAP AS A FUNC
TION OF 6DS AND 6GS IS MEASURED AND SHOWN IN
FIGURE ��B	� INDICATING RECTIFYING BEHAVIORS TUNED BY
THE BOTTOM GATE� 4YPICAL RECTIFYING BEHAVIORS WITH DIF
FERENT POLARITIES UNDER THE 6GS OF �� 6 AND −�� 6
CAN BE FOUND IN FIGURE ��C	� INDICATING THE EXISTENCE
OF A RECONFIGURABLE PnN JUNCTION� 4HE GATE MODU
LATION EFFECT CAN BE FURTHER MANIFESTED BY THE RATIO
OF )DS UNDER 6GS OF � 6 AND −� 6 AS SHOWN IN
FIGURE ��D	� )T CAN BE SEEN THAT THE RATIO INCREASES
FROM ��−� TO ��� WITH INCREASED 6GS AND ACHIEVES A
VALUE OF � AT 6GS OF −� 6� WHICH SUGGESTS AN AMBI
POLAR TRANSPORT BEHAVIOR OF THE 73E��GRAPHENE HET
EROJUNCTION� 7HEN 6GS � −� 6� THE 73E��GRAPHENE
HETEROJUNCTION IS SWITCHED ON UNDER A NEGATIVE 6DS�
WHICH CAN BE REGARDED AS A .�73E�	n0�GRAPHENE	
JUNCTION� 7HEN 6GS � −� 6� THE JUNCTION IS SWITCHED
ON UNDER A POSITIVE 6DS� INDICATING A 0�73E�	n
.�GRAPHENE	 JUNCTION� 3UCH GATETUNABLE RECTIFY
ING BEHAVIORS CAN BE WELL UNDERSTOOD BY THE BAND
ALIGNMENT BETWEEN GRAPHENE AND 73E� UNDER DIF
FERENT 6GS AS SHOWN IN FIGURES ��E	 AND �F	� 4HE
73E��GRAPHENE HYBRID CHANNEL CAN BE DIVIDED AS
THREE PARTS� STANDALONE 73E�� 73E��GRAPHENE HET
EROJUNCTION AND STANDALONE GRAPHENE� WHERE THE
STANDALONE 73E� AND GRAPHENE PARTS WORK AS TWO
6GSTUNABLE RESISTORS AND WOULD NOT CHANGE THE DIR
ECTION OF RECTIFICATION ;��=� 4HEREFORE� THE RECTIFYING
CHARACTERISTICS ARE DOMINATED BY THE 73E��GRAPHENE
HETEROJUNCTION� WHERE THE &ERMI LEVEL OF THE UNDER
LYING GRAPHENE CAN BE MODULATED MORE EFFICIENTLY
BY BOTTOMGATE VOLTAGE 6GS COMPARED WITH THE
UPPER 73E� BECAUSE OF THE LOWER DENSITY OF STATES
WHEN THE GRAPHENE IS INTRINSIC� AND THE ELECTROSTATIC

�
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&IGURE ��73E��GRAPHENE HETEROJUNCTIONBASED BOTTOM GATED TRANSISTOR� �A	 3CHEMATIC OF 73E��GRAPHENE HETEROJUNCTIONBASED
BOTTOM GATED TRANSISTOR� �B	 )DS MAPPING WITH 6DS RANGING FROM−� 6 TO � 6 AND 6GS RANGING FROM−�� 6 TO �� 6� WHERE 6DS IS
APPLIED ON THE 73E� AND THE GRAPHENE IS GROUNDED� �C	 /UTPUT CURVES �)DS VS 6DS	 UNDER 6GS OF �� 6 AND−�� 6 �THE INSET	�
�D	 #ALCULATED RATIO OF )DS �� 6	 AND )DS �−� 6	 AS A FUNCTION OF 6GS� 4HE BAND ALIGNMENT OF GRAPHENE AND 73E� UNDER 6GS OF �� 6
�E	 AND−�� 6 �F	� WHERE THE CONDUCTION BAND �%C	� THE VALENCE BAND �%6	 AS WELL AS THE &ERMI LEVEL �%&	 ARE LABELED ACCORDING TO
THE REPORTED VALUE ;��=�

