GRAPHENE MEMORY CELL AND FABRI CATI ON METHODS THERECF FI ELD OF THE | NVENTI ON
The present invention relates generally to a nenory cell and nethods of
fabricatiwg2aiomsenony cell. In particular, but not exclucrsicoostohesspr esent
invention relates to a graphene-based nenory cell and nethods of
fabrication thereof. BACKGROUND OF THE | NVENTI ON Menories and in particul ar
non-vol atile nmenories are in great demand for high-performance digital
cameras, np3 players, flash drives and cards, nobile phones, personal
digital assistants %PDAS) and ul tra-portabl e notebook personal conputers
(PCs) where hi ghCRAREENE MW??&ES%A&D FABRICADANJGFEHORD MBERPOF on St or age
devi ces are needed to replace the use of bul ky hard disk drives. An exanple
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recent years because r speed and nore conpact structure than
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to 1. NAND flash al so needs high voltages (20V) for witing and erasing

processes. is ferrqgelectric RAM (FeRAM, which
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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 inserted into
the floating gate by hot electron tunneling. The presence or absence of chérge in the fioating
gate affects the current flow through the MOSFET channel, and this is sensed to determine
whether the'memory cell holds a ‘1’ or ‘0’ data value.

- 25 .

NAND flash memory has grown into 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-
‘ 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 aiso has limited write-
30  erase-cycles, which is 100,000 cycles 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.
c |
" Another non-volatile memory is ferroelectric RAM (FeRAM), which utilizes ferroelectric
capacitors for data storage. In FeERAM, ‘1" and ‘0’ data values are represented by two oppdsite

polarization states, which can be retained without electrical power. Unlike NAND flash, FeRAM
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pol ari zation states, which can be retained wthout electrical power. Unlike
NAND fl ash, FeRAMbnly needs a nmarginally higher witing voltage than the
readi ng webtaga36Nbr eover, both read and wite can be deoe/SiGaoe/obé3s2 by- bi t
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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 ferroelectric layer is polarized to have non-zero remnant
30  polarization. In another form, the memory cell further comprises a top electrode. electricaliy
coupled to the ferroelectric 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
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 polarizing |

35 the ferroelectric layer.



the ferroelectric layer.Preferably the high resistance state and the | ow
resi stance state have a resistance change ratio greater than 500% This is
advant agewo0sm3b110al | ows a cl ear delineation of the daraTsskue®os2zg. 0
and 1) being represented by the resistance states, although resistance
change ratio of 50% would be sufficient for this purpose. Preferably, in a
first form the graphene |ayer is arranged between the ferroelectric | ayer
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the ferroelectric layer, and with an electrode being formed on an opposnte surface of the
ferroelectric layer.

25  The background doping level is preferably controllable to adjust a resistance change ratio of the
resistance states. This advantageously allows muitiple 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 a 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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graphite. In terns of thickness, the graphene |ayer may be one | ayer, two
| ayers, three layers or any other gate tunable thickness. Preferably the
gr aphene weayero/i3s21a pri stine two-di mensi onal sheet, or parTiSezo®35L 0
nanoscal e di nensions of dots, dot arrays, nanowires or nanowire arrays The
graphene | ayer may have anintrinsic energy band structure or a band gap
engi neered by lateral confinenent, strain stress or electric field
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Preferably, in a first form, the providing step comprises arranging the -graphene iayer on a
dielectric layer on a conducting substrate, and forming a ferroelectric thin film over the graphene |
256  layer. In this form, the method preferably further includes forming a top electrode on the
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 graphene layer over the
ferroelectric thin film. In this form, the method preferably further comprises formihg 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 conducting 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 addifiohally, this may be achieved by growing epitaxial

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



graphene | ayer on a ferroelectric substrate, and doping the graphene | ayer
wi th donor or acceptor nolecules Alternatively or additionally, this nay be
achi eved W9 2grooa6219 epi t axi al graphene on a Si C substr areTRerowdbestri c
background gating nay also be usedPreferably, in a first form the
providing step conprises chemcally deriving the graphene |ayer from :
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dots, dot arrays, nanowires or nanowire arrays. Preferably the providing
step conpri se roviding the |ayers on a flexible and/or transparent
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| ayer dir ewiekayem oc ot aied gakettdhablaenidkeessoel ectric | ayer, -or separating the
graphene |ayer fromthe ferroelectric layer by an ultrathin insulating

| ayer. Preferably the nethod further conprises formng an alternating stack
of gr apheeréeerE?)t?BrthaerO\f“@rﬂgr SP eeMiriges afpuidindgherigrdphire dgyparers pfigtioen tvpre
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menory, cel Ia Vmgt benefl ts froma low bias witing and reading process,
whi ch acco a? gﬁéﬁf Y&duces power consunption of devices using the nenory
cell. Furthernore, data readings fromthe nenory cell of the present

i nvention @é@raﬂ@ttnéissob.emgtstébeao s&oBY@hGIthe 187N bit ng.%%%ﬁﬁgns%aﬁémt hus
i ncreases Sp%tc 1 ng time and reduces power usage These factors .

combi ned WPH&fri ous factors that will be |ater described result |n a
menory device that is capable of high performance, fast access tines, high

reliabjgl i tQ’refe*aQWtWtdﬁ&Qéé’Mdr@& &B\leﬁﬁjt'ﬂe ﬁ%lpﬁé e Ié}e){dlre-gn)emQBﬁ‘tﬁ& the .
i nvention al so r ovi des a non-vol atile nenory: ut’l on cost-efrective
fl exi bl e ferroelectric layer, or separating the graphene layer from the ferroelectrlc Iayer by an ultrathin

insulating Iayer Preferably the method further comprises forming an alternating 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 readings from
the memory cell of the present invention are not destructive, which avoids re-writihg procésses
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 solution' 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.
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el ectronics by using flexible and/or transparent substrates and pol yner
ferroelectric. These and other rel ated advantages will be readily apparent
to skill esoperosss=of rom t he description bel ow. BRI EF DESERIRBGR@Y o853 HE

FI GURES Non-limting preferred enbodi nents of the menory cell wll now be
described with reference to the acconpanying figures in which. Figures 1A
and 1B are a cross-section schematic and a perspective cutaway schematic
respectiv e nmenory cell, Figure 2 is a graph
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3B are resistance versus electric field graphs show ng the resistance of

t he gr aphems-inaygrpradérrddnenoe8ireni @k %'rﬁ@ﬁdr? Beiifl Row BL %\eg%tltbe)d \ﬂ{t\dref% enzt,g-'%

non-zer o ation , Figures 3C and WO series of
pol ari zat ﬂoéng%:gﬁ]g g'nglﬂé“r?? ”é”t?‘fc%el d (P-E) hysteresis | oops show ng the

witing of a'1l state into the nenory cell fromdifferent initial states

Fi gures 3Eignés 3K Rueid WR §enfrbs%sse9tfonp§ﬂh%bt?ca%ﬁ00% %eergpseuﬁveeéu?cv%agls;:cncg%a mory

(P-E) hysteresis he witing o state
cel | fromra?qefte’le'er?? '@rﬁqqog'fﬂegt%t'?@e”?—‘?%%”es 4A and 4B are cross-section

schematics of alternative enbodiments of the nenory cell, Figure 4Cis a

per spect i vGgurdly R\WAYasHCREWRY Ire ) d@p{#d@ﬁ‘t'r?%s‘?ar@%?é% Ct%nlmus' ng a flexible

and/ or, .t ranspar ent substra e and polyner fterroe Eﬁlgure 5 is a graph
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changes, i.e. bit witing |n the rrem)ry ceII Figures 7A and 7B are

cross- sectﬁ.gmness:cmemtatsmese iy Sdries 6 poiaraansvand @éc@&hﬁelooip @ neBRLEGLest ati ¢
E' aseq %R%Mn%%e Wil nrzgdof%‘n gtla ect{)tr t@%ﬁ%ﬁ%lﬂ@gﬁ %{ﬁee%yé{% t respect | Vel Y
Igures 8 are “cross-sec d ?%@? 's | oops show ng

the change in the hysteresis |oop followi ng electrostatic bias, and the

oper at i on Fefuresr 3gt bﬁbg3laare1Moad%Qe§of ;g’olarleﬁo‘H Je'?s‘%sg@?&?rcyfﬁﬁe%E&Dﬂlygt‘éfeg Ic?n{%I and ‘9B

are cross-sect | t of two enbodi ment
el ect r ost 5??"&'”% 5§‘”'t'r€9n°ga I'—‘% @‘ﬁteé”tﬁg‘el%erﬁorb?eélﬁf?”bqﬁ‘?’%@|"‘éttah?’i@,¢és change rati o

ver sus background doping levels for multi-bitper- cell data storage

DETAI bED Q%%%I4R-Qn% ke @&EE@BBEQC%% évlz:aw;r?‘ative 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 ferroeiectric,

