GRAPHENE MEMORY CELL AND FABRICATION METHODS THEREOF FIELD OF THE
INVENTION 5 The present invention relates generally to a memory cell and methods of fabricating a
memory cell™MA FEHEHEY but not exclusively, the present inventionrelates 6 BS§i2shenesBased
memory cell and Methods of fabrication thereof. 10 BACKGROUND OF THE INVENTION Memories
and in particular non-volatile memories are in great demand for high-performance digital cameras,
mp3 players, flash drives and cards, mobile phones, personal digital assistants (PDAs) and
ultra-portable notebook personal computers (PCs) where high-density, ultra- 15compact, and low
power-consumption stGfHfe FAGMEMGRMEEHe A EPRR S #TensEY Db/ herdrtisk drives. An
example non-volatile memory is NAND flash memory. In essence, each memory cell of a NAND flash
Memory comitisies arsilicomueNalenxide-semiconductor field-effect transistor (Si 20 MOSFET) with an
extra gate (called a floating gate) in addition to a control Gate. The floating gate is surrounded by an

insulating lay | to trap any charge that is inserted into the floating gate by hot electron
tunneling. Thg;)%%r%%e‘@%%%}gerﬁ@eg%g c?%?%%h@?%ﬁﬁﬁ@ﬁ&?e% theakingém #owrthrough the
MOSFET chafinel” AdHFS /SN SEURY el dipriirRsaim trratienestaarntory pelboiddait osi@ndata
value, 25 NARE) fRRHeAiGyaRacairolarasto a billion dollar industry in recent years because of its -
faster speed and more compact structure than hard disk drives, simple circuit design, and

fast-incremsing AcparbulbetoTitEagaERSsiMe scalability. The main disadvantage of NAND flash is its
slow random access time, which is 25ps for the first byte. NAND flash also has limited write- 30

erase-cycles,,\x\émggeis éLnOO' 000 cr)é les for block 0 and no guarantees for other blocks. Another
disadvantage related to NAND S KRS ALRLREMPEsE BIBCR Bfer iemanhich Webaresiohaeraithough

each bit of NANES Fa8IF a8 BRETgEETSIVEse D! cewhotetitosio@l R bytes Hgnasthagrased to 1 if
one bit of the ERésifienslodkaeetsitorte: portveriet feonadhiaids NADED Hash alspaerds high,voltages

(20M) farswritingane) enasingrpiREessREHBrANGHISS ARsYOLALIl ry,is.ferroelectric RAM
(FoRAVD, whichsiizanteriaaicorie WHORLIR DIEMG LR RS REIE 1)

An example non-volatile memory is NAND flash memory. In essence, each memory cell of a
NAND flash memory comprises a silicon metél-oxide~semiconductor field-effect transistor (Si
- 20 MOSFET) with an extra gate (called a floating gate) in addition to a control gate. The floating
gate is surrounded by an insulating layer, which serves to trap any chérge that is inéefted into
tbe floating gate by hot electron tunneling. The presence or absence of chérge in the floating
gate affects the current flow through the MOSFET channel. and this is sensed to determine
whether the memory cell hoids a ‘1’ or ‘0’ data value.
- 25 :
NAND flash memory has grown into a billion doliar industry in recent years because of its faster
speed and more compact structure than hard disk drives, simple circuit design, and fast-
‘ increasing capacity due to its aggressive scalability. The main disadvantage of NAND flash is its
slow random access time, which is 25ps for the first byte. NAND flash also has limited write-
30 erase-cycles, which is 100,000 cycies for biock 0 and no guarantees for other blocks. Another
disadvantage related to NAND flash is the necessity of 'block erasure’, ‘which means that
although each bit of NAND flash can be changed from 1 to 0, a whole block {2112 bytes) must
be erased to 1 if one bit of the specific block needs to.be converted from 0 to 1. NAND flash
also needs high voltages (20V) for writing and erasing processes.
35 , :
' Anpther non-volatile memory is ferroelectric RAM (FeRAM), which utilizes ferroelectric
capacitors for data storage. in FeRAM, ‘1" and ‘0’ data values are represented by two oppo'site

polarization states, which can be retained without electrical power. Unlike NAND flash, FeRAM
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'capacitérs for data storage. in FeRAM, '1' and '0' data values are represented by two opposite
polarization states, which can be retained without electrical power. Unlike NAND flash, FeERAM 1 WO

2010/036210R0 TiE(m26QH/000352 only needs a marginally higher writing itage,thamotag;reading
voltage. Moreover, both read and write can be done in a bit-by-bit fashion in FERAM. These two
features allow FeERAM to have less power consumption than NAND flash, with a more balanced read
and write operation. The speed of FERAM is comparable with dynamic random access memory

(DRAM) but much redasterthanaANR-HasinReading wia ke RAN gl isLAMISd.0ut by forging the cell

into a particulagaifuce & Goaaiel Hibpselakeanyaglda .00ghage Wil be obsgryed at the
output lines. If FQ@quéUEn%We?' s L?heﬁfoonrgln‘(_? i thﬂAe c?]peloﬁte state causes a brief pulse of current at
the output lines, The data value of the cell 1s thus deteriihad FrE e HEasRa §Fi5n88REof this

pulse. The maih GiSXFRvantayy OF ESRAGPREWED &Y feMiraihse Featsitig proteas IRSN thet Tustate is
destructive, an§¥efollsivitiyYe-atinGprdeesy is refuivbdetoigetthe stateobaokito td Alsoydhe

scalability of FeRAMass&tiH (ercled. SSEMNMARYEIORrEIEMVENTIOM AR @eperakierns: the present
invention relatestaraimsentarny cell ramprisinggraphgneasngpRmsing.medium, Ayglafile. operation
may be providedRyswiichingthearapheneusing kpgwn gate die I(?e(%:[errlcisrfe\élprlcl)% Ao One_sve?wlcatlcl)? o
operation may | %ﬁg%Végﬁgs_bxiss,ewqugkqgigh%%%plgene us;rgg\l\?b erroeletrP]rlc layer as the ga?e dielectric.

. 20In one specific e‘xpressllgn, the presen? |nven‘|%')(1918'rf()eflgfe %\of%eé’ﬁ{oﬁ/tﬁﬁl rteorr‘??ﬁfri@iﬁEj’%‘?ijraphehe
layer havilg cohif8liAbTE FaSiLTaRed Gl ¢ &prudem iy s PaRieIOR théah s e elhte bacRreferably
the memory celt flirthed. doriprizdypfendalbstsd! layeeaconfigured to control the 25resistance states:
Preferably the graphene layer is configured to be in a high resistance state when the

SUMMARY OF THE INVENTION

15 In general terms, the present invention relates to a memory cell comprising graphene as the
working medium. A volatile operation may be provided by switching the graphene using known
gate dielectrics, while a non-volatile operation may be pro_vided by switching the graphene usiﬁg ‘
a ferroelectric layer as the gate dielectric.

20 In one specific expression, the present invention relates to a memory cell comprising a
graphene layer having controllable resistance states representing data values of the memory
cell '

Preferably the memory cell further comprises a ferroelectric layer configured to control the
25 resistance states:

Preferably the graphene layer is. configured to be in a high resistance state when the
ferroelectric layer is depolarized to have zero remnant polarization, and is configuféd to be in a
low resistance state when the ferroslectric layer is polarized to have non-zero remnant .
30 polarization. In another form, the memory cell further comprises a top electrode. electrically
coupled to the ferroelectric layer, wherein the graphene layer is configured to be in a high
resistance state when an asymmetrical voltage sweep is app!ied to the top electrode for
ferroelectric depolarization, and wherein the graphene layer is configured to be in a low
resistance state when a symmetrical voltage sweep is applied to the top electrode for poiari.zing |

35 the ferroelectric layer.



ferroelectric layer is depolarized to have zero remnant polarization, and is configured to be in a low
resistance state when the ferroelectric layer is polarized to have non-zero remnant 30 polarization. In
another formytheomesdary cell further comprises a top electrode electrically cotysiamdonbssferroelectric
layer, ‘wherein the graphene layer is configured to be in a high resistance state when an asymmetrical
Voltage sweep is applied to the top electrode for iferroelectric depolarization, and wherein the
graphene layer is configured to be in a low resistance state when a symmetrical voltage sweep is
applied to the TEpeelRie tfsdecfoiepelaniartp Bskiferioe estsieriey erte\W@e a resistance change ratio
2010/036210RCT#S G200YB0035 2 Rueteraply theshighdesistance Sialgianst tlr@d&waﬁ@égt@rbce state
have a resistanggdichange rasieareatey,than &% .d bisds aiianiagants.as I AIWsa S ﬁtﬁé‘%

delineation of {aeidata valdes(eids AP EID;Q being represented by the resistance states, although
resistance change ratio of 50/n would be sufficient for this purpose. 5 Preferably, in a flrst form, the

graphene layer is arranged between the ferroelectric layer and a dielectric layer on aiConducting
substrate. In thi§6TH, tha Fétian SPerdirRbRy fuRtRIr ntigaescforming e fepceledtiodesonrthe

ferroelectric |ayjeleciie g cone foravctive fehgelechritiayemistarranged betwaenithesgrapbene layer
and a dielectrittayeronmstenductingsssteates tBes10:5eca6E0fEm hesecscpraiarably adottom