SCREENING WHEN GRAPHENE IS DOPED ;��=� ! POSIT
IVE 6GS �FIGURE ��E		 INDUCES AN NTYPE DOPING IN
GRAPHENE WHILE 73E� STAYS INTRINSIC� RESULTING IN A
BUILTIN ELECTRIC FIELD POINTING FROM THE GRAPHENE
SIDE TOWARD THE 73� SIDE� WHICH CORRESPONDS TO A
0�73E�	−.�GRAPHENE	 JUNCTION� /N THE OTHER HAND�
WHEN 6GS IS NEGATIVE �FIGURE ��F		� GRAPHENE BECOMES
PDOPED WHILE 73E� REMAINS INTRINSIC� WHICH THEN
REVERSES THE BUILTIN ELECTRIC FIELD AND THE POLARITY OF
THE JUNCTION �A .n0 JUNCTION	�

4HE AMBIPOLAR TRANSFER CURVES OF 73E��GRAPHENE
HETEROJUNCTION BASED BOTTOMGATED TRANSISTOR ARE
SHOWN IN FIGURE ��A	� !N OBVIOUS HYSTERETIC BEHA
VIOR WITH RESPECT TO 6GS CAN BE OBSERVED WITH A
LARGE MEMORY WINDOW OF ABOUT �� 6 �DEFINED AS THE
SHIFT IN 6GS FOR A GIVEN CURRENT LEVEL IN THE FORWARD
AND REVERSED SWEEPING DIRECTION	� 4HERE IS A CROSS
ING POINT FOR THE FORWARD AND REVERSED CURVES� WHICH
IS DENOTED AS 6 CROSSING� 4HE HYSTERETIC BEHAVIORS HAVE

BEEN CONSIDERED AS A BASIC REQUIREMENT FOR MEMORY
DEVICE ;��= AND THE ORIGIN OF HYSTERETIC BEHAVIORS
OF �$ SEMICONDUCTORBASED &%4 DEVICES IS WIDELY
ATTRIBUTED TO THE DYNAMIC RESPONSE OF THE TRAPPED
CHARGES AT THE INTERFACE OF THE HETEROJUNCTION UNDER
AN EXTERNAL ELECTRIC FIELD ;��n��=� 4O EVALUATE THE HYS
TERETIC CHARACTERISTICS OF ASFABRICATED73E��GRAPHENE
HETEROJUNCTION� THE DYNAMICS OF OBSERVED HYSTERETIC
BEHAVIORS HAVE BEEN INVESTIGATED� )T IS ALSO OBSERVED
THAT THE HYSTERETIC WINDOW BECOMES NARROWER WITH
A FASTER GATE VOLTAGE RAMPING RATE OR A SMALLER
SWEEPING RANGE� WHICH IS CONSISTENT WITH THE CHARGE
TRAPPING�DETRAPPING PROCESS �SEE FIGURES 3��A	 AND
�B	� SUPPORTING INFORMATION	 ;��n��=� 2ECENTLY� SYN
APTIC BEHAVIORS BASED ON PRONOUNCED HYSTERESIS THAT
MIMIC THE SYNAPTIC PLASTICITY HAVE ALSO BEEN WELL
INVESTIGATED ;��n��=� "ASED ON IT� AN ANALOGY BETWEEN
A 73E��GRAPHENE HETEROJUNCTION SYNAPTIC TRANSISTOR
AND A BIOLOGICAL SYNAPSE IS SHOWN IN FIGURE ��B	�

�
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&IGURE �� %LECTRICALLY STIMULATED 73E��GRAPHENE HETEROJUNCTIONBASED SYNAPTIC TRANSISTOR� �A	 (YSTERETIC BEHAVIORS OF
73E��GRAPHENE HETEROJUNCTIONBASED SYNAPTIC TRANSISTOR WITH LABELED SWEEPING DIRECTION� �B	 !N ANALOGY BETWEEN A
73E��GRAPHENE HETEROJUNCTION BASED SYNAPTIC TRANSISTOR AND BIOLOGICAL SYNAPSE AND THE WORKING MECHANISMS OF INHIBITORY
SYNAPSE �∆03# � �	 AND EXCITATORY SYNAPSE �∆03# � �	� 4HE TIME EVOLUTION OF 03# TRIGGERED BY A SERIES OF GATE VOLTAGE SPIKES
WITH 6GS OF �� 6 AND AMPLITUDE OF �� 6 �C	 AND−�� 6 �D	� 4HE∆03# UNDER DIFFERENT 6GS OF ��� �� AND−�� 6 TRIGGERED BY GATE
VOLTAGE SPIKES OF �� 6 �E	 AND−�� 6 �F	�

WHERE THE GATE VOLTAGE SPIKES ARE REGARDED AS PRE
SYNAPTIC STIMULI AND THE CURRENT FLOWING THROUGH
73E��GRAPHENE HETEROJUNCTION IS REGARDED AS THE
03#� /NCE THE VOLTAGE SPIKE IS APPLIED ONTO THE BOT
TOM GATE ELECTRODES� THE INDUCED CARRIERS GENERATE A
SUDDEN CHANGE OF )DS� 4HIS OPERATION MAY BE SEEN
AS A FAST GATE VOLTAGE SWEEPING� WHICH WILL CAUSE
THE CHANGE OF )DS AT THE END OF THE VOLTAGE SPIKE AS
DESCRIBED BY THE CORRESPONDING POINT OF HYSTERESIS
CURVE IN FIGURE ��A	� &OR EXAMPLE� WHEN A POSITIVE GATE
VOLTAGE SPIKE WITH THE AMPLITUDE OF �� 6 IS APPLIED
ONTO THE BOTTOM GATE� THE 6GS RAPIDLY INCREASING FROM
�� 6 TO �� 6� )DS WILL INCREASE FROM POINT � TO POINT �
AT THE RISING EDGE OF THE VOLTAGE SPIKE AND RECOVER TO
POINT � AT THE FALLING EDGE� )T CAN BE EXPECTED THAT THE
VALUE OF )DS AT POINT � IS SMALLER THAN THAT AT POINT ��
4HE VALUE OF )DS CAN BE USED TO EMULATE THE SYNAPTIC

WEIGHT AND ITS DECREASE REFLECTS THE CHANGE OF 03#
�∆03#	� WHICH IS KNOWN AS SYNAPTIC PLASTICITY� 7HEN
A NEGATIVE GATE VOLTAGE SPIKE WITH THE AMPLITUDE OF
−�� 6 IS APPLIED ONTO 6GS OF �� 6� )DS CHANGES FROM
POINT � TO POINT � AND RECOVERS TO POINT �� INDICAT
ING AN INCREASE OF )DS AND POSITIVE ∆03#� 4HE POLAR
ITY OF ∆03# CAN BE DETERMINED BY THE DIRECTION OF
APPLIED GATE VOLTAGE SPIKE AND ITS AMPLITUDE IS MANI
FESTED BY THE RELATIVE POSITION OF TWO DIFFERENT )DS VAL
UES UNDER THE SAME 6GS IN HYSTERESIS CURVE� )N OTHER
WORDS� THE POLARITY OF ∆03# DEPENDS ON THE REL
ATIVE POSITION BETWEEN 6GS �THE BASELINE OF VOLTAGE
SPIKE	 AND 6 CROSSING� &IGURES ��C	 AND �D	 EXHIBIT THE
DYNAMIC RESPONSE OF )DS UNDER A SERIES OF GATE VOLTAGE
SPIKES OF �� 6 WITH DIFFERENT POLARITY APPLIED ON THE
6GS OF �� 6 �TO THE RIGHT OF THE 6 CROSSING	� WHERE
OPPOSITE∆03#S ARE OBTAINED IN CONSISTENCE WITH THE