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 ioops of graphene resistance'versusvgate
voltage 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 cell 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 cell,



Referring to Figures 1A and 1B, one preferred enbodi mrent of the nenory cel
10 i s shown The nenory cell 10 includes a conducting substrate 12 and a

di el ect riwol2aparseti4 on the conducting substrate 12 A gr aphsoeodiayes2 16
conprising a graphene sheet is arranged over the dielectric layer 14 and is
encapsul ated by a ferroelectric layer 18 conprising a thin film of
ferroelectric The graphene layer 16 is electrically coupled to a source
region 15 and a drain region 17 of the nenory cell 10 A top electrode 20
that is el @gres ¥hPrY OR Glfpfress-testianeherasticoef motambedimgyierof I8 mermors celbittom

el ectrode @ectroéthe wenguct i ng substrate) that is electrically coupled to the
dielectric layer formtwo alternative gate regions of the menory cell 10
Contacts 24 are also provided on the graphene layer 16 for connection to
and from t heurerdfdsr § 9@eh of 155isEnee aanas (rimevrtsus badkbreurddapingl layedsy for meliithitt s i n
a non- vl agdrleg dmen@smgsel | having a sandwi ch structure of _

metal /ferroel ectric/graphene, best depicted in Figure 1B The graphene | ayer
16 conprises graphene, which is a layer of carbon atonms with a

t wodi nensi DREAILER REGERITICN Pt RREFERREOIEMBODIMENIS been found that one of

t he uni que properties of graphene is its field-dependent conductivity

Referring ta the gﬁg h Fi ur% 2, this fielddegendent conductivity is shown
as an i nveFE&gnaL Beé’ 1&%1%1 o PR FIREP LT Mene it mpeRry Gl 148 shpytn hep
vol t ag® Depemaly ngl thintihdesed exdndtiog BubskratecRtant lai ditettichyyet e og &tel dogducotd age,
charge car{j i , i . | . .
olectrons ooy L{éﬁé‘%ﬁﬁ?’%ﬁﬁ%ﬁ“&‘ﬁﬁ?%r??%@%%e{‘**??ﬁég&f%@g%‘ggﬁ ErapRare
V- shape, - aP¥0 TRIFOMP apindiey Piag 'HGPIREYIC Jayeral & aiprising arfum M) AifPecsdfckishene
sheet s ar eThel gaeenoiay« 18iietleatidadlCcdugigeito ®BoBiceCrogioi ¢4 hitta SrdlStdict € 4feny
silicon I - di : - gal tructure.  bi plied
fo the coniihty b kbR BuRRRER Lk ALerLaR tontio it RePR ARE, T .
changeld n kgem@rgirefe 2alte @NdeHng Bbsiraie) 7 insledidally epsried taithe tielsctrip laphe
?pp: ijcgt i Oflaanﬁ)f\/\{ogé’ltaﬁhgw&egait@{égm? Bflﬂ§ﬂi§fmoir)ﬂ%‘eﬁﬂbi Obhtathd 24 Zr@%(ljsb?ﬁovidefj onthe

i el d-dependen on | Vi raphene repres i ata val.u usi ng
di 11 erent §ELRRE EHEe (o ReSTOn ol By SR PEDLEl aP HibgRot BT ats, e
storage) Taevelilbfees grsultsesi st anceolgiiat msmol callaphere,a sewbvar strogneobf be

retained anchABtebRRpRKCbiRbedial  Aigno tched of f To overcome this
vol ati] e nature of the field-dependent electrical resistance, one preferred

enbodi?'_rcbnt of the present invention utilizes the remmant field of a
f err oel ect Thecgrbpheee ldyer Setcomppsest grapheae, wheg Stalage Statben aitortdheitig maphene

| ayer As wi |, ), al - i ~ i of OS
and "Ts arJéhre%gorngggﬁ(?éed&ggcﬁsﬁ%{gmélqln%r?é?%%t&rlégicﬁégti gﬁéﬁﬁﬁﬁ%ﬁe p?%%ﬁ{%{g{ohene
| ayer, andoepiese istitgt Bd-derendsit t CAGELYH- Kefeging to the graph Figure 2, this Tield-

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 carriers
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 fayer 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 a change in 1he 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 Values 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 '
field—depehdent 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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vol atil e manner by the polarization nmagnitudes of the ferroelectric |ayer
The preferred operation of the above arrangenent is shown in Figures 3A to
3F Ref errwogotomsthe resistance versus pol arization grapkeTsG26togues2 3A and
3B (which again show the fiel ddependent resistance of the graphene | ayer),
the setting of the ferroelectric layer at a zero remmant polarization Pmn
and a non-zero remant polarization -Pr result in two specific resistance
state of the raphene | ayer I n'the enbodi ment shown, the binary information
is a high oY §?3¥Rﬁ%ﬂe§tb§¥>@f iPRAS PielpTed STRPHMER. IR PEpe Serare rgrashriediat a
value '1' wtodif@rdndWskBEtSHABE 6f Bt FthearydrJaneBbst aneeaRBwittiRRriesedhi ng

the .da‘t a Vgtiil#i trlﬂga)‘rine{ %Stgg%lérl\égt‘o% ny%ﬁﬂ?ugl’eegﬁhggrrgﬁecmcelaSt ored binary value is

required, necessar & e¥ %St ance of the gr aphene
layer It will be appreciated that readi ng the data value is not destructive

since the nmpegérrwbp@auos of mteaenba@darkahgb.lﬂemfl@grrml.@@tgweg 3&\%@#, R¥BINRE to
mai nt ai ns .z t|0n unt arllged or

pol ari zed di fr?selsﬁaenncfelvﬁrs Sﬁ?rézg SIER % 95 %utﬂ‘@”:gapg"?‘écthl %gﬁ”t e\%?t}’?é'
bi nary val grpendent resistanchef {he efrznheesl ldyen nihasetting ot thk| feResfiestrici laygr t20 atdee

gr aphs of Fehaaﬁtep@&.zam 8D aﬁm %rf ie%ereﬁmmlwdnz&bhons Y&ILRUR thb ORLERC
field P-Elslaésterem ctric layer are shown In Figure

rro
50 the T CFPBURECTIE O FayPTEGE UL [P RO S B o T Oy drigiron =
pol ari #&t i Wgh EhistaRde statekiiabieg fesistahee Fi)gemmeBID;g théheatd ealwe0'd] andiarioverelsiatpece | S

initially Q%Qﬁé@r@q’eé’}étgx&e% )Zf‘:‘erp%s&ﬂ:fllr@rtﬁezé‘gté QRud E@ﬁ&tl%ﬁ%hen rQ&jlng of the

ferroelectric |layér |s subjec ted to a mnor hysteresis |l oop W
asymet r i c%‘Pfe‘?ﬁP@a@m‘@@E ¥ eRHEe 3'dhaaiecetamaks (b dalest the raﬂﬂaqqe&mh@géapﬁgr& to 0
The m nor hyst ks bs abpesedrinai radieg thtedqselvalue zabdt @Bsttitehendeetne oeheotric

| ayer and \?ﬁl.fe] |E h&alﬂgm the ?e‘#oéle!:tﬂé %yt?r' thlcr]' mamltmqpfré%gk r%rgr&gl%n tuﬁ |Itslu§h|

states It w preeci at e the remant arlzalon S e result
of el etiritme a%‘i E@P&awq pliPglafizRs dl*fEer“?"tS‘él ectric I ayer being aligned in one
direction in response to the applled electric fleld and Ec is the coercive

field of the ferroel trlcR rrln r.es n EF.the ration
to wite ap ?rﬁsé?é a{‘/% ud QWOthe gpet? 'O{‘ he rnkrgef en(r%F of%tOBrr[Engreger%d ﬂrmlmse%s% own . As
before, Fi ealr B%fe(B'Eg e BFPWWIW3QIIBM el e drﬁfelleawoieartzﬁt@n V@@P%@ISC“@ feitric

field (P- Eap-@M@E@re@@u&op& eﬂpéfeﬂaeném B Re %@edhsmq rm Fighr@¥er thk '?er%b@é’(ﬁ@la)?&ns t he
ferroelectric e i on of

B i 75T R g st PRt oEEr vile ByE e fthi BTSRRI 2 o0
with a zer s iptEippolzized eith 3 @enupolagzatipn. 1Dbeth tcheesf tbe feveklectic lagerliagubjected to

i bj eC{/ ed L%mr;cy;t%s@m Gife 3h S rMidtridd UL Gvedy WORIT bGAL, VIGioWESRdlifom O to
rax rrHXVEC back to 0. The minor hysteresis loops minimize the polarization in the ferroelectric layer and

set the memory cell into bit “1’, independent on the initial states. It will be appreciated that the
25 remnant polarization is the result of electrical dipoles within the ferroelectric layer being aligned
in one direction in response to the applied electric field, and Ec is the coercive field of the

ferroelectric.