electrode on the.diglesticE4sing g%e@s&r@ezn&ngam@re@rem %%%l%k ferosleetic, ﬁgf 'S

arranged, pet r a cond ct oxide’'s rate, In the first and thir forms,
the conductw%i8 g?tgrggreﬂgén gherécygrr? CtlﬁagOXI esuE)qé?ra?et(?‘seegr'\(/;"ffe SL St S kRIA LS. T@Preferably

the graphene 1A5ef iRt (e SABRUGIEART HO MY 16y ErGreate PR P8, TPREARolEeA BYinimetrical
writing procesSeiEYsanadRiftag VRt impleniehtand ithohdoforméthisaitowsdhwigraphene layer to be in
a high resistarcedstate wiiesdpesitbeveatagedpuiseciscapplied.to a top electrode of the memory cell,
and in a low resistance state when a negative voltage pulse is applied to the top electrode. The

background d@FHféga!)‘R/ el thgeearg}tge\(]%ﬂ c@é? (;%Igln&t% 220 gra \Pehgsr%gté?}%r as e %agg [ %raphene

on a SiC substrate in‘on r51}0ITT] In anot er form, dOﬂOT OI’ acceptor

molecules and R BREAGE Y SR HROETHARES ?‘fﬁaé‘tf’é‘??(?éfe’c‘fﬂel Hﬂfé‘r’e%mﬂ‘ \Rﬂﬁrf%[ﬁ’e%%ﬁ%@ b¥ing
formed on an BBPUEIEENITALS Bf N FeRBRICR vHy oh PSTHRS eckyreamd sopinrp lieves is tpreferably
controllable toeadjust afrésistenceyatringedratio lof theskesistaster sindes ddusiadvaniggeassly allows

multiple resistagechange padiesriiberusasdienesephylipphits-of datr Riefrsably, ina first
form, thezgrap@%&%&@%@&éﬁg‘ém%lygﬁﬂﬂgﬁg £EOQ'Q@QU§£E%t8W%hé“f§}m in another form, the
graphene layer is doped with donor or acceptor molecules and is arranged on one surface of
the ferroelectric layer, and with an electrode being formed on an opposrte surface of the

ferroeSectrrc ayer.

256 The background doping level is preferably controllable to adjust a resistance change ratio of the
resistance states. This advantageously allows multiple resistance change ratios to be used to
represent multiple bits of data.

Preferably, in a first form, the graphene layer is chemically derived from graphene oxide. in a
30 second form, the graphene layer is chemically modified graphene, such as graphane, In & third

form, the graphene layer is grown by chemical vapor deposition (CVD), low pressure CVD, or

plasma-enhanced CVD on copper, nickel, cobalt or any other surfaee‘ which allows for large-

scale graphene. In a fourth form, the graphene layer is mechanically exfoliated from bulk

graphite. in terms of thickness, the graphene layer may be one layer, two layers, three layers or
35  any other gate tunable thickness.

Preferably the graphene layer is a pristine two-dimensional sheet, or patterned into nanoscale

dimensions of dots, dot arrays, nanowires or nanowire arrays. The graphene layer may have an
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30 second form, the graphene layer is chemically modified craphene, such as graphane. In a third
form, the graphene layer is grown by chemical vapor deposition (CVD)., low pressure CVD, or

plasma-enhaweesh o429/ copper, nickel, cobalt or any other surface, whigh-pllews éalatge-scale
graphene. In a fourth form, the graohene layer is mechanically exfoliated from bulk graphite. In terms

of thickness, the graphene layer may be one layer, two layers, three layers or 35any other gate
tunable thickness. Preferably the graphene layer is a pristine two-dimensional sheet, or patterned into

nanciscele dinrernsiorsofdeisd dotatraysa BanOyiEesMEaREWIBEHAYS e Qrapheme layer may
have an WO 2QQ4036210PCT/SC2009/000352 intrinsic energy band structure or a band gap

engineered by lateral confinement, strain stress or electric field. Preferably the graphene layer is

gated by top ggrt S %id%?atesﬁ bac[k ates or a combination of 5one or more of top gates, back gates
and side gates. Preterabhy i HeEnSry 'S fRibReAE DRIt fisianlash arRstraRsparemisalstrate.

Preferably’the B ANGeIHETPBOHRS drafiiseine tageids.omesselected from: directly in contact with 10the
ferroelectric layer, and separated from the ferroetectric layer by an ultrathin insulating layer. Preferably

the memory celifarthericomprisesansateraing stackiof graphensayer andfeiroelectric layer, each
layer being contacted for contactable) separately. This is advantageous as it allows a ‘

three-dimensigrrleqérg])@yrquer% rf?;rrcwh;}te(e:[t7 re lo b% rgaliz?d. 15 In another specific expression, the preseht
invention relates fo a method of fabricating & fenory Self-CBFsTRIRG FaviiF Ay raphertetiayer

having controllBbI¥ PSS St RE S ERR SH5 Pt H8Brb B dta RriraEs B ehey mrevivatyitulazoPseferably the
method further comprises providing a ferroelectric layer configured to control the
Preferably the memory cell further comprises an alternating stack of graphene layer and

ferroelectric layer, each layer being- contacted (or contactable) separately. This is advantageous
as it allows’a three-dimensional memory architecture to be realized.

15 .
in another specific expression, the present invention relates to a method of fabricating a

memory cell comprising providing a graphene layer having controllable resistance states to
represent data values of the memory ceil. ' '

.20 Preferably the method further comprises providing a ferroelectric layer configured to control the
resistance states. " '

Preferably, in a first form, the providing step comprises arranging the 'graphene fayer on a
dielectric layer on a conducting substrate, and forming a ferroelectric thin film over the graphene |

25 layer. In this form, the method preferably further inciudes forming a top electrode on the
ferroelectric thin film. In a second form, the providing step comprises forming a ferroelectric thin
fiim on a dielectric on a conducting substrate, and arranging the graphene layar over the
ferroelectric thin film. In this form, the method preferably further comprises formfﬁg a bottom
electrode between the ferroelectric thin film and the dielectric layer. In a-third form, the providing

30  step comprises forming an epitaxial ferroelectric thin film on a conducfing oxide, and arranging
the graphene layer over the ferroelectric thin film. In this form, the conducting oxide functions as
a bottom electrode. ' ‘ '

Preferably, where background doping is desired, the providing step comprises depositing the
35 graphene layer on a ferroelectric substrate, and doping the graphene layer with donor or
' acceptor molecules. Alternatively or addifiohaliy, this may be achleved by growing epitaxial

graphene on a SIC substrate, Ferroelectric background gating may also be used.



resistance states. Preferably, in a first form, the providing step comprises arranging the graphene layer
on a dielectric layer on a conducting substrate, and forming a ferroeiectric thin film over the graphene

25 layer. In thig WaFe3banethod preferably further includes forming a top g@g&%g&&@
ferroelectric thin film. In a second form, the providing step comprises forming a ferroelectric thin film on

a dielectric on a conducting substrate, and arranging the graphere layer over the ferroelectric thin film. -
In this form, the method preferably further comprises forming a bottom electrode between the

ferosiectic ténirmanch e slestielaotal) a4 g e HiEyifng, 30 o sprprgs orming

an epitaxial fe I [ ide an d arrangin ene layer “Over the
terreelectric thﬁﬁb%%ﬁggs%iﬁ?%%%aﬁﬁﬁ% ?)%(Idp r’ anc ONe ;g“s”;f{)% ?tsoﬁlheTé%Ei 6&%0q5¥§?erably,

where backgraund doping i& desireti= tha BraViting Lo S aissing teP S5 yeaptiome layer
on a ferroeleciffc g[?ﬁé‘ﬁ%eie‘aé?fd ‘%ﬂoﬁ“ﬁ@'ﬂ% Wh@ﬁéﬂ%ﬁér #YRdomoreorsacce Sidk noletstes.
Alternativély otraderigeraly, ehisarrey, biceghieved oy growing epitaxiahgraphiene an argicssubstrate.

Ferroeiectric bpakgiound gatingmay also Hevidsed stWQ%%QéQ%&%QP&W%Q@%Q? QQO3B4

Preferably, in gfisstforms the Rraviding, %ﬁ@@&gﬁ@n%&emwga@% e£'V g ohene layer from
graphene OXId§] Ig}hae§ “g“agf"?ﬁ g Qrowdlng step comprises ¢ em |ca ifying gryapshane to
provide the graphene ayer Inat Form the providing step comprises growmg the graph.ene layer

by chemical vapor deposition (CVO), low pressure CVD, or plasma- 5 enhanced CVD on copper,
nickel, cdBalt 6rE&TFLOtHes @@M&@é,%ﬁieﬁwmmpr@rviair@etrmm:rg:«aqolhmamnra foumthioraysthe.
providing steptizespyisesmechiamicattytexokatinghtsem bulk graphite. In terms of thickness, the
graphene layer may be one layer, two layers, three layers or any other gate tunable thickness.

10Preferably the:praviding ggga%mgg &3 Rpvidi n‘%?ge fg %aﬁppene Iaryer as ope layer, two Iayers

three layers or anxs%naer %ate tunable thickness. rowdmg step ¢ mprlsets providing

the graphene fAYerPYa SPting (0GR Si8 A SRede ?fpﬁﬁi@}%ﬁ{dj??ﬁodﬁhﬁ%&léad%éﬁs%ns of

dots, dot'array¥ A4 RWMIAYE or 15nan0W|re arrays. Preferably the providing step comprises providing
the layers on a flexible and/or transparent substrate. 20Preferably the providing step comprlses

providing the graghnetlaysidtiagthycn &Qﬁﬂﬁﬁs%m\m%g the layers on a flexible and/or transparent ‘

substrate.

