WO 2011/ 139236PCT/ SG2011/ 000177 HOLE DOPI NG OF GCRAPHENE Cross-Reference to
Rel ated Applications [1] This application clains priority fromU.S.

Provi si onatb 28pipil3pa3at | on Serial No. 61/343,886, entitl edptiisiceoDoping

Met hods for Graphene,” and filed May 5, 2010; and from U. S. Provisional
Application Serial No. 61/404,975, entitled "Fabrication of

Room Tenper at ure Ferronagnetic Graphene by Surface Mdification with High
Work Function Metal OxidesyjOiamd dprirG &Gt RAPBAENLLO, the contents of
both of which are incorporated herein by reference. Background [ 2]
Graphene is a nonol ayer of carbon atons packed into-a two-di mensional
honeyconb lattice. Graphene exhibits exotic el ectroni c properties

originating fromits |inedroksRefesdnce et RelatediAypdications near the Dirac poi nt
and the extrerrely hi gh charge-carrier nobility of both el ectrons and hol es.
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anneal the doped terial, general’ly danage or destroy the graphene lattice
and pr odut¥oTPRFY hrpdwaefsfendes ect s, whi ch degr ade devi ce perfornance.
1004] El ectron and/or hole transport in graphene-based field effect devices
can be controlled by an external |y Baghgreundsi as vol t age. Recently,
effective surface transfer p-type (hole) dopi ng of EG has been denonstrat ed
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p- doped graphene, [ 5] a en aspect, _an’ar e”1 ncludes a
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hol e accudmllatapphcatmp&r in the layer of graphene.

[003] Precise control of the dopant carrier type and dopant concentration is important

- for the development of graphene-based nanoelectronic devices. Conventional doping
methods such as ion implantation, which bombard a material with energetic dopant ions
and then anneal the doped material, generally damage or destroy the graphene lattice and
produce large numbers of defects, which degrade device performance.

[004] Electron and/or hole transport in graphene-based field effect devices can be
controlled by an externally applied bias voltage. Recently, effective surface transfer p-
type (hole) doping of EG has been demonstrated by modifying the EG surface with a
molecular species having strong electron withdrawing properties, such as tetrafluoro-
tetracyanoquinodimethane (F4-CNQ). Alternatively, ultrathin metallic films with high

~ electron affinity, such as bismuth, antlmony, or gold, can be used to generate p-doped
graphene.



[ 6] Enbodi ments may include one or nore of the following. [7] The hole
accunul ati on | ayer has an areal density of holes of up to about 1.0 x 1013
-2 CM . Wehoiisometicle further includes a substrate, woese2onitob@7t ayer of
graphene is disposed on the substrate. The |ayer of graphene is an.

epi taxi al layer of graphene formed on the substrate. [9] The substrate
conprises an n-type nmaterial. The s uBummAary: conprises silicon carbide.
[ 10] The | ayer of graphene |ncI udes a first area and a second area adj acent
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gr aphene; amndlmtrdmaayerm&etlaybdefgmpm on the layer of graphene and
separated fromthe source el ectrode, wherein the netal oxide filmis

di sposed mreﬁﬂlbbbﬁméiﬁkhﬁﬁu@hﬂ@bh@%nﬁwohh@f(ﬂ[cﬁ\hﬂ gel ectrode. [12] The
nmetal oxid | m conpri ses Mb03 or W3 [13] The netal oxide filmhas a

t hi ckness @) airhé Relgta 511(8‘[ ¥é}rﬂas afehl de é?lgltil ﬁy RS1eLbe el t%palﬂﬁﬂt‘;l ?&Qo‘m ts

ferronagnetlc behavi or. ee of magneti c” hysteresli's ex by the
| ayer of &Paphene I's dependent on the thickness of the netal oxide film
The metal oxide filmhas a thickness | ess than about 15 nm The netal oxide
fil m has HO08hi Theatisledurtherdueludesasubstrate, wherein the layer of graphene is disposed

on the substrate. The layer of graphene is an epitaxial layer of graphene formed on the
substrate.

[009] The substrate comprises an n-type material. The substrate comprises silicon
carbide. |

[010] The layer of graphene includes a first area and a second area adjacent to the first
area; and wherein the metal oxide film is disposed only on the first area of the layer of
_graphene. A p-n junction is formed between the first area and the second area.

[011] The article further includes a first electrode in contact with the first area of the
layer of graphene and a second electrode in contact with the second area of the layer of
graphene. The article further includes a source electrode formed on the layer of '
graphene; and a drain electrode formed on the layer of graphene and separated from the
source electrode, wherein the metal oxide film is disposed between the source electrode
and the drain electrode.