�
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&IGURE �� 0HOTOMODULATED TRANSFER CHARACTERISTICS OF 73E��GRAPHENE HETEROJUNCTIONBASED SYNAPTIC TRANSISTOR� �A	 4HE TRANSFER
CURVES UNDER 6DS OF � 6 UPON ILLUMINATION WITH DIFFERENT LIGHT POWERS� �B	 #ALCULATED PHOTORESPONSIVITY AND RATIO OF )DS IN THE
DARK AND UNDER THE ILLUMINATION AS A FUNCTION OF LIGHT POWERS UNDER 6GS OF−�� 6 AND 6DS OF � 6� �C	 4HE HYSTERETIC BEHAVIORS
OBTAINED IN THE TRANSFER CURVES IN THE DARK AND UNDER ILLUMINATION WITH THE POWER OF ���� µ7� �D	 4HE 6CROSSING IS PLOTTED AS A
FUNCTION OF LIGHT POWERS�

HYSTERETIC BEHAVIORS� )N THIS WAY� THE SYNAPTIC PLAS
TICITY� WHICH DETERMINES THE RESPONSE OF BIOLOGICAL
SYNAPSE TO NEURAL ACTIVITIES FROM PREVIOUS NEURONS�
CAN BE ACHIEVED� -OREOVER� POSITIVE ∆03# ALWAYS
INDICATES AN ENHANCED SYNAPTIC WEIGHT AND EXCITAT
ORY SYNAPTIC PLASTICITY WHILE NEGATIVE∆03# INDICATES
A DECREASED SYNAPTIC WEIGHT AND INHIBITORY SYNAPTIC
PLASTICITY� 4HEREFORE� BOTH EXCITATORY AND INHIBITORY
SYNAPTIC PLASTICITY CAN BE REALIZED IN A SINGLE DEVICE BY
CHANGING THE POLARITY OF APPLIED GATE VOLTAGE SPIKES�

)T IS OBSERVED THAT THE SYNAPTIC PLASTICITY CAN BE
MODULATED BY A VARIETY OF ELECTRICAL SIGNALS� 7E HAVE
SHOWN THE MODULATION BY CHANGING THE POLARITY OF
GATE VOLTAGE SPIKES FOR THE CERTAIN 6GS AND 6DS� )N THE
FOLLOWING� WE PRESENT THAT SUCH EXCITATORYnINHIBITORY
PLASTICITY CONVERSIONS CAN ALSO BE ACHIEVED THROUGH
6GS AND 6DS CONTROL� 4HE TIME EVOLUTION OF 03#
TRIGGERED BY A SERIES OF GATE VOLTAGE SPIKES UNDER DIF
FERENT 6GS AND 6DS ARE SHOWN IN FIGURES 3� AND 3��
FROM WHICH ∆03# AS A FUNCTION OF THE GATE VOLTAGE
SPIKE NUMBER UNDER DIFFERENT 6GS AND 6DS AS WELL
AS THE POLARITY OF THE GATE VOLTAGE SPIKES ARE EXTRAC
TED AND SUMMARIZED IN FIGURES ��E	 AND �F	� 4HE 6GS

DEPENDENCE OF SYNAPTIC PLASTICITY CAN BE UNDERSTOOD
BY THE RELATIVE POSITION BETWEEN 6GS AND 6 CROSSING� AND
THE RESULTING HYSTERESIS LOOP FOR A GIVEN GATE VOLTAGE
SPIKE� SIMILAR TO THE SPIKE POLARITY DEPENDENCE AS DIS
CUSSED ABOVE� )T IS NOTED THAT THE CONVERSION OF PLAS
TICITY WITH 6DS CHANGING FROM � 6 TO −� 6 UNDER THE
6GS OF � 6 CAN BE ATTRIBUTED TO THE SHIFT OF 6 CROSSING

FROM A NEGATIVE VALUE TO A POSITIVE ONE INDUCED BY THE

VOLTAGE DEPENDENT RECTIFICATION CHARACTERISTICS OF THE
73E��GRAPHENE HETEROJUNCTION DISCUSSED ABOVE �SEE
FIGURE 3�� SUPPORTING INFORMATION	� 4HESE VOLTAGE
DEPENDENT OPERATIONS FOR PLASTICITY MODULATION HAS
BEEN SUMMARIZED �SEE TABLE 3�� SUPPORTING INFORMA
TION	� /UR RESULTS DEMONSTRATE A FEASIBLE AND SIMPLE
METHOD TO ACHIEVE MULTIMODAL PLASTICITY MODULA
TIONS UNDER DIFFERENT CONFIGURATIONS OF ELECTRICAL SIG
NALS� WHICH MAY CONTRIBUTE TO THE EMULATION OF COM
PLEX NEURAL ACTIVITIES IN REAL BIOLOGICAL SYNAPSES�

7E FURTHER EXPLORE THE PHOTORESPONSE OF SUCH
AN UNIQUE ELECTRICAL MULTIMODAL SYNAPTIC TRANSISTOR
AND DISCUSS THE POSSIBILITY OF THE OPTICAL MODULA
TION ON THE SYNAPTIC PLASTICITY� &IGURE ��A	 SHOWS
A SET OF TRANSFER CHARACTERISTICS OF THE BOTTOMGATED
73E��GRAPHENE HETEROJUNCTION UNDER ILLUMINATION
WITH DIFFERENT POWERS� ! SIGNIFICANT ENHANCEMENT IN
)DS IS OBTAINED ONLY AT NEGATIVE 6GS� INDICATING AN
ASYMMETRIC OPTICAL RESPONSE SIMILAR TO THAT OF PHOTO
DIODES BASED ON 0n. JUNCTION ;��=� &ROM FIGURE ��F	�
WHEN 6GS AT A NEGATIVE VALUE� A PnN LIKE JUNCTION EXIST
BETWEEN GRAPHENE AND 73E� DUE TO THE GATE VOLTAGE
INDUCED HOLES ACCUMULATION IN GRAPHENE LAYER� FORM
ING A BUILTIN FIELD FROM 73E� TO GRAPHENE� 3UCH
BUILTIN FIELD CAN BE STRENGTHENED WITH A POSITIVE
6DS APPLIED ON 73E�� 4HE REMARKABLE PHOTOCURRENT
GENERATED AT THE REGION OF 6GS � � IN FIGURE ��A	
CAN BE ATTRIBUTED TO THE OPTIMIZED SEPARATION OF
PHOTOGENERATED CARRIERS ACCELERATED BY THE INCREASED
BUILTIN FIELD� 3IMILAR ASYMMETRIC OPTICAL RESPONSE
CAN BE ALSO OBSERVED AT 6DS OF −� 6� WHERE THE

�
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&IGURE �� 4HE TIME EVOLUTION OF 03# TRIGGERED BY A SERIES OF GATE VOLTAGE SPIKES UNDER 6DS OF � 6 AND 6GS OF−�� 6 WITH THE
AMPLITUDE OF �� 6 IN THE DARK �A	 AND UNDER ILLUMINATION �B	� 4HE∆03#S UNDER 6DS OF � 6 �C	 AND−� 6 �D	 ARE EXTRACTED AS A
FUNCTION OF GATE VOLTAGE SPIKE NUMBERS IN THE DARK AND UNDER THE ILLUMINATION� WHERE∆03# � � INDICATES AN EXCITATORY SYNAPSE
AND∆03# � � INDICATES AN INHIBITORY SYNAPSE� �E	 4HE∆03# UNDER THE 6DS OF � 6 IS PLOTTED AS A FUNCTION OF LIGHT POWERS�

ENHANCED PHOTOCURRENT OCCURS FOR POSITIVE 6GS �SEE
FIGURE 3�� SUPPORTING INFORMATION	� 4HE PHOTOCUR
RENT RESPONSIVITY AND THE RATIO OF )DS IN THE DARK AND
UNDER THE ILLUMINATION ARE CALCULATED AS A FUNCTION
OF THE INCIDENT LIGHT POWER AS SHOWN IN FIGURE ��B	�
4HE MAXIMUM RESPONSIVITY IS ABOUT ��� ! 7−� AND
DECREASES WITH LIGHT POWER� WHICH IS CONSISTENT WITH
REPORTED PHOTODETECTORS WITH SIMILAR STRUCTURE ;��=�
4HE RATIO OF )DS IN THE DARK AND UNDER THE ILLUMINA
TION INCREASES WITH LIGHT POWER AND REACHES A SATURA
TION VALUE OF ����

#ONSIDERING THE ASYMMETRIC PHOTOCURRENT
RESPONSE OF THE 73E��GRAPHENE HETEROJUNCTION� WE
INVESTIGATE THE OPTICAL MODULATION ON THE HYSTERETIC
BEHAVIORS� 5PON ILLUMINATION� THE HYSTERESIS LOOP
EXHIBITS A SHAPE CHANGE AS SHOWN IN FIGURE ��C	�
!N IMPORTANT FEATURE IS THE SHIFT OF 6 CROSSING UNDER
ILLUMINATION� WHICH CAN BE ALSO OBSERVED FOR 6DS

OF −� 6 �SEE FIGURE 3�� SUPPORTING INFORMATION	�
7E HAVE DEMONSTRATED THAT THE POLARITY OF SYNAPTIC
PLASTICITY CAN BE MODULATED BY APPLIED GATE VOLTAGE
SPIKES AND THE BASELINE OF 6GS ACCORDING TO THEIR REL
ATIVE POSITIONS WITH RESPECT TO 6 CROSSING AND THE COR
RESPONDING HYSTERESIS LOOPS� )T CAN BE INFERRED THAT
THE CROSSING POINT SHIFT OF THE HYSTERESIS LOOP UNDER
THE ILLUMINATION MAY ALSO INDUCE THE INVERSION OF
SYNAPTIC PLASTICITY� &OR EXAMPLE� THE RELATIVE POSI
TION OF )DS IN THE DARK AT 6GS OF −�� 6 INDICATES A
POSITIVE ∆03# WHEN A POSITIVE GATE VOLTAGE SPIKE
APPLIED� (OWEVER�∆03#MAY BECOME NEGATIVE UNDER

ILLUMINATION UNDER THE SAME ELECTRICAL BIAS CONDITIONS
DUE TO THE SHIFT OF THE 6 CROSSING� WHICH IS CAUSED BY
THE ASYMMETRIC OPTICAL RESPONSE OF 73E��GRAPHENE
HETEROJUNCTION� -OREOVER� THE SHIFT OF 6 CROSSING MAY
BE DIRECTLY AFFECTED BY THE LIGHT POWER AS SHOWN IN
FIGURE ��D	� WHERE A POSITIVE SHIFT OF THE 6 CROSSING CAN
BE OBTAINED UNDER THE 6DS OF −� 6 AND A NEGAT
IVE SHIFT OF THE 6 CROSSING IS OBTAINED UNDER THE 6DS

OF � 6�
)N THIS WAY� OPTICAL STIMULI CAN BE USED AS ANOTHER

PHYSICAL DOMAIN OF MODULATION TO REALIZE THE DYNAM
ICS OF SYNAPTIC PLASTICITY� 7E APPLIED A SERIES OF POSIT
IVE GATE VOLTAGE SPIKES OF 6GS = −�� 6 TO TRIGGER THE
03# IN DARKNESS �FIGURE ��A		 AND UNDER ILLUMINATION
�FIGURE ��B		� ! POLARITY CHANGE OF∆03# FROM POSIT
IVE TO NEGATIVE IS ACHIEVED UPON ILLUMINATION� INDICAT
ING A CONVERSION FROM EXCITATORY TO INHIBITORY PLASTI
CITY� 4HE OPPOSITE CONVERSION CAN BE ACHIEVED UNDER
THE 6DS OF−� 6� WHERE A SERIES OF POSITIVE GATE VOLTAGE
SPIKES IS APPLIED ON THE 6GS OF �� 6 AND A CONVER
SION FROM INHIBITORY TO EXCITATORY PLASTICITY IS REAL
IZED UPON ILLUMINATION �SEE THE FIGURE 3�� SUPPORT
ING INFORMATION	� )N FIGURES ��C	 AND �D	� ∆03# IS
PLOTTED AS A FUNCTION OF GATE VOLTAGE SPIKE NUMBERS IN
DARK AND UNDER ILLUMINATION UNDER DIFFERENT VOLTAGE
BIAS� WHERE ∆03# STAYS POSITIVE VALUE WHEN IN DARK
AND IS REVERSED TO NEGATIVE VALUES UNDER ILLUMINATION
WHEN 6DS IS � 6 WHILE THE OPPOSITE CHANGE IS ACHIEVED
UNDER THE 6DS OF −� 6� 4HIS OPTICAL MODULATED SYN
APTIC PLASTICITY CAN BE EXPLAINED BY THE PHOTOINDUCED