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 Iéyer. In Figure 3E, the ferroelectric layer
is initially polarized with a rerﬁnant poIariZation of -P,, while in the Figuré 3F, the ferroelectric
‘layer is initially polarized with a zero polarization. To write bit ‘0", the ferroelectric layer is
subjected to a major hysteresis loop with a symmetrical Vg sweep from 010 Viax, Vimax 10 —Vimax,
35  and from —Vpa back to 0. The major hysteresis loops maximize the remnant polarization in the
ferroelectric layer and set the memory cell i.nto bit ‘0", also independent on the initial states. It '
has been found 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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and from- Vmax back to O The major hysteresis |oops nmaxi m ze the remant
pol arization in the ferroelectric |ayer and set the nenory cell into bit
'0', al sovondmpsezent on the initial states It has beenpPlCosedomhaissa

resi stance change of at |east an order of nagnitude between the high

resi stance state and the | ow resistance state can be reproduci bly achi eved
As before, whenreading of the stored value is required, all that is
necessary is to-detect the resistance of the graphene |ayer. Alternative
pref erred EANBUPHBREE IrvAUIES oY 2L 8t isdleeesspy is (o date tereFibtgraeens theA and
4B. I n Fi gyegheddayérhe ferroel ectric layer 18 is provided on the dielectric
| ayer 14 while in Figure 4B the ferroelectric layer 18 is provided on a
conductlng oxide la 14, and the graphene layer 16 is provided over the
epi taxi al A& %f&%fri?‘?:e'lna‘}f@f‘e%%sd traanemepy a8l @t HertateOn Frgutdheideand 4B. In

?r r ang?aarenragurel ndené feedeibdiee IEa@é’rﬂg@i @6 lidddCon! tRY @Eledific (a[yereM mg\wg L hg the
erroel ect t ielectric re an
conduct i ngire}r(()e:erléoc\?/r}gséﬁzlgyeEL&F8 i quu{‘% er® 44 Vcrqnqu)ﬁ%%/@yeiéé a”ﬁf'e”e gfarpa‘ﬁ&é%hﬂg‘sof

t hese enboRiPYidastayenihe @Wthhiéfermblegﬁ@@egs%n@h&)fopteliﬁetrbcm ?O@l tbederarangemysets 18 .

The fabri cademes 0é fe?rb@lemf]éf 16@ld bét\Weéh tH@#eﬂ%élé&angmqb TR e GRIBEE BOS
res| stance states repre enti ng

provi di ng differe

data val ue? "3 § Qb?l@% |C8'ﬁ°q184*” g% VRO @é?rlm A Fiourot)v Blearapgements
enbodi Tﬁentoféf@ﬁpem@ynwwmmtwmal rgrcapdirgneé thedgrereleamid layef 85 r oel ectri c | ayer
typically on a substrate (although one enbodi nent uses the ferroelectric

| ayer as the substrate the ferroelectric |layer being configured to

control | ab fggfcarf%ec’frt%sm?"aﬁc‘?”é’i atelalif emhedigpH RRERESISRFRYdIng & SEsRRene
pref erred leyaoalingstifterert hesistapn® styites edphesksting abivaate d hefatticition i thé emng/ Or

transpar enéellWﬁJnrv%raﬁle %%boé‘@g,gm%née@ é)'r:dvﬂgwg% gl}%hgﬁé Ia%é}eang gpgrpdeggttr%layer

Figure 1A, th inclu rode usin

conduct ngty@%ﬁ'iysf"? é?‘é’sﬁte (Hhevadans gmRoGMap vesfehe Byrepleqtde @V\ertaﬁ@e(%hﬂf@@ﬁl ng
substrate \/1121 tharferrqareayic diayrg t&mfgedfdn@gﬂr@ﬁfor EdhtrblRYRT selah@meéis}%cgrs@dﬂé‘@ﬂﬂlé ayer
16. In one es formn oLt om | ect.r o
t her mal g%)!agr Ihpﬁmg%ﬁh%ge rt%tr-,\trerzn I"hg °Ph : ??rﬁﬁﬁe Iogétﬂ%tg %‘{/?‘yr

el ectron- bté?é}ﬁﬁﬁff#flf pebgiraip . as@rﬁ\éwﬂ)lﬂ ﬁ\@)&f%‘l%lcf@r WE@n@bd'mpt o &toers, 145 thdenefades,

back gat eSn@lEdeéif&ﬂmelan@aubﬁanem@a@@rémmy cark@et.@es@!;ﬁatté aélafoJ.@kyég?aFﬁéAe The
spi.n-coatin

net ho |nthe erre ncl ude.

pol y( %Onyl Wfé ? 06°P {'}91 ?ulbatf)ai%éit Gk Brl‘?é';'“@’(a\ﬁﬁﬁe‘\eﬁﬂﬁ)’a%hq ey PLpMERe
| ayer or Oayer h1@ dn ehecixainple| dyemethod fanprisesefofneng delteot elécrotiesy ey .thefhal
arr ange”ergvaﬁgratroh%f HE@pQ%Eatleﬁylﬁrth@got{on\eelécﬁweoﬁzl &gt;trjbh BedAY B?E&yoﬁr?e or

selected from directly in contact wt e ferroelectric
separ at ed rB?[e éﬂdltmn?l %R %lﬂtﬁs pide gptss: lbﬁfj( ga}ﬁ;&r a combination thereof may also be similarly .

fabricated. The method in the preferred form also includes spin-coating a thin film of

25 poly(vinylidenefluoride-trifluoroethylene) 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 iayer 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 CvD
on copper, nickel, cobalt or any other surface, which allows for large-scale graphene. The

~graphene layer may also be méchanically exfoliated from bulk graphite. The thickness of the

35  graphene layer is selected from the group Con3|stmg of: one layer, two Iayers three layers and

any other gate tunable thickness.



The graphene layer is fabricated in one or nore of the foll ow ng ways:

chem cally derived from graphene oxide, fabricated fromchemcally nodified
gr aphene we.2g1o/g3saphane), and grown by one or nore of clremisGabooxassz
deposition (CVD), |ow pressure CVD, or plasnma-enhanced CVD on copper,

ni ckel , cobalt or any other surface, which.allows for |arge-scal e graphene.
The graphene | ayer may al so be mechani cally exfoliated frombul k graphite.

The thick SS ro'f etnh raglno %ﬁe er i S seI ected fromthe group consisting
of one layer, YERS"? Vg Wy r%é’” G e dIpsioRs! Yerercr gatesedunBbIagoscale
t hi ckness. dmensganamﬁefne daly @rayrayarioeires pr ingtdwie arvuys.dinnemns @'n@dndséfbibetthe or

patterned gréﬁ@n@%%%@aﬁ lrﬂrllrm%%le@?§am stﬂf%ﬁe orq‘% alngégp e %%‘é’é’é‘d 1N teraln
nanow r e arr@ri/es [ .n ap, e gra ene as an | n sic

ener gy ban® ViRt ffFaéP %?esﬁﬁrse'e&”lﬁé%a gap engineered by |ateral confinenent,
strainsstress or electric field The electric hystere5| s loop for the

graphene 1o SIcaRSFsBeas o HGLIPRNBhe [ ARARL % Lo BkR Flsclaore) ol tage

VTG for one sanple t he menor kS &P5 |t
i s notabl € '%Cﬂafﬂe WW@B%VaGrf@r meom*?c@dhw@m@wgil 8f Figire é& shown eFigrrasutt sment s

when t he tropebahat tlw@btamgerohamswap,tstdré’!;usﬁm&b@&@ﬂ:d rﬁ@d%uénﬁytswaeﬂﬂectoe\@ate(?h' ng

h t t
i - For LR Lot Bt EaLe 58, £ PR IR M kSVERY K PR )

/ Rmi n Ras "PHtR©e F%nha’:’ﬁd %O%T'PW”I TREstancefRar el thengsothiatested, theltesistencerrhange

r esi st anc ea@gak/RRTRY.AFERT BSE RbS lafdeethd@bsooval ue T while the data value 'O
is represented by RPr As shown in Figures 6A and 6D, a mmjor hysteresis

| oop, corresponding to a full symetrical VIG sweep sets the nmenory to O,
i ndependerif thsfpPrefpreedesmizdinegt. Sheameximem Fegipiaree GAak RQL, rdpasseliedr dagwadet'en. i nt o