[012] The metal oxide film comprises MoQO3 or WOs;.
[013] The metal oxide film haS a thickness of at least about 0.2 nm.

[014] The layer of graphene exhibits ferromagnetic behavior. The degree of magnetic
hysteresis exhibited by the layer of graphene is dependent on the thickness of the metal
oxide film. The metal oxide film has a thickness less than about 15 nm. The metal oxide
film has a thickness of about 5 nm.



[ 15] In anot her general aspect, a nethod of doping graphene includes
providing a | ayer of graphene having a first work function; and formng a
met al oxiwle 2bilmyme t he | ayer of graphene, the netal oxipde/sG2omobenring a
second work function greater than the first work function. Electrons in the
| ayer of graphene are transferred to the nmetal oxide film formng a hole
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[021] In another general aspect, a photodetector includes a substrate; a layer of
graphene disposed on a surface of the substrate, the layer of graphene having a first work
function; a source electrode formed on the layer of graphene; a drain electrode formed on
the layer of graphene and separated from the source electrode; and a metal oxide film
disposed on the layer of graphene between the source electrode and the drain electrode,
the metal oxide film having a second work function greater than the first work function.
Electrons are transferred from the layer of graphene to the metal oxide film, generating
an intrinsic electric field near an interface between the layer of graphene and the metal
oxide film.

[022] Embodiments may include one or more of the following.

[023] A photocurrent is geherated in the layer of graphene when incident photons are
absorbed by the layer of graphene The graphene is conﬁgured to absorb photons having
a wavelength in the range from near-infrared to ultraviolet.



[24] In a further general aspect, a device includes a substrate; a |ayer of
gr aphene di sposed on a surface of the substrate, the |ayer of graphene

havi ng a wonseti/aser3k function, the |ayer of graphene havipog/se26itrsdéi7ar ea and
a second area adjacent to the first area; and a netal oxide filmdisposed
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second worobq URCd fudfedi@Rtat hspebga detige frichides Walibstiaten 6 14yePof graphéhej UNCt i on

is formed,between th ir area and the second area. 5] Enhodi nents may
| nol ude. GHSPRSFS AbASUGrceofahe SOFGHENIGe 18y 0Bk S epena boTiog AR WEK TRikRHdcs n
first eljeuhlé laydeof grapiosmic davingiatfirst drea drid Séecanidarea bdjabent kathe firstfaren; amhane and
a secon ’ r. | Ny t.act.. W r e |Layver. .

gr aphene. r%etﬁg%lﬁgﬁgn Sra bsg’g%]erdgq%eth%mg}n% I‘al; eg g)g ﬁﬁeﬁ? g%eoqu |h§{5?1 E%a?%?gggldgﬁgg]

El ect r onshaying a seznsd workefinttiomgneater than the fansbworks funéteon. oy prm juhctipiiene t o

the net al fo%w?et(n} U drbfind the sddohdtiredr €@ 1S p-type. The second region
r

of the | ayer of graphene i1s n-type. The second region of the |ayer of

gr aphene @?gﬂ‘%ﬁﬁ@‘é‘ﬁﬁt&fﬁﬁfﬁg O{I%QPI%BFJ T@g% ﬁﬁﬁ@@%}e substrate and t h‘e

second re ayer’ or graphene. - stens and net hods ‘
descri bed el ave a punber .of advant S. Th S f i gh rk

Funct i on WBLI T8s Agce Brthspeldiy n B WpeRfioin bofol Bitndhq Selydiot By v
non- dest rlagériof graphpnerand esdeondjelectrdztin portaetrwitls thelsecandi ageaco fehelayerofi ¢

pr Opertigé.a&{- ar aphene. Hi gh work function netal oxide filnms have excellent
t her mal Chemi cal stabili ty in air and solution; graphene devices
containin ch filnms are thus conpat.ible w.th the harsh environnental
condi ti on@z?ﬂ &%ﬁﬁ?ﬂeﬁ"ﬁ'l @qsé‘ﬁwngﬁ'ﬁ’&%gagg ®used to fabricate '

gr aphene- based_nanoel ectroni ¢ devi ces, Furthermgre, these doping techniques
are gener 9Pk JBlegtrons e rasstoread foomm e %%erﬁef)? te e g?mﬁ%ﬁemm{: .