�



�$ -ATER� � �����	 ������ 9 3UN ET AL

SHIFT OF 6 CROSSING� )T IS NOTED THAT THE SHIFT OF 6 CROSSING

IS DEPENDENT ON THE INCIDENT LIGHT POWER� 4HERE
FORE� THE ∆03# IS ALSO MEASURED AS A FUNCTION OF
LIGHT POWER AS SHOWN IN FIGURE ��E	� WHERE ∆03# IS
STILL A POSITIVE VALUE FOR POWER LEVELS BELOW � µ7
BECAUSE 6GS �−�� 6	 IS STILL TO THE LEFT OF 6 CROSSING AS
SHOWN IN FIGURE ��D	� 7ITH THE INCREASE OF THE INCID
ENT LIGHT POWER� 6 CROSSING CONTINUOUSLY DECREASES AND
FINALLY BECOMES SMALLER THAN6GS �−��6	� NAMELY6GS

BECOMES LARGER THAN 6 CROSSING AND ITS POSITION IN HYS
TERETIC LOOP IS SHIFTED TO THE RIGHT OF 6 CROSSING� RESULT
ING IN THE POLARITY CHANGE OF ∆03#� )N THIS WAY� THE
OPTICAL STIMULI CAN BE ANOTHER VARIABLE TO REVERSE SYN
APTIC PLASTICITY�

)T IS NOTED THAT THE OPTICAL MODULATION ON THE
SYNAPTIC PLASTICITY IS CONDITIONAL� 7HEN 6DS IS � 6
AND 6GS IS � 6 OR �� 6� WHICH IS LARGER THAN 6 CROSSING

AND THEIR POSITION IN HYSTERETIC LOOP IS ALWAYS TO THE
RIGHT OF 6 CROSSING BOTH IN DARK AND UNDER ILLUMINA
TION� THE POLARITY OF ∆03# WILL NOT CHANGE UNDER
THE OPTICAL MODULATION� 4HE SIMILAR RESULT CAN BE
FOUND WHEN 6DS IS � 6 AND 6GS IS � 6 OR −�� 6�
4HIS MEANS THAT THERE IS A NONTRIVIAL CROSS CORRELA
TION BETWEEN THE ELECTRICAL AND THE OPTICAL MODULA
TION AND THE ABOVE RESULTS ALSO HIGHLIGHT THE ELECTRICAL
AND OPTICAL COORDINATEDMODULATION ON SYNAPTIC PLAS
TICITY� PROVIDING A FEASIBLE STRATEGY TO BUILDMULTIFUNC
TIONAL NEUROMORPHIC DEVICES IMPLANTED WITH COM
PLICATED FUNCTIONS�

�� #ONCLUSION

)N SUMMARY� THE ELECTRICALLY AND OPTICALLY COORDIN
ATEDMODULATION ON THE SYNAPTIC PLASTICITY IS ACHIEVED
IN A GATE RECONFIGURABLE 73E��GRAPHENE HETEROJUNC
TION PHOTOTRANSISTOR� BASED ON ITS UNIQUE CARRIER
TRANSPORT AND OPTOELECTRONIC CHARACTERISTICS WITH PRO
NOUNCED HYSTERETIC BEHAVIORS� "OTH EXCITATORY AND
INHIBITORY SYNAPTIC PLASTICITY ARE IMITATED IN A SINGLE
DEVICE AND A COMPLEXMAPPING FROM ELECTRICAL CONTROL
�THROUGH GATE VOLTAGE� DRAIN VOLTAGE� AND THE POLARITY
OF THE GATE VOLTAGE SPIKES	 TO PLASTICITY IS REALIZED� 4HE
ASYMMETRIC PHOTO RESPONSE OF 73E��GRAPHENE HET
EROJUNCTION RESULTS IN THE NONTRIVIAL SHAPE CHANGE OF
THE HYSTERESIS LOOP� WHICH CAN REVERSE THE PLASTICITY� )N
THIS WAY� PLASTICITY MODULATION CAN BE REALIZED BOTH
ELECTRICALLY AND OPTICALLY� /UR DEVICE INTRODUCES AN
OPTIMIZED STRUCTURE FOR ARTIFICIAL NEUROMORPHIC OPTO
ELECTRONICS AND OFFERS A NOVEL STRATEGY FOR THE DESIGN OF
ARTIFICIAL SYNAPTIC DEVICES WITH TUNABLE PLASTICITY FOR
COMPLICATED NEUROMORPHIC COMPUTING�

�� -ETHODS

���� $EVICE FABRICATION OF73E��GRAPHENE
HETEROJUNCTIONBASED BOTTOM GATED TRANSISTOR
'RAPHENE FLAKES AND 73E� FLAKES WERE OBTAINED
BY A MECHANICAL EXFOLIATION ONTO THE 3I/��3I
SUBSTRATE AND THE 73E� FLAKE PICKED USING OPTICAL

MICROSCOPY WAS THEN TRANSFERRED TO A DESIGNED
AREA ON THE TOP OF PREVIOUSLY PREPARED GRAPHENE
FLAKE� WHERE A POLY�BISPHENOL ! CARBONATE	
�0#	�POLYDIMETHYLSILOXANE STACK ON A GLASS SLIDE
MOUNTED ON A CUSTOMMADE MICROPOSITIONING STAGE
WAS USED TO PICK UP THE 73E� FLAKE FROM 3I/��3I SUB
STRATE AND RELEASE IT ON THE GRAPHENE FLAKE BY CON
TROLLING THE TEMPERATURE OF SUBSTRATE� &INALLY� THE
SUBSTRATE WAS CLEANED IN THE CHLOROFORM TO REMOVE
RESIDUAL 0# AND GRAPHENE FLAKE AND 73E� FLAKE WAS
COMBINED WITH EACH OTHER BY VAN DER 7AALS FORCE
BETWEEN THEM� %LECTRON BEAM LITHOGRAPHY WAS USED
TO PATTERN THE ACTIVE AREA AND DRAINSOURCE ELECTRODES
WERE DEPOSITED BY ELECTRON BEAM EVAPORATION WITH
4I�!U�

���� #HARACTERIZATIONS OF73E��GRAPHENE
HETEROJUNCTIONBASED BOTTOM GATED TRANSISTOR
4HE DEVICE WAS WIREBONDED ONTO A CHIP CARRIER WITH
ELECTRICAL CONNECTIONS AND MEASURED IN A *ANIS CRYO
STAT WITH A VACUUM LEVEL OF ��−� 4ORR� 4HE ELECTRICAL
CHARACTERIZATIONS WERE PERFORMED WITH SOURCEMETERS
�!GILENT "����A� "����!� ����"	� CURRENT PREAMP
LIFIERS �)THACO $,����	� AND DATA ACQUISITION CARDS
�.ATIONAL )NSTRUMENTS 08) MODULE	� 4HE MONO
CHROMIC LIGHT OF ��� NM IS GENERATED FROM A BROAD
BAND SUPERCONTINUUM FIBER LASER �&IANIUM	 AND A
MONOCHROMATOR TO GENERATE THE MONOCHROMIC LASER
BEAM WITH THE DESIRED WAVELENGTH AND COUPLED TO A
MICROSCOPE AND A ��× OBJECTIVE LENS WITH CORRECTION
RING �/LYMPUS� .! = ���	� WHICH HELPS INVESTIGATE
THE PHOTOMODULATED TRANSPORT CHARACTERISTICS OF OUR
DEVICE AND A LIGHTEMITTING ILLUMINATION DEVICE �#%,
,%$3�� #%,,%$3��	 IS APPLIED TO GENERATE MONO
CHROMIC LIGHT OF ��� NM TO STUDY THE OPTICALLY MODU
LATED SYNAPTIC PLASTICITY�
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