.20 Preferably the providing step comprises providing the graphene layer directly in contact with the
ferroslectric layer, or separating the graphene layer frorb the fer'roe!eétric layer by an ultrathin
insulating iayér, Preferably the method further comprises forming an élternating stack of
graphene layer and ferroelectric layer, ' '

25 As will be apparent from the following description, embodiments of the present invention provide
a memory cell that benefits from a low bias writing and reading process, which accordingly
reduces power consumption of devices using the memory cell. Furthermore, data readmgs from
the memory cell of the present invention are not destructive, which avoids re- wrmng processes
and thus increases switching time and reduces power usage. These. factors when combined

30 with various factors that will be later described result in a memory device that is capable of high
performance, fast access times, high reliability, low power consumption and non-volatility. The
present invention also provides a non-volatile memory so!ution' for cost-effective flexible
electronics by using flexible and/or transparent substrates and polymer ferroelectric. These and
other related advantages will be readily apparent to skilled persons from the description below.

35



ferroelectric layer, or separating the graphene layer from the ferroelectric layer by an ultrathin
“insulating layer. Preferably the method further comprises forming an alternating stack of graphene

layer and ferkggleginiadaner. 25As will be apparent from the following descriptidl; fashgsiments of the
present invention provide a memory cell that benefits from a low bias writing and reading process,
which accordingly reduces power consumption of devices using the memory cell. Furthermore, data
readings from the memory cell of the present invention are not destructive, which avoids re-writing
processes anceiRiEs nEseasesawiching tmengl reduces power usage. These- factors when
combined 30 with various factors that will be later described result in a memory device that is capable
ofrigh performgnce r_[ st access times, high reliability, low power consumption and non-volatility. The
present i‘nvent%@ngz s@n rg\e}%é%def nr:}%%dj\r}q&%%Igfﬁqgrﬁmoé’bﬁif'id‘ﬁ'W%B%tdé%éﬂ\j/év"ﬁe%iﬁré”@lébtronlos by
using flexible andi6r WARSPH AR ERISHAERS and polymer ferroelectric. These and other related
advantagés will be readily apparent to skilled persons from the description below. 35 BRIEF
DESCRIPTION®DES HE RIGURES Nonshndingpeeferied esnbadinents ot thememan.cell will now

be described wﬂﬁag@fw@ec@é@mtﬁ{ggmpg@m%’gg}gg@ in which: Figures 1A and 13 are a
cross-section schematic and a perspective cutaway schematic respectively of one embodiment of the

memory cell, F‘;%Hrree 1si% a %aB]h s,hO\{vin%) ]the field-dependent resistance of a graphene layer, Figures
3A and 33 are resistance versus Slechic feId YrISRS SHAMRR The $@eisemesof the graphene layer at
the zero boolarization (i.e. bit 1) and at the non-zero polarization (i.e. bit '0") Figures 3C and 3D are

two series of gilazatibanierBuaselestin fielde(RES hystetesiglaopsskbshgwinghewsitingief a '1' state

into the memopppethtraperdiffesentdntiatstates, Sigures3EARE 357 268, Wip, Series of Relgsization
versus electric field (P-E) hysteresis loops showing the writing of a '0 state into the memory cell from
different initial%g;gg,ggoaﬁi(gg .44 and 43 %Fepoc‘r%szgﬁggction schematics of alternative embodiments
of the memory celll Figure 4C is a perspective CUtatay sEHeRACEE d figxible Melwes &spusing a
flexible and/orrRHER AR KT LG frate aid o K Riar TerroRI EaTe PBFagLiRtis #aegraph showing the
hysteresis loop of graphene resistance versus gate voltage for a graphene-ferroelectric memory cell
with a gate vofiggeseebiFtweemwedaManst o) ization versus electric field (P-E) hysteresis loops

showing the vyriting of a ‘0’ state into the memory cell from different initial states,
. 20 Figures 4A and 4B are cross-section schematics of alternative embodiments of the memory cell,

Figure 4C is a perspective cutaway schematic of a flexible memory cell using a flexible and/or
transparent substrate and polymer ferroelectric, '

25 Figure 5 is a graph showing the hysteresis loop of graphene resistance versus gate voltage for
a graphene-ferroelectric memory cell with a gate voltage sweep between -85V and 85V,

Figures BA to 6D are graphs showing the hysteresis loops of graphene resistance'versus.gate
valtage for effecting various data value changes, i.e. bit writing in the memory cell,

30
Figures 7A and 7B are cross-section schematics, hysteresis loops and graphs of a non-
electrostatic biased memory cell and an electrostatic biased memory éell respectively,

Figures 8A to 8C are cross-section schematics and hysteresis loops showing the change in the
35 hysteresis loop following electrostatic bias, and the operation of writing a ‘1" and a ‘0’ into the

memory celi,



Figures 6A to 6D are graphs showing the hysteresis loops of graphene resistance versus gate vbltage
for effecting various data value changes i e. bit writing in the memory cell 30 Figures 7A and 73 are

cross-sectioggchgmaties hysteresis loops and graphs of a non-electrostatig-pigsamddnesneyy cell. and
an electrostatic biased memory cell reSpectively, Figures 8A to 8C are cross-section schematics and

hysteresis loops showing the change in the 35hysteresis loop following electrostatic bias, and the
operation of writing a '1' and a '0" into the memory cell, WO 2010/036210PCT/SG2009/000352

Figures 9A ang R aka crossssaetionSchematics of e sahodimsnts.of thememary, cell wi

electrostatic biz%s a d Fi%ure 10 is a graph of resistance change ratio versus background doping

levels for multiBits por-cell data storage. DETAILED DESCRIPTION OF PREFERRED

EMBODIMENTS Referring to Figures 1A and 1B, one preferred embodiment of the memory cell 10 is
shown. The 10 a¥eni8rip eelrard ipicleriais e orridetigSudrstateckranmd dodieddetsis fayerulidbon the
conducting substrateidid srggaphene layer 16 comprising a graphene sheet is arranged over the
dielectric layer 14 and is encapsulated by. a ferroelectric layer 18 comprising a thin film of ferroelectric.

The graphene jayer, 16 islegideain Wp@@@g&géﬁ%%ﬁ and a drain region 17 of the

memory cell 10. A top electrode 20 that is electrically coup e ferroelectric layer 18 and a 15

bottom electrode 22 (the conducting substrate) that is electrically coupled to the dielectric layer form
two alternative§RfE"EgibHL et IRePRteRoRF R T UCEBbeieP) Hrdealsnprotsdéd ibsengFaphene
layer 16 fér comametioritd indfrematisententaryueti=l 1 T hedarrdinigervent=of the aloventayens results in

a non-volatile sgsmeryicell hayinga isandveichrsinbiely eeqei metakfeeioe leatric/g phereasibest depicted

in Figure 1B. 20, Tha granbens: lRyekdb somprises-arapiienes whichds adayeraf carbon, gtoms with a
two-dimensio hexa}%on Icry%lal sfructure. It hgesdl%gen found thaté)ge fthAunlgge p_;oogg?hrgles of

graphene is its lefte e.p?een%yeerrlt conductivi !ch-;fé{ errin 35’ ?nggrfsz% |ngjnre82,rﬁ‘1rfsr? ?a-dependent
conductivity is BHBWNCES Wn B RETPEhABY IR pIFBTichiterermizd R &igdarerarkisii® s {athy voltage.
Dependiri§ on thitvrelelentiodictd atatsiishetngyubrtrgiitipiiolegeiceargeredrdears iegaphene can be
tuned continuausiywitonichales teelections grassieentie dainimusheerduciienipeibb(icedtbe peak of the

V-shape, also known.as hePirac.erinbsAsi@ JeswWbwhen.single arprhens sheats A plaged ona
dielectric Iayeragglvg gonductlngtgu%straat% Cge_.\%a%!gcon wafer) éﬂ fggma grapheneag |%lecttr|c-ga}e

structure, bias appﬁleayfaésthréasc:onducting substrate with 30the grapﬁg%easﬁgg?g Igrour%cearereénulted ina

change in the SR CARTEFEEHROERTalioH 48 RSN Figure 18.
© 20 .

The gréphene layer 16 comprises graphene, which is a layer'of carbon atoms with a two-
dimensional héxagonal cfystal structure. It has been found that one of the unique properties of
graphene is its field-dependent conductivity. Réferring to the graph Figure 2, this field-
dependent‘conductivity is shown as an inverted V-shape graph of differential resistance versus
25 gating voltage. Depending on the electric field established by the gating voltage, charge carriefs
in graphene can be tuned continuously from holes to electrons créssing the minimum
conduction point (i.e. the peak of the V-shape, also known as the Dirac point). As a result, when
-single graphene sheets are placed on a dielectric layer on a conducting substrate (e.g. silicon
wafer) to form a graphene-dielectric-gate structure, bias applied to the conducting substrate with
30  the graphene sheets grounded resulted in @ change in the charge carrier concentration as well

as conductivity.