el ect r oni @&déiflh eech thaUEO finss ah dppeyir: Theetcdnrdtegion of therlaytr ofigraphéidibsi er s,
gr aphene- based.fiel d ﬁffect i{ha S| st?rs and g:ﬁ?h&ne{ gﬁsedgﬁﬂﬁl odet ectors.
[30] O het¥P&ar df &8°Rfd°HAV 83%‘/3“ 8F BERBCTY BivRoThedr SPEEREABHE £ 1 om t he

f ol | owi ngbatiwear thp sutstratermhdfthosecombregion ofshe Byerdf goeghenée.pt i on of Dr awi ngs
[31] Fig. 1 is a schematic diagramof a structure including an epitaxial
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gr aphene

non-destructive doping technique that preserves the unique electronic propérties of
graphene. High work function metal oxide films have excellent thermal and chemical
stability in air and solution; graphene devices containing such films are thus compatible
with the harsh environmental conditions in standard lithography processes used to
fabricate graphene-based nanoelectronic devices. Furthermore, these doping techniques
are generalizable to the wafer-scale production of graphene-based electronics deVices,
such as graphene-based p-n junction diode rectifiers, graphene-based field effect
transistors, and graphene-based photodetectors.

[030] Other features and advantages of the invention are épparent from the following
description and from the claims.

Brief Desc.rig‘ tion of Drawings

[031] Fig. 1 is a schematic diagram of a structure including an epitaxial graphene (EG)
film and a metal-oxide (M-O) film formed on a substrate. '



[33] Fig. 3 is a schematic diagramof interfacial charge transfer in the
structure of Fig. 1. [34] Fig. 4 is a schematic diagram of a deposition
system W@2p11A3;R365A is a plot of Ranan spectra of exfecracedigoaphene and
graphene with 5 nm Mb0O3 deposited thereon. [36] Fig. 5B is a plot of Raman
spectra of pristine epitaxial graphene, graphene with 0.5 nm M03, and

graphene @3gh F@ 218 dbiterfaciabendrggldia sHowing & Intérfade bétween graphese of

synchrotro o eni ssion spectra show ng kinetic energy (eV) versus
intensity t’rary units) in the Iow—k| netic energy region of EG during
depositio S plot of the shift in EG work function

f Mp03.
and t he c%ganngs3 E)%‘hﬁfg‘ﬁ@ﬁﬁ? gxaﬁﬂ E‘c;n@gfaala% chacgs Bansér IMESSuRuEKReEE. [ 39)

Figs. 8A-BC are plots of photo eni ssion spectra for Cis, Si 2p, and M 3d
orbitals, respectively, as a function of Mb03 thickness on EG [40] Figs.

9A and 95{0?,&5 Pigoli 35 PichbhatidinpasboNdlositionRpads. f or as-grown bilayer EG
and EG w 2 nrn MbO3 deposrted thereon, respectively, as neasured by

angl e-res
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havi ng 0. ¥loChdepesited ted thereon. [42] Figs. 11A-11C are schematic
diagrams illustrating the steps for formng a graphene-based p-n junction.

[43] Fi gsl036P AFignGB io@plat of Raamsiccta of pjstivewpiixial gapieheswapiwsedith
phot odet eg5Qm MoO;3, and graphene with 10 nm MoO; deposited thereon.

[037] Fig. 6 is a plot of synchrotron photo-emission spectra showing kinetic energy
(eV) versus intensity (arbitrary units) in the low-kinetic energy region of EG during
deposition of MoOs.

[038] Fig. 7 is a plot of the shift in EG work function and the carbon 1s band bending in
EG as a function of MoOj3 thickness. '

[039] Figs. 8A-8C are plots of photo-emission spectra for C 1s, Si 2p, and Mo 3d
orbitals, respectively, as a function of MoO; thickness on EG.

[040] Figs. 9A and 9B are plots of the dispersion of n-bands for as-grown bilayer EG
and EG with 0.2 nm MoQ; deposited thereon, respectively, as measured by angle-
resolved photo-emission spectroscopy measurements. :

[041] Fig. 10 shows schematic energy level diagraﬁi of as-grown (n-type) EG and p-
type EG having 0.8 nm MoOs deposited thereon.

[042] Figs. 11A-11C are schematic diagrams illustrating the steps for forming a
graphene-based p-n junction.

[043] Figs. 12A and 12B are Schematic diagrams of a graphene-based photodetector.

[044] Fig. 12C is a schematic diagram of the electrohic band structure of graphene in
the graphene-based photodetector of Fig. 12A.

[045] Fig. 13A is a plot of magnetic momentum of graphene versus magnetic field for
different thicknesses of deposited MoOs at room temperature after subtracting ‘
background.



