1 Method of transferring thin filns Field of the invention The present
i nvention relates to a nmethod of transferring thin film In particular, the
5nmet hod iwohor/tei@nsferring thin filns from one substrapeTisG2enm®HHSE .
Background of the invention G aphene and other |ayered material such as
boron nitride (BN) conprise two- dinensional sheets of atons or ions bound
together in which the effective thickness of the sheet is in the order of
atom c or nol ecul ar thicknesses (usually less than 2 nm, 10 which is far
smal l er than the lateral dinensions of tthe order of mcroneters up to
centinmeters. These and other thin-filmmterials such as thin Si |ayers,

| NnGaAs, copper-indi um gal | i umagieeNbid@anbRYRA Shin Ase nunmer ous pot ent i al
applications as the conductor, sem conductor or 1nsulator in electronic,
optoel ectronic, optical, sensor and thermal devices, and for nechani cal
strengt h andigl@uighaessentmppl i cati ons, for storage, 15or for
surface-nodi fyi ng applications including sensors. A key processing

chal | enge t H[grqg f practi..c Tl | ons-
however is ﬁ- ﬁ%%g%ﬁ\’ﬁ@@%@{}{e {ag%’l_@ aPna o& @Jréﬁgféi@gn{hg]n@hf (r’Ma %@gl#lér?ﬁ'lieése
films from tneshed igfaswahsteibg thimtilerstrom dne substepie tosanederate, in a way that is
reliable, robust, and suitable for manufacturing w thout damagi ng the

properties @fackdtsudd Ansdirvdngehfil m This 20is particularly challenging
because the Thin fiTns are often in the single or few atonic sheet form

d hen fragile. X. S Li. | (Sci 200 324:1312: ECS
Tranaact | onCrantey, aith e eisiact malerabuEhen BRION VAT RN SOOIFBEF e
growt h substdira¢residnal shieeiseodl arwvesyortiansrimlued seyetiea phetneh thietetfettive thiskrges of
substrate that o R QY braPbPaE AR FGhodbid? thibiGRELAI LS AN NGRS AN 2 1S,

10 which is far smalier than the lateral dimensions of the order of micrometers up to

centimeters. These and other thin-film materials such as thin Si layers, InGaAs,
‘ copper-indium-gallium-arsenide - layers, have numerous potential applications as the
conductor, semiconductor or insulator in electronic, optoelectronic, 'optical, sensor and
thermal devices, and for mechanical strength and toughness applications, for storage,

15 or for surface-modifying applications including-sensors.

A key processing challenge to the development of a number of these practical
appIiCations however is the lack of a suitable method to pattern and transfer these films
from their growth substrate to the target substrate, in a way that is reliable, robust, and
suitable for manufacturing without damaging the properties of the transferred film. This

20 is particularly challenging because the thin films are often in the single or few atomic
sheet form, and are hence very fragile. |

X. 8. Li et al (Science 2009, 324:1312; ECS Transactions, 2009, 19:41) described one
method in which a copper (Cu) growth substrate is etched away to release graphene
onto the target substrate that is brought into contact with floating graphene in the
25 etchant solution. This method does not provide for any possibility to register the
transferred sheet to the target substrate. It also greatly limits applications because the
‘target substrate may not be compatible with the etchant solution, which may further be

a source of contamination.

X. Liang et al (Nano Lett. 2007, 7:3840) described the use of a thermal-release (TR)
30  glue layer based on a resinous material that acts as a room-temperature glue to the



25 etchant solution. This nmethod does not provide for any possibility to
register the transferred sheet to the target substrate. It also greatly
limts apwbi2oaiicéss because the target substrate may notchsceenpadisbl e with
the etchant solution, which may further be a source of contam nation.
graphene sheet together with a hard stanp nmade of silicon, to extract

mul til ayer graphene sheets froma HOPG crystal, and deposit onto anot her

t hermal - curabl e glue | ayer or hydrophilic silicon oxide surface. Because it
uses a glue layer to attach the graphené€ to the silicon stanp, the transfer
of graphene to the target substrate depends 5 crucially on the relative
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substrate angd {,h6; SeMmphene to successfully conpete with the TR tape for the
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25  substrate. In addition, the use of gold (or other metal) as the adhesion layer to transfer .
graphene causes general incompatibility with substrates that cannot tolerate gold (or

other metal) etchants.

Similarly, S. Unarunotai et al (Appl. Phys. Lett. 2009, 95:202101; ACS Nano, 2010,
.4:5591) described the use of gold and other metal films as an adherent layer on
30  graphene to adhere to a pressure-éensitive polyimide tape. The entire assembly is then
peeled off the substrate and laid on a target substrate. The polyimide tape is then
etched off in oxygen plasma and the gold film etched off in a gold etchant. Such a



5 This transfer nethod | eaves behind snmall areas of graphene on SIC surface
because of poor conformal contact with the thermal release tape. An

i mpr ovenawO 20f2/t6lni68 net hod i s al so descri bed (Carbon NamroTsioes,2/0®1aphene,
and Associ ated Devices |lii, Vol. 7761 (Eds: D. Pribat, Y. H Lee, M
Razeghi), Spie-Int Soc Optical Engineering, Bellingham 2010) in which a

pol y(net hyl methacrylate) (PMVA) |ayer is introduced between the io0
thermal rel ease tape and graphene. However, this nmethod still relies on
achi eving a stronger adhesi on of graphee to the target substrate than the
thermal release tape. M J. Allen et al (Adv. Mater. 2009, 21:2098)
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i nherently inconpatib
30~ also causes deformatlon of the film (warping) which damages (fractures) the graphene

film during transfer, thereby degrading its quality and limiting its application. Such
methods would also not allow patterning underlying patterns on the target substrate. If



20accurate placenent of patterned filnms on the target substrate. In
addition, none of these transfer processes permts the sinultaneous

patt er ni ngoabi1dtsesc8-d thin filnms. There is therefore a peedchon/oasst mproved
process to transfer thin filnms fromone substrate to another. Summary of
the invention 25The present invention seeks to address at |east one of the
problenms in the prior art, and provides a nethod of transferring a thin
filmfromits growh substrate to a target substrate. 5 (a) providing a
transfer structure and a thin film provi4dded on a surface of a first
substrate, the transfer structure conprising a support layer and a film
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arseni de (&As), .indju allium arsenid (tl nGa@), copper indiumagallium
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(SrTi GB8)1p Capebvidenalibehmaarof getidriidd @)subgaitd.i um i ndi um phosphi de (Gl nP),

alum na (Al 203), or conbinations thereof. . According to a particular
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yer. In particular, thi I may be a graphené Tilm

during transfer due to warping, stretching or bending of the carrier film, and also allow

contamination by the adhesion (glue) layer that cannot be generally removed, because

the transferred graphene or thin film sheets cannot be subjected fo harsh cleaning

15 processes without damage. Moreover, some of the transfer methods require the use of

a final chemical etching and/or cleaning step to remove the first adhesion layer which

further limits the general compatibility with a number of substrates and manufacturing

~ processes. The use of thermal-releaée tapes élso' inévitably causes stretching

deformation and fracture of the attached thin film, and is inherently incompatible with

20  accurate placement of patterned films on the target substrate. In addition, none of
these transfer processes permits the simultaneous patterning of the 2-d thin films.

There is therefore a need for an improved process to transfer thin films from one
substrate to another.

Summary of the invention

25 The present invention seeks to address at least one of the problems in the prior art,
and provides a method of transferring a thin film from its growth substrate to a target
_substrate. "

According to a first aspect, there is provided a method of transferring a thin film from a
first substrate to a second substrate comprising the step of:



The thin filmnmay be provided on the surface of the first substrate by any
sui tabl e nethod. For exanple, the thin filmmmy be provided on the surface
of the fiwehopulssdsnat e by, but not limted to, electrospcmscag/os@isn
coating, plating, chem cal solution deposition, chem cal vapour deposition,
pl asma- enhanced chem cal vapour deposition, 25 atomic |ayer deposition,

t hermal evaporation, el ectron beam evaporation, nolecular beam epitaxy,
sputtering, pulsed | aser deposition, cathodic arc deposition,

el ect rohydrodynani ¢ deposition, inkjet pgrinting, aerosol spraying, dip
coating, drop casting, physical vapour deposition, vacuum sublimation,

doct or bl adi ngga) gl‘ov&lu@oﬁrbriaﬁgbi eructireragafa thirb ik grolvidied ohi é @nrﬂ@é cheaf pat L erned
or unpatterne C rticul ar aspect y urt her
Corpr | a6 a step ST AT REUEHE AT SiogTd aa & HE SR di ng
of step (a) to olryar, wharghetht éransfer sthucturd ¢dniactsTthe trsufiipor t Iayer conprised in
the transfer structure nay be any suitable support |layer 5 which provides
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rom the surt ok ofoiee i utiefl BLAAR A Fald @b Erain] 18 il dln i
substraté whil e cedagtiith the filpnqostachlayesint act with the film contact |ayer.
Accordingly, the support |ayer may be of any suitable material to provide
the necessary @ypeRadtingahe traastbhituckirk Bbtafeioh thé Gidpo(bR videird kGEHAR ofas pect ,
t he support | ayer rlse an el astomer. For exanple, the 10el astoner
may be sel ect ed F?%W%Sﬂﬂiaﬁb?nﬁlnlted to, poly(dinethylsiloxane),

pol yur et hane, butadi ene-acrylonitrile copolyner, perfluoroal koxy pol yners,
pol yet hyl ene, (dbrgni@irgy theatiimy terteqt, laym] yhesayyr eaesferpag Yeuttadifénegnto the

pol ychl or opene, Qﬂﬁﬁﬁqphﬁ%£b9ﬂthgﬁﬁ of . The support |ayer may -be of a
sui tabl e thickness. I'n particu e support |ayer may 15 have a

t hi ckness of_ 100 | am - 10 mm The filmcontact |ayer conprised in the
t r ansf er0st e tRip BmMmpy be ary suitghle dhin filgbloethemueases ofthe presentpimepiesobf t he

present Ir nve@&&mge th&@RRfih Mdy be saeaeaffrbﬁlub@clrnoaﬁm@d 0, gﬁashédé B%&?'?\ftﬁ@rﬁ t | gyer
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filmcontactohBnslionsthdrb&. step (b) may be by van der Waals interaction.
Accordi ngly, the filmcontact |ayer shoul d preferabl y be of -a suitable
t hi ckness. For e filmconta ci ayer have a thi ckness of

about 10 - B66% 'H rTgaﬂ"f‘é"Cg@ééﬁ%PcédB%f'}”h g Fay bﬁé‘ Ayhaving: aflicknesheitaat e. |1 n

particular, atdntic seacBcLISUDRE NAbarticryr, the thia i magde layrapHehé Ainf.i | m devi ce.
The thin filmdevice may be any suitabl e device. For exanple, the thin film

devi ce may B 3nhAGHLPRL GroRLOS] BILANLE o AR SPLLASHROL oBF SLREE™

device. In particular, the In filmdevi-cé my
thin film tmeyxdsteorexampleotharthibéitm may be@rdwdghtoném surfacg oflihe diest sabstratear
cell, or a py put not limited to, electrospinning, spin coating, plating, chemical solution
deposition, chemical vapour deposition, plasma-enhanced chemical vapour deposition,
25 atomic layer deposition, therm.al evaporation, electron beam evaporation, m‘olecular'
beam epitaxy, sputtering, pulsed laser deposition, cathodic arc deposition,
'electrohydrodynamic depasition, inkjet printing, aerosol spraying, dip coating, drop
casting, physical vapour deposition, vacuum subiimation, doctdr blading, or a

combination thereof.



bi o-sensor. The second substrate may be a rigid or flexible substrate. The
second substrate may be patterned or unpatterned. According to a
parti cul avoaspeawiqeot he contacting of the step (c) may cecprsiGenzapplyi ng a
10pressure of 0.01-8 bar on the transfer structure. According to a
particul ar aspect, the support layer of the transfer structure may be

rel eased before or during the renoving of the step (d). According to a
second aspect, the present invention provides a device conprising a
substrate having a thin filmtransferred onto a surface of the substrate
accordi ng the 15nmet hod descri bed above. Brief Description of the Draw ngs

In or derI t h?}betthﬁ firllrﬁ\tﬁdyt Er)]é)lb?tf@bfe&ﬁr urtﬂalttyrnuﬂd;@dic‘,e‘)t’dh@toa@(ﬂ)aﬂrealdr: h$pettthd Nt 0
practical e ere_ sha now b n-limtative
Dl o on P R ORISR AoSieR 1 PALSE e R BN PP 1 Fe dince o
t he acconpamyoviting oflstept (a)ptbi obeair?8 dattesnertbin fim. t he drawi ngs: Figure 1(A) is a
fl ow chart showi ng the general nethod of transferring thin filns according
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particul ar i'ment’ o resent I nvention tic
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of the preseph ﬂh@‘éﬁﬁ&deodﬁ thétfdt §Bstrhfd@o ttﬁeaﬁlﬁfa%é 0B tHelebthEsuUbRitr &8 WHAE theM t h
the thin filmaccord r?tgto one enbodi nent of the present invention; Figure

3 shows the”Ft%H&S’h'SéBée goHghe Hm ‘éPft‘Er‘Cél‘?é/%ﬁC%%rd@Q'&p‘I'?éﬁéquq BY5HaY B0 nm
Si 02 substr &t gnaéuitbefnedtet td peatié eesndebsdadiesispa tidrah@thin film. According to

a particular aspect, the support layer may comprise an elastomer. For example, the
10 elastomer may be selected from, but not limited to, poly(dimethylsiloxane),
| po'iyu'rethane, ~ butadiene-acrylonitrile  copolymer,  perfluoroalkoxy . polymers,
polyethylene, poly(ethyl acrylate), polyisoprene, polybutadiene, polychloropene, or
combinations thereof.

The support layer may be of a suitable thickness. In particular, the support layer may

15 . have a thickness of 100 um — 10 mm.

The film contact layer comprised in the transfer structure may be of any suitable
material for the purposes of the present invention. According to a particular aspect, the
film contact !ayef may comprise a polymer. For example, the polymer may be, but not
limited to, polystyrene, polycarbonate, poly(methyl methacrylate), polydimethylsiloxane,

20 polyisobutylene; divinylsionane—bis—benzocyclobutene resin, poly(styrene sulfonic
acid), polyacrylic acid, poly(allylamine - hydrochloride), polyimide, copolyme‘rs of
tetrafluoroethylene and  2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxiole,  fluorinated
methacrylate polymers, fluoroacrylate polymers, perfluoro(1-butenyl vinyl ether)
homocopolymer, or'a combination thereof.

25 According to a particular aspect, the contact of the thin film with the film contact layer in
the step (b) may be by van der Waals interaction. Accordingly, the film contact layer
should preferably be of a suitable thickness. For example, the film contact layer may
"have a thickness of about 10 — 5000 nm.

The first substrate may be any suitable substrate. In particular, the first substrate may
30  be any suitable substrate on which the thin film may be appiied.



30Figure 4 is an optical imge of a transferred graphene filmon 300 nm

Si 02 substrate; 8 Figure 5 shows an atomi c-force m croscopy of a

resi due- fweeogrmpdsene fil mon 300 nm Si 02 substrate (z-®cals&202/08a8nn) ;
Figure 6 shows a picture of a transferred graphene film (3.5 x 3.5 mm
square, outline shown by black lines) on a 12x12 nmm borosilicate gl ass
substrate; Figure 7 shows a picture of a transferred graphene film (15 x 16
nm rectangl e, outline shown by black Iines) on a sapphire of 1 inch in

di aneter; Figure 8 shows a picture of a%ransferred graphene film (10.5 x
10.5 mm square) on a 12x12 nm PET substrat e; Figure 9 shows an

at om c-f or cerhgl §4c0RE CUYPsENOWNAE R bFARSEd edbgiFfaad RN Batitlian, aRe 1REIdT T

(z-scale is 20 nm: Fiqure 10 shows. an atom c-force nm croscopy show ng a
{F anet or v e SPSIibmev b FrestseR it nalin Sieh; 5P S flns ABRES Ry i B S
shows t he fisLitablid/dadice. §peatampss dpythpffialdeeces atay g apregairenie/ divddlectoaick ed
filmon a s Qs t i . | ayer ene, . (b)
denot o5 anobhir Setther p Ml SeiEe dhaRmuetish TashthR SBXEnd) BRIRGH ¢ Ak
on (b); Figlimded B, aHbwdilra trangstar, @ sofar dattersana fight eatting diptie reesdiar] agil.oortad t wo
shadow evapgfated,A-in-1 point Au bar el ectrodes evaporated on 300 nm Si 02

substrate; Figure 13 shows a picture of a patterned SU-8 tenplate of 2x2
inch with a_diameter resolution of 500 pmy 20Fi gure 14 shows a picture of a
patterned PDNB SEEHoTPSIG dandta & ndid i fiexble fubsieaie rThesesent sistrale m®0 gm on
a 300 nm Si @3 patdrakd at @hpafrérgbd.e 15 shows a transfer curve of the
transferred graphene field-effect transistor obtained in a single gate

: ' hows. ' f f h fil
Bt of i ¢ hogr SIFEAT o SaBadet4:eet! fe Spufglrbl Bs i & Ml Braas aeplfin™ °
el ect rodies @res3@@ oh h0$i8Jsr gathe tdinsfeestrudtweon Si gat e; .

AcCording to a particular aspect, 'the support layer of the transfer structure may be
released before or during the removing of the step (d).

According to a second aspect, the present invention provides a device comprising a
substrate having a thin film transferred onto a surface of the substrate according the
15 method described above.