.The application of graphene in the present invention utilizes the field-dependent conductivity of
graphene by representing data 'vaiues using different resistance states of the graphene layer (cf.
35  magnetic data storage). The different resistance states of graphene, however, cannot be
retained as long as the external field is switched off. To overcome this volatile nature of the »
fietd—depeﬁdent electrical resistance, one préferred embodiment of the present invention utilizes

the remnant field of a ferroelectric layer to set a particular resistance state of the graphene layer.
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as conductivity. The application of graphene in the present invention utilizes the field-dependent
conductivity of graphene by representing data values using different resistance states of the graphene
layer (cf. 35 RNaHSIIe:Hala storage). The different resistance states of graqufeirfsq} %rz cannot be
retained as long as the external field is switched off. To overcome this volatile nature of t
field-dependent electrical resistance, one preferred embodiment of the present invention utilizes the
remnant field of a ferroelectric layer to set a particular resistance state.of the graphene layer. WO
2010/036210PL T/, 09/0 2ASWI|| be explained belo In one preferred embodiment, binary '0'
sand '1's aregréeIV ?e%e‘%teg %QQ%EI eren r%eglg?jancg States }N%F{e grapend I5/&P %370 Bé¥e states
are switched ifl'& %gﬁ\%ia{ﬁfés ﬁﬁ&lﬁp{ﬁ@e&?ﬁﬁ%ﬁdﬁﬁh@ﬁﬂd% SEtPeFEr RIERAEHiE [ayer: 5The
preferred oper#tigedrinecabole eprarigomentisisieowhtie Rigregr@Ater 3F Referring to the resistance
versus polarization graphs of Figure 3A and 38 (which again show the field-dependent resistanbe of
the graphene layep)ethe-seftingiof hertesrelestsdayenakarain rmﬂm%@tmt@r@mm and a

non-zero remnﬁgt&qgear,rggtr@%e?élg inwo &gg@flggeeﬁtg\rﬁea%ag% w%hﬁ %r%phehne l%erer é{nlghe |

embodiment shown, the b %Xce c}') ationisa l I resistance st te g resistance

representing the Sints Vatie Y Tow Tesista ><':er%tah[e e Aae] F@%lfffé??é%cﬁfoﬂ@b%saeﬁ?fﬁg the data
value '0' respeltiVEY WHEAR AT GFthe SRIYER Biramy FallRe FiFenirdd, 'afitha i8vAeeresdiry is to
detect the resistaipieecofsthie gfdpheme ey will the appretis@dihat readingthiefdataivalise is not
destructive sintighthe isrentongtesluie g serataine @ hy-sbe fertag lestiicd ayes, which-mainiains.the remnant
polarization urgtta@qﬁbvtr@ee@%tgnb%@ep@@@@&ﬂr@rtﬁelé%%ﬂtﬁ%r%&xuﬁ ren 3Gand S0 show the
operalion to wiigs BitamYalie doinia bieprelered (o, mem S % ferring.Lo,he e aphs of

ance. o
Figure 3C and 3D two ifferent polarization versus electhic Steresis Ioo

ferroelectric Iayaé’Fr 16 YRR AP EIETE"30 L e P@e?@&rl@\%ﬁ/ésr r@tﬁﬁﬁtﬁéﬂ? potarize ditPa remnant
polarization of RKRESifFtRESHiGY fBe, BDOtse e irgelettiienl ayaranmitialRmpathnzeaatith antépoch
polarizatioh. inthetss dasdspdlzedatroetéctric j@eisigubjected to .a minor hysteresis loop with an
asymmetrical V10 sweep from 0 to Vm", Vm" to V50, and from VE, back to 0. The minor hysteresis

loops m'”'m'Z%@Feg%@g%é“ﬂﬁ%&m‘?ef@;!é%ﬁ&%‘%ylﬁrl@’%ﬁ% §§tthr% RemoR.eeiLinto bit T independent

on the initial state It wi eC|at t att e 25 remnantfﬁ)o arization is the result ofemlectrlcal

dipoles within fié erl%ngcﬁ’l(% ? ’%‘?*t?emg‘gét ?e%e& 15 She WA &S iRV EFE AL &S the BB 5IE electric

field, and Ec is'THe BE&?EvE RERY B iRSrEt eTECRIC REfePANG Ho e Fighiréis SEreaterSF atse dperation
to write adinarytediue@idedorine prefema!3046em ah@monjiceltis ShowpD AseljefortscFiglayes 3E and
3F show two differeny pelarization yetsuselectie fielddR-Ex by steresis iapsnttheseweeiestric layer.
In Figure 3E, ﬂaentﬁrr%t,@&trérslexswmart@étynmtﬁ%@@ with.aRENaR} polakizatign,of B, frxt‘r"e in the
Figure 3F, the Verr)eet(etctgcrt%yer IS knlt %gglarslzne% lwrﬁg gzero ‘%a!%r]llzre&]or} fo vvcrtlrelg)rteo 5
ferroelectric Iayé‘r IS subjected Toa rﬁ’a rWyst resis loop with & Sy mmetrlcal‘a{fi‘cﬂe e 5 from 0.to

Vniax, Vjne, to* &/, '%%“Q%Cﬁ’bﬁto an i "HERK G, %@ﬁfﬁi*@tﬁ?’sfet@ﬁi% ?Sc?ﬁgrﬁré’iﬁﬁt 98 the remnant
polarizatiéh in grenkatredtcaiionay Be aprd settherier mopie e alltimd biet e labitr ilndependerit oit the initial
states. it has beemdotirdtdratrarcesistancerehangedotatieastianaosder ef theaghittide hetween the high

resistance statg apgihe low resistance state can be reproducibly achieved. As before, when

Referring now to Figures 3E and 3F, the operation to write a binary value '0’ into the preferred
30 form memory cell is shown. As before, Figures 3E and 3F show two different polarization Versus
electric field (P-E) hysteresis loops of the ferroelectric reyer. in Figure 3E, the ferroelectric layer
is initially polarized with a remnant polarization of -P,, while in the Figure 3F, the ferroelectric
layer is initially polarized with a zero polarization. To write bit ‘0", the ferroslectric layer is
subjected to a major hysteresis loop with a symmetrical Vg sweep from 010 Vinan Vmax 10 =Vinax,
35 dnd from —Vqa back to 0. The major hysteresis loops maximize the remnant polarization in the
ferroelectric layer and set the memory cell iinto bit *0", also independent on the initial states. H v
has been tound that a resistance change of at least an order of magnitude between the high

resistance state and the low resistance state can be reproducibly achieved. As before, when
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WO 2010/036210PCT/SG2009/000352 reading of the stored value is required, all that is necessary is
to detect the resistance of the graphene layer. Alternative preferred embodiments of the memory cell
are illustratedy tn Joigres4A and 46: In 5 Figure 4A, the ferroelectric layer M isquovidesdsn the
dielectric layer 14 while in Figure 48 the ferroelectric layer 18, is provided on a conducting oxide layer
14, and the graphene layer 16.is provided over the egitaxial ferroelectric layer 18. The top electrode 20
in these arrangements underlies the ferroelectric layer 18 (i.e. between the ferroeiectric layer 18 and
the dielectric layembbinkiguresdAuand theicanduetingParauskite oxide dayer L 4 in Eigure 4B),

The. arrangemﬁg %é’lh%qg}gese embodiments allow thermal processing of the ferroelectric layer 18. The
fabrication of the memory cell in a volatile embodiment comprises providing a graphene layer having
different resistance states representing data values. The fabrication of the memory ,.cell in a
non-volatile efBBERNER B6HAS RBX ProRAiRG tAcgrephenedhyer kg ademdatetac faget 45 typically on
a substrate (alfiwtghrotie emixdeinteataiséssthefereoele oteicityeiastie substrate)ywdthsthe
ferroelectric lagenbetng, epnfiguresdadeontrallably sehthairesistance state of the.grapheng layer. In
one preferred sgmqlm@mhé@pmgwyog%m f@pélp%e%%%% fé@&%%ea%ﬂ? J;rgn%l?@ %Sk&bstfate 12,

as shown in Fllg‘ureies th %noe%g 9 eM [)erg ent A, the met od includes ormln%(gﬁ ottom

electrode usi 3t & conducting sub atel S oroviang & oA by er 1B S tRETS iGtting

substrate 12, dAd"provigitfy anf’ewféé?&fﬁ‘i&”%ﬁ?@toi%‘% "cﬁ%eé‘?é‘ifﬁéri% Ffé@Hé? 18- IeRe3eamle, the
method démpristissoamiregibette sl @taterodes tnpthiemblhe velpaiation iafemttal, and patterning the
bottom electrode by electron-beam lithography. One or moreiadditional top gates, side gates, back

gates or a comhinalinn:thereohmay-aigode similarhytabricaigcdnl b @4&09;»5@1% Rrgigsred form also
includes spin-Goating, adhin i eleaRolbinvidencilys “éﬂ%toafIH%fOﬂ%hgaﬁng & r(VP#f TfF ohon the
o

graphene Iayer oronth e dielectriC a er to form the terroelectric. layer e arrangement the

graphene Iaye?eaﬁptﬁg%P’%%NSCWE%{?&“ SRS &upal’ ‘f‘l%?f?r%ﬁF@BﬁﬁW COMEEHRAFHHE RYFoelectric
layer, and®sephiPf@ld By afteRirztir MY F RERHNBOTIR GhepherprRi gy ek fabicateesintene or more
of the following/thatys: eherrcailyladeriveddromigapheneoxidepfabrcatedréonachesieally modified

graphene (e.g g @rARRARGY: and-Arews-RY eReRIMBRre-afchesmical vaReHGeROSIION(GY N oW
pressure CVO, or p ?é&?&%ﬂ@%“&egs%m% EQRRE c”'r-%‘%%e bbééf%'{ﬁapé(f %tgqlre%wf%‘ce éﬂ%ha‘?h allows |

for large-scale, gra ene (Fene %%e?r may also emechanlcaly exfSliated from bu graphite.