[44] Fig. 12Cis a schematic diagram of the electronic band structure of
graphene in the graphene-based photodetector of Fig. 12A. [45] Fig. 13Ais
a pl ot ofwomgneBprsenonment um of graphene versus nmagneti cpeirsicdofimpody f f er ent
t hi cknesses of deposited Mb03 at roomtenperature after subtracting
background. WD 2011/139236PCT/ S&2011/000177 [46] Fig. 13B is a plot of

nagnet i C nFigrrm il ﬁlbﬁbﬁﬂhgﬂeﬁmﬂfrﬁémkhﬁ%t diPferepi erith@s fage@f tif Fi g.
13A [47 schematic diagramof an M 0/EG sanple for
el ectri cat®™m asurerrents [48] Fig. 15A is a plot of the Hall

resi stance ny and the magnet gr esi st ance Rxx of ©Mb0Q3-nodified graphene as a
function 947 haﬁme!ﬂsarsca@aanc‘{hag]mfgm M= EGssample fr elgctiqabtrapiperty esi st ance

of pri stimeasifendi@ne and graphene nodified with 5 nm M03 as a function of
magnetic field at-2 K [50] Fig. 16 is a plot of |owkinetic energy. -
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gr aphene M IBO 1ﬁ?f4&l§9@"&é‘66§%‘é’@“t"l§&%ﬁ‘%ﬁﬂdexposed to air for 2 hours.

Detail ed Description 1 Hole Doped G aphene
[049] Fig. 15B is a plot of the Hall resistance of pristine graphene and graphene

modified with 5 nm MoQ; as a function of magnetic field at 2 K.

[050] - Fig. 16 is a plot of low-kinetic energy ultraviolet photoelectron spectroscopy
spectra of pristine chemical vapor deposition graphene, graphene with 5 nm MoO;
deposited thereon, and graphene with 5 nm MoOj; deposited thereon and exposed to air
for 2 hours.

Detailed Description

1 Hole Doped Graphene

[051] Referring to Fig. 1, a thin film structure 60 includes an epitaxial graphene (EG)
structure 40, formed of an EG film 42 on a substrate 44, such as a silicon carbide (SiC)
wafer. EG film 42 may be a single graphene layer or may be formed of multiple layers of
graphene. Thin film structure 60 also includes a metal-oxide (M-O) film 50 formed on a
top surface 43 of EG film 42. M-O film 50 is a material with a high work function ¢ and
that is chemically inert, thermally stable, and stable in air, such as MoO; (meltmg point
~780°C) or WO;.

[052] Referring also to Figs. 2 and 3, the work function ¢gg of EG film 42 is between
about 4.0 — 4.3 eV (e.g., about 4.2 eV) and the work function ¢m-0 of M-O film 50 is
about 6.8 eV for MoOs. The difference in work function between EG film 42 and M-O
film 50 causes a spontaneous transfer of electrons from EG film 42 to M-O film 50 when
these two materials are placed in physical contact. This transfer of electrons gives rise to
a hole accumulation layer 45 at the top surface 43 of EG film 42, thus effectively hole |
doping (i.e., p-type doping) the EG film. The hole concentration in hole accumulation
layer 45 depends on the thickness of M-O film 50. For instance, an areal density of holes
of about 1.0 x 10" cm™ can be achieved with a 0. 8 nm tthk MoO3 film.



[51] Referring to Fig. 1, a thin filmstructure 60 includes an epitaxial
graphene (EG structure 40, formed of an EGfilm42 on a substrate 44, such
as .a siliwonodaspisde (SiC) wafer. EG film 42 may be a sPREISG2¢mapHdhe | ayer
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substr at deriorme BiRBoRE R wR ik RO bt oifles) 0 ps MO PEARIIiglIE |

hi ghl'y ormehe@deq)mvmg/stmggﬂ@gnnmth@rm@ prqmrtm sugh as B4 NkaﬁéW@h
significantly different fromthat of the selected MO0O; CVD graphene;

m cr omechani EdlerilcfiY Reslisaphene; grapheneoxi des; and reduced graphene film

from graphene oxides. Surface nodification can be perforned using other
hi gh work function nmetal oxides, such as W3; or using_organic nolecules

havi ng st[086ly E@@ﬂfv‘@ﬂ ﬂWltﬁllva@/ﬁ@ sruspises 6Qr spestieseopicayalnation.drilapas 0. 2
Cooet  oour R R fepll Byl ol i b4 adhis . (A
deconposi tEimBiga @mg %aglp @?5%% % C.o{ TR NEY) 2 &logl ‘F‘ggrOl)