-Brief Description of the Drawings

In ovrde‘r that the invention may be fully understood and readily put into practical effect
there shall now be described by way of non-limitative example only exemplary
embodiments, the description being with reference to the accompanying illustrative

20  drawings. In the drawings:

Figure 1(A) is a flow chart showing the general method of transferring thin fiims
according to the present invention;

Figure 1(B) is a schematic representation of a particular embodiment of the present
invention; :

25 Figure 2 is schematic répresentaﬁon of: (A) the transfer structure according to one
“embodiment of the present invention; and (B) the transfer structure in contact with the
thin film according to one embodiment of the present invention;

Figure 3 shows the Raman spectroscopy of a transferred graphene film on a 300 nm
SiO, substrate at different locations of the substrate;

30  Figure 4 is an optical image of a transferred graphene film on 300 nm SiQ; substrate;



Figure 17 shows a picture of a transferred graphene filmon a 50 nm BCB

fil mon shadow evaporated bottom Au el ectrode (A) and shadow evaporated top
Au el ect rwdeo(2Bx1660C) shows an optical imge of the deviece/schen@odlse dotted
| i ne defines the 30boundary of which is covered by the transferred
graphene; and Figure 18 shows a picture of a transferred graphene filmon a
150 nm PS/40 nm PBTTT fil mspin coated on eight photolithographically
defined bar Au/Cr source-drain electrodes on a glass substrate. An enl-arged
segnment of the rectangle paraneter show$ a distinct edge of the transferred
graphene across the underlying 35PS/ PBTTT/ bottom Au/ Cr el ectrode. Detail ed
descri pti on Ffurd Bendviy &ihtomit-fofbe TiEro XY TRK alr¥si@IEXest grapiehedinioh Gophavi de a
si npl e net haoodubkr@e $f-sdald iIBGothM)N filns froma substrate on which they are
initially deposited to a target substrate. The target substrate nay be
conpri sed i friguré Bishows hipictiewiot e tramsferresptapheraf filtlnh(8.5pr 85emh sqnarenduttine

provi des a sbbwraby ack iples)sen an2kigoah ablosilicate blads substretensfer thin filnms. In
particular, the 5 nmethod of the present invention does not use adhesive

| ayers. Accdfmlifméls Wg heickse baltrarsterras garhesatfilm (hbenl® oW tegtsindls. owibne

probl ems assBewmbydiagh fingsk onea sarphtse olsLipph WRStes | ayers in which t he

nmet hod of transferrln the thin filns epend on the conpetition of
adhesi ve | ay&“ée pgh dg% %P'Cf%e Pféﬁéf‘%?"%%%%f"i’ﬁﬁ‘? H1(HR-P X DRET SYBEY P8t% t o
anot her. Thd2XE&RB S“tbﬁféaﬁr esent invention also allows patter ning of the
thin film i0Acc in flrst r t hod for
transt er i Gl P Ja@;t?m%f%m?. EPSEhPTE 4 BB QR i BT
conpri si ng t he steps of (ng} providing a transfer structure and a thin film

provi ded on

conpri sing F%U%Jqé@ﬁgjé);n Ao, ﬁ;ﬁvceSMl%fésggﬁ %hcw}ﬁaélg?% er%ritaghjetqﬁgnﬁroa?nsf er
structure contacts the th|n |I 15(b) renoving the first substrate to
obtain the FgRsi£Ehdd HE tilh @JWW1§ Bpédi@sddpy bt hitdrAdting FAHeAEPMMA Brabkey fil m
contact | ayéim off @)spe@iisqh) dhotedarankiansd eihgistidyee brabRer) (9 deastes I&nbth@r step
(b) withsa stiack acgrastiena/PaaBa @U@Wér&ﬁé&ar@ﬂfér stack on (b);

Flgure 12 shows a picture of a transferred graphene film onto two shadow-evaporated
4-in-1 point Au bar electrodes evaporated on 300 nm SiO, substrate;

Figure 13 shows a picture of a patterned SU-8 template of 2x2 inch with a diameter
resolution of 500 um;

20  Figure 14 shows a piCture of a.patterned PDMS support layer with a pillar diameter
resolution of 500 um on a 300 nm SiO; substrate;

Figure 15 shows a transfer curve of the transferred graphene field- effect transistor
obtained in a single gate sweep;

Figure 16 shows a picture of a transferred graphene film on a photolithographically
25  defined interdigitated Au/Cr source-drain electrodes on 300 nm SiO, gate dielectric on
Si gate;

Figure 17 shows a picture of a transferred graphene film on a 50 nm BCB film on

shadow-evaporated bottom Au electrode (A) and shadow-evaporated top Au electrode

(B); (C) shows an optical image of the device where the dotted line defines the
30 -boundary of which is covered by the transferred graphene; and

Figure 18 shows a piciure of a transferred graphene film on a 150 nm PS/40 nm

PBTTT film spin coated on eight photolithographically defined bar Au/Cr source-drain

‘electrodes on a glass substrate. An enlarged segment of the rectangle parameter

shows a distinct edge of the transferred graphene across the underlying
35  PS/PBTTT/bottom Au/Cr electrode.

Detailed description of the invention




(d) renoving the filmcontact |ayer. 20A nethod 100 for transferring a thin
filmfromone substrate to another substrate may generally conprise the

st eps as wbawy/isisshi gure 1(A). Each of these steps w | poewchenaesssi bed in
nore detail. Step 102 conprises applying a thin filmon a surface of a
first substrate. For the purposes of the present invention, a thin filmmy
enconpass a filmhaving a thickness 25 of an atom c, nolecular, or ionic

|l ayer. A thin filmaccording to the present invention nay also enconpass a
plurality of stacked filnms with each fil9m having a thickness of one atom’
nol ecule, or ion. 10 nm 5-30 nm 6-20 nm 7-10 nm |In particular, the

t hi ckness ofrhkh&eimpiafy drhbddiRehts B@h Wr&ﬂ@@a%fmél@ﬂreftﬂddséf t&Hekring tin Mfkys be
0.1-1 nm The thin filmap erle the surface of the first substrate may

be any sui t M2 SHPSYalG PV r‘heé!ﬁé‘?rm”@”y figrostted 1o ?F%’Qﬁtﬁé&?ﬁf?ée sdedgigel f rom
but not Ii msnearawmagbapbmpﬁsedb@aqmn fim Bbvicd. q‘ae(nﬁm)od mhyb@emm@hmﬂ fide

MbS2) | bd h S tel Luri d rvor 2
M obe i (TP o AR s s Seatalis kol e TR Bngihs o8 retbuft atd o 1 e
(WB2), onr a nmmmi affamﬂ prasetrinmvemfon dbbe nothisa abihésinenayersll Axooddimglnthelnetiedchi n

filmof net i Co r. (Cu),
gol d (A 2 Podre Rl Pl Qo MedRbiat bebeliabihuffe Laght 8lon SpRRT ¢

gal l'ium ar séafvrewem (nBichdhe methgd iohansfardrd the drin éﬂm%’n&d@ep(ehﬁ@aﬁ@) compeie

i ndi um gal | 'o\“%ﬁ’ersﬁ/@q%}e?s ﬁrc%r@)to ¥ hdrs ﬂr@rmr.rnwrbr?%ge%b%gfa A& The
strontiumtitanate cadmumtellurid um i ndi um
phosphi de ( @@aths)of ”%ﬂ RIRFETA Ny Nt 3jso alews pRHsTHRG Pfdh%thﬂﬂ”ufé'ﬁ‘eof In particul ar,
the thin filmmay be a graphene film The first substrate may be any

sui t ag: eoS ubpstsraing to Eﬂm _esqmplnere lﬁhﬁov‘dddsd msmberdrartaasfgwrg akBinfien a%r a
suitabl e substrate o i ch thin fi e ted or grown. e

sel ection O?rrs:l ﬁ@bsffﬁrﬂgi’ asEH rsaﬁi"%@ma‘?'fsf"g ﬁ?jgtﬁgﬂ?fr ng on the thin filmto
be deposited or grown. The first substrate may be a netal foil, a netal
thin filmon aaspppding & trossferastaictuse svdiactbindiilet poviderb ot raasetfaoe ‘dra firehi c

substrate. The f Eut?sttrat%u%tllr Rr TNl combtrrsrﬂgta édpgkqgl/er Qa%gq‘llrjn Ma@f Seni ¢

(GaAs), sapphire, quart ass, nagnesium o ant anum
al um nat e (LaAlOE‘)/er Wé@f @uﬁﬂ'rs_“ra_rﬁjrugtarel eenRCISNEOsHM; or  zirconi a. For
exanple, whenthe thin filmis graphene, the first substrate may be, but

not |inifed tqp) %Wcﬁ/ﬁfg, th@inrslsebbstratéttbarnitarmmnadds@distrmturelvami tAE Min fifd i UM
boron nitride, coba i con (iarbr de (SIC). If the thin filmis

alumniumnitri dgoqtﬁtl‘«)'tRW%femePP'@Ft Wihstrate may be silicon (Si). If the
thin filmis nolybdenumdisul fide (M)S2), the first substrate may be indium
25 (11) sel eni(decértaBed .thd trabdier sthicturé iobtained igdhd stem (b) with desri@abl)of a he
first substrate qut%tr]al cogpgcarbide (SiQ. If the thin filmis gallium
arseni de (GaAs), Irst Substrate may be c-sapphire. In particular, a
person skilled in the art woul d understand which substrate to use as a
first substrat(®) GEMKEIRRIBEONIRE IBYE™n filmto be transferred

20 A method 100 for transferring a thin film from one substrate to another substrate may
generally comprise the steps as shown in Figure 1(A). Each of these steps will now be
described in more detail.

Step 102 comprises applying a thin film on a surface of a first substrate. For the
purposes of the present invention, a thin film may encompass a film having a thickness
25  of an atomic, molecular or ionic Iayer A-thin film according to the present invention.
“may also encompass a plurality of stacked fiims with each film having a thickness of

one atom, molecule, or ion.

According to a particular embodiment, the thickness of the thin film on the surface of
the first substrate may be 0.1-100 nm, 0.5-80 nm, 1-70 nm, 2-60 nm, 3-50 nm, 4-40



The thin filmnmay be applied on a surface of the first substrate by any
suitable nethod. 30 For exanple, the thin filmmy be applied on the
surface ovothe/feide8t substrate by, but not limted to, eCESGraRPLNSENng,
spin coating, plating, chem cal solution deposition, chem cal vapour

deposi tion, plasma-enhanced chem cal vapour deposition, atomc 11 |ayer
deposition, thermal evaporation, electron beam evaporation, nol ecul ar beam
epi taxy, sputtering, pulsed |aser deposition, cathodic arc deposition,

el ectrohydrodynam ¢ deposition, inkjet pinting, aerosol spraying, dip
coating, drop casting, physical vapour deposition, vacuum sublimation,

doct or bl adinfg,5-80 na, Bczmrrﬂsrhnahoqnntrhqra@rrﬁurar QGAe ahitkiss Iof he thinTilhs o | ed on
t he surface of thozthe rst gg{ﬁzﬁ}&naygégt he thin filmis contacted with a

transfer st PHER% g he% conprises providing a transfer
structure and a thin frlmwhrch has been provided on the surface of the
first subst rmaedhinilmeagnliad bhehd swafasé ef thstfirsi stibstmte may he tagy shi@btehthim ffiml m The

step 104 may,, é%@g@%%%%%@; é)c?eoaﬁ&'nngutt ‘?n%[)é’z?ﬁi prap%[eﬁél%v £ wWth

the thin filma on the suryfac e firs I cul ar,
the step 5104‘“?\%@/ 5b|hprm%)@d9'hly§| disvlfige cdinSakct matybdéraim-supraf-éqdinst r(M@SUr e and

the thin filggwaeckhe wrtérﬁrase qfvrotrlas Hor)ﬁrn %Mp%r@ee ®oT8,) ”Wcﬁéi“#é?ém&eength

scal e such that there is it _or othe separ at i n%] he surface of the
transfer stdliSeur kngsian eﬁé'f'%rwsfuprn@ cqehrﬁet'antawepteﬁhgtr'w@mﬁey@dﬁepbq ses a

flt I m ;:ont a<2:tanmwﬂrn ﬁlﬁﬁof&rgé&lﬁkp%\l‘tq[lérﬁwﬁbmcEh@érfaﬁ?s @.(cﬁ\)as$m\6$c<fbpbf @5, PId

structure gto a ul ar

i nventi on. %@B P'at"?%?ltgt a‘??i'?‘er’m ?Hﬁ@ﬂ'ﬁ?%@b@%ﬁﬁbi’@g'@é éé’f‘Asf

cont act 1Ioay$Td|L216)@aHmni arssm@@chGalAay%pﬁ@4mdﬁhﬁgélhﬁﬂ$‘r§émdﬁt (aicsyr g0, the

filmcontac 2 s rt s descri

detail bel O\t/br/"’1 L% SPR eql%‘gd] \}rr.}}:(}r%l Sgtgcpn Wn\}?%ag %HA% r%e{d"glﬂméaﬁ ?%Qccﬁ::ee

renovi ng of gtalhwnsmdpml@ﬁomxdec@@ni’)sealummso{AuQag oheombingtionsuthetaoht & i N an

et chant bat rba ,Am{r ﬁ‘lé't’;nﬁlﬂn‘?m% Ibggg)t, qg@g |en used in the etchant bath for the
pa

pur poses of "the present Inve t| 0 rticular, the solvent conprised in
the etchant _bath nay be sel ected based on the fi rst substrate. It would be
i medi at el y TOBISH §4Pstrateanpehe 8y SHtaPIe syPstrate. (Fer axampidi tea fisbsuhshaterdays el ect

for 25 fhe betaﬁhamtabtéaédbstrﬁéaﬁmnﬁ;ﬁ tRé ttﬁUilIﬁﬁQH@p&ﬂéd’@ﬂé@wﬁ OThelksefecBién 8N
SO A ATE N e L A I I OO e
bath may coffipt |ss|estmtavam-¢e/r bbas axktalr foln aomgmnrtmn ameoh sokyvgpdit. sitragxanpl e
forric on ofPAESIBty STRRRER: byt eBRtate T Reuyels eV 5PbhPhe w th
hydr ochl or i ¢mied tb, calimrersenie (Gads), aﬁta@p[n(d\lrd@)a%m&]s magnesigo rolzida aMod),
thereof.,, lgnthanum aluminate (LaAlOs), neodymium () gallate (NdGaOs), or zirconia. For

example, when the thin fiim is graphene, the first substrate may be, but not limited to,

copper, nickel, ruthenium, palladium, platinum, iridium, boron nitride, cobalt, or silicon

“carbide (SiC). If the thin film is aIUminium nitride (AIN), the first substrate may be silicon

(Si). If the thin film is molybdenum disulfide (MoS,), the first substrate may be indium

25 (Il) selenide (InSe). If the thin film is gallium nitride (GaN), the first substrate may be

silicon carbide (SiC). If the thin film is gallium arsenide (GaAs), the first substrate may

be c-sapphire. In particular, a person skilled in the art would understand which

substrate to use as a first substrate depending on the thin film to be transferred.

>>The thin film may be applied on a surface of the first substrate by any suitable method.
30  For example, the thin film may be applied on the surface of the first substrate by, but
not limited to, electrospinning, spin coating, plating, chemical solution deposition,
chemical vapour deposition, plasma-enhanced chemical vapour deposition, atomic