The thickness B't %Sé%&?ﬁﬁﬁe%%t Ty &PFE CR e WSrﬁoﬂqécﬁ?glfﬁbégﬁ?sﬁnﬁr(?YJ Brea R Ko layers,
three layéPs arf drif 6thiBF gefteuRinaBletitknesyId\Wey 9l 6/B382WPC FTSGE 21 cna852: The
graphene layekyray®ela pristiertnie-dimensionalkshesteor fpatteynedtontoaramosesleydimemnsions of
dots, dot arrays;JpaRavwirgs-elNandyiieanays toiermasalband gansdne-graphenedayenbas an
intrinsic energy band fciwe rhasR band paR gRanseres i AeralconTing arBLSlaia stress or

electric field 5
fabricated. The meathod in the preferred form also includes spin-coating a thin film of

25 poly(vinylidenefiuoride-triflucroethylene)} P(VDF-TrFE) on the graphene layer or on the dielectric
layer to form the ferroelectric layer. The arrangement of the graphene layer on the ferroelectric
layer is one selected from: directly in contact with the ferroelectric layer, and separated by an

ultrathin insulating layer.

30  The graphene layer is fabricated in one or more of the following ways: chemically derived from
graphene oxide, fabricated from chemically modified gréphene (e.g. graphane), and grown by
one or more of chemical vapor 'deposition (CVD)‘ low pressure CVD, or plésma—enhanced CcvD
on copper, nickel, cobalt or any other surface, which allows for large-scale graphene. The
graphene layer may also be méchanicalky exfoliated from bulk graphite. The thickness of the

35 | graphene layer is selected from the group consisting of: one layer, two layers, three layers and

any other gate tunable thickness.



The electric hysteresis loop for the grapheme resistance R 25 a function of too gate (i.e. top electrode)
voltage VTG for one sample of the memory cell of Figure 1 is shown in Figure 5. It is notable that there
are pronouncged hysiesesis in resistance measurements when the top gate poHageis,ayent in a closed
loop. A hysteretic switching is shown between the maximum 10resistance Rm, and the minimum
resistance Rai,. For the sample tested, the resistance change ratio, (SR/R= (Rmax-Rmin) /Rmin was
larger than 350%. In the preferred-embodiment, the maximum resistance peak Rma" represents the

data value '1' whilethiediataalue;Obis seprasenied by Bk Ap shewn, ﬁ&Hé@%rﬁ&n%ﬂgsﬁa% a major

15 hysteresis lgepnsodesnnding t Il symmetrical Via sweep sets the memor to ;0', iIndependent
of the existing siate, in Figure gnAg;th;Eiétgn been re%%/n%%rqam?g 5 WA ﬁ% gbmlfreo 607 %@%Patg‘?/alue has
been reset from ‘1 706"5n contrast Writing L' TAES th “Wé?r%r@/aééI%ﬂ@?@@%ﬁﬁ‘i’fﬁér’f’hﬁﬁ?ess loop
with an azmm% P %6”r§\}\}ég’f)sfo°hﬁ'ﬁﬁ%‘&%e%e polarization in the ferroelectric layer when V10 is
back to zeto. As shown in Figures 68 and 60, a minor hysteresis 20 loop sets the resistance state of
the graphene harfretitolmsarRe. Jdadepenedentpot e initiahstate £f 40018tod BUS USIRY majgg and
minor hysteresisdaags. tisossibiedo tealieonom gt Suiching, o SEtng o ve'ues n fhe memory

cell of the pfe%@b\@‘!ﬁm@&e A% %%Hggpcgt?qIgérte@?sr%aresozl‘gnocfethe information set in t%e memory cell
can be simply done b Sl

easuring the cell reS|stance Using an exciiauon Currertas oW Rasiiia. 25 The
above embodiments clearﬁ/ Show thAF rév8r<ible SHGSFWBIé‘ffl’&@{?ﬁtt*nﬁﬁvﬁeﬁﬁ/@’éﬁ”at?ﬁg‘ﬁ%é@\@tance state
and a lowTesiGATRRCE Bra TGS APHEHE [R5EREaH Bee i ordadizen iy hripletirenting mrajoparzminor
hysteresis looficT4EHe fstarite Hijsteresis oo handiba switching between the high and low
resistance states are due to the electric-dipole-induced doping in 30.graphene by the ferroelectric thin

fim (. hystetpi nororleaii RO In 0z samplss Biepage L0 dal, fhe resisiance change aR/R

exceeds 500%, @h e fesis stan elfs;ltrthe Qé%p resis nceAstate IS more than 6 tim s?hat of the low
resistance state) and may be further Improved by improving e 4 lTalitd 6FréfrcBreERicigRaitiene
interface, the CHEFGE'EdPPRr ‘Fﬁ%ﬁﬁﬂ??ﬁ‘%rﬁ’pﬁeﬁ , Y R réasitie thesremihart potarizatién of
ferroeiectric thiHSARRIONE Bp gréteh VB0 iritsersetHe nesirantpoiasization oftthefergoeleotric layer is
by applying a largerekotriedisd: Ancaliemativeapproackswattidpe mapzryepaée‘cgyeeh%% sheets

directly on ferr@ﬂiﬁ@lfl@éﬁé&@sﬁ&r@@éw{%"%‘ 0 Mtqe@@meaﬁe%&t@m%f%r SeHic c%te”%s with much
higher remnar}grrg\ég)cglgila%p PCTé 9%009/09\03% A olnapzatlon Anot era pproach Would be to

openab p in the graphene Syer. ei GSing Bita)erGrapRR ARG g PAPREHY Higiidfibbons
Although e%ﬁ’?%é%%%%%?s Sé?ee\%i“lfa@i%p)é%r}?g% a8ymAsatrital WHEPRy 4tPagE §ie(india'5 using

different hyste?@éﬁsﬂlfodﬁé)},othe*}*équ&?emeﬁ%ﬂ“ andasynemetsicadsiriinps sttategyssitdey complieate the
device operatiomscatit siruit desighimdor memintanch ease storagr-aplisarionsol aaddigss this, a
further preferreghiemipoctiaaent of thadrveationsinplemmentsap &ectrostatichiaste mgéé%rl%pec'f'ca"y’
in this alternatjye embqdiment. r;% rhé/%g%ccfjerg&e ggtrlc Qping in the graphene layer is modified

unidirectignally by introducing a background doping level (herein 10 Neck) in the graphene layer
before the ferroelectric polarization, The nb"k exerts electrostatic forces/bias on the electric dipole
flipping and prﬁﬁu@e‘é‘eﬁm@ﬁi&%{lqe?ﬁhéﬁf’ﬁdiﬁlz"&ﬁﬁﬁéﬂprﬂ%[rvé‘wﬁ‘ ivileeiferrorlestric kger.

resistance state and a low resistance state in a graphene layer can been realized by
lmplementmg major or minor hysteresis loops. The resistance hysteresis loop and the switching
between the high and low resistance states are due to the electric-dipole-induced doping in
30  graphene by the ferroelectric thin film (i.e. hysteretic ferroelectric doping). In the sampies
prepared to date, the resistance change AR/R exceeds 500% (i.e. the reststance at the high
resistance state is more than 6 times that of the low resistance state) and may be further
improved by improving the quality of ferroelectric/graphene interface, the charge carrier mobility
in graphene, and by increasing the remnant polarization of ferroelectric thin film. One approach
35 fo increase the remnant polarization of the ferroelectric layer is by applying a larger electric field,
An alternative approach would be to prepare graphene sheets directly on ferroelectric .
substrates, which would allow the use of other ferroslectric materials with much higher reﬁmant
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The effect of the electrostatic bias technique is shown relative to a non-electrostatic-bias 15 technique
in Figures 7A and 73. In both figures, the ferroelectric layer is illustrated with arrows showing directions
of its electricg}glipelasshigure 7A shows the effect without electrostatic bias, The;fgrsaglesyic gating
introduces two symmetrical zero-field doping levels in graphene with opposite signs. With symmetrical
voltage sweeping, no resistance change is observed due to the ambipolar field dependent -
conductance in graphene. Figure 7B shows the effect with . 20 electrostatic bias. As described earlier,

electrostatic biggaas@oresulitel backaround doping %%@gkdig A ggegqhgglectroSta}ic bias can also be