? ﬁrrpl e I( CttEHEI c?ﬁ?ﬁ@h@ hThélc ttikﬁall,ty mmbaémltN@E(atﬁhhm donfifif&l b;kjri;élmdam tions.
e gual l 0 e resultln LT u

vt o PHPEPE St G gAYy Bebaoty Met iiistap dng Rapan

di f f r act i spectraseopyRavia0; ﬁhaéﬂnwmppnraﬂbﬁm_sﬁu from50K madser velbonta thecbilayesi t u -
froma Kiyg$ig of ?&dﬁ&?ﬁﬁ%&{ﬁ% I%Q g{n Vadulinl dRaftbel P@’ﬁ%&gﬂﬁﬂ@t&hﬁﬁﬁér@oo K)

i n vacuum chanber eposition rate of

precal i brrateed Oog/ma/mgaafmsznrqqaybtmd by & Rupdz Srvstal Migrohalaneqandwas fugher nat-ed
by nonitoring the attenuation in intensity of the Si 2p peak of bulk SiC
before and after MO03 deposition. [57] Referring to Figs. 5A and 5B, Raman
spectroscopy neasurenents denonstrate that Mb0O3 doping is physically
non-destructive to the underlying EGfilm Referring specifically to Fig.
5A, Raman neasurenents were perforned dn an exfoliated graphene structure
before (curve 500) and after (curve 502) 5 nm Mo03 deposition. The relative
peak intensity of the 2D peak versus the G peak (i.e., the 12D 1 G rati o)
remai ns al nost constant before and after M03 deposition. Furthernore, no D
peak was observed. These'spectra indicate that the graphene crystal )
structure is not disturbed. Referring nowto Fig. 5B, Raman spectra of
prlstlne epltaX|aI graphene (curve 504), graphene nDdlfled wth 0 5 nn1Nb03
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[58] After the deposition of Mb0O3 onto the EGfilm the large work function
di fference between Mo03 and EG |l eads to significant electron transfer from
the EG fiwm20o/19138, as descri bed above., This el ectron PCafs&Ren/0peiduces the
formation of a large interfacial dipole. Band bending occurs to align the
Ferm level of the EGto the charge neutrality level of the M03. These
effects csnnhmddxynﬁomMghhe aremaatiominy ihfeasityaafitherSi 2y péak(0fbplkoSiCrmafére

functlonéﬁa Jé@%ﬁ?o@fter Mb03 deposition. [59] Referring to Fig. 6,
synchr otron phot o- em ssi on spectroscopy (PES) experinents

t 03 t phot f._ Q0 eV d
Qeéznﬁféer?iLO@?fep@g@O Vhiros 0 B Bt sbirirofeely Biaseitaeny BheRHetlE i et ¢
ener gy r ethatovio@adopihg evrph;dxcdllly nogdedtmctieptosthe umderlying\m:ﬁlmn tRafEﬁngThe VL

d k f
the I ow PIBEEARoRig, S Kl nHlifthfenl 90t peffothied T PLGIES BAPRIC" ©
spectra. St{ugtire b@fp@r(puwg 508) andgpfier GwéYﬁd 2) Smrebzﬁp(miqmetlgn V\Eh*kreﬂ%}W@t i on of
4.3 0. 054K intBldi§ of 4P 'pEd]@%rﬁfs t@e & ﬁeﬂ]@(l(é"'QHb ﬁ@lghtﬂd; fERSiaY alosh003, the

wor k function increased_to ted upwards by
0.8 0. o5comgtantlek ormeﬁ aﬁernMpP@Hez%mn i He@ea%fga, rtooﬁyeak Wesgbs for a

Pom nal I\7Dl€b3f e bpdctrld rli]niifiskat@fhaﬂths gidphedderystabst@irtiire @ﬁm&swf?ém rlcéfeﬁmgaﬁma
unction 0 f hi ckness | erer

bAgC Cr D Tileat Rofteh SPES S thrRae GiteRiel bpadie et 5ol shbhifdrb et e ¢ o,

the C is win0.5(im ylo@Arurve3665iand praphert rhédified 8fith, 1 0znmol Md(és (bbrvngB)and (Fig.