Once the first substrate is renoved, for exanple by being dissolved or
etched away, the thin filmdoes not becone free floating. Instead, thin
filmis iwocortmtéeowi th the filmcontact | ayer of the tPamsiGeo12900182Zt ur e.
Accordingly, a transfer structure with the thin filmin contact with the
filmcontact |layer 112 is obtained, as shown in Figure 2(B). 5The transfer
structure with the thin filmin contact with the filmcontact |ayer 112 is
then contacted with a surface of a second substrate according to step 108.
The step 108 may conprise conformal contthcting the transfer structure with
the thin filmin contact with the filmcontact layer 112 with a surface of
a second sublksfer alepositian, plEgrinalc aVaporativhe elettegn HO&M NBgperatgy, irsdedutarngdang t he

transfer str re with.the in filmin,contact with . io_the film contact
ayor 1121 SR Bl o DU Ao iiRENEE o LelPea' | atas coRoe he
surface of teestrglysioortyngmissdermsition, Thidek pading, seatoso!r sirayimpydip eoating, stiop abl e
substrate. . Se L Su t ¥ be b e~k Pafticul ar,
t he second -sgggls@r ;@Qgﬁ%ypﬁﬁe&?hge su Igr?rg%égﬁpg%r\xﬁﬁﬁ%ﬁhg}o%ﬁ nbl?(:j'ﬁs?ﬁ ?g d

ul ti mat elsy tcomREREeYIBErepb. The second substrate may be any substrate 15
conprising an inorganic, polynmeric, netal or sem conductor film The second

substrate nehcbenhsnpptiiAriBedpidd PAthESNRSce ACHRS N 8lBsiraieh eheS REORAN is
substrate nay co “i‘e pr%-é?atterned ko%o‘ﬂra}phl c, structural or electrical
el ements to SRAPERDt W B LAWY SO R ARG FEP 510 COPRIFES TRIBVIdIRG dhd
substrate majanéfer strychurs tand af winl filmnetiied hiobéen prokideddn tad sirfeee G Mhe first

sem conductor. wafer., si.li,con oxide, fused silicga,.al ass,—alum ni.ym oxi de,
501 g am 1 RS neTn 68 b Spuct irils' iR il B TuB R Jpihas

mat er i al 10 Themgagsorhfgoias tordaainglye tanséerciwaluenitio thel iimi imsagdpliel ofrdine
exanple, th in.fi - i i fd | A

battory. caguistenol e YliialRo Bandybr! e dedlibk 3 Sbibusc®oRicaly
substrat e nm@pnigeting the fanpfersyyetpegt anddhe HhimBimgdnaidg sudadei & dhe firetrsubstraie abxi de

substrate, QImAeddi@HrihresAPSIch MR RHER rRSainrdter §aPSepg@itRb thPsdrfice 4PFOT
exanpl e, the second substrate may be conprised in"a thin filmdevice. The

thin film déia Ensipaptredurgpd aih@dimn which a thin filmis required. For
exanple, the thin filmdevice my be, but not limted to, an electronic, an
opt oel ectsr orTihe tradsfeopitionad coBPSRs,a BMCAIPERE la9ér, artNa esioRtyladr OFigge Ziayi ce,

or a thermal_ device. Prigor to e contacting of the st 08,, the surface
of the secoﬁao‘giﬂstﬁ“é@é ng?tBrev\% c%ccog’ﬁf]gt {?ea %ﬁﬁ'ﬁm?f F%BPCE'%F%T %eth? PaFEfer r ed
may be cl earredntiohnyn particéd] ¢heclramisr rairucteteh2@) camprises asfén. contacpayer 208 ar |, -

t he surface t u fr 1,53l

par 1 oul at o “Raa SR ERdrecn Be fBdersillic o, Wein SRR AT S Bl |

smal | pr ess@HePardgyes @04 srlaserdbed on wamdataitpivor mal cont act bet ween t he
transfer structure 112 and the surface of the second substrate. For

exanpl e, ot h&igP needrhprbes frerh\ing i MirdiAfdibBPate CRAEFhfRINGRIP I Bidp & 0BRgsUr € - of
0.01-8 bar on the transfe ?tructure 112, In Partlcul ar, the stgrgarl 8 may
5 conprise &PPPYIYSSOY & JFst systigteps an sichiant lpath._ANyisujtable seiventymay bey . 4
bar, 1.5-3 hasd irlthestéhabBbath Eyvethe Mukgsks op et presdriinvehiivd. Py pasibuler, &ppl i ed
in the step 108 may be 0.0Q1-1 par or 0.01-0.1 bar. Vacuym_nmay als
appl i od Lo SHETT GORBAReH Ralte SSAEH CENy Bl BB ACPHET ERsRLRL Fedty pePtie 122 and
the second suwbbibeaitrenedielp obtieushteat pevgomstylledlis thebat apiph iselderftdo selestufot abl e
period Ozfs t 'tﬁ’éeetcﬁm d&ﬂ@téxggp@yof t&ﬁitﬂ}le @ayerﬁéuf&ralgleeast m&%gﬁt%a?‘n may be

found in CRC Handbook of Metal Etchant, Perrin Walker and William H Tan, 1991

(CRC Press, Boca Raton Florida, USA). The etchant bath may comprise a water-based

or an organic-based solvent. For example, the etchant bath may comprise, but is not

‘limited to, nitric acid (HNO3), ferric chloride (FeCls), iron (Il) nitrate (FeNOs), ferric

30  chloride with hydrochloric acid, ammonia persulfate [(NH4).S:0s], or a combination
-thereof.



o For example, the heating nmay be at a tenperature of 40-120C, 50-100C,
75-90C, 80-85C. The heating nmay be carried out for 5 mnutes - 12 hours, 10
m nut es -woQofoigo 30 mi nutes - 8 hours, 1-5 hours, 2-#chgersr2obmserder to
check whether there is conformal contact between the transfer structure 112
and the second substrate, a visual or optical inspection may be perforned.
For exanple, if the transfer structure 15 112 is in conformal contact with
the second substrate, the reflectivity of the interface may be m nim zed.
Once the transfer structure 112 is contd2ted with the surface of the second
substrate, the transfer structure 112 and the second substrate may be

placed in amRbMRNtirst Qutfs@rﬁ’!é\fg réhi6vell kdﬁe&@r‘ﬂbl@cﬁy 5%5!8.‘!‘:@\/6@ Sidthelildvayror
exanpl e, the renoyi Qq% t he ste 110 %gldp TTFII’I se dissol vi nﬂ?t he film

contact | aydpe {n Ymadoes Akt becpms f f4}:’6"H'i?9 d%sé IfLis iR feRd ViBrthe AN st ep
110 may be aamasma;teabf memhme:nshrufcmrre tARCOrBINGPOS @ andiér sitr*ﬂetuFH\ﬁlﬂemb thinyient i on.

For exanpl e, ol.vent. use r the,re g_of the may be based
on the 111 mebTa b BRI 2ERacidirel SRR e S B0 T BUE 767a por son
skilled in the art which solvent to select for renoving the filmcontact

| ayer i nst hdhetrepsferngrucor witR thegiarijh &, cantest with therflm sadctflayer o h2isrteerovi ng
of the step cllQq thﬁ ae8 of \REhd Qéo%ﬁgte%cér‘a rtgas'?éqi @3006“ %JY(%“

Exanpl es of suita vents are, but not limte
sol vents, f IFT‘Li?c)/rQS’(ETEaPrr '5@@0@91%ﬁ95t30t&1§ﬂb? itrapgfercstestuye wits thEhBWI &R Brgontackd

sol vents, alygRlRe fiPENRAY: TayeP R 1 BwfP AjUREEd BN t;@é%fna%bstraqu PhRRUIAL thdTBY
conprise heating the solvent at a tenperature for a sui | e period 30 of

time. The h&XP G MK CHRPriSe bARYNG the tansier skvgiue Atitfhtae t%?""b%aﬁ?ﬁlaét Withe
heati ng #ay thefilmt coatatcelaip@rrﬁlzume cohfoftfial bdhtact £1Qhel PlRGise GosiRGocalion Bhthe The
heat i ng may bg carried O‘iﬁ {r 10 seconds - 1 hour, 10 seconds - 30
i nut es, HaG e sep8nqsUbSYAR- " 110 minutes. 14 According to one
parti cul ar errbodl ment, during t he step 110, the filmcontact |ayer is

di ssol ved i Mheisecandisubsitateamdy bb@nes@tabletshibsttate.i héisbmridrsubsirﬁt@may\biatﬂhe t he

filmcont acq?{g@ty stPeftetIH%aFnEé\QrSftr?er se%%ﬁ&’gﬁthé?rﬁte%%y bé ir[?eéu%@f SRhRp ke

surface of t s rate to provide t onth
surface of thie f%d@ﬂ&'%&]%ttff’@ﬁ@ffeﬁd@oﬂ'ﬂ? rsghgnd ﬁmtrgl?pm@theSB@WéPbSi'fatq he

transf ersst h@biRy AdinBlgaRic! &ilﬁﬁé%dm%%lpatr%n‘ﬁ&dhdu&@ﬁﬂﬁld'rﬁéisé&né@u@étrta?er native
embodi nent, the sug ort 1layer may be peeled off fromthe transfer structure

112 prior t&ayhRe ¥pRaiteineg fpacttﬁg‘epeﬁ*ﬁ réigolv\iRersecerd sihsiaier MRKFEMPISE peel ed
of f, tﬂe thlp]fia Mtieﬂ}edl tﬁp@gaﬁﬁmctstrummﬁals @rE@e&nudanbllém@h@Q@ whityi@he tr!al%férﬁﬂflﬁ?r@@ed
ontotesura 0 t he strate. eque ty nt ayer nay
e P ommved g i Bdated "t e st ek ey B i e gl undh BL 9 8br 4

havi ng t he .frorganid kemioonducwr swaféracéicor-axide hi‘usealsnlrea,ngtasyealemmom roziae, it

woul d Dy obYIIND b BuBePHhS Aol LA IndBe A oldiebr L ISR AR | aver

may be a suitabl hi ckneéss to
thin filmtsesfieubsitaté nmn heha covalent os idmit S@l@eForoexalmlesetbeoﬂm §lobdevicet e nmay

be 15 patt %{a’}% 2 ﬁth ARRtLASA6d s\éfé‘?'ﬂna{tg‘? E%Haeltdcr I.Itdﬁ't bﬁllg_tl ﬂ[‘xtjéa rd?ealdblot he

met hod 100 may further conprise Infi
parti cul ar, Ser®rneeHegoNDebsHe CeRyReE %é'g'd 9P9$ttaﬁ%ﬁu®t@p9'@€fs pl&@qr\ephpthgr t he

thin film befias Suiiratf bex fiélse M&Mht@'sﬂ%@éﬁl&é\% FfRai}fd. Any suitable
patterning method nay be used to pattern the thin film For exarrple t he

thin fil m m?—'%r exan%?et tthei\arsne%gné) ¥ubs ratglnp beI c!otm%%gerda P\h hm"ﬂ nr\] dg\ﬁceoq'he(f\ hin m(rjneep-
~ device may be any device in which a thin film is required. For example, the thin film
device may be, but not limited to, an electronic, an optoelectronic, an optical sensor, a
capacitor, an energy storage device, or a thermal device.

Prior to the contacting of the step 108, the surface of the second substrate onto which

30 the thin film is to be transferred may be cleaned. Any suitable cleaning method may be
used. In particular, the surface of the second substrate should be free from chemical
and particulate contéminants. '



20WV |ithography, X-ray lithography or electron beamlithography. According
to a particular enbodinent, the thin filmis patterned before the providing
of the stwp4e166be net hod 100 t herefore conprises a patrsmingossep after
t he applying of the step 102. Any suitable nethod of patterning may be used
to pattern the thin filmapplied on the surface of the first substrate. For
exanple, the thin filmmy be 25 patterned by standard photolithography
met hods while the thin filmis on the first substrate surface before the
application of the transfer structure. A8cording to another particul ar
enbodi nment, the thin filmmy be patterned after the providing of the step

104. I n thi Dwingehe cbRagimgsirthe IstypeTodTRY sgl pRSsirBem&f 68 appRdd fohaisups ot ect s

t he contacted elons of the t ternin h as et ching.
n° 50"t s cRalpr TRt pabRet B rasle reote hZ A5 e Luhte & e 0w o
contact r egisobstdte tFr sapply; ttheé agetactinfgnofekengbp 18 mayr&bhmdse)fapplwhgear ni ng
the thin fil r t e 4 | and d
of Figure 1 s%[ut 51"._(5 61?8% E%Eq}l]@ﬁ?ﬁ) f%r \J;?r%cqﬁ rI)121'qn pja_élcﬁlgbz 8§ I 1'3)8 rﬁ )

| ayer ed mat e:pmahse ammwwg‘ & brﬂsslﬂatoaéiOSWdW,‘rO 2@20ar50 51513:@1 | fedl bars 1t5l=f.bbér_32+ ayer"
and the suppos bl @V@r{ m%pe4]p' ;ﬁhtllc%‘%\?lthgﬁré%%rre% lidd ’nat)ﬁg step 1'0% rﬁéy BE ofgsomre
1(B), the support |ay ransfer structure

Accor di ngl y,bat ae0.91- Qﬁsii?aérV@t‘WU(f“t!QYr%Sq be @Qﬂﬂﬁ@t%%ﬂsufﬂﬁﬂ” mawoﬂhlct bréweefl n film

applied on ttlh'l@trﬁhgféraé}@c@lf'e W‘?afu‘i ftﬁé s§déh§tshﬁétﬁ‘at@n\¢oc§erﬂﬁe51ehmwmfay laBoate
subj ected to etc in pl asma usi nggnre sug port | ayer as the mask

| ayer. In tRPBIGRQ gtsH'éb@x @@d’f fimend heohgad 2 SHiaRe temMneravre: et ched

by the oxygenr gkaspg he nkairy map@tetar@meﬁkp&ﬁawae Bf hom ag-Cs IBOWROIA hloeE, Fi gure
1(B). It would be obvious to a person skilled in the art that other nethods

of patterni §§-8fhelha PRAINGRAYRF FAERhBUtHRYS MidBehe 13Syrs dP pavteernithg t he

thin film 11@61‘?;0905 q‘llrﬂﬁest-OBEth@rﬁlS:HéLﬁlé zemH@Q's”ﬁrﬁrderttb%hé@(tm&fthere is
transferrin substrate to a second substrate is as

o - daftatma fontach b Bed khhtie” BRLS G AN RreePR SUiHaIR
2- di nensi onalsuhlmrrb;gmapimmudn dnay dperfetman Far suarhgle eif @e trivesier agdideiure

copper _stibst7Btestrionte Gtaeh ¥ 3 BaiR0% subaidle e BRoAERE R hecaR odbour

deposi ti on. mAayfbel minibbzegont act Iayer referred to as S layer is electro-spun
on the graphene filmin b). A support layer referred to as E |ayer is then

brought i nt rf&Q'?ﬁé’{réWs'fer“s?rU&t%tﬂ‘b‘ it QﬂﬁtQ&e&i Wutﬁ‘tﬁé’é’ﬁr%@ée OL gﬁéﬁec&% ﬁfb‘%i’r‘ﬁ't inc).

The support ¥er IS terned as shown in c) graphene’
filmis subjf& fé'éPfQFOSTib’&M%ﬁh? RGd Be 6656 st may hﬁ’ @lﬁﬁ?@\d’t EIIW@IF‘t #nd the

graphene fi lgmb R YBEEorRAR &8 mlaJerté;nmd hr@r Btaeipid) ShedferioRg fof {H@Wiﬁﬁt
asng, the_su rt |ayer acts as

| ayer and the 20 hene filmjn ox 0
t he et chént Ws%"%ﬁﬁgé"sﬁﬂé'”%ﬂ%wg'n@ f }ﬂygs'”paaf?'é‘?rﬁeﬂ‘e ?‘ﬁ Nt ypRskior Mfostrat e
i s di ssol vedernéviy sitthé afebel 10 tedyatsy aﬂi;eéd’laﬂs s‘ahewmu mer)ero@&f;ef thB @rasepper

substrate is d| ssol v e raphene i n_conf n th the
suppor ¢ 1 aydMCATRE FHE Sl R RVEn ugpet B i ihyier 108 aidron ey tiehe
transfer st basddiorethedimicostect Im,fertlhworﬁld Ibmmmethat:—ﬁy dlavyoeis taacbetdoa s:kluquort
onto the subBoft Yaf HonpiesbspBortSt o hf il Diad et b hESIB o*pRO" " o
gr aphenesf i |emmpiecﬂaﬁt9@menw$eld fphélefriemwuaomf dest Sﬂ93y1é|0 raandcqurgsera wateyer i s
then broughip i & &p&bgﬁ.%%sewmm c?wﬁrnaee of GBS I\feﬁféeargfbtﬁ RERARLY target

i
substrate ana allgne desire ocation on the second targe
substrat e ado dWeRGaTAN Bpiventhdlugiacphen sgiventheciatngled sohegist naupieinates | s

pre- 30 cl eapQehts,QiddofoRentk! & corMatien thafgbs parti cul ate contam nants.
During the cont act i ng of the graphene filmwth the surface of the second

target subs about to ensure
conformi cone s o eebihE Mhbodhe BREet L aterfiralie FER itk forfdt s
sui t abl esor elottise Telheetirig may loe dteemytsoitdtieateafoeratirb.eFq rea@hﬂa;ethé hbamntgmnatyhe

surface of the, segond {3l 4¢ho SR Bl Bood " APLOBI BT Vealli S RE, S the

fil m contact ai
carried out for 10 seconds — 1 hour, 10 seconds — 30 minutes, 30 seconds — 15

minutes, 1—10 minutes.



| ayer, which therefore releases the graphene filmonto the surface of the
second target substrate. Accordingly, the support |ayer is also rel eased.
The transWenoedicgssaphene fil mon the support of the seceod/scaigeboisubstrate
is as shown in g). It can be seen that the nmethod of transferring a thin
filmfromone substrate to another 5 substrate does not require peeling,
bendi ng, stretching, or warping of the thin film Accordingly, the thin
filmwould not be deformed or fractured during the transferring. The
integrity of the transferred thin film iy be determ ned by Raman
spectroscopy, mcroscopy and field-effect mobility measurenments. The nethod

of the preS%gortjiﬂy@@]gah@ﬁaﬂtlﬁulé@é?ﬂ&dlrﬂé}d1(ﬂUngbl$e m@gdmomelf.&ﬁ gents@akyr is ]
patterning and transferri a rom one trate to another
P abst 1 at 6 apRealed ing Syttt afd Hibes e tes Bt WEHRGIEE R PYIER Tint sstarb BHBd of

t he present of rnmemhsfenstdm&se moa |srre|qanade)ritd1$eusﬂacmfofen@amstras to bmvndanrﬁa' cul ar,
thefllmcot adh W t hod
does not reqnhw re aﬁlg%'eg Othe g?rﬁacﬁ |Im§?(:0ﬁlé{g S?'%F Agﬁgerg'ln é Ilhaffgsp rFtgfore
transf er si ngayeféfthdmammgywerellayleo rel&isad eeparatelyet hod does not use
adhesives, the nethod is clean and 15 prevents damage of the thin film In

particul ar, A:B&qE4Sa4 aRérnhtive eWit%%ﬁr’iEnt Ry §l§5doﬂrlafér Infey 'BESSHeRodl diEirdth @R ems

associated wth transferring th %/ npetitive adhesion,

cont ani nat i §ANSipoYRICHFe ﬁ%ﬁ%lt‘éwe ﬁt?ﬁ é?ﬁ pitpe 6‘?’“‘?‘4*1%9 ¥¥hen the PHRROLTIRYEG % he
t:ansf e][ tﬁ@@elémﬂt r@]g ﬁl{rihﬂﬁprﬁ)%bﬂ\tbd:t'W&Wthtepﬁmn&ﬂidcﬂll'@dr abw@aseacm@o afe t hte
steps o e 0 e i nventi op invol ve eelin oating
of 1 or ot hoFURRRO Pt SHOSTE SHimeue T B aometh By 57 TBORKhy. of

t he thi mofi labcoatting ho wee bigp| B@dtot ebtdihea d@crmgsuamhté racihg rtiee ein tiile onhiksn fi 1l m
The nmet hod of .t he-pr enti o provi des reproduci bl e and
versatil o et B R eralVe ittt RbQEBeRE NS %% PerkEP PRRAMIE
singl e and naudltbhatltbe &m tdntact faybnmay Phef astuhade tfickness fpriesaig to suppott iten al so
does not regqyi kR the use of a carrier film 25 which would be susceptible
to stress and strain such as stretching, bending and warping during the

transfer of the thin film Chemcal etching is also not required to rel ease
the thin fi[ThedANofihsansireddirangse rfé%te's“b%@ért@hthglﬂﬁcoﬂ%éUW?Woﬂ‘%fbet he

present qsnveafdrAdy "(’Eﬁwnpﬁteﬂﬁﬂd viken ﬂwéatﬁﬁnf R isnlgwptahérﬁecﬂltll'\gﬁnétﬁocﬁhbo tryges of
substrates |n 1 udi ng. et al | s IS .Su as_po
ol yet her | et FOMGES:piop 55 PHRATDR e 631 JoPauERg e mEEPAAPHEMat e and

pol ystyr eneporgbwa fgihki step obyhatkeningitheé eonfilm befoigasti aited ¥ed@syidiag 1of enduct or
surface, whethe not the subst r at e tterned, feat nes. 17 The
ot hod of | REPpI4eanT s PRI RGP aRad MY B B P e SR ™ Egrer | ng
of thin fil m;aropietthe tmedjmrnmamtvbsialttamedlby etaypealtithngrapimesunbtasogptitardeapnunber

O ot %2 LM S D s Bk MBS HEgHARY on Lhe second

subst r at®® ere’l evi ce corrp g a substrate having a

thin filmtransferred 5 onto a surface of the substrate according to the
nmet hod 100. Averediggq & @arigylabemeedimenti thashie fitfe (7 Ratierned Peoxrg I REOViIdiROldevi ce

may be an e'ti%Cs’,tépQﬁ‘Mi,Thélrr}néﬂHBoOﬂjOQﬁéﬂéﬂiﬁé @om@&e@@tdaqaﬂnmgwner%ecmmgtor an

fil
Ther Ot Dot BEeloiarlor A%y SulRbRanethed HoPatenue My Bhpsid BaRrERhS Tt T ¢ ot i n

capaci tor, appledbotseratdce d0Heansf @ubstatel CRddr éxadPR, the thin film may be
25  patterned by standard photolithography methods while the thin film is on the first
substrate surface before the application of the transfer structure.