O, while vl'rﬂe ﬁhegbl'é't@ v@lDe (5 he réj;ﬁ‘és%nt\ééllbyeRJ"a%sb%ﬂm lﬁ%rgsrmrﬁlgﬁ aQn er

contr t q in Wi‘ menpry cell requires m nor stere | s loop
with a astVﬁtﬁ[g??l %pg G W rﬁyﬁ‘i"ieé”c?'h T SIVERA St itsh mem%m@ 0",
f er r oel ectimdegericaptef thatesintingE@te.3n Bigwk 600 Ztes bedsreatitanintb 1, inghlih &gubBsmnd 6C,

a m nor h}ﬂ%@d'téaﬁilt% Ha@%@e@r%gét o1 el a?cﬂ?rgsts\;vr%wg L?_ntottpgmgﬁiﬁ hglpr%gglpeas‘nn6|

to near Rmax, independent of the initial state o I'ng maj or
and mi nor h{PRREIEESS igaRwith jap askmmelsedl Mre siaer Baminyezenbawelagzatipe isthet chi ng
or setti ngerafelevat wgsr Wh?tnt\/h@lsnﬁﬂvtbye:@e,ké szfwntlrhEngDrreQSBBBd B@Wlhbﬂﬂstéﬁass

outli %d & pI éegrthe F%Etangéaga%"gf tr9e L&\%ge c IR to'nOQr gmaﬂéqdﬁaengﬁmggl%t é‘f ?Ion

can be sinply measuring th resi st
current a$EtoRf a150f1ﬂAT1FH% NGV Bale B b intreart 'S&'S@Ir@&r logpss Hoiw pdsaible rtevierlgiebl e

nonvol at i InenwitileGtdrhghe b¥eedofaakléHi the memory cell of the present invention. As outlined
earlier, the read out of the information set in the memory cell can be simply done by measunng
the cell re3|stance using an excitation current as low as 1nA.
25
The above embodiments clearly show that reversible nonvolatile switching between a high
_ resistance state and a low resistance state in a graphene layer can been realized by
implementing major or minor hysteresis loops. The resistance hysteresis loop and t.he 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 sambles
prepared to date, the resistance change AR/R exceeds 500% (i.e. the resistance 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 o 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 V

substrates, which would allow the use of other ferroelectric materials with much higher remnant
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resi stance state and a | ow resistance state in a graphene |ayer can been
realized by inplenenting major or mnor hysteresis | oops The resistance
hyst er esiwol2omp3eaid t he switching between the high and POWSGeei9g9DEBsZe
states are due to the electric-dipole-induced doping in graphene by the
ferroelectric thin film(ie hysteretic ferroelectric doping) In the sanples
prepared to date, the resi stance change R/ R exceeds 500% (i e the
resi stance ?at” 5“0 R L resi sthanc? state is nore than 6 tinmes that of the
| ow resi st'ance stat %C?" ARGPTRES) B Rt PrRRen ining weel e igrphend lauert tikerial i ty
of ferroel&#g bieyegeraphrerer grapent ageribbdre. charge carrier mobility in
graphene, and by increasing the remmant polarization of ferroelectric thin
film One approach to increase the remmant polarization of the ferroelectric
| ayer is By appl erFS’O\ée FQP%‘@T%? 8Ct V7'&28'¢ §FiRs AR agyTeetiedliwiinappateactiewoul d
be to prepaing @ﬁqghdweteﬁseelbspsciltheaédwmmtf@r;ﬁﬂ@éy&ﬁr&&k@ %H@@t gtaatt@,myw ch
woul d al | emohe C rlas

m‘b téjtﬁgdgfuceocgp‘%?artlortsegnﬁ% #% oters%;%s mor& %W%taﬁé?ﬁ?feﬁ%“cg??”?he

r emnant pol at i on Anot her appr oac
gr aphene | a?y resgithifet Lﬁperﬁ?fﬁ@e%?mwer@roémqewnmﬂ igwigptestseannaienopsthivons
Al t hough tties tedhoigee e3peoitiiarie m masartenmél@atbb@im'éﬁtl A6 h eraﬁyf@??@élédtrféféopn% Inting -

strategy (the @’ab‘ﬁén@ é/g} |fsfrr?ordf?|gé urnéll%Et?o by mt?o%B% %199 b%ﬂ%?@é%‘%‘%’%ﬁ%h@%ﬁd

asymmetrical  writ
circui'® débﬁwéHfst“P(ﬂ‘aFr'Péﬁ‘i‘)Pyefa*mor%léIIGafe@@@j?cafgepcaqmpatlooa’(ma)nbsck Teeradds@ssatichi s, a
further prfﬁrf:éﬂ?mﬁiorelﬂib@(&ﬁ'el’clitpo@ffhpiphhg ah B bRk asl MR GRR N Bn A0 pagrﬁ%{?gsﬂat I c

bi as technjgue §91%9ér£c§e?e%ln Yaver N this alternative enbodi nent ysteretic
ferroel ectric d Re” g graphene |l ayer is nodified unidirectionally by

i ntroducing a background doplng | evel (herein nback) in the graphene | ayer
before thent %’fﬂ’e@tebﬁﬁ\terélé'ctrﬁﬁbtﬁ:r blésattécﬂrﬁ\qag“?s Emﬁ\ﬁ\kre%% t aer%Célécﬂg%tgth tias
forcesl/ bi as..on éh el eﬁi %J E‘f Bﬁ Ero uces asynmre 31
r ermant poTar F%a‘tn boty Utr rf?‘)’éqc 'Et'?yieb'sl"ﬁﬂ§téé‘tedTW@ @fowsct of
t he el ect rsbewieg flicechorasf tt€€|h¢lllcrg]iu®p0|$ EIQONMVArselbﬁt thé@ffe®@ without electrostatic bias.
non- el ect rT‘H&f&Fdeﬁanlb%%tlrt%efﬁ!?wug&et 8%\Xnﬁ‘|n%lt’r{c§§ze?66‘ﬂé€fta P ,evelg?nt Y frlh u&\?‘tﬁ he

ferroelectric is illustrate th arrows its
el ect ri calPPRASBFBES MYGUPEMEAIcEhafaoe Hreessing end '%F@h%@haég%@tqb@g’t/@ct fue bi as

The ferr o&ﬂeeembxpclagaéld Rig péritit ftOEbn G @fant ¥an SYAPRBHY. iFSdke 78T Hofvs Ghdl cHORIWRE
level %0' N QREAR lg%la@” Ag1dé%grpo%§|e59 !alg&fos tlt Qlas é%mrg%pgpﬁﬁcéqrau@gdggﬁ\égggl ng,

no resistance c i observed due
conduct ande giaﬁh%ﬂea H@StﬁngQl?secalBa@%dWsprh@edebf @cferrodiedricepaert mosifiext ihe bi as

As descri bedereas l‘dn@électﬁé @Gblﬁg)%hl@fﬁ'écﬁorﬁlllﬁsal@ﬁmé tﬁv@%tlﬁctOrES|Q%§g§t%£‘% depi ng

nback in en | ec rost bias c rovi ded
ferroel ec,?éraﬁ}ge% s? ttr vo ﬂe sweeping. aﬂ1e resustance cﬁ) ange ratlo A%/R in thls ‘

embodlment can be determmed using equation (1) below.
25
AR _R Ry 2n,,

R R, Ry = My

(1)

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

30 to'ﬂip the electric dipole orientations in the fe_rroelectric 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

Neack greater than zero, and the resulting effect of the Ny 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’ When a

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

(as shown in Figure 78B). Conversely, to switch from ‘1" to ‘'0’, a negative voltage pulse is applied
11 '



hysteretic ferroelectric doping unidirectionally, allow ng two distinct
resi stance states to be realized with symetrical voltage sweeping The
resi st ancwochemge2inati o (DR'R) in this enbodi nent can becusGeoarioned2 usi ng
equation (1) below R =R - R = 2nhMW (1) Using the electrostatic bias
effect, symretrical bit witing in the memory cell can be realized by
symretrical voltage pul ses, which sinplifies the witing procedures by
applying voltage pulses to flip the electric dipole orientations in the

f erroel ect foitee foayractrodsi Afterdhesiraative puISE] Harrerigtion i BEfFioglactac 8l ratromst a