(Ccurvo. 805y ot R Hcrief et Busesth i?Cpuly SRty SARKIOLAToBoR, FRA 150

bi ndi ng etheﬁlgwr@mc pepegties Of wphm %e@m@nqrb@f&@ﬂ‘fie@; mogificatipn peak
gradual ly shifts toward | ower binding energy. For a nom nal MdO03 thickness
of 0.8 nni0§8lrAfedbeliepastimneEMaeDaonsd tie ES fiimathedage weork fiinction differéncg eV to

283.7 0. é‘éAhMI@?aﬁ&‘Ef}tl Ad3 tb YEnfficat a@a&g%ﬂeﬁﬁoﬁm\é@gggﬁ dché)g)m[GZl

The shift can al ne e upwar
(i. p- qsﬁﬁacrwsuahgve o?meeeetmfree&écheﬁthsifomn Oénézrrgelrttwﬁam er at the
IVb03/ EG id &ef Bﬁﬁdbaﬁkkh Scoufs tbmﬁg@mwﬂnatdverbme BEa6 38 SRkgcmdutraRe hol es

|ntheE ct ver i ng, t he th hol es are f this
o1 ¢ dopiIRYE) o His WaDai ThE g cwbs i @eﬁ"m?eémmg%gﬁc‘ﬂeﬁwi Wal ence
band of Eﬁw&h&in(db@ﬁrchmgeloffltlgaeEGIaﬁ:ehMoOﬂlfepdsteV (shown in Figs. 6 and 7)
originates fromthe convol ution of upward band-bending (0.7 eV; shown in

IFI g. 8tA) tol] tmffeﬁﬁfg% fFagc |6a§y1ﬂhﬂfﬁ|oﬁ-ﬁa§éd1ﬁh ]g&%tatphbi@eexmt e Q&é E&ctrampwpe%) At [ 63]
n contras rererrin 1.0 | I N e nail n e
bul k Si Cr"é‘lpﬁ?‘é'ﬂmél 8‘%0‘8‘0’3‘ ﬁﬁfgoé%éﬁweeﬁeg& fqn; g Eyso 6%& 2p
peak :c ndi a:ﬂtmntplkalblai hEJSév i Theevalutipn 6f thaRES cheutgdn thieclostdnetid exter@ S| c/ EGh

t ace | [0) n In the
o dt morreEith o Heae GRS B B AN o O bR B T B wiBRRNAGY | 0
4H- Si C ( RfaheBy filor werggneastried ﬂryémeargpftlbmlail@t of the lovgkingjic eheregy pnsstent s

holes fr A Aalo] tf6i?ﬂhttﬂ@PE§5 | evel to the val ence band of the
Si C, thug(mf' ?ﬁs}?teatclyﬁg 1(lzon enent > t he hoI es in the EG layer. [64].

Ref h &G d

el o 060, derrigso K18 BaP RN ok B R RDAIP ol 23 S0RELO0 e
M is.in ddpesmmmf 9.8 mm (nenfingl|thicknass) czfg\dofma@l@e workefnctivar igenepsed to §. 1F¢ gs. 9A
and 9B, g éwﬁlﬁﬁe the #15dHftedapWis 8901819005 FCMRWdrk Hhrltion SR | rmed wi th

angl e-reso emi_ssl on spectroscop usi n a Scienta
(Nem/ouryaaﬁqeasem&qlmb@@S@Ve%waﬂmwé %;%wgnessp?é siehange 4hEG ¢ he
di spersi omoxqtffunétro%aQ%naﬁ)nr&wemekhegsqemdmengmr e by ARPES with a
phot on energy of 60 eV, of as-grown bilayer EG on 4-H Si C (0001) and after

deposi t| gn.ﬂ,? Mﬁ%’g bl ms w t he
val ence ban st ructure Oﬁéﬁﬁgﬂﬂgg?eﬁtmb@@ ;%flgrl ggﬁgﬁéz%%g%%e to

char ge tradﬁ§h(é¥n forrél?ﬁ(t:ﬂéb@(tﬂ:é%%)rﬁ’@@l ZPWén‘bgFl&r ang} thg Mo 3¢tband, siC

(Fig. 9A)(Fig 86)eRefepringieeichlly ® Fign8Ayhe G 1sWpkfinih of EleﬁriTEG| (e 80Ot ed
0.32 eV above the Dirac point, as shown by a nmarker 900. After deposition
of 0.2 urn MO03 (Fig. 9B), the Dirac point shifts towards the Ferni |evel

by 0.1 eV, as shown by a marker 902,
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suggesting an upward band-bendi ng i nduced by Mb03 deposition. This result
Is consistent wwth the Cis core-level shift shown in Fig. 8A. [67] Based
on the |iweanidizsper sion of the density of states (DOS) pogaG20h®odd7y ac
point (within 1 eV), the charge carrier concentration (electron or hole) of
doped graphene can be estimated using the foll ow ng equation Ne Nh - 1 2 F