According to ancther particular embodiment, the thin film rﬁay be patterned after the
“providing of the step 104. In this case, the support layer may act as the etch mask that
protects the contacted regions of the thin film from the patterning such as etching. In
a0 this way, the patterns of the thin film may'be self-aligned to the contact region of the
support layer. An example of a method of patterning the thin film after the providing of
the step 104 is as shown in c) and d) of Figure 1(B). in Figure 1(B), the thin film is



The conponents of the transfer structure 200 as shown in Figure 2(A) wll
now be described in nore detail. As nentioned above, the transfer structure
200 conprwees12aeiésbm cont act | ayer 202 and a support | aper/Sedi2/opdisen
contact |ayer 202 15Wen the transfer structure 200 is contacted with the
thin filmapplied on the surface of the first substrate to provide a
transfer structure and the thin filmaccording to step 104 of the nethod
100, the filmcontact |ayer 202 of the transfer structure 200 nmay be
conformal contacted with the thin film13¥he filmcontact |ayer 202 nay be
of any suitable material. In particular, the filmcontact 20 |ayer 202

accor gl ngdt %He[r&i & Q@elﬁ%'eré@ﬁféfgnbprlh@ﬁh‘r% &lﬁht@dg}'aybay@a; |swéB§41é?u é§tr@bl83a)1féﬁ't .
prOVI e ade e Su or fo n | ur;n IS Vi n (0] e
T Pt e upat Aad e SBRR layet b s sbeler s e o i S 3k SHBRA ¢
conf or mal cmba@f tb@ttmeﬂ@r tshectsnepmopattdrmderA&%:r@ryd thdaransfeonttustulesin at e.
Thefllmcont tor

d.th b
[anster ¢ heoRRmA E¥ActGARIPRuTeredes STTHE SCukch 4 ERECo BRlart A0 T80
exanpl e, st héhir iflnmaco nttgedted &y etchiB@ Dy neygdre pldsma alsingdthe cupgdreager ahdhet hi n

fi1m ont ot hexsRUALAGE i whiind BARRG RHPOSHAL el ld nCPRLRRE bRYR 207

may be of any sur'tabl e e SO ent I n
t he et chant okxgeh Masmarterievi agatidreed ihrrsfulmsa;tﬁé"pwatlred) efHdguse d Ghdlt sgbistbeat e,

and the thi 'ab\f/ibumo I r@dnI BRiANhagk elrta)ﬁ%f oa%? @NodReorspariifpbitel tsAn be
renoved conpl et el % rfm'la nost conpl etely during a subsequent renoving

step, therelyyaep YRjsq prousedifeor patigring tie Bt Ma surface of a second
substrate. The subsequent renoving step may conprise dissolving the film

cont act thay@kcating tdhe pattidiiagerhisodimal the enéttard ¢ nfanstermag ta, thih Hign frbnlnra metnt act

I 202 f d bonds with 1 hi, .. fi | mwh
contact | aySPSAl ProEAlh Ry ey B o et sBudRRE SMSuieapRl o
t he step 104ubsiaee witinadedimdasiorsl ifom gsaphemaritich aratiieston a srefate Iomheocmpaert | ayer

202 of the W[ARSSTs BMEHUICHZ o AMdIE Al Aol TTERNRL 1 flg ABL) cf e

adhesion to preven i'm f et achi I'ts omt ansf er
structure 200osatd sigfack oy reyrsvitabip roethpdxesugh @p chersical vapour deposition. A film

15 contact layer referred to as S layer is electro-spun on the graphene film in b). A support
layer referred to as E layer is then brought into conformal contact with the film contact
layer as shown in ¢). The support layer is patterned as shown in ¢). Subsequently, the

- graphene film is subjected to patterning by exposing the film contact layer and the
graphene film to oxygen plasma. During the etching of the film contact layer and the

20  graphene film in oxygen plasma, the support layer acts as the etchant mask. Once the
graphene film is patterned, the copper substrate is dissolved in a suitable etchant bath
as shown in d). Once the copper substrate is dissolved, the graphene film is in
conformal contact with the support layer and the film contact layer, thereby transferred
onto the transfer structure comprised of the film cohtact layer and the support layer.

25 The graphene film is not free floating, and is instead supported onto the support layer
via the film contact layer as shown in e). The graphene film in contact with the film
contact layer and support fayer is then brought into conformal contact with a clean
surface of a second target substrate and aligned to the desired location on the second
target substrate as shown in f). The surface of the second target substrate is pre-

30 cleaned to be free from chemical and particulate contaminants. During the contacting
of the graphene film with the surface of the second target substrate, a small pressure of
about 0.1 bar is applied to ensure conformal contact is achieved. The entire assembly
is then placed in a suitable release solvent in order to transfer the graphene film to the
surface of the second target substrate. The release solvent dissolves the film contact



The fil mcontact |ayer 202 may conprise a polyner or resin material. The
pol ymer may 10 be an anorphous polyner. The filmcontact |ayer 202 nmay
conpri se wopolymwsege0or resin. For exanple, the fil m cont &ct/SGayerno®82 nay
be, but not limted to, polystyrene (PS), polycarbonate (PC), poly(nethyl
met hacryl ate) (PMMA), pol ydi nethyl sil oxane (PDVS), polyisobutylene (PIB),
or divinylsiloxane-bis-benzocycl obutene (DVS-BCB) resin. Such polynmers may
have good solubility in conmon organic solvents such as 15 tol uene, xyl ene,
chl orof orm acetone, cycl ohexane, hexan& nesitylene and n-decane. Further,
such polymers may be conpatible with water-based etchant sol vents which may
be used for Idyee mmhé@ﬁ)r@feldaea@uier@awefaefnim 8iito $hDSUrfaaé ef mBdevdridtagecond
substrates whj ganic sol ve nt act

ayer | 505 magbied Avspiiel e riret erdh ol oF SR s LBSIPFER BIEPRRIS) | 20
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202 and 1 or 'Saband  eh g Mo Ropd bParsicha LRGN pe cufsRbaRbingaY e
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25 noval ac tA\éB&dfng@' ﬁksthmsf%h/vd%% R dkbghedl drmééﬁﬂécﬁeﬁnr{gaﬂﬁsrtra%@f%rrfﬁ@y be a
fl uorocar bon- base ﬁ‘@ Fl uor ocar bon- based yNer s be dissolved in

fluorinated §8l"x‘)@9ﬁ% 05 tF?é'?feffﬁ%r”é'F A M3y Q?o‘?%%{m"lﬂde%ﬁ?’ﬁa'bé%ﬁ%%’b’ and
or gani c- baseslcrasdopgnarsl fiskeckifast hivgiligt eltasireants. ok tmaetodt e tHd predent

di ssolving the first substrate. f.l uoro arb nmer s al so
be 30gener alT IR SRTB T oo Regro(Pg5 S8R PALTTHE 200 EBTRE Db Sk e e and
may be imner ffiinh Gomivae shbstrafe tb rnotfhbresubkivaie ateaskdma bastedinatibn/inrer meayerbe any
one of, but not limted to, 19 copol ynmers of tetrafl uoroethyl ene and
22bistrif| ! 9 i ghnExanp I
AF2400, AF16 &Zﬁ%%égf ((?r;)tp% yér%grtsno ﬁ?rg??éagf 63‘?“&‘et ktlheieene aaﬁige;_\?écs il
2,2,4-trifl tﬁPéft@U'SL tthe filmu eeragt tldiex yeLnat, & gdhsslyrdayer o‘\ndék%tfﬁﬁlf% theqmetend AD) |

f | uori nat ed ygBd hé‘t%b{u@t &ta@ﬁih?f R thin fflr'nLt@raO@Qtrédh@&ﬁe I?a%:yl@@&% t(Jn@fer%W' €,
Cert onal FC732 Acot a) uor Pel PFC-500 and 600 series (CytoniXx)
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top type A e M and type er i oxol ane
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fl uorocarbo ,
per fl uor oal %aélggsslsﬁrg{?a{g%gﬁgfﬁ@[y‘ohexane( Fl uorinertFC-72,3M,
per fl uor o(di met hyl cycl obut ane) 2 KCDO445, DuPont ) and

per f | uor o( nésHyerigeschRave 1% of hestens obPEaethpd AldheaEseridyventien nvelersoet her s

such as 5  peeling, floating off or other deformation that may cause warping, stretching or bending

of the thin film which would lead to the damage and fracture of the thin film. The
method of the present invention therefore provides a reproducible and versatile method
to transfer with high integrity thin films including single and muititayer thin films.

The method of the present invention also does not require the use of a carrier fim
25  which would be susceptible to stress and strain such as étretching, bending and
warping during the transfer of the thin film. Chemical etching is also not required to
release the thin film onto the second substrate. Accordingly, the method of the present
“invention may be used for transferring thin films to all types of substrates including
metal foils, plastics such as polyimide, polyetherimide, polyester, polyethylene,
30  polyethylene terephthalate and polystyrene, glas.s, silicon oxide, silicon, inorganic
oxides, semiconductor surface, whether or not the substrates have pre-patterned

features.



perfluoro(2-butyl-tetrahydrofuran) (Fluorinert FC 75, 3M,; perfluoroam nes
such as 15 perfluoro-n-tributylam ne (Fluorinert FC 43, 3M; or

per f | uor opol2gyetteeses such as propene, 1, 1, 2, 3, 3, 3- hexaf | uecw;scaxizaass,

pol ynmeri zed (Gal den HT200, Ausinont) and propene, 1,1, 2, 3, 3, 3- hexafl uoro,

oxi di zed, polynerized (Gal den HT135, Ausinont), or hal ocarbons, which are
conpati ble with nost second substrates and patterns that may be present on
t he second substrate. 20Fl uorocarbon-based polynmers and their solvents al so
have low intrinsic surface tension, whidh greatly assists in the wetting of
the thin film Fluorocarbon solvents also do not swell the
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thin film Reactive polyners may not be suit S‘%Iaé use as
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or radical - gem@abévig. FoPdRfmplI@NHe %@ﬁ@é’rrfa?rﬂé'éh ab&ta&he@ntdbtdeht%trbmnarfl I'm
even after the filmcontact layer 202 is re in the step 110, thereby

cont ami nat i P§1%3h&STSRT P FRAARIOT. 7 CAEY SHTFAG fi'B °<£ ap@?fm%d’?}é'?e é:r%c?d?'ﬁﬁ‘ﬁt when
the thin fi Itma usw@r aphesiea thinefilii fransisif adighl-ayieing2d@deTay sbign bidry, nat

limted to, styrene, carbonate, polyisobutylene, poly (nethyl
met hacryl at %M%acn% Qflar?@%(g?ns&ane bi s- benzocycl obut ene resin, or

pol ydi net hyl si | oxane. The suitable sol vents which can be used for different
fil m convactlr&lsteysirect@®000r the renoving of the step 110 are provided in
Table 1 below. Filmcontact |ayer Suitable solvents polystyrene

The components of the.transfer structure 200 as shown in Figure 2(A) will now be
described in more detail. As mentioned above, the transfer structure 200 comprises a
film contact layer 202 and a support layer 204.

Film contact layer 202

15 When the transfer structure 200 is contacted with the thin film applied on the surface of
the first substrate to provide a transfer structure and the thin film according to step 104
of the method 100, the film contact layer 202 of the transfer structure 200 may be
conformal contacted with the thin film.

The film contact layer 202 may be of any suitable material. In particuiar, the film contact

20 layer 202 according to the present invention may be any layer which is able to provide

adequate support for the thin fiim dUring the dissolving of the first substrate of the step

106. The film contact layer 202 may mediate conformal contact between the support

layer 204 and the second substrate. The film contact layer 202 may also be removed to

release and thereby transfer the thin film onto a surface of the second substrate. For

25 example, the film contact layer 202 may be dissolved to release the thin film onto the
surface of the second substrate.

The film contact layer 202 may be of any suitable material which is compatible with: the
solvent in the etchant bath for removing the first substrate, the second substrate, and
the thin film. The film contact layer 202 may be such that it can be removed completely
30 or almost completely during a subsequent removing step, thereby transferring the thin



acetone, toluene, cycl ohexane, xylene, butyl acetate polycarbonate ethanol,
acetone, ethyl acetate polyisobutyl ene hexane, n-decane poly (nethyl

met hacr ylwioep12iehddd) chl or of orm acetone PCT/SG2012/000182

di vi nyl si | oxane- bi s- benzocycl obut ene resin nesityl ene pol ydi net hyl si | oxane
hexane pol y[ 4, 5-difluoro-2,2-bis(trifluoronethyl)-1, 3-

di oxol e-co-tetrafl uoroet hyl ene] (AF2400) propene, 1,1, 2, 3,3, 3-hexa-fl uoro,
oxi di sed, pol ynerise (HT200), perfluoro(2-butyl-tetrahydrofuran) (FC75)
perfl uoro(1-butenyl vinyl ether) honocyéd$opol yner (CYTOP)
perfluorotrial kyl am ne (CYTOP CTSOLV 180) Table 1: Suitable solvents to

di ssol ve di fifereid o slirfaceodtt aCdecb@y &UbBstrate. The subsequent removing step may
comprise dissolving the film contact layer 202.

According to a particular embodiment, the film contact layer 202 forms van der Waals
bonds with the thin film when the film contact layer and the thin film are in contact

5  during the providing of the step 104. The van der Waals bonds formed between the film
contact tayer 202 of the transfer structure 200 and the thin film may provide sufficient
adhesion to prevent the thin film from detaching itself from the transfer structure 200
during the removing of the step 106. '

The film contact layer 202 may comprise a polymér or resin material. The polymer may

10 be an amorphous polymer. The film contact layer 202 may comprise a'polymer or
resin. For example, the film contact layer 202 may be, but not limited to, polystyrene
(PS), polycarbonate (PC), poly(methyl methacrylate) (PMMA), polydimethylsiloxane
(PDMS), polyisobutylene (PIB), or divinylsiloxane-bis-benzocyclobutene (DVS-BCB)
resin. Such polymers may have good solubility in common organic solvents such as

15 toluene, xylene, chloroform, acetone, cyclohexane, hexane, mesitylene and n-decane.
Further, such polyrﬁers may be compatible with water-based etchant solvents which
may be used for the step 106 of removing the first substrate and with second
substrates which may be insoluble in grganic solvents.