Cr oss- sect PoNsdilg andbiaphedt 14yRE infERHRNNMW G&idtandt VAL N6 @& 3RKENE AiRyerp)havi ng
e e oA USSR LTI b S e e e
t

asymmet ri cal renfian ari za Tayer
Wth refer @rﬁ@bb'P%arFiiw%@aB\B“@ldVO@@ leachte thee samneyresiefahcd state hius teesybomditivent i s

abl e t &5 sWehfrBnttddRriZEREMI of PSArdt-5(ak 6RWn R Figh® 7a}° when a positive vol tage
pulse is applied to the top el ectrode After the positive pul se, the

polarization in the ferroelectric will remain at Pr', setting the graphene
| ayer i nt oTvhembrdghentsed thetnaanuey valll wiigingRlectrestativearard sholvh GUFigurdsB)A and 9B

Conver sel yin #igurs Wl 6B fdrdn Cé‘” hd<Oa gmllaastﬂﬁgﬁé '( l‘ﬁatv | 1iag€ RUS R foﬁne%ptg/l I edto

the top el ectrode After the ative pul se, polarTzation in
ferroel ect QrPW'”Q\AeP'faX'Fb‘Hﬁ?W?”%'BG P 8 siligan F?’H‘@e ﬁi% %’P%ﬁfﬂﬁ%ﬁ% Ip éwse?mt?oﬁwnt e | ow
r esi st thcegregtiene JayRO1§ uasiosdmo(mawm inFthe WregerdEB)enlbodic@nt Fepsdsentall byl Gdipositive

el eot 05t abhDhgSa@nde P A0S gb 4, SenandEnt, SADINELANER e DEace

graphene is n ical wi

resi st ance s§ensiectign of & 3‘9 an"r@tr? |9(!3alth? @fﬁﬁ’ﬁ?ﬂe [3p¢ratt #aforoes bpfchenicandgror P1 .
(i’;ls shown #dpoitighuoDY A) m'EmnEQIb@&Hllﬁt&i’rhtc&u mé férfb@leﬂfﬁﬁﬁy&r W'WuthUﬁgéA *eirr&jﬂé&ic

el ectrosta i r Kol r t menor
cell has a‘tdgﬁr?‘lgla%ng% (r?huc 8\mt ttlﬁs’at o? H=h il @rafﬁerbe '?yﬁrqg ‘?%%dd(“ﬁi‘ﬁb%m né
epi t axll e ppterre qr@O@Weat snylcloegrhace@nt@’ HelequBis(P. sudisay agrdackpe, [rnbrede o
embodi ment tetré&}@ncﬁ;hﬁ@dlrﬂ@tﬂaﬂea(yeﬁl(ﬂ@nb & ARG dnhﬁa\éurlfaée IoPthk REroRk&fiEkH e%ds

enbodi nent ent e osi tive 1ons
substrate 44 tﬁg [’%IF %%?C?r8$¥792cp%ﬁﬂrg}ed 30 SRRGSB% ?H”Iﬁﬁe ?fﬁﬁg@ﬁ?‘?'%i‘)é’@ Byer fie
reconstruction of SiCIn Figure 9B, the graphene layer 16 is formed by

cheni cal varéqamgreaqr@r%b%ue%nmg&%\@t ocp{hery?&éaﬁﬂhv%ﬂe.on Tﬁé%&k@wuﬂg d%r% @%n or ot

ferroelectric |aye ferroelectric |ayer act'l
subst réft e NETAARERE & ARREISHESHCD “ialﬁéheg’fa%{ﬁﬂ'&’?é:h?%‘fé?t'ol@w*@ ‘EIHL?&TW(C}?&WP’I‘V in
the prefer Cceﬂn@uhpmham&):arbye clonolidday ceplyiog a madkegtd @fta@iVss tche asostrate.

pent acene, Fér PE gﬂgtllféprpﬁ f)f?sc%ﬁg'tg QQA q%ﬁrg\?r&% L!S-Egg%ﬂroe?er&glc b?ck aled Sgc%d on

one surface o ectric Htﬁ“
bei ng for ne&2B-tyhahlf Agﬁb@sqdl’%‘t@ﬁialfsa%ﬁét @J’PW’E’ Feltiftirenes!icets steraony ae efieet of a

gate-tunable AR/R can be seen from Figure 10, which shows the retationship between npae and
25 the resulting resistance change ratio AR/R. Here, ng (P//e) represents the zero-field ferroelectric
doping in graphene when np=0. Specifically, by changing npae gradually, AR/R is tuned
continuously from zero to over 1000% (although high mobility samples have shown a much
larger range, e.g. to over 10000%). The different AR/R values are then used to represent multi-
bit information storage. This is possible as an adjustment of nyack Produces different hysteresis
30  loops with different values for Ry and Ro. As each set of Ry and R, allows a 1-bit storage by‘ one
specific AR/R, multiple sets of R, and R, results in the ability to store multiple bits. For example,
if three sets of Ry and Rq are detectablle, a 3-bit storage (i.e. 00, 01, and 10) may be
implemented. In the example of Figure 10, a 10-bit-per-cell tuning is shown, in which every
100% change in AR/R is defined as a bit. Compared to binary information, a 10-bit-per-cell
35  sforage increases data storage capacities by 5 times with the same unit cell size. This can be
enhanced and utilized even more so using very high mobility devices where the resistance |

change ratio is 10000 or more. Furthermére, if band gap opening (e.g. lateral confinement,
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In anot her alternative enbodi nent of the present invention, the background
doping | evel or nback in graphene is controlled such that the resistance
change r avpao(0B3R1R) in nmenory cell is tuned conti nuouslpgT/ElGeommaess2 can be
controlled by applying a back gate voltage (VBG to the substrate For
non-vol atil e applications, tunable nbaCk can be provided using a
ferroelectric back gate Such a gate-tunable DR/'R is advantageous as it
al | ows mnul h&) bit- er ceIJf data storage The effect of a gate-tunable DR/ R
can be sed ?'lsoﬂ?t 28% PRUCPE AL Ustfo WS PR ShaNIEs iRy PateiviBe A2ARRMEK and
t he resul theng struetirseanbgiredeantye, cledticdieD ilduBedigpee. gnflayePr / €) represents the
zero-field ferroelectric dopi ng i n graphene when nback=0 Specifically, by
changi ng nback qr adual Iy DR'R is tuned continuously fromzero to over
1000% ( al t HERGATR YRHGBM e Presspiilvartion AePestramitoR tﬁwﬁeqoae gescriptignger e g
to overs 10004%%, bhhalizhd the fieldide pRdBht\eilcuies résistaricB@na gepderteOayet Rhemembry
mul tibit i t S ] ck_
I ﬁg&éngrl%/ tto%gtg@th-ghéuﬁeﬁt%ﬁ) ﬁgtﬁ)%gtr% I eﬁ Iag/é E%%Etﬁ@gdg a

pr oduces erent steresi s OOpS WI ere

each set dff"%iecté'ﬁdamo e TE%4ting MEnery dg @Psag’t@“W'aHﬁeB%tbet&? fWr@”QDRF@feEﬁ’ﬁ‘lgtl pI e
sets IOf Rlprévacs ROthe esamhdr ceinof the paddeht hvécrlltuﬁh st r@él&emﬂytlb\ph@rl@igt Siad-Qhich
exanpl e, |1 et ect ab a 3 | storae

00, 0 1, a%?ffg @B@ ? résa%E% BSW@CO%Q\Q-W%% \hces lks'g]ﬁptlh O H éure éf

10- bi t1-0pergf@<élpme P(&’@FnTgFE)s ”@ﬁ@Wn fori wa@\m ch few égng  af0RYoarh apqyered rio dethﬁs

defi ned asrgﬁitmcetvgo@pﬁﬁ@grafp@erw WHAiNG dh@ﬁr%[ WRlid @PwrithglBsdthba PEV Wéﬁ‘(linlg b'fatsor age
i ncreases alta Sl Ol age, C | e Sl ze
s aan b S e b A e P el Bl st e o d CWR RS S s B ent y
devi ces mmg@quﬁeodeesibﬁayanelwmmg@ smaitlé oteg@tidiDOTOflaxbdlarparepdFent teleeironizse, i f

band gap %@@h@gln(@argaolué‘l% %\’s@lascao&fpb ﬁ@%ﬁasglbgggrﬁ/er dﬂ}rﬁeme Rt AXiRys
arrays) is used, desirab e changes nay be made in gr aphene band

structlre f(oé“ ﬁ‘e VYERLPT bR, PrefeatPYsnHoT prgl 9t dﬁﬁ[&‘&%"d’ @'thf‘“%”ﬁ 'Ypyiag &%) The
benefits awitisg sgefduired THieinpreasesnthe bwitcking icprmesvarid| retiees bewsr UsegemDubeo the

foregoi ng s%%?ecrch%n'célg ﬁ?ﬂi éJ ﬂo%h%ﬁ il %Baf\erlnjet lthd ZAdA%n '381! bt ?riedpr‘égé?frﬁr%ﬁ'&on

el ectrical resistanc t he nmenor ast enough
to match tRi@Vides & EHRPIDRAR WE@%”‘FH@ @’P&ﬁ‘ﬁé?\éor{”aﬁfé‘i* 9 §°rt§’8'ﬁft°f‘@ilqaéad5t55¢9%1
ferroel ECtCBrbﬁhéné‘lWﬁth Hab@n ruQr%LH@hl dngrgaemwndbsnyahls@g.mmhyalembryloau Batehelyhe