- E D1)2 §dmiMafell b9tk EGNRIatdIQ 15 §eau<r@2&feﬁ@!redd& faf'dlﬁdi if@fzmi(dw es),

vosiCrom & Mags R abmeed it & lpba bl Rty g B éﬁn igeiegeris, POt e

Di (rj ac ] poi ndminkl MOy tivkness 6§/ M8 nFcus/eB0d)) tthé)EG&eh\édt(é I mpeaidﬂimﬁe shifted evel ,
and the t bout 0.7
x 1013 can’é)g&b tfre&sjt ﬁafbggf%nme%zll% ot%/lg%e%abaagflg\rll\ﬁsob%}{ kﬁg e;sjogl 1(:):Jon of

i 10t holUBERe gt ok e, L 5pénksgt b8 cuplaed by B Mcﬁ-@a%"%@%&%f& 38
eV bel ow type dépingrofiiti mpon &qmsdlonrmerﬁ)gat(ChaegemamfaramheMeOﬁEéahted&usi ty of

ol es 11 RSl bt Oachu MRS SRASSAUSEIL PR SRl e BELAIRLACA P BorthEU! L. O

x 1013 cni Vi a sur ace thin

Mo03 fil nﬁhez"&awapﬂneleef Baserasyit of thurholeu doping, 66| Fermi @fvglwf EE’E;sluﬂs gvaris n-type
due to ingehkAbERW tﬁ@%ﬁﬁcéﬁaﬁﬁ%ffﬁh bﬂ&é’ﬁﬁ&véﬁégéivﬁl sﬁlﬁ 651 ﬂ%@(@ﬁ&&ﬁhﬁd

above, the de 03|t|on of ;%;thln n the, EG surface induces p-type

dopi ng i nFighe and 7) Axiginatasfnmy esC@pV%le@ort? %#ba'afbbﬁgi%%%a\é hoWnge used

to fabri criges Ay aniaeanbdsasl dipdle foel aDMme MBS inteHf30d. Referring to Figs.
11A-11C, a graphene-based p-n junction is fabricated on an undoped 4H Si C

Form hg' ol 0pa] clcofascieafifg ) Mo ho iR L ME bR rcha at“eﬂtﬁﬁgu‘%f?.‘*@eée | ayer
42 i's n- dHed AP R §H§P"ij‘é°?$e§YF§1f Ee;ﬁ‘efsf"’g’hlf g*&%@mlf pdicateshay t ﬁﬁm

el ;aclt lrodents ndkiknificant cliargshraiifdrat ﬂieISiEfEf}z irerface dufihg tgf[c:j}grdepailtlo:?&hd fhat n film
nmet a | Z 1,0N Cesses S e QV. i rst, area
o ot e P iSeas BiRtmedif e o msndanal 5 RSBO MG spotibbally bd Blaed’ 5%
EG fi | m 4@and)gap o€ d-typedld i€ (22130 iantsas 8 highemergyAartier (2 25 6Y) tinijref/cntsred by
el ectron pﬁ%&hmﬁgﬁﬁ'ﬂﬁyﬁom the EG Fermi level to the valence band of the SiC, thus

facilitating confinement of the holes in the EG layer.

[064] Referring to Fig. 8C, the Mo 3ds; core level peak 810 is centered ata binding
energy of 232.3 + 0.05 eV throughout deposition, indicating that the Mo is in the Mo®*
form in fully oxidized MoO;.

[065] Referring to Figs. 9A and 9B, the surface transfer p-type doping of EG was
further confirmed with angle-resolved photo-emission spectroscopy (ARPES) using a
Scienta (Newburyport, MA) R4000 electron spectrometer. Figs. 9A and 9B show the
dispersion of n-bands, as measured at room temperature by ARPES with a photon energy
of 60 eV, of as-grown bilayer EG on 4-H SiC (0001) and after deposition of 0.2 nm
MoQs, respectively. |

[066] ARPES measurements show the valence band structure around the K point of the
EG Brillouin zone. Due to charge transfer from the SiC substrate, the as-grown bilayer
EG on SiC (Fig. 9A) is electron-doped (i.e., n-type), with the Fermi level located 0.32 eV
above the Dirac point, as shown by a marker 900. After de_:position of 0.2 nm MoO; (Fig.
9B), the Dirac point shifts towards the Fermi level by 0.1 eV, as shown by a marker 902,