The film contact layer 202 may be a polyelectrolyte such as poly(styrene sulfonic acid),

20  poly(styrenesulfonate), pblyacrylic acid, polyacrylate, or poly(allylamine hydrochloride).
Such polyelectrolytes may be suitable for non-aqueous based dissolution baths used
for the step 110 to remove the film contact layer 202 and for second substrate which
are compatible with water. ’

The film contact layer 202 may be a photoresist material such as polyimide, epoxy or
25  novalac type resists, such as SU-8. '

The film contact layer 202 may be a fluorocarbon-based polymer. Fiuorocarbon-based
.polymers may be dissolved in fluorinated solvents and may therefore be compatible
with both water and organic-based solvents'used as the etchant bath for the step 106
of dissolving the first substrate. Such fluorocarbon-based polymers may also be -
30  generally compatible with materials used as the second substrate and may be inert to
the tHin film. The fluorocarbon-based polymer may be any one of, but not limited to,



The fil mcontact |ayer 202 may be of any suitable thickness. For exanple,
the filmcontact |ayer 202 may have a thickness of about 10 - 5000 nm In

parti cul ayo 2b1slidsbckness of the filmcontact |ayer 202pgaschenabeigt
50-4500 nm 100-4000 nm 150- io 3500 nm 200-3000 nm 300-2500 nm

400- 2000 nm 500- 1500 nm 600-1000 nm 700-900 nm 750-800 nm Even nore in
particul ar, the thickness of the filmcontact |ayer 202 may be 10-1000 nm
By having a suitable thickness of the filmcontact |ayer 202, the built-in
stress within the filmcontact |ayer 2029is reduced. A thickness of nore
than 5000 nmmay result in the build up of stress within the film contact

| ayer ?02 %bs&yrﬁ&@w CHAAGorb ARy IR I%'ha92,leisltrﬁlﬁﬁroﬂfetrfwm,BQﬁfrmPo-ﬁ,g{aﬁcﬁ(ﬁﬂe W t h
the thin fil s of the film contact

and th u I 204, The thi ckne
| yer 502 | SRS e ToRAR400 AL TRk AR LB copay PP Ol Tet i i He R,
transfelrri ngz,z,mrmlﬁi_fniot(mﬁIflhmombtaﬁmu f3edioxotef f(_tolneemmee pl?ﬂdnﬂekl}.)r tfluorlirlnatec:c : )
particular, the thickness of the rrier films used in.t S t he
e R o o L e i e S e
support IsayétucdRel pifdy e sina eddpgoiets (Cptonixhd-idarAryicserteacCytoaixgr C@Ghaivhi ch
receives th bn, £ 1 i ' f o] i r e
support | aygrct 72%4(/{)69 Ead\regﬁ (g »?%rztaé vgr%-%%?’ss(? ch?)'é,ﬁp%éﬁxg;&(ﬁ-@?%ﬁﬂﬂ? Hﬁﬁ eg?ér{]he
thin film whpeRcerplymessidier examplec CaoRi B andyrredhand dyle Gancapelyohgrs g t he

transfer of sbARofoHidkoldnbsh Eéﬁbﬁ?rﬁé?@_oﬁﬂéélﬁ&@(td%&o%n@s) fahb Prflusrodipsdihért gr to the

surface of the second substrat'e while the thin filmis in contact with the
fi | m cont act® FPERIgDYeredhr exanpl e, the support |ayer 204 may be a

sem -rigid support |ayer. The support |ayer 204 may provide a conformal
cont act +1ei t IFidohatdonrbabéd npdiymears colpodissdivey im uascdaidon SomEmts bewdhngsor
roughness of tlhe ff rst substrate and @f ! ne secor‘tgl subs{ragg_; ncl %ﬁ ng -
topographichgg?@?égn%i chS y Pe pP% ENP"ER T he SERYN 1 s&bst )e. The
support | ayeerfiR0d(dimythgicgtobatdnev pr ofl@D r egi $ddat i onDwf t hBothi n fahdn t o
pre-existin I i it ' te the
Phin fi1m atippthaRy loddfang e e, Fbi POBRT s A Bilal?  f
any suit abl @eviorefd-bytyl-tatrahydioppamt (Rlugyiaert X7 pm pMpe perfluoroamines such as

15 perfluoro-n-tributylamine (Fluorinert FC-43, 3M); or perfluoropolyethers such as
propene,1,1,2,3,3,3-h_exaﬂuoro, oxidized, polymerized (Galden HT200, Ausimont) and
propene,1,1,2,3,3,3-hexafluoro, oxidized, polymerized (Galden HT135, Ausimont), or
halocarbons, which are compatible with most second substrates and patterns that may
be present on the second substrate.

20  Fluorocarbon-based polymers and their solventé also have low intrinsic surface
tension, which greatly assists in the wetting of the thin film. Fluorocarbon solvents also
do not swell the non-fluoropolymer films, organic semiconductors, printed metal
nanoinks, spin-on glass materials and photoresist materials (such as polyimides,
polyethers, novalak) that may be present on the second substrate.

25 According to a particular embodiment, the fluorocarbon-based polymers may remain
attached to the thin film even after the film contact layer 202 is removed in the .Step
110, thereby forming a self-assembly monolayer on the thin fiim.

‘Reactive polymers may not be suitable for use as the film contact layer 202. This is
because these polymbers may comprisé acid groups or radical-generating groups,‘and

30  may remain attached to the thin film even after the film contact layer 202 is removed in
the step 110, thereby contaminating the thin film.



of any suitable material to provide the necessary support for the thin
film In particular, 15 the support |ayer may conprise an elastoner. In
parti cul avp 20ipe166d6ast oner may be a cross-I|inked pol yner pcirscpeniooergk ar, the
support |ayer 204 may conprise a material which may exhibit a relatively

| ow Young's nodulus and a relatively large strain to failure. The Young's
nodul us of the support |ayer 204 nay be determ ned by the pressure present
during conformal contact with the filmcontact |ayer 202 and thin film 20
For exanple, the Young's nodul us of the2&upport |ayer 204 nmay be 100 kPa -
100 MPa. In particular, the Young's nodul us of the support |ayer 204 may be

300 kPa - 1Qichhtaing29@ déﬂéturar 5mN5’@1meﬂt Ahdehe thRrfil@XagRipRend, it Mnagheer may
be sel ect ed fro%%(but no

ol (i et nyPE! OB P ityiol L, BolY P SoNEH PP RRIP RSSLBIS RS 25
per f 1 uor oal Keoethyipomgimecrsiatedol(FEMAY, edieinyigibkaiebibpenacysidbaitele, @einyi sopr ene,

| ybut adi h . t t he
DLt 2 o BRI AP RCe e SRS A28 HRSEE0 o o P GHRT 1 L
with 5 Iayers 202 for the removing of the step 110 are provided in Tab|e 1 below.

pon(hydronethyIS|onane) Cross- Ilnkedpolyurethane but adi ene- acrylonltrlle
copol ynmer cr o$S=1TTKEGEH doHtaBOhysr VI YT TN OTTUE) 5yuidbiSsoeniak€d

per f 1 uor oal KoXgoI@BkSREET S, 3007 conbi Nat i ONgelbhe Rdhe, cyctoheXanB, xGleRE f the
first substrate. Accordingly, the support Hu@y@etaﬂam WI |1 provide a '

conformal contegycatpmdte t he thin fil m over| atfagoleavbione ethylesgetatef t he support

| ayer 204 is prelyissbuipene t he support | ayer| f2gahey-fidcamg ovi de a conf of nal
contact only oely (metw! methacryiats) M'\M&mnnc CiTIQﬁOfomjr_ﬁfﬁ@tﬁEGIaypr 204 be

patterned by &B%L&ﬂ@t%‘”” %&%ﬂ%ﬂ%m%&supp%%mzm nay
be patterned bgoLimaty gL hagraphi-cally—detined ol ds.

The support I1 Eg,_d ge metm ?atﬂro © %H 5600) %xarrpl e, the
support | ayer Ve & t 100 rlubro buti m RnP@Et i ¢ul ar,
t he thickness of the support Iayer 204 yrspe a out 200 9000 m 300- 8000

gm 400- 7000 ¢perfioeid+-BHEN) iy etiEd)O- perfluorotrialkylamine (CYTOP CT-
homocyclopolymer (CYTOP) : SOLV 180)

Table 1: Suitable solvents to dissolve different film contact layers

('Dtli/l

The film contact layer 202 may be of any suitable thickness. For example, the film
contact layer 202 may have a thickness of about 10 — 5000 nm. In particular, the
thickness of the film contact layer 202 may be about 50-4500 nm, 100-4000 nm, 150-
10 3500 nm, 200-3000 nm, 300-2500 nm, 400-2000 nm, 500-1500 nm, 600-1000 nm,
700-900 nm, 750-800 nm. Even more in particular, the thickness of the film contact
layer 202 may be 10-1000 nm. By having a suitable thickness of the film contact layer -
202, the built-in stress within the film contact layer 202 is reduced. A thickness of more
than 5000 nm may result in the build up of stress within the film contact layer 202 which
15 may cause the lwarping or loss of conformal contact with the thin film and the support
' 'Iayer 204.

The thickness of the film contact layer 202 is much less than the thickness of carrier

films used for transferring thin films in the methods of the state of the art. In particular,

the thickness of the carrier films used in the methods of the state of the art may be
20 about 200,000 nm. '

Support layer 204



10 5000 gm 700-4000 gm 800-3000 gm 900-2000 gm 950-1000 gm Even nore
in particular, the thickness of the support |ayer 204 nay be 1-10 nm By
havi ng a woizoebleesébhi ckness of the support |ayer 204, aPrpmseeo12ooniar mal
contact may be achieved at a desired operating pressure. In particular, the
operating pressure may be between 0.01 to 8 bar to achi eve confornal

contact with the thin filmon the first substrate at the step 15104 of the
met hod 100 and subsequently with the second substrate at the step 108
during the nmethod of 100. The nmechani caPlstiffness of the support |ayer 204
may be increased. For exanple, the nechanical stiffness of the support

| ayer t204t mme QGpﬂJdﬂ’Cléﬁi%d pﬁ?}(/ldé@%‘@d@g?@fcgﬁrﬁef ﬁlﬁﬁbo@iacﬁ {é?ers%uﬁp/?ﬂéh r][eai&reés' 384
OOSIeO ce e ._Su or Il N CO aCct W I m

o aet 1 o die Bin iR dh ket Borss < tediar e Sobmet! iy 4% mavdis by a
met al or st iifadvetens iretclsihg ot defblovetive rof tHehiinsfimpatich mayeaus%()zmcﬂh@ud:mhgmt be
made too st 'at‘n{i n?et%hérn ?d%ﬁ%gé%dﬂlﬂ%tg tﬁ%‘ ﬁg*s?ertcﬂ%eft'ﬁw)f?r% froh’xa%grsyéac}n d‘?he rﬁ the

conformal con
second sabsispigtatestorthaswiadeaof thg semdwwralemhlla”lhe tho filpoistin tenyant wabdheray be

configured By, ?&gacﬂa JeABOE FEEL K or"ﬁ}gr umy?r 264“:‘?1FY g a%‘ég]?-ﬂé:H sgﬁyﬁr 204

may be configured on’a conveyor or to to-r
the thin filayerTe supppdrayer a?%rmewommwd? aafiormal eoniastguithetdei thingfilhopym

simlar to hbereasdung & dé@éﬂb'sﬂﬁu b¥Ring Qs r&jgr?ﬁé‘&réf(?(ﬁé fifdPsidsRAB M oftHaiCt ure
200 Any suitable nethod of fabricatin e transfer structure 200 may be

used for thée%‘ﬁuﬁ“Bﬁ?é%"’GFdPHéoﬁﬂgé@éf?tfe?‘H(Pér’{’(W%hmaAE%@f%fieﬂbort Hesseond

enbodi ment , stifigrate: a’ﬁéfsﬁbpcﬁt bywtamenaﬁ&sdsrwovbgrd@éere@&&am GdhPtiivfint & t he
contacting of t 52 fﬁ 104 n_pa cﬁ CQt {f % fer sﬁhug{ture 200
may conpri s® 4LIRGFayes of § nerﬁ GOt S yt8rp°§@§” Eid OHe ﬁtﬁdB‘F i JPLAt 204.
The fil m comilemtthe ayend20Bstared t he support | ayer 204 nmay be as descri bed
above. The filmcontact |ayer 202 and the support |ayer 204 may be brought

together by 1@B¥upport layer 204 may be of any suitable material. The support layer 204 may be
of any suitable material to provide the necessary support for the thin film. In particular,
15 the support layer may comprise an elastomer. In particular, the elastomer may be a
cross-linked polymer. In paricular, the supportilayer 204 may comprise a material
which may exhibit a relatively low Young’s modulus and a relatively-largé strain to
failure. The Young's modulus of the support layer 204 may be determined by the
pressure present during conformal contact with the film contact layer 202 and thin film.
20  For example, the Young's modulus of the support layer 204 may be 100 kPa — 100
MPa. In particular, the Young's modulus of the support layer 204 may be 300 kPa — 10
MPa, 500 kPa - 5 MPa, 1-3 MPa.

For example, the elastomer may be selected from, but not limited to,

poly(dimethylsiloxane),- poiyurethane, butadiene-acrylonitrile copolymer,
25 perfluoroalkoxy polymers, polyethylene, poly(ethyl acrylate), polyisoprene,

polybutadiene, polychloropene, or combinations thereof. In particular, the elastomer

may be, but not limited = to, poly(dimethylsiloxane)  cross-linked  with

poly(hydromethylsiloxane),  cross-linked polyurethane, butadiene-acrylonitrile

.copolymer cross-linked with poly(vinyl chloride), cross-linked perfluoroalkoxy polymers,
30  or combinations thereof. '

The support layer 204 may be patterned or unpatterned. If the support layer 204 is
unpatterned, the support layer 204 may be uniform with no relief features smaller than



5 suitable nethod. For exanple, the filmcontact |ayer 202 may be spin
coated on the support |ayer 204. Any other suitable nmethod nay al so be used
such as, wotorate1dsdm ted to, el ectrospinning, plating, elemsGeal2/os@is2tion
deposition, chem cal vapour deposition, plasma-enhanced chem cal vapour
deposition, atom c |ayer deposition, thermal evaporation, electron beam
evaporation, nolecul ar beam epitaxy, sputtering, pulsed 10 | aser
deposition, cathodic arc deposition, electrohydrodynam c deposition, inkjet
printing, aerosol spraying, dip coating22drop casting, physical vapour
deposition, vacuum sublimation, doctor blading, or a conbination thereof.

Accor di ng t%@@@éh&rthgnﬁ}&dhtﬁ&ﬂhte tA't%oMr@P/Sftﬁé sﬁb;ﬂd#ﬂdg{eﬁ 23@%|I|Spr5\%ér%d on

the first substrate after t he st articul ar, once
the thin fi R} P@“aép?ﬁl“?@dw'ihs"’@nthi%@msBqudI%erB'fe aree- If thgtsugemgtawart 804ad§cor di ng

to step 102paterhéd, Mhe 0siipp6it Ihyry €2042Gd b&v@@pélc%dfoﬂﬂalt B@Itéd{lldhlyf ivén tHany

U poses. of PRLEOT ARy GRE SHRErdRUhACA Manke PRVSISERY 201 SHEP m809%may b
spi n coated Fon ekéreplehie Sudpotrt 18ydre204s vidyas at@hbody casying Mab Udehedbat not
limted to, ', i I ng, chem cal sol ution deposition,

chem cal vaBour asma- enhanced chem cal vapour dep05| tion,
atom c | ayer deposi t| on t hermal evaporation, electron beam evaporati on,

ol ecul ar bdaenseprortasyer 2%@?7 8¢ dhgy Spua@eémkag%ﬁr Faep@sinid, 81e supperhiBdeérc ar c
deposi tion, &l &elE %WI@I&%@E‘%@ ﬁilep% 'nIrh OR: paItI&'ﬁIa?tthé’EHI%b@of tHESH

sprayi ng, di p Yt i ng, cast i ng, physical vapour depositi on, Acuum
subl i mat i onlayabm%ﬂabb%@ﬁ’wg%%%@ LT ASOTRE0P G, BH7eQSF LM CHIOeS00R e, i6D6n

contact 25 o POR=Y r I a0l r h 0
conf or ma con a En \%\ngﬁﬁbﬁ%g%iqorgn%ggﬁt}%gt I"a glr) 295%&;0\9?) rpn%\y/v&g@ntaeptgl |y
descri bed t perticyigeeitapkneshef thamepnort layeh 804hmeag be dadi my. Bynhaving @sdtabharough

reference t g,dhgs dsf & the WiSKbre%aroasa Wb oBiBrRdl %MQ&%% é&f data

illustration, are not intended
24 A film: Cgﬁqlrggtopeat;@g pggssure. In partlcular the operating pressure may be between 0 01

pol y[ 4, 5- di {d 88500 2cRieR &dridrinkl é&lﬁmttthe)thlﬂa fi#n @h @ﬁ@ﬂw@t‘&@&@é’[é af theQtepet hyl en
e] (Teflon AF24§Q)§ DuPont Fl u r oduct s& di ssol ved | uor ocar bon sol vent

propene,®1, 19405t rgetﬁgg(dog IaﬂgrSH SeIRPYSHY s otegarst F“é@"@@a@td% sigpo g,
Ausi nont) tdu@g&ﬁé\ﬁen{oﬁwfhm} of 30 ng/ L was deposited on a graphene sheet
growmn 5 on copper (Cu) foil having a size of 25 x 25 mMmto forma 200 nm

I . i I A
out ooy orte BRREALRY R RL LR e BERS BN BHE PSR e
pol y(di met hyleshanicehsiiéinegPOiNS) sunpopidaver PeAymey béincreaasd sy baphinbye stiatd efr t han
the copper Ih%' duphBeia ﬁ%@rdpsabs.eqmec aﬁr‘icéf‘bftthe ED&po&%Qhﬁ@&n&&%ﬁ% tﬁé‘( ijugh the

filmcontact |ayer a transferre an oxygen plasma chanb The

filmcorsf ac@ontw@ypg?%ﬁé\eesurfé@q @frihﬁ@vpmwéyeéc?oﬂyn%%e BagspdFyY 2l rasrteIorwas

t hen etched sﬁ’I"@IHstIé}’sh@éﬂ/ %We@raﬁ%ubé&pla§&cm%oula V¥e Gfde MIPEH) as thide
entire Cu Iz\%)(/)er was then etched awa the setup in aqueous nitric

aci d ( HNOB) Weyd ”\R}ce%b'e e SUReP iRy e éfg‘é%ew ﬁéogfgﬁ’b%PP”tP%w\%‘P “P)%@I”i fII’@ Ahe film
]E:plrnt act | ayefe firét soditaBCandWiththé Beconti aphetmaee subate dsinanns stepag®r with the
Il mcont act

The support layer 204 may be configured by any suitable method. For example, the

25  support layer 204 may be configured on a conveyor belt or drum for toII-to-IoII transfer
of the thin film. The support layer 204 may also be configured in a form similar to
flexographic painting.