provided by a | ic gate) modifies the hysteretic ferroelettfic doplﬁgpﬁﬁf&rgﬁfoﬁ%ﬁﬁﬂ %{Iiowing
two distinct re;i?s[{g)r?éige%&g{gg t%)r}%gprgég?geerﬁ@‘\/alf% r'sgflbrﬁrnnsetrical voltage sweeping. The resistance change
ratio (APR) in this embodiment can be determined using equation (1) below. 25 AR = R. - Ron Robrick
no - nhark (1) WEHe tHe aertfostrsbiariefectosiwmitaetsical bit awitingtindhermamenkgellican be
realized by sywwnetritaloroltagerpsitses;pahiok simpliiesther veritingRrecedviesiRy aneiyingyoltage
pulses to flip teenpleateicdipaleosieptations-indhefeitogleoliclaver, Jg s shown in Figures 8A to
8C. Figure A shows 8 cRes-seafionsebemalic.of ine nemeny cell with the grapnens ke Rauing
nb"k greater than zero. agdﬁt?he%ﬁgaﬁpltin effect of the nbki., K of producing 4e rﬁ@tﬁ&&?‘?é‘ﬁﬁ‘ﬁam _
polarizations Pr and Pr" i the terroBlectie 1ayer Wit pesite s Hiitirds ‘SEcakat@coms fnemory
cell in this emBEARREIR A5eiTdnetiiteh tHERREtRBINY BrdnEsdreivn'ebrskataviveAcain3Bvpositive voltage
pulse is dPpliet=td thé topraleetrotesAlitirrthbasitiee pulses thespolanzatior, isthe farreslegtric wil
remain at Pr', ettisigaherignaphene layee inpitiehighrsesistansvalne RI{as.showndn Figyre 73).
Conversely, tossyitehh figedodR Qe & ggative voltage pulse is applied ,11 WO
2010/036210PCT/SG2009/000352 to the top electrode. After the negative pulse, the polarization in
theiferroelectriwchwill remain at Pit setting the graptiene layer into the low resistance value, Re, (as.
shown in Figurd®78§th RbMiFagIESURMBHR SiBttTemaEviasShpMWRER e Aetduiepemdatittonductance
of the grapheri&i§ st BipBIEPSsy R ol waitifigueultdddenbtiethe sames nesistanceistaiegie to
symmetrical Ssemningritrpoiarizaticnscoti2siandieR rHiasrshoven d g ZA) R o smbadiments of the
memory cell utiliziRgRleskosiatie hasareShaw Nkl A\.an Figure 9A, the memory cell
has a similar %g&gwg@g;fﬁ&%’ re H\V% gﬁﬁe@d&l{)@?@?ﬁf\}\%ﬁ%gﬁg?tda?(elé?%rlg gr%%ﬁnhgnfGWé?‘n a silicon
carbide (Sic) substrate 12. in thig embodiment. the’ g 10 resistance change s observed due to

the ambipolar field dependent conductance in graphene. Figure 7B shows the effect with

. 20 electrostatic bias, As described earlier, electrostatic bias as a result of background doping npau
in graphene (electrostatic bias can also be provided by a ferroelectric gate) modifies the
hysteretic ferroelectric doping unidirectionaily, allowing two distinct resistance states to be
realized with symmetrical voltage sweeping. The resistance change ratic (AR/é) in this
embodiment can be determined using equation (1) below. '

25

- é_@ _ R —R, _

R e Ry = Py

2 n huck

(1)

Using the electrostatic bias effect, symmetrical bit writing in the memory. céll can be reaiized by
symmetrical voltage pulses, which simplifies the writing procedures by applying voltage puises

30 toflip the electric dipole orientations in the ferroelectric layer. This is shown in Figures 8A to 8C.
Figure 8A shows a cross-section schematic of the memory cell with the graphene layer having

Noack greater than zero, and the resulting effect of the nyaq of producing asymmetfical remnant
polarizations Pr' and Pr" in the ferroelectric layer. With reference to Figures 8B and 8C, the

. memory cell in this embodiment is able to switch the mémbry states from ‘0’ to ‘1" v;/hen a

35 positive voltage puise is applied to the top electrode. After the positive pulse, the potarization in
the ferroelectric will remain at Pr', setting the 'graphene layer into thé high resistance value, R,

(as shown in Figure 78). Cdnversely, to switch from 1" to ‘0, & negaiive voltage puise is applied
11 ‘



10 graphene layer 16 is doped (heavily in the preferred embodiment, represented by the positive ions
in the layer 16) by the substrate 12 in a controlled manner by controlling the surface reconstruction of
SIC, In Figung 88y thvesgraphene layer 16 is formed by chemical vapor depagitiaya46av/Bhermechanical
exfoliation on the ferroelectric layer 18, with the ferroelectric layer 18 acting as the substrate. in this
embodiment, the graphene layer 15 is doped (heavily in 15 the preferred embodiment) by
donor/acceptor molecules 26, such as pentacene rubrene or tetracyanoquinodimethane (TCNQ), and

is arranged onope %r@&eget%ge(ggelgﬂ{@ qgrme hottam electrode 2% belng formed on

\g 1on in T e Nc w FTﬁil
an opposite Sugf,ace Qgﬂferroe Iectrlc Iar}/er 1 In anot er alternative empodiment of the resent

invention, the backgrod !o?n ovar o back °%h res%’iﬁaﬁﬁeﬁ*ﬁs%ﬁﬁ'éﬁwnsﬁ&igﬁﬁéﬂﬁe‘PeS|stance
change ratio (A‘r‘-?}’rﬁ?tlﬁ“’?ﬁ@r‘ﬁ‘é t(ﬂ?ﬂa S RirreBne orrrESIAip IR s aeiceast Bianeontroiatbyeapplying a
back gate volt&ge{(VBOF e tHEslibBtraie cRerUbisaolatife apphcationsc¢unabléun keandoeprovided
using a fefroelectrmnbatkigaie Seich agate chdnablerMiR is adyantageous as it allows multi-bit-per-cell
data storage. The effect of a gate-tunable AR/R can be seen from Figure 10, which shows the .

relationship bextweeenbem'ﬁt@%ﬂm@%&n%wﬁéém'Un& [relianae Ehange falig AR no(ie)

represents the zero -fie fehrroe ectrlc g% hene when ni, K6 %Nnm?é’aifs Aan anglng nb"k
gradually, AR/B [<HURed cORtRTIOULIY rom z%rsé b \férruitbrﬁd%t@itﬁbﬁ'ﬁlﬁrﬁ% ?Hblﬁll Wn‘?bles have
shown a ,muchP4fge FraFitR 9@@[‘%6\9@“@8@@%?%@d%¥éh‘?%ﬂﬂ valugs gredthiereuiséd to

represent nulticBit ko rreitithistoragdn¢ehis is pessibleras amadjusimentatftbeek peosidees different

hysteresis 30itaeps with-giffergriyvakiestarki endRo cAserehaahel Rl andHaglewsad-bit

storage by ong.spegificiARIRs@ultiple setgeof Si ARty to store multiple bits. For
example, if thrge sets g r?d Ro arg eteci%ﬁg aé?gg%ngg%l} eé] 1S %}Péat b and 1 5 r?rqna 5

i.e.
implemented. In't Set'ex ““SPéC 5 r\t-onetrmcezttg r?%enlntr'clsaé’ﬁo% th\/\/?ﬁcfﬁ"é\?gﬁ/ iOO%
change in LIR)Q?&@eﬁ‘ﬁq%aﬁérﬁ B %ﬁ&%ﬂ%?ﬁﬁ&?@%%ﬁéﬁ?ﬁﬁ‘%ﬂ@ Bitipeprselh gy istbrage
increased Yatdhstorai§ecdapaeniseny Bitheyitente safrelenitteallsives Phisacar betenhanced and
utilized even nmrzemmmgﬂvewdmghrmﬂbxImyicd:e\éle:esgedﬂafadb@d@@tﬂﬂ@f&*@%@:é@d}@r%loooo or

more. FUrtherm@%e%@m%@&@@@'Mn@f&ﬂ@cﬁ%ﬁ%‘ﬁ%ﬂ%@%c%@he ferraelectric layer 18.
2010/036210PCI/SG2009/000352 ribbons, dots and antidote arrays) is used desirable chanties may

be made in the graphene band structure gle& hydrogenation, electric field induced gap, e.g. bilayer).
The benefits aflSHyFOMAR KT TR ?6??\)9?&"Ef’é“di’é‘%?tﬁ?)m%@%ﬁ@@%ﬁ’r@H%%EW?JtPéﬁbaFor 5
instance 2By utlligingf te iclenidisesdent elétericalstesistairoesofticgisipRemeniayery tee imensory cell is
fast enough tocnmatchuite turrent BRAMoWhieresthegraphe beclayes isicastrollednea fesreelectric

layer, the resultingomesmarydsprls@nonvalatite, Bath dagrwﬁe'egs%dar@%@mt%%e%ai@ thememory
cell of the presae&wmmmw%agegqtsﬁ@é&waw%na&m g@gheﬁ e fﬁce NS

consumption of gew # ng th e memory erJ In the case ene memory, for
reading, a few BeRe ST DV Are requ&eto TeAd e rdd |§f’fﬁ?¢c%h%fﬁ edfﬁfé‘ﬁ%ﬂwge\r/\/&ﬁﬁﬁdchannel
while for %r.t.n@eeégltmf?%we?wa BiEsAR Behiggamérsy) ITamfsae th & PTYDEET FRetitkness
below 100 nmdépindll ibeyappreciated that<n Spgafitziertyebbetitdayaradlfewziglsod® simpte
integration withdgxibleijrapspasient elestranios anchaels sinWaNRPYshHRISaAS ansapring.and
passivation Iayg%wg@ ot cfataueeadingadaifiom thedmemary, gellaf. s preserLinveption are not