\I’Mé:'ilt : ;%dagast rea %éggie%r tg(ﬁgg@ seve |terﬁn?mr% c)écejco%d% EC\)/en tf'fh ggpgeségs%re tvtﬁpzteldon Ins
of devi cestQEECP ¢f§'9ﬂ¢én5’rﬁf@m§0§/a@é¢wa‘ Wﬁfkﬁﬁée@@sé‘e(ﬁd Whﬁhﬁ@VP?WﬁTPWE‘)Qh

rrelrmr Yy, ff?rtm]otﬁlﬂé‘éjlr&glat@tdc R4 poveer Gbvifdd RFe th@,qwer @;Qerétéb be8detsh® rﬁzfg%h@bance
val ue 0O e

o e i e SRR Sudter ORGPttt ita O pe et B ed 100

nmilt wl |refgarappf dei gemene teyer and the fast smtchmg time of the ferroelectrlc 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-volatile data storage, while inprganic ferroelectric, such as Ieé_d 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, 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 concentrations

(nigh doping) the device resistance is low. At low carrier concentration (small doping) the device
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organic ferroelectric layer allows also for sinple integration with

flexi ble transparent el ectronics and acts sinultaneously also as a capping
and passiweatoov3bayer Furthernore, data readi ngs from treTsenaopoesst| of

t he present invention are not destructive and thus no following re witing
is required This increases the switching cycles and reduces power usage Due
to the stable, chemically inert properties of graphene, the nenory cell of
the present invention provides a reliable data storage nmeans even when
conpared t G>EEATENE 'OWB‘FpeB%EE”é 51599889 ¢Pa SRERETORIKEE AT grarheas aid Bida- Fiegh
char ge carmogesisteizelstdtss, caal mougi ve stoteh exfampaminy s@el thatexlargerredistadasdaté @adi ng
speed, typi kad f » i f. these speeds are not
1 2ed Qe B e R e g o0 e P R Py
that these devices have very high nobilities translate to | arge power

savi ngss whanThehegvicar state penatiee dwisthed fidaT snoistaEagNiahatile 51 eREing RRLdsridhese
factors whgp &9k i : j Ll j -dependent el ectrical

resi stance 019 t he ”gbﬁgbe#e”%@e'{’ gﬁ%?%gbﬁgytj ﬁzel %{ﬁ‘% 8%%‘tchi ng time of the
ferroelectric layer (several tens of nanoseconds) provide a nenory device
that has hi ghe pectfiofiarnerize;, cah 88 bitrRe RRFLRAMWIRRSIatiBh &8s 5i@loh8Bbtidd Jates OW pover
consunption and non-volatility For the graphene-ferroelectric nenory cell,
P(VDF-TrFE) is preferable for integration with flexible electronics with
cost - ef¥ ect iV &hessesenrof Yortileragtesy HE aemaesy ddlt e stlditcagenomhinltes taserajann-c
ferroel ectvoldtie gates th@menBa ik oANBERe hich@nat € (PZT) based materials, is
preferred when high performance, ultra-fast reading & witing
graphene-ferroelectric nenory is needed (in the case of PZT-based material,
t he swi t chi-ife sprewdptitcanatelnan s rdabizad bader@@@cips natenialet her wor ds, the ,
ferroelectric gate nmay be nmade out of inorganic or organic materials To

summr{:_)ze é%ﬁ ?bove 1 Graphene nmenory relies on the electronic intrinsic
proper 1% es” 1€ FRECTREGHI LN PRSUTHPR B LB IHRERGSRN BrPtheawshendopse@erianeans
of an el eadraphend.iTelsdbae$ foamtasihmebtac gatingaschérag. concentrati ons (hi gh dopi ng)
the device resistance is low At |ow carrier concentration (small doping) -
t he devi ceresi stance snall. Indeﬁendent of the doping, the carrier

nobi | i ti es’ dhe §russhenseatian ean b gish thahene wees a Eroelasitegale tet amsaleady Pwrasded t o
store i nf gjrapmeh®shees TGR chirging @an B¢ Behidve8 ib§ aaedesbalBs (st Rdy é.é’. one

bit of,4 nf ' ml | resistance he conpl,i nmentar it o
It of,gl NTQE MRLLQL, & 5 §1 eéjb |
i nforration2 . ,kg‘ﬂ% 5@&?%3?@? ratvglgt(%:%nor_bréons\</\,1°ﬁ"’{?''ée eﬁ”ef‘v%ﬁ%%g é’fdéﬁ\’/ 1% HHot her
by changi figmbiationaafithese). dbindentbeen heseinbyfeate o a9 eletiastatic off et lequsdviaded by
el ectric gah@Sread write Bager@d @gﬁﬁhgtﬂc fiidyl effect can be either realized with
vol atile gates or non-vol atil es gates - ‘

8. In the case of electrostatic bias, it is possible to achieve a gate tunable AR/R which can vary

25  over many orders of magnitude (at least 1000%, in" very high quality samples 100000% and in
bandgap engineered samples >>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 implemented 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
based on graphene (if graphene is also used as a contact metal for the gates).
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4 . In the presence of volatile gates, the nmenory will be volatile nmenory.
In the case of non volatile gates, the nenory will be non-vol atile nenory.
5 . The mwo-2olmbitbe gate can be realized by ferroel ect Prct/Scac@ronEss. 6
The devi ce operation can be such that only one gate acts on an ot herw se
undoped (neutral) graphene. This leads to an asymmetric witing schenme. 7 .
The device operation can be such that one uses a ferroelectric gate to an
al ready charged: graphene sheet. This charging can be achi eved by a nunber
of ways (substrate induced, e.g. SiC, backgat e i nduced (either volatile or
non-vol at i |6) OregpBHPeSErbRFoRANIting PiereRd esmbosinentsomhichasi il befuntdretse) by Thi s

has been hissi skile@inethe @d, hey BSsubRbesvafgiond bﬁm@dﬁﬁe%tuor@ﬁrddé@&ﬂéoﬁs?uc@o§brrrpl e

read wite, | ectrostatic
bias, it i s"%g‘{}g@?’ﬂ}f@{%ﬁ %’;{f:' fer% tFée Sgc%pg %JR%BP@“%%PPGW%% LYPHSh RTSfeRAer
many order¥NReFineRtsiare Been(dgscr Ibé@'ytth BEOO%P 19 norvetajilelirghgeuts dng cperatines

100000% artd|s|mndaaé3§ga§| @@Idﬂl%p@ﬁbt@@%te%ulrﬂa antgr@elecltﬁc éa?e @gl%gtmpgésélg e

t hat thec ate ectrosfatic bias coul
principl e UF%H‘E %higs alf%rroelc?fité'%lgﬁ}e ISt 63680H§? Makesseniall 3t 2y regieaiphene

menory cel nolarlzm@n §ﬂ¢ uem ggre r¢mpanhpaarabticorbeatsey ¢ dafbeodacresttthawinhgl velogast'st of |
an alter naén'dn@ %@@K@Q@ss@fy%%géda&% feﬁ{nﬁﬂedo?a?l%nbﬁ nB R de?ﬁng%Jcﬁm%é the, 1

contacfed separ at el hence a menory architecture 1s ac

each | QyeriGaLesst %/ﬂ‘f‘?to te1 9rarhes §heﬁh?t tB%t ROAFFEIRD FRPELPCDTS| I7G d@ﬁa"@h@n@dor

gr aphene dhké dsene ¢f thddpolspiatierc periting it dteergamphemesiamttef RaY @@lre%eﬁtraln&hgat e
llayer by |ayefauel @hﬁg nﬂrfkn?ﬁonazleFo%Hﬂéﬂt 8Iaﬁ{5p8rﬂor£%gi?ntia %% g?/? gel ectric

materials are used are transp are an exi r&g{g rEaaYppl ng
| ayer for 98 KkpBpighed Y'ér‘f@?ﬁ’éﬂ %%RO'aé@e@ teshniguase %@é'%a@@@l‘i%‘nﬁhgmaﬁphe}ﬁ@e(l f

gr aphene igapabk 90Figeres 3a%3n@ 3B OBtcatden MBE@bed 8¢ the B@Ia@%ﬁ@@éf tﬁ@%n{)gé&@ﬂbm