‘Method of fabricating transfer structure 200

Any suitable method of fabricating the transfer structure 200 may be used for the
30  purposes of the present invention. According to one embodiment, the transfer structure
200 may be pre-assembled prior to the contacting of the step 104. In particular, the



15 | ayer and graphene was then rinsed with water to renove any netal etch
resi due and subsequently dried. The support layer with the film contact

| ayer anow@rapiena&owas t hen conformal contacted with a fetscdowbens? at e of
oxygen-plasma treated 300 nmthick silicon dioxide on Si. The entire
assenbly was then imrersed in perfluoro(2-butyl- 20 tetrahydrofuran)
solvent (Fluorinert FCG-75, 3M to dissolve the bulk of the filmcontact

| ayer and | eave a nonol ayer of the filmcontact layer. As a result, the
graphene sheet was rel eased onto the takyet silicon dioxide substrate while
t he support |ayer was renoved. The silicon dioxide substrate with the

graphene | ay@hsféeﬁmm@dommay tompritel REEmbIRG d MAtohiadSIegbr\@0L And a support

perfluoro(b r r of ur E orin rt FC- sol yent. t

renpove any E?}%RE&L %Jg ttaale'zi\“?(' #(%’Ht §quggé?yer§% "Eﬁys%edasogesﬁ Peecfl y
anneal i ng ombavéhot pl ate at 90C. Figure 3 shows the Raman spectra of the
transferred graphene sheet on the silicon dioxide substrate at. different

ocations ushgid RAALEAR S a)(éz Ay g%g%%rmﬁy]'bgtb‘?&@hf EbI By gy Lhe D

band to the ban is very low (a I'S S|m r to t hat

of the iaitisditable Aepwdi F@rde@ﬂwﬂﬂwéfmﬂlahcqm@t dﬁyspé*@? a8 er spireceiet pe e al
vapour deposjppdayefPos. Airﬁ/rmmtsu&’éb?esmbmed ma%@orﬁeq%u%ucrpés bhiend: limisd er

met hod used in this exanp agure hows the optical imge of the

transferred t‘br"é?ﬂ?@?@”@%é’('a“”gt C'}%{HC éo'g%hd?ﬂ?ét"o’ﬂ F@GW%¥$F&“F 88Pt’Bhene
sheet does pRismaaiBamitd @h@rﬁ»@@lr agﬂmm@ep&gile@t atomT&lela@eraEi@p@It@ﬁ, NigerMayi ous
residues of the film ont aﬁ é% or S?Tﬁge % % toun P t he
transferred e¥?f5’é?t'°na§ LY BRAL SXAPY ISR CURL PP NEY: FPUYI0ERYSG%Es Ul t s
of Fi gure b5.laser Hepogitien, 2cafhadicredrd adbpdsitar, i élecirahlydrﬁxmmh@ dbpma't'sorr eipkjat ed,
except that f Iv f| er,. was
propene, 1, 1@%9 ny?'u xagfagglrg %[pog%)%%géglr % g%dga?&aﬁgﬁr d 85'88

Ausi nont) . Eaeuwi wuamammgommummesapomwatm t@(fanfpl e 1 was repeated,
except that the filmcontact |ayer

According to another embodiment, the transfer structure 200 is formed on the first
substrate after the applying of the step 102. In particular, once the thin fiim is applied

15 on the surface of the first substrate according to step 102, a film contact layer 202 is
applied on the thin film. Any suitable method of applying the film contact layer 202 may
be used for the purposes of this invention. For example, the film contact layer 202 may
be spin coated on the thin film. Other suitable methods may include, but not limited to,
electrbspinning, plating, chemical solution deposition, chemical vapour deposition,

20  plasma-enhanced ch_emical vapour deposition, atomic layer deposition, thermal
evaporation,.electron beam evaporation, molecular beam epitaxy', sputtering, pulsed
laser deposition, cathodic arc deposition, electrohydrodynamic deposition, inkjet
printing, aerosol spraying, dip coating, drop casting, physical vapour deposition,
vacuum sublimation, doctor blading, or a combination thereof. Once the film contact

25 layer 202 is applied, a support layer 204 is brought into conformal contact with the fiim
contact later 202. -

Having now generally described the invention, the same will be more readily
understood through reference to the following examples which are provided by way of -
illustration, and are not intended to be limiting.

30 EXAMPLES

Exampl'e 1



was 30 nmthick polystyrene having a nol ecul ar wei ght of 10,000 (Sigm
Aldrich). Fed 3 (0.5M Signa-Aldrich) was used to dissolve the first
substrat evOThe/su@port | ayer with the fil mcontact | ayerCasé2grapiisne was
then conformal contacted with a second substrate of oxygen plasna treated
300 nmthick silicon dioxide on Si. The entire 15 assenbly was then

I mrersed in xylene (Fisher Scientific) to dissolve the filmcontact |ayer.
As a result, the graphene filmwas rel eased onto the surface of the target
silicon dioxide substrate while the supgbrt |ayer was renoved. The silicon
di oxi de substrate with the graphene | ayer deposited on its surface was then

(r]I i hsgdbw L h_R(]}/rilﬂﬂecérﬂacft?ﬂD)é@ any do%d,slumu@rf):zté%lgigq‘éﬂiflumdhmmc?J_?E)X@é,ctoﬁng

rie y brie anneal i n 0 e ! a e . e o]
Goseri bad | iSitaiaBPay aneulEed Azt b dcs B i in Lo SNFgHt MO BeATpeT

di ssol vi ng tsbieeriti Ipropeast aGt,238y®hexsaitiot)| veidieed, FipplyaeriSei @dldedn adyT20BXanpl e
5 25The net hod. descri bed in a 3 S _repeate except that .the solvent
vsed for o SOSPTRGE pERedtaiE T rdrtloEed GRERE on R 5 S Rent Hiket P o 6
6 The nethodndepper 2y foihh&sagpl sze3owes xragpmat edformxae @00 nnhavertalger &nd m
contact |ayer L Vi d - bl S- 0 but ene resin (CYCLOTENE XU
71918. 30 Re%nﬂ%%b%wglgﬁidc%ﬁ%\ﬁ%% y %Q%SGS%%/V%EPSOI vent used for dissolving

the filmcontact |ayer was nmesitylene (Sigma-Aldrich). 26 Exanple 7 The
met hod descrA Retleinad Byegeploé & B fl t 8d20 er@ewidithax & Hems Gieighbit olised

for di ssol vigag(dihenjibilofas NbBfis) kasreht MRS e XRR&Ii§Hty SHREr Bah 8 Eddoe) -

foil was conformal contacted with the graphene sheet through the film contact layer and

10 transferred into an oxygen plasma chamber. The film contact layer/graphene region not
covered by the support layer was then etched away by oxygen plasma (110 seconds,
200W, 600 mTorr). The entire Cu layer was then etched away by dipping the setup in
aqueous nitric acid (HNOj3) (20 wt %, Merck) to release the support layer bearing the
film contact layer in contact with the graphene. This support Iayer with the film contact

15 layer and graphene was then rinsed with water to remove any metal etch residue and
subsequently dried.

The support layer with the film contact layer and graphene was then conformal
contacted with a second substrate of oxygen-plasma treated 300 nm thick silicon
dioxide on Si. The entire assembly was then immersed in perfluoro(2-butyl-
20 tetrahydrofuran) solvent (Fluorinert FC-75, 3M) to dissolve the bulk of the film contact
layer and leave a monolayer of the film contact layer. As a result, the graphene sheet
was released onto the target silicon dioxide substrate while the support layer was
removed. The silicon dioxide substrate with the graphene layer deposited on its
surface was then rinsed with perfluoro(butyltetrahydrofuran) (Fluorinert FC-75, 3M)
25  solvent to remove any bulk residue of the film contact layer, and dried by briefly

annealing on a hotplate at 90°C.

Figure 3 shows the Raman spectra of the transferred graphene sheet on the silicon
~dioxide substrate at different locations using a Renishaw In-Via Raman 2000. The
intensity ratio of the D band to the G band is very low (about 0.09), which is similar to‘
30 that of the initially deposited graphene on the copper substrate by chemical vapour
deposition. This demonstrates the high integrity of the transfer method used in this

example.



Exanpl e 8 5The net hod described in Exanple 3 was repeated, except that the
filmcontact |ayer was pol y(di nethyl sil oxane) resin (Sylgard 184 silicone

el ast omrerwbaseyisisw Corni ng Corporation) and the sol venecusedoi2®00182

di ssolving the filmcontact |ayer was hexane (Fisher Scientific). Exanple
9a 10Pol yi sobutene (PIB) (Product code P3846A-1B, Polynmer Source, Inc.) was
di ssolved in n-decane (HPLC, Sigma-Aldrich) to a concentration of 60 ng/nL
PI B and was deposited on a graphene sheet grown on a copper (Cu) foil to
forma 1 iffn filmcontact |ayer. The fBdm contact |ayer was anneal ed at
100C for 5 mnutes to renbve any excess n-decane. A support |ayer

conpri si ng pyuré 4isABINMb Dblicax itk of eRhsfehad ghiencléhest. itdhh lb¥ se&miner than
t he grapheneéqCu sheet was conforgole conhact ed wth the g\agfghene sheet

t hrough t he 1P B2AS'STIRIHRARNECE SNE5Ie10es TRk "RV FPMISERCES ctsy &ke ah a
petri di ish leéoh?]cb %vimmpwfttgéayrﬁrcd‘nmbzggled?r\n’suﬁpd'l ndyansdw?r@d rt]thento a
oxygen pl as cha r (600 _seconds, 600 : miorr) to etc L 1

indersi e o ABRETEY Skt 26 08" PharT Lo hadeh ot Histsch Bilh akeSpons
support | ayer.. 20Subsequently, the entire Cu sheet was etched away by

di ppi ng isn Ex@m@o2uti on (0.5M Signa-Aldrich) leaving the support |ayer
with the fil . M t i [

cont act | ayer (DR BT S el Jap Rl peed Bt cPlieht et el
PDVS/ Pl B/ gr &¥519e/MiB9 a §e riliD y CORAct t A" rwats soRG"eH . W8y 3-hexafleqtpy oxigigedc opper

resi due and @diyhResedd@alda HID, RL&hgh@phene assenmbly was then confor nal
contacted with a second substrate of oxygen-plasma treated 300-nmthick

silicon oxi |S . The entire assenbly was then imersed in n-decane to
di ssol ve the*T8'$?1 m contact |ayer. Accordingly, the graphene sheet was
r el easedioontibetrethddadepetibed ini >@Mpei das seesitady teecept that hiee RbMSntacpyet | ayer

on i ts surt 28 Suab BBk eBlyslyaR nECe MERRLER Mt f 1000 JRRRLRERG, Y hl
resi dues, i fre&hy0.5M2 Bigheaitgiich) 9las Pod;lostidnotveries (1 Blbsr@e othecsuppoditayer
o o SIS EE b6 il 0518080 U Sons
substrate of oxygen plasma treated 300 nm thick silicon dioxide on Si. The entire
15 assembly was then immersed in xylene (Fisher Scientific) to dissolve the film contact
layer. As a result, the graphene film was released onto the surface of the target silicon
dioxide substrate while the support layer was removed. The silicon dioxide substrate
'with the graphene layer deposited on its surface was then rinsed with xylene to remove
any residue of the film contact layer, and dried by briefly annealing on a hotplate at

20 90°C.

Example 4
The method described in Example 3 was repeated, except that the solvent used for
dissolving the film contact layer was toluene (Fisher Scientific).

Example 5
25 The method described in Example 3 was repeated, except that the solvent used for
dissolving the film contact layer was acetone (JT Baker).

. Example 6

The method described in Example 3 was repeated, except that the film contact layer

was divinylsiloxane-bis-benzocyclobutene resin (CYCLOTENE XU 71918.30 Resin,
30  Dow Chemical Company) and the solvent used for dissolving the film contact layer was

mesitylene (Sigma-Aldrich). |



deposited on a graphene sheet grown on a copper (Cu) foil to forma 1 gm
filmcontact 5 layer. The PIB/ graphene/ Cu assenbly was anneal ed at 100C
for 5 m MiDas1¥B166@NDVE any excess n-decane. A support [PEYSG2€UPINSSI Ng

pol y(di nmet hyl si | oxane) (PDMS) that was slightly smaller than the

Pl B/ gr aphene/ Cu sheet was conformal contacted with the graphene sheet
through the PIB filmcontact |ayer. The entire assenbly was flipped, placed
on a petri dish with the PDVS support |ayer facing down and transferred
into an 10oxygen plasma chanber (600 see®nds, 600W 470 mlorr) to etch off
t he undersi de graphene and al so the regi on which was not covered by the
PDVS suppor tex 7 Subsequently, the entire Cu sheet vvas et ched away by

di pping in EeCl 3solution (0.5M Sigma-Aldrich) |eaving

PDVS/ Pl B/ gr Jﬁﬁé'ﬂ@ %Q%‘??BP%‘F ImEXamplEscyas %P@?ﬁ’owceﬁ*h@atﬁlﬁﬁ/gplyﬁﬁﬂﬁﬁddﬁhene
assenbl y wagisshieing thetaadottatiaysahvas hexaneerBdter 86n@epper 15r esi due and
dried. The PDMS/ Pl B/ graphene assenbly was then conformal contacted with a
second substEr?h@ og oxygen-pl asma treated 300-nmthick silicon oxide on Si.
The PDVS was n peeled off fromthe PDMS/ Pl B/ graphene assenbly. The

Pl B/ gr aphendhs acainall dedssbecaine=xaapie Bavasirapeateart @xcept thal drafien ¢cantatit yet ve t he

PIB film conrachyk QJ @%ﬁg@xls%%lggé%g 's?!g%r}ﬁqéf‘h&nc%é@?a‘[% fe? BEEL B o g’ l sed

onto the target |cori oxXl| strate
with the gr&eranationhped thm selvent ised derediopplvinghthe ﬁlmrctqm@act tayRes a@s iexane
n-decane solyigmdr deRnfigrove PI B residues, if any. Exanple 10 The nethod
descri bed |n Exanpl e 9 was repeated, except that the filmcontact |ayer 25
was poI yi so%ét X‘I f ia pol ymer film (Pr oduct code P8883A-1B, Polyner Source,
Inc.). Furt Pt gr aphene sheet was spin-coated on the copper substrate
Wi t h 12010ng/Ht1>1ylstlBenen mBY@eeduet éddé%a@kgm%ﬁmbﬂsdm)cet tncf) arad dass8ed M t hi ck

fil The PI B trat h t ot db
the POVB. sUBRSFT A5Brons i el chen wyogipien Yorad s mbaB et ntt Goow
470 niorr). deﬁc&uté*dnen a@rdtmﬂneiels@et ighooh orma Eoqep (Gu) %llvt/a:torrreq)eahetﬂm cemaept t hat
the fil tact_ | but vl

m)FechI hnr Cagﬁ ahtﬂlege{ ff\é\? Eq}'gyllyyzs?%B%m ﬁgcrj]l%él@hieﬁ%o I”B%Utesi h% rsmo"lgu?”fyher

the gr aphenexeﬁsseﬁdeme Fpsuppon ddyed camnpridire mnmo:e'rethylsbmahax @ DMS)th250asTg/ ML
PIBin dﬁ%ﬁ’dﬁﬁé@?ﬁ&l% t%rgrme 'gq{rgrgHe h)Cu ghéei ha?sa coﬁt%?m et %crtgd Cvlgghf 'tth P-IE-)IT/E

Pl B/ gr aphe e a on he cop §tta WES onot

support | ay@raphese sh&ehtfmmhénb BB fdmyagetachlagss nbhe 8ide amem’md/smamam ati70
mrorr) . a petri dish with the PDMS support layer facing down and transferred into a oxygen
plasma chamber (600 seconds, 600W, 470 mTorr) to etch off the underside graphene

and also the region which was not covered by the PDMS support layer.

20  Subsequently, the entire Cu sheet was etched away by dipping in FeCls solution (0.5M,
| Sigma-Aidrich) teaving the support layer with the film contact layer and the graphene in
contact with the film contact layer (PDMS/PIB/graphene assembly) in the FeCl;
solution. The PDMS/PIB/graphene assembly was then rinsed with water to remove any
copper residue and dried.

25  The PDMS/PIB/graphene assembly was then conformal contacted with a second
substrate of oxygen-plasma treated 300-nm-thick silicon oxide on Si. The entire
assembly was then immersed in n-decane to dissolve the PIB film contact layer.
‘Accordingly, the graphene sheet was released onto the target silicon oxide substrate
and the PDMS support tayer was removed. The target silicon oxide substrate with the

30 graphene layer on its surface was then further rinsed with n-decane solvent to remove
PIB residues, if any.