destructive an%5 s no fol owmg ﬁwntl ? |sbire%uwe IS increases the switching cycles and reduces
power usage. DUl I THE stRBE S chaicaiRy e AT BpEHRISDY §F Apritiet s MEHoH) cissPthe
present iﬁ@/entl@i?i’i)}‘ét\?l€ﬂ§f§"%{’Feﬁ?aiEﬁéod§taa§f’ol:r*’ag‘l¥.§ PSS!0 En WhER BBipared wocmsverienal data
storage. Graphsesssiowfith halsbarsastrahighdcharge canrier anobilitytatsogivesthermeraonyecell
extremely 20 fastreading speedntypically seneralitens abiesesecerdsy Ewnéa‘»dh%en%@e@ds are not
utilized due to '%ea@&mm@semnee%w&%ng Ie¥ies. e actdhal (ERE deviaes Daye very high
mobilities transl%tbe t%lar%enpg\év/gr sa dn S w en é( are ogerate at orders of magnitude Slower
speeds. These factors When combinad 2 BonsRVEREIL AFEh NI E LR A TR AT e of the
graphené fayeF ¥ABRtHE Fa8E S AAtR I ﬁ@&ﬁﬁép@ﬂﬁé %rt%@@étﬁ@lﬁ}ﬁe?a(@é\}é‘rhﬁ‘SSWéf "6F fRinSseconds)
provide a menwngrgevieedthiétisdsshighrperfornmaingeydastisicoessitinvesicsrghheediatnilitysidancpower
consumption asdraenarelatilitober thergraphenedesraefectricmemary ¢ell, RMPRokikE)ds preferable
for integration with flexible electronics with cost-effective solution for non-volatile data storage, while
inorganic ferroelectric, such as lead zirconate titanate (PZT) based materials, is preferred when high
performance, ultra-fast reading & writing 30 graphené<ferroelectric memory is needed (in the case of
PZT-based material, the switching Speed can be as fast as 280 ps). In other words, the ferroelectric
gate may be made out of inorganic or organic materials.



To summarize the above: 35 1. Graphene memory relies on the electronic intrinsic properties of the
material. The carrier concentration can be tuned by means of an. electric field effect. At large carrier

concentratioRsdhigh/ekeping) the device resistance is low. At low carrier congenttindsmall doping)
. the device WO 2010/036210PCT/SG2009/000352 resistance small. Independent of the duping, the

carrier mobilities of graphene are large. The two resistance states can be used to store information,
such that a large resistance state is 'donated! to one bit of information and a small resistance to the

complmentanydibel oDl B The ek il b e 9 gs s ater b
fold fost can b0 Sty ool e COatIE Gaie by MRS HARIS LS 104 I the presence of
volatile gates, the memory will be volatile memory. In the case of non- volatile gates, the memory will
be non-volatile'P&REAJS BTisTHeREhRFoRaEiTE AN tin vl fesatizadiisynfthe deskactnie dretétiats F256. The
device opérationtaas. e silehnghat daly-amegate setsicn @nivtheswise ginseoed(aetisatemory
cell is fast enough to match the current DRAM. Where the graphene layer is controlled by a
ferrpelegtric layer, the resulting rmemory IS also non-volatile. Both the writing and reading
process ih the memory cell of the present invention is realized by low working bias, which
accordingly reduces power consumption of devices using the me‘mory cell. In the case of
10 graphene-P(VDF-TrFE) memory,‘ for reading, a few tens of pV are required to read the
resistance value of the graphene working channel, while for writing, less than 10 V working bias
is achievable by limiting the P(VDF-TIFE) thickness below 100 nm. It will be appreciated that an
organic ferroelectric layer allows also for simple integration with flexible transparent electronics
and acts silmultaneousiy also as a capping and passivation la‘yer. Furthermore, data readings
15 from the memory cell of the present invention are not destructive and thus no following re-
writing is required. This increases the switching cycles and reduces power usage. Due to the
stable, chemically inert properties of graphene, the memofy cell of the present invention
provides a reliable’ data storage means even when compared to conventional data storage.
Graphene, which has'an ultra-high charge carrier maobility, also gives the memory cell extremely
20  fastreading speed, typically several tens of femtoseconds. Even if these speeds are not utilized
‘ due fo design constrains of an actual working device, the fact that these devices havé very high
mobilities transiate to large power savings when they are operated at orders of magnitude
slower speeds. These factors when combined with the sensitive field-dependent electrical
resistance of the graphene layer and the fast switching time of the ferroelectric layer (several
25  tens of nanoseconds) provide a memory device that.has high performance, fast access times,
high reliability, low power consumption and non-volatility. For the graphene-ferroelectric memory
cell, P(VDF-TrFE) is preferable for integration with flexible electronics with cost-effective
solution for non-volatite data storage, while inprganic ferroelectric,” such as ieéq zirconate
titanate (PZT) based materials, is preferred when high performance, ultra-fast reading & writing
30  graphene-ferroelectric memory is needed (in the case of PZT-based material, the switching
speed can be as fast as 280 ps). in other words, theferroeiectric‘gate may be made out of
inorganic or organic materials. ‘

To summarize the above:
35
| 1. Graphene memory relies on the electronic intrinsic properties of the material. The carrier '
concentratibn can be tuned by means of an-electric field effect. At large carrier concentrations

{high doping) the device resistance is low. At low carrier concentration (small doping) the device
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graphene. This leads to an asymmetric writing scheme. 7. The device operation can be such that one
uses a ferroelectric gate to an already charged graphene sheet. This charging can be achieved by a
number of ways {sieaskate induced, e.g. 20 SiC, backgate induced (eithepvplatig onmResvolatile),
chemical Oohing induced, or any combination of these). This has been herein referred to as
‘electrostatic bias' and leads to a simple read write scheme (symmetric writing). 8. In the case of
electrostatic bias, it is possible to achieve a gate tunable 4R/IR which can vary 25-over many orders

of magnitude (aiea, OA5 Yoo Ll s2mples 1090008 n b enoicered

samples "1. OOQ,O%QS ét{ is als%gossml)e that the complementary. gate for tﬁe electrostate bias could be

in principle volatile. It 1s also possible T o gonstticta ‘{hﬁﬁﬂ%ﬁ?@r &‘r‘%rbﬂ‘éh'é RiEnGRPEERS TRE Structure in
this 30 alternati& &R RH W@W%@%F&Fﬁ’r‘l‘ HIETRAtMG Sraek ofgrahencobnt fartoelectric
gate, each layer contacted separately and-hence a 3D memory architecture is achieved, where each
layer form8 a unifioelk<Vhis sty berimplemenrtedasinghgraphene Dograpena Qide-e. dal
spin-coating the geapbene asddesrealestic gatelays] bydayerdn. a further alternative embodiment,
organic ferroelectric materials are used which are’ transparent and flexible to provide a capping layer

for flexible, transparent elec evi ased on hene (if graphene IS also used as a contact
metal for the g%?&s% g%ce%i%%ﬁg 3)58 FSE3559106 %égit'wqfér‘gd}?ﬂ“nboﬁé'§6ﬁ8@§ non-limiting

preferred embodiments, which, as will be understood by those skilled in the art, may. be subject to
variations br nfodiftbatiseesinsdelsightemastsuttonon operitionwiitio wtadeparting<ram: thenseope of the
claims. For exasplegatithoughprefeweds boambaainentsfave been described with reference to
non-volatile arrangements and operatiOns, this is not essential as volatiie operations not requiring a
ferroelectric gt isiaelie aLc also.envisaged lso wigre afengelectric gate is used. itis not
essential that zero remnant polarlzatlon and non-zero remnant po &irization be used to define each of
the binary values '1' and '0'. Where necessary or desired, one remnant polarization maybe defined
such that'the §.07PesiitizfRPREsHEaTEe BY tHehgrapiTenershesit atithet podtiratonnepresentsone data
value, and thegedpsencd of thatspolarizgtione(iesultitgsihother values of resistance) may represent
another data value. Changing from non-zero remnant polarization to substantially zero polarization

may be acconyplﬁgqgv\(ég é)\é\ggndgéanoégr éahl(a]n%tt(%c?:_‘hn%?seg flpr & edlttl%g%‘%héhougar‘\réhg x-axis of the

graphs of Flgures have been descri & potanzation B the Terroeie |c‘f’"l%€§?er 15

skilled person€ il 5§6P§8 airé‘L?n%(?fﬁ'@%(ca%ge'ﬁ%ﬂ?éfé’obye%r‘é’§3’ﬁf MEBSHBRcHAR WHEE§e%¥30 in
Figure 149 or the tGpeRE vBreRse (FLTIn PRjlEre L ARmTiRitie)tocsay ctelfieiid-dependent esistance
characteristic ofrtheagrapticheskaynisriay besexpressedenstetnss ofithecvaltageappliedate thextop or
,bottom gate ofithe raemeny selkn-asditienitathegyolarization of the ferroelectric layer. Where an
insulating substrate. is desirable, this may be flexible and/or transparent. If a - 20 backgate is

desirable, the arra ement ma that thegraphene sits on the bottom gate structure comprising
Bl s TN et ?'Cd%raéh’wt fﬁ@osgé%%g’n%cwevﬁﬁ |%a§fllt5ﬂ?1béelé§% A8 B0\ variations,

of a highl conducti ng ayer separate
for instarfCe: aPéSIMtENYAL 0 156 THEHEE By 'BRe SEBRE of trRsyclighnaality samples 100000% and in

bandgap engineered samplies >>10000%). It is also possible that the complementary gate for

the electrostatic bias could be in principle volatile.