d f nbad be und d
byt hoe ST Rk WiibeBie e R I e e Bt b vl Pt ons

in design, Fl%ﬁwéf\} ebtheotﬁp csrateopsétﬁ@ﬁ (\6n iniFidvout A dpatr is i tagpaf r b fichisleperapat of
the clai rr&ea?géncewmét@nsn@bfttn@yg&emé eafy@rrrﬁaﬂbeea‘e@%eﬁweﬁn@@f\{ﬁe &b‘ﬁs& é&g&%r I'bed

with referte&ce to Pt@ vol at {h arrangenents and operati ons,
essential ‘A&4/8P & PT "b?)aé‘?ﬁ 5 AETROt ?”é@]&??i"’r’i‘g’og‘ef%qj?rBétfoé‘c‘ifﬁhecfe@%'%Ct”c
di el ect ri dayar. ¢Vxrg en érsuiamygsdstilts ¢, deshare tias fray bedkdolt rind/ogatrepaentusad, it

i's notypesseBldhilis bhdhoig 8RO ak-STEBABA npé-y)ll (el uéﬁgtlaptﬂe 9%9!’1{}1%%@ Sh ehe’ b%gyrﬁggte

pol ari zati on be used to define each Wer e
necessary SHF“H@SCP?"B'EF'”QO?{@ W@t’ﬁ"ﬁﬁ’ﬁ?“cﬁr&ﬂ 'éi/?rzsét’éir@)tﬁd ey ”E?egra%"fei”ﬁém ag ifsHattngat t he

layer. The above variations, for instance, are intended to be covered by the scope of the claims.
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resulting resistance of the graphene sheet at that polarization represents
one data val ue, and the absence of that polarization (resulting in other
val ues ofwoesi®Bezioe) nmay represent another data val ue Eoarsgrony/0He3sm
non-zero remmant pol arization to substantially zero pol arization may be
acconpl i shed via known depol ari zati on techni ques In addition, although the
x-axis of the graphs of Figures 3A and 3B have been described as the
polarrzatreﬂmﬁE the ferroelectric |ayer, skilled persons will appreciate
that the x-axi’'s may also represent the bottomgate voltage (VBGin Figure
1A) or the top gate voltage (VIGin Figure lA) That is to say, t he

fiel d-dependenta hesi agpg Fharac h

expressed in terms O%I he ‘\’/o‘F}g”g gggrép[ﬁ\ ’é%r l% ﬁvmgtg g ﬁrhieofet ﬁtﬁng%us teéf t he
nenory cel |epfeﬁe"éaﬁj?tt? mt“etsé’fﬂ“ﬁ@eﬁtﬂrya“rei“zatr on of t he ferroeI ectric |ayer
Where &n insulating substrate is desrrable thrs may be fl exi ble and/or

transparery |If r;%gag e Frangement ma be such t hat
the graphepe srjtﬂgm%n t'h eeﬂt‘)’fué'a'g‘mﬂ“étﬁ ”sm e"(%' PG ey gotfieugd i epatg

conduct i ng"? EFERNSESRIFL ed fromthe gr aphene by an insulating |ayer The
above variations, for instance are intended to be covered by the scope of

the clai msCLAI NR. 1 A JEOBN ¥ L&) b GO r:q][se:gﬁ od I ra hene | ayer havi Q{%W col |

control labl'e resistance states feprese 2F raYi9yiediin &e e
2 The Wenuf§stewse|staig wapmthe ffffﬁﬁ@trneayardwprzem I’Egmattfmtarlmbreczinﬁlvﬂweteay&é

conf i gur ecgrépmesOaydr @ cohfitRrddas bs indN6R r&isnes stite WHen %@r'r%le%ﬁrl: oy @fhaghal.m 2

wher ei n tr}%mgr ane | a er is configured to be In a resiefance state

olarizaft
when the ferroe {77 a er has zero remmant pol arization, and wherein the

graphene | ayer is confi gured to be in a lowresistance state when the

ferroel eCt4r| c |Tﬂé’ﬁfema@sceﬂ@frblérﬁrﬁur'ﬂ%%@rﬂﬁrépﬁlaetéd élg&troggieéctrrpa(ﬁﬁfoug%{% ﬁel | of

C|alm%fl+ e g ri a top electro
fer r oelect'FTEFES daver whsre Wet%@hﬁr%ﬁﬁ@n‘é cpafigaiedite bednfei fialr edisteocebgiaten a
hi gh resi stranee aswwamegnoahmna@msmymmtpredaalthe\tab él@@&)dé%@l@vhéﬁem@ﬁ)@% gfknk0 the

| |
top el ectngdeis c@rﬂ%%% 6l Ig\ﬁ r gﬂgggntg e vﬁ‘y SaWIEX% X gal vggqgieéae?%sgﬁé,g? gp ow

resi stance state sy ATRL 11°C
el ectrode tsthrr@&rt%cfraw ceII of claim 3 or 4 vvherel n the high resistance
state and the | ow resi stance state have a resr stance change ratio greater

than 3Q0%:6 Th 2 to 5 wherein the
gr aph%ﬁe (I) ayer ?P‘gﬁg_ﬁ%{)é cgl %I clarm 3aor Xwﬁ)erern?he hrgh resrstance state and the low resistance

state have a resrstance change ratio greater than 500%.

6. The memory cell of any one of claims 2 to 5 wherein the graphene layer is arranged
between the ferroelectric layer and a dielectric layer on a conducting substrate. '
25
7. The memory cell of any one of claims 2 to 5 wherein the ferroelectric layer is arranged
_ between the graphene layer and a dielectric layer on a conducting substrate.

8. The memory cell of claim 6 or 7 further comprising a bottom electrode using the
30  conducting substrate. '

9. The memory cell of any one of claims 2 to 5 wherein the graphene layer is arranged on
an epitaxial ferroelectric layer on a conducting oxide substrate.

35 _ 10: The memory cell of claim 2 wherein the graphene layer includes a background doping
level greater than zero. ‘
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between the ferroelectric layer and a dielectric |ayer on a conducting
substrate 7 The nenory cell of any one of clains 2 to 5 wherein the

ferroel ecwoize1rigymn i s arranged between the graphene | aper/Senenoedszl ectric
| ayer on a conducting substrate 8 The nenory cell of claim6 or 7 further
conprising a bottom el ectrode using the conducting substrate 9 The nenory
cell of any one of clains 2 to 5 wherein the graphene |layer is arranged on
an epitaxig} ferroelectric |ayer on a conducting oxide substrate 10 The
mermory cel [ -of QdIYY e &M t'ReNgiedbie SEPneRrelpYar it Fandesediogecik griand

dopi ng | eveshisigneeaitate whban pegiielbbltagiipeisaenappyedcteld to@blectak ¥ he méeneid) t he
graphene | g¥efndréin %@ré&%ﬁ@%y%ﬂs g&figtﬂe@tohk!)egiﬂ 45 'rg%sqgw%? sfttea\a/ﬁen\l\ﬁpﬁg allv
positive voltage pulse is applied to a top electrode o Fre" meroryYedd | |
and wher ei PR UEaHPRANRT PdYRiPP PIECt8RIf i gured to be in a | ow resistance
state when a negative voltage pulse is applied to the top electrode 12. The
menory cel |, of i r < i > ar ne |layer i.s .epitaxial

gr aphene OLZ'a Sﬁéﬂﬂﬁ?ﬂ%%%%%@%’%ﬁpﬁ? &%@%ﬁe’b 'aﬁ%ésl f 'ti’ﬁgﬂapﬁerf Sher ei n
the graphehgqs¥9¥fats s doped with donor or acceptor molecules and is
arranged on one surface of the ferroelectric layer, and with an el ectrode -

being for on Si face of the ferroelectric |ayer, 14. The
nenory cerﬁgof gﬁ£mgﬁ§&é:ﬁgﬁ%#ﬁ§%f61?8mi§"”:%P@PﬂaFﬁ@@bﬁékﬁ¥§WWHd%BbPhg
| evel 1& ca¥nserte] Malptuest endaij aisanger pronstsarfase of Hbe freroetattiio laykr, tahe witbsanst ance

states 15. elddv@ddBaIRy bl dn Mfoppdsht Birthde YNES RirBeititidtibfRt € resi stance change
rati os represent nmultiple bits of data. 16. The nenory cell of any one of

claim1l to 11 wherein the graphene layer is chenmically derived from
gr aphene 0¥ de.Thg TnenEinecetieatwny orsedf|claphs Hhip 1Grveheddin the dachgiouno ddgingvheri & n t he

gr aphene | a¥@6iabie t¢5fis § AsloanbaizhbERr 95 andarddie menory cell of any
one of claiml1l to 11 wherein the graphene |layer 1s grown by chem cal vapor

deposiF%on (CVD), |ow pressure CVD, or plasma-enhanced CVD on copper,

ni ckel , cotfal t Toe aeyorgtdeé rof sueihatie whavbin chuledld ossstdroe dhandderaticalergeaphene.
19. The ”Eﬂﬁﬁﬁéﬁghkdﬁg any one of claim1l1 to 11 wherein the graphene | ayer
is one |ayer, i

16. The memory cell of any one of claim 1 to 11 wherein the graphene layer is chemically
- 20 derived from graphene oxide. '

17. The mémory cell of any one of claim 1 to 11 wherein the graphene layer is chemically

modified graphene.