Exampl e 12 The met hods described in Exanples 9, 10 and 11 were
repeat ed, except that the iosolvent used for dissolving the filmcontact

| ayer waswoabieemwess)Fi sher Scientific). Exanple 13 The meChsd0desas? bed in
Exanples 9, 10 and 11 were repeated, except that the solvent used for

di ssolving the filmcontact |ayer was nesitylene (Sigma-Aldrich). Exanple
14 15The net hods described in Exanples 9, 10 and 11 were repeated, except
that the solvent used for dissolving the filmcontact |ayer was

chl orobenzene (Sigma-Aldrich). Exanpl e 26 The nethods described i n Exanpl es
9, 10 and 11 were repeated, except that the solvent used for dissolving the
filmcont actExbﬁ,b&rgyvas hexane (Fi sher Sci ent ific). 20 Exanple 16 The

met hods described in were repeated, except that the

sol vent usedoP&ePYRPeR 676 '@n%doqq%cqqel '?ﬁsééﬁt'%c'fohf“&?feﬁ‘o% '@dd‘éﬁsﬁ*@o'ved in
(Si gma- Al dr InGdla)::andEXHP‘pCe Sigfma-Aldrichih® Betdeentftgiss réfbesl m@mEXRIFDlaAd lwigs

Ce e T O A T R ) S USRS
repeat eds exgeptThilras/gidpaet/CP BEIMbIVARas annealed at 100°C for 5 minutes to remave
any-excess n-decane. A support fayer comprising poly(dimethylsiloxane) (PDMS) that
was slightly smaller‘ than the PIB/graphene/Cu sheet was conformal contacted with the
graphene sheet through the PIB film contact layer. The entire assembly was flipped,
placed on a petri dish with the PDMS support layer facing down and transferred into an
10 oxygen plasma chamber (600 seconds, 600W, 470 mTorr) to etch off the underside

graphene and also the region which was not covered by the PDMS support layer.

Subsequently, the entire Cu sheet was etched away by dipping in FeCl; solution (0.5M,
Sigma-Aldrich) leaving the PDMS/PIB/graphene assembly in the FeCl; solution. The
PDMS/PIB/graphene assembly was then rinsed with water to remove any copper

15  residue and dried.

The PDMS/PIB/graphene assembly was then conformal contacted with a second
substrate of oxygen- plasma treated 300-nm-thick silicon oxide on Si. The PDMS was
then peeled off from"the PDMS/PIB/graphene assembly. The PIB/graphene/second
substrate was then immersed in n-decane to dissolve the PIB fiim contact layer.

20  Accordingly, the graphene sheet was released onto the target silicon oxide substrate.
The target silicon oxide substrate with the graphene layer on its éurface was then
further rinsed with n-decane solvent to remove PIB residues, if any.

Example 10

The method described in Example 9 was repeated, except that the film contact layer
25  was polyisobutylene polymer film (Product code P8883A-IB, Polymer Source, Inc.).

F.urther, the graphene sheet was spin-coated on the copper substrate with 120 mg/mL

PIB in n-decane (HPLC, Sigma-Aldrich) to form a 850 nm thick film. The PIB/graphene

_area on the copper substrate that was not covered by the PDMS support layer was

then etched by oxygen plasma (540 seconds, 600W, 470 mTorr).

30 Example 11



transferred onto silicon oxide substrates which underwent different surface
treatnents. Each of the silicon oxide substrates had undergone the

f ol | ow ngweunfzaesesedr eat nents: 29 hexanet hyl di si | azane @HDSGERoR2e@EB2ENT ,
octadecyl trichlorosilane (OTS)-treatnent and

trichloro(1H, 1H, 2H, 2H perfl uorooctyl)sil ane-treatment, respectively. This
denonstrates the versatility of the nethod to transfer graphene onto oxides
and ot her hard inorganic substrates. 5 Exanple 19 The net hod described in
Exanple 1 was repeated, except that the2§raphene was transferred onto
borosilicate glass or fused silica substrate and sapphire substrate,

[) es peplt i velt ynheYhﬁétﬁé’H u%&fbabfmtmn;[deeg sthts_--rléyédctéﬁ%g&%pﬁ@!?a{mm ﬁqu[ Eeﬂf{%&bt "Hﬁ’efj he
orosiiicate ass upbstrate or _.ruse SIl1Cca upbstrat e upstrates na
ooy dome t HESBMESRIAEN SOt i ot rasle A M RN Ped R taraB,
(HDIVEl) -tr ?atﬂm/mte,r Suttcad eyl Fuitiedr] fieograblegi® {HIESvat rspatdtatid @nthe copper
trichloro(1H

A pi ctur e of UEHE fithee) e bR P LGr oG B et SBBGi e e and
sapphi r e ssubisthk e The PtBﬁ@mphdnndeéegm the@oppel snpstras frat vay ebtycovdied Dy the

q e

oxi dos. and Sy PR e fon SteB FLIAEh piekl:2HBh e RERRIR, 8L, ped

in Exanpl e I3 r epeat ed, except that the graphene was transferred onto a
pol yet hyl ene tetrephthal ate (PET) flexible substrate. A picture of the film
transferred Exaimpid ¢ substrate is as shown in Figure 8. This denonstrates

that the 20net hod al so pbe used for transferring graphene onto flexible
substrat es. %ﬁmhgﬁ%‘:{esﬁﬁ%ecﬁﬂ E’(‘ﬁi"'?i%%@r il Bd; T Eﬁ%?n{ﬂ%éat%dvﬁéce%fi@étt@j,
except tdat sbentgsepiedesoesg the film contact layer was toluene (Fisher Scientific).

Example 13
The methods described in Examples 9, 10 and 11 were repeated, except that the
solvent used for dissolving the film contact layer was mesitylene (Sigma-Aldrich).

Example 14
15 The methods described in Examples 9, 10 and 11 were repeated, except that the
solvent used for dissolving the film contact layer was chlorobenzene (Sigma-Aldrich).

Example 15
The methods described in Exarﬁples 9, 10 and 11 were repeated, except that the
solvent used for dissolving the film contact layer was hexane (Fisher Scientific).

20 Exampie 16 _
The methods described in Examples 9, 10 and 11 were repeated, except"that the
solvent used for dissolving the film contact layer was squalane (Sigma-Aldrich).

Example 17
The method described in Example 1 was repeated, except that the copper substrate
25  was etched by 0.5 M filtered FeCl; (Sigma-Aldrich).

-Example 18
The method described in Example 1 was repeated; except that the graphene was
~transferred onto silicon oxide substrates which underwent different surface treatments.
Each of the silicon oxide substrates had undergone the following surface treatments:



transferred onto insulating polyner filns. In particular, the graphene was
transferred

ont oapol Wo,28tdicidonor o- 2, 2- bi s(tri fl uoronet hyl)-1, 3- di ororsGear2toetsaf | uor oe
t hyl ene] 25 (AF2400, DuPont Fl uoroproducts) film perfluoro(1-butenyl vinyl
et her) honocycl opol ynmer (CYTOP Type M Asahi dass) film polystyrene (PS)
film polycarbonate (PC) filmand pol y(nmethyl nethacrylate) (PWMMA) film
This denonstrates that the nethod nmay al so be used for transferring
graphene onto soft polyner insulating t#n filnms. 30 The nethods descri bed
in Exanples 3 and 9 were repeated, except that the graphene was transferred

onto organi ﬁe)&ﬁ@t%@ﬁ%dqulmltﬂégﬁqﬁ&@ RUBRFichIbloSRane ((OTBRTédteBhEINd t he
graphene was transferre

pol y( 9, 9- di Biehkgra(] ué‘F'é’h'ez"é‘ImeH@'l’i’?@ﬂ/'Pﬁ”éEﬁ Ho@Mment (as8esfielYsuper gr een
pol y[ 2- met hoxy- 45- ( phenyl - 4, 8- di et hyl nonaneaoxy) - 1, 4- '
5phenyl enevThlyIdeneﬂsicatepmﬂhy[\/ééatmty of the method to transfer graphene onto oxides and

phenyl - g{hnﬁgﬂ'ﬁ#ﬂ&%ﬁﬁéﬁﬁ 1 4phenyl enevi nyl ene],

pol y(2- (3 oct '5- met hoxy-1, 4- phenylene V|nylene)
(oc1cLo- PP\ , pol ydi ket opyrrol opyrrol e (PDPP) and
pol y(2, 55 bi Ex@meleidl - t hi ophen-2-yl)thieno[ 3, 2- b]thiophene) (PBTTT). The

at om c- f or CepdTnLhIRC ORISR W EQanﬁﬁéHdwgs rép‘f‘e%tédr %Q%&ﬁﬁﬁ%@b%ﬂ?\%ﬁ@ w3 PBTTT
10thin filmis shown in Figure 9 (z-scale is -nm . Gaphene is identified

by the grai FamrifdaPie SoEstierte glagiseretusedrpiica G\ékPﬁSV ARt 84PRNR SPBPIEHR | ity

of this nmet kegedtiOely RAiH @hd@%ﬁh&ﬁ@@nﬂ@@rﬁhcéqwatrﬁéﬂty neschf bfl the HoRogdilidater por at e
gr aphene sheets at contr ?Hﬁl ed | ocations in devic 5The

e don R atbstale ok Hutedh sk Sl e, SllostGiAse o Lag Bl e, Topng

gr aphenao Wasurtefcart&fa&ﬂérm hexb@ethyldisilazane (HDMS)-treatment, octadecyltrlchlorosnane

i1 of ol A e e AT ﬁ@ﬁh&é“ﬁié?'fff@%'ggctﬂfsf%%eé Beaf " T

was deposi t edpeateelyt he graphene fol |l owed by anot her graphene being
transferred onto the pol y(3, 4-ethyl enedi oxyt hi ophene) : pol y(styrene-sulfonic

act d) fLI M AZ000% 5 B! fin' RAGRrEH SRS SRPHoBIRMG GEeSLGUAIS BRE shpaRaf er ! ed

gr aphene on PEDT: PSSH t hi n I'mis shown in Figure 10 (z-scale iIs
G aphene | sSyRgEAie;is ﬁ'éQif‘"b'? Ft'g#ée éraé.‘P'r? b?ﬁﬁﬁ@ié(?ﬁye-gh'%tfj?'@ia“%”@éﬁﬁsﬂ“%i"ersa““ty °f

15 the method to transfer graphene onto oxides and other hard inorganic substrates.

Example 20

The method described in Example 1 was repeated, except that the graphene was

transferred onto a polyethylene tetrephthalate (PET) flexible substrate. A picture of the

film transferred onto the substrate is as shown in Figure 8. This demonstrates that the
20  method may also be used for transferring graphene onto fiexible substrates.

Example 21
The method described in Example 1 was repeated, except that the graphene was
transferred onto insulating polymer films. In particular, the graphene was transferred
~onto a poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-dioxole-co-tetrafluoroethylene]
25  (AF2400, DuPont Fluoroproducts) film, perfluoro(1-butenyl vinyl ether)
homocycliopolymer (CYTOP Type M, Asahi Glass) film, polystyrene (PS) film,
_polycarbonate (PC) film and poly(methy! methacrylate) (PMMA) film.

This demonstrates that the method may also be used for transferring graphene onto
soft polymer insulating thin films.

30  Example 22



This denonstrates the feasibility of fabricating multi-layered conposite
materials by repeated transfers of the graphene sheet optionally

sandwi chiwg 2a12¢ee@nd naterial. 25These structures may becCusekol2/0a6182
supercapacitors and other fornms of energy-storage filnms. Exanple 24  The
met hod described in Exanple 3 was repeated, except that a first graphene
filmwas transferred onto pol ycarbonate (PC) or pol y(nethyl nethacryl ate)
(PvWR) film 30Another filmof PC or PMVA is then spun over the transferred
graphene film 31 Subsequently, a secadddd graphene filmwas transferred
onto the second PC or PMWMA film The process is repeated for up to three

graphene | aygd methbBi gestepanmt E)éhﬁ)ﬁestﬁ&dc @%iebr'ek)ééwd c@‘xcéﬁilﬂ{dt ﬂ%tg’grﬁgnene
nmul ti-layered conposite materials by repeated transfers of raphene

filmoption¥ps VELS eWPrngaé"%%ﬁ%r‘%ﬁ‘ﬂf@r?%ﬂuga@O 90'36“6\/“%’"%;}@ 58@bpy Wi t h
decreasi ng @pt igkahehd aNaPH afr&itgatreioronRAGIbIAG dididcofRbreib 2RIBRALthiaYigold)S

i1 lustrated I gure b t 550 d h
| ayer of grﬁeﬁﬁgﬁegaﬁéﬂ?r@?eaboutpo %b%gtrhfj?ﬁnggﬂ\%@?%#me Qﬂ?ﬂeéoﬁg]ﬁ‘ﬂ =ae

rrgt hod dfscpmmﬁnemnmmmnlyﬁsmsenyep,eaﬁmeihylemmepaowhampmdmlege\arp}rmmq: was

10 transfery t I th 4 h I nt
pr obe sour c%elg(?g? 7081 grf %h’g°§$?§"%ﬁmot§2'?CARp%Irag'Fn%gn%ezu?ng@gﬂ)gﬁQ%Bgﬁogoggo
nm t hi ck si polydretapyirdepgudist (BDBP) Aamd cpaly @ Shislatatity-thinphen-arys fheanofsce-

gr aphene onb].%}1 hg)r BRET @u source-drain el ectrode evaporated on the Si 02

substrate is s own |n ure 12. Exanple 26 15The methods described in

Exanples 1, 3 and 9 were repeated, except that the
The atomic-force mlcroscopy showing residue-free transferred graphene on PBTTT

10 thin film is shown in Figure 9 (z-scale is 20 nm). Graphene is identified by the grain
boundaries after transfer. '

This demonstrates the versatility of this method to transfer graphenes onto soft polymer
films to incorporate graphene sheets at controlled locations in devices.

Example 23

15 The methods described in E'xamp]es 3 and 9 were repeated, except that the graphene
was transferred onto poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonic acid) film.
Another film of poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonic acid) film was
deposited over the graphene followed by another graphene being transferred onto the
poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonic acid) film.

20 The atomic-force microscopy showing residue-free transferred graphene on
PEDT:PSSH thin film is shown in Figure 10 (z-scale is 30 nm). Graphene is identified
by the grain boundaries after transfer.

This demonstrates the feasibility of fabricating multi-layered composite materials by
repeated transfers of the graphene sheet optionally sandwiching a second material.
25  These structures may be useful as supercapacitors and other forms of energy-storage

films.

' Example 24

The method described in Example 3 was repeated except that a first graphene film

was transferred onto polycarbonate (PC) or poly(methyl methacrylate) (PMMA) film.
30 Another film of PC or PMMA is then spun over the transferred graphene film.



graphene on the copper substrate was of different sizes frommcroneters to
centinetres. Exanple 27 Patterned PDMS support |ayer was fabricated as

foll ows. woSWBi6fddbcr oChem 20 Corporation) tenplate foPCriSGranwbaisng t he
PDVS support |ayer was first fabricated. A glass substrate was treated

usi ng hexanet hyl di sil azane before casting a 1 mmthick SU 8-2150 (negative
radi ati on sensitive resist, McroChem Corporation). A uniform SU8 thick
filmwas then obtained by soft-baking at 65C for 10 m nutes foll owed by at
95C for 2 hours to allow reflow and dryfhg of the film A relaxation tine
of 10 m nutes 25 was all owed before the post-exposure bake was conducted at

65C for 5 mowsafchvl, haseshdyraphier@Shn vl t3hsitrBdib® the seamdres bi PRIV I ess.
A final har g.—b e was carri eg o%‘“ 'a{:%lZOC f%r 4 hours before anot her
jm 4 eadpy

rel axati on CHofTERE.© PT§e QEAPNPRG WEHShy overl aying a desired

pl astic patterned mask on the SU-8 filmand exposed to 365 nm UV light (3
m nut es, 369 hisngderhcnstiaies dhe3 teagibilisnpf tabricatidg sndihtagerefl cbthposije anatbrdBdew el oped

with SU-8 d - =200 & : M.cr f,on
W th s ght meratterkitid AgkRoRt AMooiBRal Sofalify sIERIRggRISOLON
rinsed wist h Viggspecyesqeppwjth daceesistio eptierl NEanBpaserrydioy eadhp agkilianat BeapPes

support | ayedyer kQiuktrided/i® FRLreSYH. GRE VL 8dsoftbdnk € R mEARPLARI50RAS an@BdcroY | gard
184 silicon el astonmer curing age Corni ng Sylgard 184 silicone

nt ( Dow
el ast omer) JRYET B aRNeaR dPRRERAWE 2 Torfit IS MR\RIRROHe S| ccat or at 10-2 mbar unti |
no bubbling was observed before pouring onto an octadecyltrichlorosilane
(OTS) -treat éafipied250l d t hat was secured level with wax in a petri dish.