It is also possible to construct a multilayer graphene memory cell. The structure in this
30  alternative embodiment would consist of an alternating stack of graphene and ferroelectric gate,
each layer contacted separately and hence a 3D memofy architecture is achieved, where each
layer forms a unit cell. This may be imp!emented using graphene or graphene oxide, e.g. by

spin-coating the graphene and ferroelectric gate layer by layer.
35 In"a further alternative embodiment, organic ferroelectric materials are used which are

transparent and flexible to provide a capping layer for flexible, transparent electronic devices l
based on graphene (if graphene i$ also used as a contact metal for the gates).
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MCSLLP CLAIMS 1. A non-volatile memory cell comprising a graphene layer having controllable
resistance states representing data values of the memory cell; and a ferroelectric layer configured to 6

control the ragigtangesstates, characterized in that the graphene layer incluges achagksigund doping
level (nb"k) greater than zero, the background doping level (nb"k) being introduced before polarization

of the ferroelectric layer. 2. The non-volatile memory cell of claim 1 wherein the graphene layer is .
configured to be 10 in a high resistance state when a positive voltage pulse is applied to a top
electrode of the. memory cell, and wherein the. graphene layer is configured to be ina low resistance

state when a negatiMgMRiageRse is @pmhggr@eﬂ?&t%&éﬁ% ‘P&ewﬁ? The ng P?VO'aé"e mermory cell of

clamlor2w [ e [I$ epltaxia 15grapheme on a ra%e eéftoloﬁ
non-volatile mgﬁ%@k‘;h&i gm(?%%ﬁ nl%%e v gétﬁotﬁg ”39061{) Oﬁé“Fé&fé?ti‘gnadf)éaﬁﬁﬁh%@ﬁ%’??ﬁ“é’éceptor

molecules and’is & ar%é}nwgﬁo O GRE LI LR B‘Ftﬁéofé?rﬁélg‘étﬁ@'l’éﬁ/efs CRAERRE afiletetrotdebeing
formed orPan SBB?%FE@@Eﬁ%%?e%ﬁ?ﬁ’é*?@f?é@t@&m%f%yme 20n&\-Phgimenavotatidenemory-eelhof any one
of claims 1 to #ighereirethentiwcigroatid depitignievet irgomitodakiedecadusta desistangs shange ratio
of the resistanee/states. AkoT hedion-vielafiie-memary %ehs%tic'@'@ %WQ&@!&WLHP#%W% siance

change ratios @gﬁeﬁmgulp&bgﬁn . | non-y memory cell 0 clalm 1 or 2
wherein the g?ﬁgn%@ggr is chemical rgsfg%ézgt%&% ene oﬁ%ganc])r’r% RSN Hid dified

graphene, 308.The non-vol aiils Hemory ceeIPO'P %?alﬁ{“f%‘rt ﬁqﬁﬁ%ﬁi&?\ R Grapriese pagetiatgown by
chemicalVapdFHEpeRRiHaes I@@v%F‘@@%"lﬁé’@‘?]@té’?ﬁéla@ﬁfiaaéfﬁh@n@df@\mmtaomwr anickel,
cobalt or any dthépsindace whicked s (ferutingenscake graphen@sistance) may represent another

data value. Changing from non-zero remnant polarization to substantially zero polarization may
be accomplished via known depolarization techniques. in addition, although the x-axis of the
graphs of Figures 3A and 3B have been described as the polarization of the ferroelectric layer, |
15 skilled persorjs will appreciate that the x-axis may also represent the bottom gate voltage (Vag in
Figure 1A) or the top gate voltage (Vyg in Figure 1A). That is to say, the field-dependent
resistance characteristic of the graphene tayer may be'express'ed in terms of the voltage applied l‘
to the fop or~bottom gate of the memory cell in addition to the polarization of the ferroelectric -
layer. Where an insulating substrate is desirable, this may be flexible and/or transparent. If a
. 20 ‘ backgate is desirable, the arrangement may be such that the' graphene sits on the bottom gate
structure compr sing of a highly conducting layer separated from the graphene by an msuiatmg
layer. The above variations, for instance, are intended to be covered by the scope of the claims.
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9.The non-volatile memory cell of claim 1 or 2 wherein the graphene layer is one layer, 35two layers,
three layers or any other gate tunable thickness. 10.The non-volatile memory cell of claim 1\ 2LLFP
wherein the graphene layer is a pristine two-dimensional sheet, or patterned into nanoscale
dimensions of dots, dot arrays, hanowires or nanowire arrays. 511.The non-volatile memory cell of
claim 1 or 2 wherein the graphene layer has an intrinsic energy band structure or has a band gap
engineered by | gfey rﬁ’ﬂ onfinement strain stress or electric field. 12. The non-volatile memory cell of
claim 1 or 2 Whereln the graphene layer is gated by top 10gates, side gates, back gates or a
combination of one or more of top gates, back gates and side gates. 13. The non-volatile memory cell
of claim 1 or 2 Whereif the-matienyaetirisdaberatesingre afiprible apel/ onthanspararbaulkstsateel> 14.

The non-volatilgtatamenyeseiting dlaimvhios? swhereiihe, assangeimentidBe 4 aneng laygLdsigne
selected frgm: @HI%PJNHQ %%l%@%é"’&gté'éeJFJFQ&?&%E&H '%N&rth%”gr%‘?l%%afeﬁ%r% ltraghin insulating

layer. 2015.The non-volatile memo% cell of any one of ing clai %her comp ﬁs Ing an

alternating stacl® BYgr 54 RleiiestdyHFARH ?@?oﬁ@ctm‘? IB?@?Q%% ?&96‘19 bl BeritabEe é%tﬁé%?@y 16.A
method of fabrib&ferfPaleizatioo atiteeriesioriegtiekysdmprising providing a graphene 25 layer having
controllable resistance states to represent data values of the memory cell; and providing a ferroelectric

iaver configured (o cofiohs ReisARRRATS Eharariptza Indipiin oiapheng, Q%ﬁlreé:?ol%%es a

backgroqu doplnag level %sgack reater than zero, and the method includes’introducli

background dopirig TSULFERsRS t?evﬁ]&%&%?%%’%f’ﬂq@gfe%%‘Fe'(?tﬁf?%%ﬂe fo a top clectrode of the

memory cell, and wherein the graphene layer is configured to be in a low resistance state when
a negative voltage pulse is applied to the top electrode.

3. The non-volatile memory cell of claim 1 or 2 wherein the graphene layer is epitaxial
15  grapheme on a SiC substrate.

4. The non-volatile memory cell of claim 1 or 2 wherein the graphene layer is doped with
donor or acceptor molecules and is arranged on one surface of the ferroelectric layer, and with
an electrode being formed on an opposite surface of the ferroelectric layer.

20
5. The non-volatile memory cell of any one of claims 1 to 4 wherein the background doping
level is controllable to adjust a resistance change ratio of the resistance states.

6. The non-volatile memory cell of claim 5 wherein multiple resistance change ratios
25  represent multiple bits of data.

7. The non-volatile memory cell of claim 1 or 2 wherein the graphene layer is chemically
derived from graphene oxide; or is chemically modified graphene.

30 8 The non-volatile memory cell of claim 1 or 2 wherein the graphene layer is grown by
chemical vapor deposition CVD, low pressure CVD, or plasma-enhanced CVD on copper, nickel,

cobalt or any other surface, which allows for large-scale graphene.

9. The non-volatile memory cell of claim 1 or 2 wherein the graphene layer is one layer,
35  two layers, three layers or any other gate tunable thickness.
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10. The non-volatile memory cell of claim 1 or 2 wherein the graphene layer is a pristine
two-dimensional sheet, or patterned into nanoscale dimensions of dots, dot arrays, nanowires or

nanowire arrays.

11. The non-volatile memory cell of claim 1 or 2 wherein the graphene layer has an intrinsic
energy band structure or has a band gap engineered by lateral confinement strain stress or

electric field.

12. The non-volatile memory cell of claim 1 or 2 wherein the graphene layer is gated by top
gates, side gates, back gates or a combination of one or more of top gates, back gates and side

gates.

13. The non-volatile memory cell of claim 1 or 2 wherein the memory cell is fabricated on a
flexible and/or transparent substrate.

14. The non-volatile memory cell of claim 1 or 2 wherein the arrangement of the graphene
layer is one selected from: directly in contact with the ferroelectric layer, and separated by an

ultrathin insulating layer.

15. The non-volatile memory cell of any one of the preceding claims further comprising an
alternating stack of graphene layer and ferroelectric layer, each layer being contacted

separately.

16. A method of fabricating a non-volatile memory cell comprising providing a graphene
layer having controliable resistance states to represent data values of the memory cell; and
providing a ferroelectric layer configured to control the resistance states, characterized in that
the graphene layer includes a background doping level (nuack) greater than zero, and the method
includes introducing the background doping level (npacx) before polarization of the ferroelectric

layer.
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