25 18. The memory cell of any one of claim 1 to 11 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.

19. The memory cell of any one of claim 1 to 11 wherein the graphene layer is one layer,

30  two layers, three layers or any other gate tunable thickness.

20. The memory cell of any one of claim 1 to 11 wherein the graphehe layer is a pristine
two-dimensional sheet, or patterned into nanoscale dimensions of dots, dot érrays,'nanowires or
nanowire arrays.

35 _
21.  ~The memory cell of any one of claim 1 to 11 wherein the graphene Iayer'has an intrinsic
energy ban'd structure or has a band gap éngineered by lateral confinement, strain stress or

electric field.
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two | ayers, three layers or any other gate tunable thickness 20. The menory
cell of any one of claiml1l to 11 wherein the graphene layer is a pristine

t wo- di nerwoanslo3stieet, or patterned into nanoscal e di nemsir®saomfooesst s, dot
arrays, nanowires or nanowire arrays. 2 1. The nmenory cell of any one of
claiml1l to 11 wherein the graphene layer has an intrinsic energy band
structure or has a band gap engi neered by | ateral confinenent, strain
stress or electric field.22 The nenory cell of any one of claiml to 11
wherein the graphene | ayer is gated by top gates, side gates, back gates or
a conbi nat 2on ofheoienay calor enyadnetod plaigat @511 Wiatdn gtg@phaitdag: deygatgsop 23.
The nenory - - f.clal : rein th ry. cell .is
fabri cat edg&o%’ g'd?{;aetggl?%?%%g}legl%g C%%‘%B’é%% %rgosr !r)fg?pega?efﬂf.ggﬁéteﬁg?r%sr'?/e cel |
of any one9¥%S-claim2 to 11- wherein the arrangement of the graphene |ayer
is one selected from directly in contact wwth the ferroelectric |ayer, and
separ at ed a I hi G 1 ti.ng e 5.. The nenory cell of any one
of the preg%l'di Ebh%crf%n?otr%&%ﬁlﬁ? rﬁ?g&rn%cot};r@r%'rr-riL i%{ongT gﬁergpg;’eerrﬂ%m%& dp %&ca%d Yraphene
| ayer and flexblesdectznsearpaiypepstraitach | ayer being contacted separately 26. A
met hod of fabricating a nmenory cell conprising providing a graphene | ayer

havi ng contyol labl e resistance states ta represe data val u of the
nenory cel IM 27ﬁ‘efﬁeem°r%f%|ooga(n)¥ Y %ic "ﬁ% t?d?t‘"ﬂgrﬁ'n%‘?‘rﬁrf?”gfﬂﬁﬁntﬁ? G S

f erroelct laver i$ oyeeseldctnd foondirestly imepnteee withe the Seransieetris teayee snd 8énaralérebynat hod
of clai m 24WhefRLBdghgeProvi ding step conprises arranging the graphene

| ayer on a dielectric l'ayer on a conducting substrate, and formng a
ferroelectric thin filmover the graphene layer. 29. The nethod of claim 26
or 27 wher2b.n ttre merovy delng W @pe cdiprpremsing rc@shnyrtepicoagiisrig gr aphene on a

Si C substr ?t‘é& Qfggphe-ﬁgq’aygpér{aqgrd%_fecﬁil: @a!yg}, %%ﬁh"ﬂ%? Géirr;b éoﬁﬁcl@& gé/d-a%t(ggeﬂ ep

conprises formng a ferroelectric thin mon a dielectric r on a
conductd ng substrate, and arranging the graphene |ayer over the
ferroel ectpé.c thinetiot lomfabddatind Aeméeredri @il 06mersailg npradinghe sebRedehgyagphavngi ng

step conpr Lgn?rglIagsggs%t;nicggtakg?o r%[n%gg‘ﬁggta values of the memory cell.

27. The method of claim 26 further comprising providing a ferroelectric layer for controlling
20  the resistance states. '

28. The method of claim 27 wherein the providing step comprises arranging the graphene

layer 6n a dielectric iayer on a conducting substrafe, and forming a ferroelectric thin film over

the graphene layer. '
25 _ '

29. The method of claim 26 or 27 wherein the providing step comprises growing epitaxial

graphene on a SiC substrate.

30. The method of claim 27 wherein the providing step comprises forming a ferroelectric thin
30  film on a dielectric layer on a conducting substrate, and arranging the graphene layer over the

ferroelectric thin film.

231 The method of claim 27 wherein the providing step comprises depositing the graphene
layer on a ferroelectric substrate, and doping the graphene layer with donor or acceptor

35 _ molecules.

32. Thé method of claim 27 or 28 further comprising forming a top electrode on the

ferroelectric thin film.
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| ayer on a ferroelectric substrate, and doping the graphene |ayer with
donor or acceptor nol ecules. 32. The nmethod of claim27 or 28 further
conpri si nyofzoram3szyoa top el ectrode on the ferroel ectri cPCchmisSe26a9lom333. The
met hod of claim 32 further conprising formng a bottom el ectrode between
the ferroelectric thin filmand the dielectric layer. 34. The method of
claim26 or 27 wherein the providing step conprises chemcally deriving the
graphene | ayer from graphene oxide 35. The nethod of claim 26 or 27 wherein
the providing step conprises chem cally nodifying graphane to provide the
graphene |&yer .Theenetitreohseitmod? tiftherl @inprigify emdg avbeori BlebthiRle etdeRlitng St ep

conpri ses @reMidig tﬁuhﬁln%r@Rt@&?@eJtrﬂMéV Dy chem cal vapor deposition (CVD),
| ow pressure CVD, or plasma-enhanced CVD on copper, nickel, cobalt or any

ot her surface, which allows for |arge-scal e graphene. 37. The nmet hod of
claim 26 o4 27 Thkeratiau df kieinp2aari 2diwngresit p PE AP sSpScofpAsEsthhBdichilyQeBliPhene

| ayer as ofgqlaBNEE aveor 1S ee layers or any other gate tunable
t hi ckness 38g ?he rr%yt%hod g‘?éscﬁ%&"%?‘{ze or 27 wherein the providing step

conprises providing the graphene |ayer as a pristine two-dimensional  sheet,
or patterniing i it ometac ¢ alagn dismen sy odserd) t6EO fovidfat staf B Briscd aHRMicLRS Of

nanow re %6&%%?’%8“;{%% v@é’ﬂe Iapge ai m 26 or 27 wherein the providing step

n,
conpri ses provi ayers FI i ble and transparent substrate. 40.
The methhod of claim 27 wher ein the provi ding step conprises providing the

gr aphene |s@myer e I’rﬁ@chd)cy of BIai@rDQS ag t27 Wb dreih NRe foedviong ﬁgﬁ bl 1s%¥ed’roW|9g{ the
u

separatin el fr roelectric trathin
i nsul at i ngg %%%3% g %F ‘;‘foﬂr p8?'p?ﬂ &?}R ) B (B’Fesﬁ"fequ:%/ I?éP'aE’B?rﬁ’FWaﬂ‘%’?g
f or mi ng arC\d} eeeapaern n'gke;ttcabﬁtt oo Bmgtizgp kerese ] wyetrallawsifof Brgecebiegtaphend ayer

15  37. The method of claim 26 or 27 wherein the providing step comprises providing the

graphene layer as one layer, two layers, three layers or any other gate tunable thickness.

38. The method of claim 26 or 27 wherein the providing step comprises providing the
graphene layer as a pristine two-dimensional sheet, or patterning into nanoscale dimensions of
.20 dots, dot arrays, nanowires or nanowire arrays. - '

39. The method of claim 26 or 27 wherein the providing step comprises provudmg the layers
on a erX|bIe and transparent substrate.

25 40. . The method of claim 27 wherein the providing step comprises providing the graphene
layer directly in contact with the ferroelectric layer, or separating the graphene layer from the

ferroelectric layer by an ultrathin insulating layer.

41, The method of claim 26 or 27 further comprising forming an’ alternating stack of

30  graphene layer and ferroelectric layer.
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