The di sh wa nsf vac V. to further pu and heat to
T o 58kt BOSL SR e B b YA
conpr om ®i ndraosfeiréds ohtoexsMimi thanndhlen@b- SdndBdminogetninelr wistht K-poine pradeded

PDMS support_ | ayer . . e er rt, | [ was
separ at ed bf o%rgéﬁfaﬁﬁs@lg?tﬁo%tggg %@%&%Fg% Hﬁ &@%isprﬁr%gg 3%#/@83?? th?%ﬁg% shes
wer e st or ed owidel subsiratay Amidieeshewinh éhenteartsfansd graphedegas atdatderPB/Buasuncach as

possi bl e so 435, QIQ{:trc;OQ Rhb AN h 1SS, tQ%;@T%l{é ié‘QthJH%n%’iH&f%’ié.”g step when it

was placed in conformal contact wth I'l mcontact yer. Exanple 28
The net hod described in Exanple 27 was repeated, except that the PDVS
support 15| &f@8MPIeh i cated was a circul ar patterned PDVB support layer with

a di anetgr magohethb@ decribed immMmixahbrRs Pat § eimded wdippepdatéysicebingl Bd is as
shown in Figure 14. %ml e 29 L;l;)he met hod dgicrl bed LN, Exarrgl e 3 was
r epeat ed exgéad)?‘e?%é)[” e CGPRES hHRET RIS WEP o s FIEPTeaY SERE o Y 3HETIMEIEI

silicon oxi dentBndietrate with Si as bottom gate and was

Example 27 ,
Patterned PDMS support layer was fabricated as foliows. A SU-8 (MicroChem
20  Corporation) template for micromolding the PDMS support layer was first fabricated. A
glass substrate was treated using hexaméthyldisilazane before casting a 1 mm thick
SU-8-2150 (negative radiation sensitive resisi, MicroChem Corporation). A uniform SU-
8 thick film was then obtained by soft-baking at 65°C for 10 minutes followed by at
95°C for 2 hours to allow reflow and drying of the fiim. A relaxation time of 10 minutes
25 was allowed before the post-exposure béke was conducted at 65°C for 5 minutes
followed by at 95°C for 30 minutes to reduce film stress. A final hard-bake was carried‘
out at 120°C for 4 hours before another relaxation of 10 minutes. The SU-8 mold was
-formed by overlaying a desired plastic patterned mask on the SU-8 film and exposed to
365 nm UV light (3 minutes, 365 nm, handheld 39 W lamp at a distance of 10 cm) and
30 developed with SU-8 developer (1-Methoxy-2-propyl acetate, MicroChem Corporation)
with slight agitation. The SU-8 template, as shown in Figure 13, was then rinsed with



20 contacted with 7 nmthick C and 50 nmthick Au source-drain electrodes

evapor at ed through a shadow nmask with channel length of 40 mcrons. A

typi cal twensfxmwiaor ve obt ai ned from singl e gate sweep PSTSGAW2/00018EI gur e

15. Alinear hole and electron field-effect nobilities of 190 and 200

cn2/ Vs, respectively, were obtained. The high nobility and linearity of the

transfer curve together with zero gate-voltage shifts indicate 25

hi gh-quality of the transferred graphene suitable for el ectronic-grade

applications. The transfer curve is als@well behaved with no hysteresis,

i ndi cating well-defined charge-carrier nobilities with no trapping and

_neg! i gi bl e egniragf afc@ﬁd;lf‘atnaﬂe@)lom’l@rygvé mak?!tr@hk_l/_lﬁ_ éu@gmfe@eﬁ,he? \Wt/%/o; .

i ndi cating no incidental dopin [ ities .S nonst rat es a e

o aphenes 't TRERE/PEG Gy SRHoRE: Rk SR SHE 1hAeRi B RROTP L TE R9%BL ¢ abi o

for 30 el ect(PomiCormmpBylgati i@Asilicdieeelgstambe meascaired bsd dbgastediinsd eadueeh t 0 a

phot ol i t hogr i.cal ly. defj [ Au C rr s,.shown in Figure 16.

Thi s denonstdrg‘gl'?éeag&t Iﬁte1§1r anlr]lt%?cejl?nqn@? h%%%w gvgﬁp%t?%émeg 9§f? f BRder 8/’iq?.ga”

struct ur s ontagdeeylttichigyesilage (3TS)dteated J3-8MEnaldiat wad seburedtehelwittapacintaor A

bottom Au el.gegtd; ; » ' ! ont o
Bl diQAgné éISB Wa§9néﬁmat5ngfeﬁrég ﬁ]? giﬂﬁge‘é@%n SORIARYF J%V@P%?oaﬁe%q fo

300 nmthick Si02/SI substrate. ol ymer electric
filmwas spi7h°C ogerpightt teccufe @idl harden thedtRMS suprdrblayernwithothéanamisingadre.

Si ngl e-| ayer aen . anst J J e 3to
formthe barlt? ?'E?Bipzyg?%gsg @E@\Aﬁétﬁﬁéﬁ{a&@g Hi‘;b&%PPQ%\ %q@tpg@gae)tep c@% nnm 50
nm t hi ck Cr remeyed\aad theheatespdReRPY Ry wsespratrtebbpeeling etichesBPdcnolde. A

|-V was geasishhidCPpRsainpdigisii Refll fatd AMAeS LARNT Befble thBirexPQiy/ I gate

dielectric film 10ThliM§ denonstrates the feasibilit raphene as barrier
I

of g .
layer for ulf9aE g ROYSI hetuchasnposelbspe é33r1°t1"8p4”§§(t QUG GHENg 14 hi n
filmtransi ahogalidy biep Wbeh it iae pticgd inadodfbrrAtl-cdMAEDGtHithakifh erit fra9gle ( 7nm 50nm
thick Cr! Au) was shadow evaporated onto glass substrate. 10 ng/nL PBTTT in
chl or obenzeng X’@fe gl o spin-coated on this substrate to forma 40-nmthick
PBTTT sem congu ing polynmer layer. 31 ng/nL PS in butylacetate was then
spi n- coat ed Toa metpocbfesctibed PBIXEMPie AT v@sdepedted) excéphtha the MDNS sopmarl ayer

of 150 t by ' j j ' - 1. ene was
Chen tr Aot o7 edona g s O B PIRE sUpdTLaririh S B S ARar

gr aphene gaPrtS®) wetihedatterned surpan laver Phtginee isiss. shawn il Figwre 1dnd n- 20 gate
vol tage sweep fromO to -30V and back to OV and then fromO to 30V and back
to OV and agsgampleeegdrain vol tage of 8V was applied to obtain a field-effect
transfer curve. This denpnstrates the feasibility of using graphene as a
gate el ect r 488 TYROY GpSFGRED It FXAMPIR| Invias JKRPAed EXCept\pat| tBe drarbiens M&soi ng
descri pti ontraasedasetd BSU0 @xemek aniyoresitgeds upe it withtSi\ak Ibbttde gate and was

20  contacted with 7 nm thick Cr and 50 nm thick Au source-drain electrodes evaporated
through a shadow mask with channel Iéngth of 40 microns. A typical transfer curve
obtained from single gate sweep is shown in Figure 15. A linear hole and electron
field-effect mobilities of 190 and 200 ¢cm?/Vs, respectively, were obtained. The high
mobility and linearity of the transfer curve together with zero gate—voltagé shifts indicate

25 high-quality of the transferred graphene suitable for electronic-grade applications. The
transfer curve is also well behaved with no hysteresis, indicating well-defined charge-

- carrier mobilities with no trapping and negligible contact resistance. The gate threshold
is less than 10 V indicating no incidental doping by impurities. This demonstrates that
‘the graphenes transferred by the method of this invention is clean and suitable for

30  electronic’ applications. The graphene can also be‘ transferred to a
photolithographically defined Cr/Au source . array, as shown in Figure 16. This
demonstrates the transfer method is compatible with underlying structures on the target
substrate.



understood by those skilled in the technol ogy concerned that many
variations in details of design, construction and/or operation may be nade
wi t hout dwpaptdywwegeebr om t he present invention. 34 C ai neCT/S&2ometobad2 of
transferring a thin filmfroma first substrate to a second substrate
conprising the steps of: (a) providing a transfer structure and a thin
filmprovided on a surface of a 5first substrate, the transfer structure
conprising a support layer and a filmcontact |ayer, wherein the transfer
structure contacts the thin film (b) r&ving the first substrate to
obtain the transfer structure with the thin filmin contact with the film
contact | aygkample 30 (c) contacting the transfer structure
obtained in the step (b) with a surface 10of a second substrate; and .

(d) renovi n§ftfaHEn $3R8RF%ont act | ayer. 2. The method according to claim 1,
wherein the thin filmis one or nore filmw th each filmhaving a thickness
of an at om 4,botometwkgttroder (7i on60 nlnaymk CrLAu) ias BhadovebVupdrasd ontdi3og t o

claim1l1 or er. t p | ease ef or.e during the
removi ng of %Tﬁ}émgtsgén? U%Sé#é) ‘%?1 mrﬁiéﬁ c1é 88@ I Hape E’elgwc 6'?'%%3& ?Pgnqcl aim
wher ei n $ hecadtedfrém| mesitgleselselotiedo0 this substtate. Bingiplayengiapbenegwas then '

h b t
?nr)?ebggﬁumfs?% rfﬁgﬂ_L{SL e(he( ﬁf%o Wfby Qggaeﬂ)hﬁ é?ﬁer(l%@f%?éeshﬂ\%ﬁn ?urem obi um
(IV) tellur naé\ @lemeeze;ctmﬁ? @n/SQélrreWicdieCr(Nu Sez)then sfirgoweavaprreignfio em( Ws2)

copper (Qu) g giRkStuAMe. ASILY MRS ridd@liredRb &btdit Re(§3td bréﬁ%dvﬁgét%{r’:&)thlss' l'icon

(Si), galliumarsenide (GaAs), indiumgalliumarsenide (| , copper
i ndi um gal | PRI Higlectrig il j um

10 This demonstrates the feasibility of graphene as barrier layer for ultra-thin polymer film.

Example 31
Top-gate electrode in thin film transistor

A bottom interdigitated Au-source-drain electrode (7nm/50nm thick Cr/ Au) was
shadow-evaporated onto glass substrate. 10 mg/mL PBTTT in chlorobenzene was
15 spin-coated on this substrate to form a 40-nm-thick PBTTT semiconducting polymer
Iayer; 31 mg/mL PS in butylacetate was then spin-coated on top of this PBTTT
semiconducting film to form an overlayer of 150 nm-thick PS gate dielectric pdlymer
film. ‘Single-layer graphene was then transferred using the method described in
Example 9 to form the graphene gate electrode, as showh in Figure 18. A full p- and n-
20 . gate voltage sweep from 0 to -30V and back to 0V and then from 0 to 30V and back to
0V and a source-drain voltage of 8V was applied to obtain a field-effect trangfer curve.
This demonstrates the feasibility of using graphene as a gate electrode for top gate thin

film transistor.

25 Whilst the foregoing description has described exemplary. embodiments, it will be
understood by those skilled in the technology concerned that many variations in details
of design, construction and/or operation may be made without departing from the
present invention. ' ' - ’



25bari um copper oxide, strontiumtitanate (SrTiG3), cadmumtelluride
(CdTe), gal liumindi um phosphide (GalnP), alum na (Al 203), and conbi nations

t her eof . wb.20l&14¥8t hod accordi ng to any precedi ng cl ai prragasejotoiighe thin
filmis patterned. 30 35 7. The nethod according to claim®6, wherein the
el astonmer is selected fromthe group consisting of:poly(dinethylsiloxane),
pol yur et hane, butadi ene-acrylonitrile copolyner, perfluoroal koxy pol yners,
pol yet hyl ene, pol y(ethyl acrylate), polyisoprene, polybutadiene,

pol ychl oropene, and conbi nati ons thereo$4 8. The method according to any
preceding claim wherein the support layer is patterned. 9. The nethod
accordi ng tgamy preceding claim wherein the support |ayer has a

i ot hi ckness of 100 gm- 10 mm 10. The nethod according to any preceding

Guring the 1r anshdpiRe phtansff e PR YRTas ad g RRbaal e fhehe sfagratd”

substrate toompmg‘taeetepé ot:he second substrate while the thin filmis in

15with th . '
or ocedi ng ¢l ai m WS el ERE ¥ 11 SRt g plfin L BEUGREBRET LA @ £

2012. Thesnet hod accor dfmsgsmhstreueathmt@nsfev\hferc@:rﬁ comeriging §seppdrislagerlandtaed from
the group consisting Ofn tha FFa%reWﬁereﬂ%é/ff%sj?é?%ﬁbaure%méeg%@%kn film;

met hacryl ate), pol ydi rret oxane I sobu ene

di vi nyl si | oxane- bi 4P )beFPZ%’V@ItB%Uﬁb?@S{?@§f‘Q\Obtﬁ'BltW’éﬂ?F%ﬁﬁéu@ﬂIFﬁ’@ﬁlt'@e HWén d)

pol yacrylic acid, polyfjm xh){:bﬁtamﬁthhb@mﬁp&vn&rct ﬂs’»‘ér; pol yi m de, copolyners of
tetrafluoroethylene and 2, trlf uoronet h 5-di fluoro-1, 3-dioxiole,

25f | uori nat ed net hatr yPYt %Ct'B%I”VnI@“s':‘ er FIURY'E %megt"é”l‘}oﬁt% §"th a surface
per fl uore( 1- but enyl Vi bl sebhes)bshramoanapol ymer, and a conbi nation thereof.

(d) removing the film contact layer.

-2 The method according to claim 1, wherein the thin film is one or more film with
each film having a thickness 6f an atomic, molecular, or ionic layer.
15 ' _
3. The method according to claim 1 or 2, wherein the support layer is released
- before or during the removing of the step (d). ‘

4. ‘The method according to any preced'ing claim, wherein the thin film is selected

20 from the group consisting of: graphene, boron nitride (BN), molybdenum disulfide
(MoS;), molybdenum-sulphur-iodine (MoSl), molybdenum (V) telluride (MoTey),
niobium (1V) telluride (NbTe,), nickel selenide (NiSe,), tungsten disulfide (WS,), copper
(Cu), gold (Au), silver (Ag), platinum (Pt), palladium (Pd), silicon (Si), gallium arsenide
(GaAs), indium gallium arsenide (InGaAs), copper indium gallium arsenide, yttrium

25 barium copper oxide, strontium titanate (SrTiO;), cadmium telluride (CdTe), gallium
indium phosphide (GalnP), alumina (Al,O3), and combinations thereof.

5. The method according to any preceding claim, wherein the thin film is
patterned.

30 _
6. The method according to any preceding claim, wherein the support layer |

comprises an elastomer.



13. The nethod according to any preceding claim wherein the film contact

| ayer has a thickness of 10 - 5000 nm 30 36 15.The nethod according to
any preceapregixteadom wherein the thin filmis provided eoTiSleeowndidze of
the first substrate by el ectrospinning, spin coating, plating, chem cal

sol ution deposition, chem cal vapour deposition, plasnma-enhanced chem cal
vapour deposition, atomc | ayer deposition, thermal evaporation, electron
beam evaporation, 5 nolecul ar beam epitaxy, sputtering, pulsed |aser
deposition, cathodic arc deposition, el@%trohydrodynam ¢ deposition, inkjet
printing, aerosol spraying, dip coating, drop casting, physical vapour
deposi L i on, Nha_gUUma sndhddnz@dcb@iing tdaﬁatimr%bw@déirlmgne aai\tﬁmemr@leﬁa&d fedn titeer eof .
1016. The net hod accordi ng to,an recedi ng cl ai eregin the seco
subsirate | 90 Graelid b beBhBIGRRE. PofbnarRe: FAISEERTIAET o any
precedi ng cleapatymerheerdioroalhexysmtyonas, spdisthyine, paly(ettyt acrpied), dblyisop&neThe

nmet hod accor dj - ' ' conprising a step of
patterning Pﬁgggﬁ§%n£?¥wgﬂgﬁgggggP&g @bm?ﬁéhgﬁ%giding of step (a). 19.
The met héd according to any preceding claim wherein the contacting of step

8. The method according to any preceding claim, wherein the support layer is
patterned.
9. The method according to any preceding claim, wherein the support layer has a

10 thickness of 100 um — 10 mm.

10. The method according to any preceding claim, wherein the support layer

provides a support for the thin film during the transfer of the thin film from the surface of

the first substrate to a surface of the second substrate while the thin film is in contact
15 with the film contact layer.

11. The method according to any preceding claim, wherein the film contact layer

comprises a polymer.

20 12 The method according to claim 11, wherein the polymer is selected from the
group consisting of: polystyrene, polycarbonate, poly(methyl methacrylate),
polydimethylsiloxane, ~polyisobutylene, divinylsiloxane-bis-benzocyclobutene resin,
poly(styrene sulfonic acid), polyacrylic acid, poly(allylamine hydrochloride),. polyimide,
copolymers of tetrafluoroethylene and 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxiole,

25  fluorinated methacrylate polymers, fluoroacrylate polymers, perfluoro(1-buteny! vinyl
ether) homocopolymer, and a combination thereof.

13. The method according to any preceding claim, wherein the film contact layer
has a thickness of 10 — 5000 nm.

30 _
14, The method according to any preceding claim, wherein the contact of the thin
film with the film contact layer is by van der Wéals interaction. ‘



20(c) conprises applying a pressure of 0.01-8 bar on the transfer
structure. 20. The nethod according to any preceding claim wherein the
second swwetnetwides conprised in a thin filmdevice. 25PCTAGIenI00&S2
conprising a substrate having a thin filmtransferred onto a surface of the
substrate according to the nethod of any of clains 1 to 19.

36

15.  The method according to any preceding claim, wherein the thin film is provided
on the surface of the first substrate by electrospinning, spin coating, plating, chemical
solution deposition, chemical vapour deposition, plasma-enhanced chemical vapour
deposition, atomic layer deposition, thermal evaporation, electron beam evaporation,

5  molecular beam epitaxy, sputtering, pulsed laser deposition, cathodic arc deposition,
electrohydrodynamic deposition, inkjet printing, aerosol spraying, dip coating, drop
casting, physical vapour deposition, vacuum sublimation, doctor blading, and a
combination thereof.

10 16. The method according to any preceding claim, wherein the second substrate is
a rigid or flexible substrate. ‘

17. The method according to any preceding claim, wherein the second substrate is
- patterned.
15
18. The method according to any preceding claim, further comprising a step of
patterning the thin film before or after the providing of step (a).

19. The method according to any preceding claim, wherein the contacting of step
20  (c) comprises applying a pressure of 0.01-8 bar on the transfer structure.

20. The method according to any preceding claim, wherein the second substrate is

comprised in a thin film device.

25 21. A device comprising a substrate having a thin film transferred onto a surface of
the substrate according to the method of any of claims 1 to 19.