[072] MO filmb50 (e.g., a M03 film is deposited onto the top surface of
the structure, contacting only the second (unmasked) area 114 of EG film
42. Surf N6 20038236t r ansfer between the EG i n unmasked PE€TGGAVEM0HTL14 and
the MO fil'm50 causes unmasked area to be p-type. A p-n junction 116 is

t hus generated between first (n-type) area 112 and second (p-type) area
114. The Rggestingraniwwasdbenibendinginduced barMoph depsisitiono Jiissiesut r ocesses. 4

G aphene- bamatdthatafetosi Sl aTiln MifvPh@EBA aver of graphene is capable

of absorbi ng about 2% of incident light In e visible to infrared (LR

of"Fre | AR, BRR Gl bERALR dipolih (RHERHRRG o LARRIBO)nL Y BRRERRAL o Ore
carrier nﬂﬁﬁmptlwvdfﬂlgﬁh%éﬁ@negm@ﬁ@l%debﬁw erhalexafasloped graphengicdat e f or

infrared pOeitREREPEIRNYS the fEIWWMEequatidat 0- i nduced el ectron/hol e pairs i n
graphene generally reconbine on a tinmescale of tens of picoseconds,

rendering negligible the overaII |nduqed hot ocu ent. [074] Referring to
smakes use of the surface.

Figs, 12A-12C, a graphene- bad¥. grﬁ(t;;dvgg
charge transfer principles descrl b 1] A th| n filmstructure forned of

EG and M0 on an Si C substrate is forned accordl ng to met hods di scussed
above. A whetedd: Nplisdhelargaldieasity afleateons tholes).evrfoF0fan/sas thﬂé’spm:‘tqlcmtyends of

the MO fbfga%ﬁeng andtzy ?iéqnébwg,bp&%&%ﬂh@geﬁﬂq%@ns' pdif 5] Charge

transfer at e M 0/ EG erface Tnduces astrong I nt ectrlc field

at- the in a E%H\@ t.

i'rradi at egﬁ\?vj ﬁ@f %g lrbeﬁféF?*&géﬂdlh eI e ronﬁqgéeogéélggi&g éé enerat ed in

the EG | aydew thmEerrmdm@b@néﬂmrealciensxen of eénctmnsexm\mﬁlﬁngmala[yanm is

ef ficient kpoubOnar Pﬁlécﬁmlﬁh&gégtlhﬁfyd% BBl lﬂlﬁbﬁ RfHef the d%i)@éi‘ﬁ of@@
recomnbi nat i ate atb a non- er o hot ocur rent..

i nprovi ngmpﬁg éhB‘E ﬂ}yg%ﬂgg?r% qe."taps Tp‘ﬁﬂﬁqﬂﬂ’&gé?ftﬁﬁ 1@5@“3 &TPI@GWO film

Pals a banbh;@auyqeeg, ancflﬁncé/ﬂﬁfi:en}i]lh&vblaﬂdv@wm% eV2béldt thd/Ditad péiht.t he MOf
ilmis t ne pho S nt s e range o

t he phot o%gsteg 3 %boﬁ'eﬁgu%ﬂneﬁﬁ ia t%/r?zP" nghﬁgg’&‘ﬂ‘gg Mé’é]ed fromthe
near - | R t deposidgd thereonfist estimiateded be Bbdwtrlrbxd O et s that is, BIDis bk dopedi viar aphene
[076] Theg &ﬁ%@%ﬁlﬁ%ﬁbﬁ%ﬁﬁtdtﬁﬂxIﬂBoEﬁhhnduces room tenperature

ferromagnetismin the graphene yér For magnetic neasurenents, an EG film
was prepared as_ described above. Mb03 was thernmally evaporated from a
K-cel | onto Grpheus-basedprnimetiony conditions at 800 K. Magnetic nomentum
was det ected by superconducting quantuminterference devices (SQU Ds) with

a sensi tiNgdy K5-gidith BBbn SiC is n-type due to interfacial charge transfer between EG and
SiC. As demonstrated above, the deposition of a thin M-O film on the EG surface
induces p-type doping in the EG. Accordingly, surface transfer doping methods can be
'used to fabricate graphene-based p-n junction devices.

[070] Referring to Figs. 11A-11C, a graphene-based p-n junction is fabricated on an
undoped 4H-SiC (0001) substrate 44. EG structure 40 is prepared as described above,
forming a layer of epitaxial graphene 42 on SiC substrate 44. This EG layer 42 is n-
doped due to charge transfer from the SiC substrate. Two metal electrodes 110 are
formed on EG film 42, e.g., using conventional thin film metallization processes.

[071] A mask 120 is deposited over a first area 112 of EG film 42 between the
electrodes 110, leaving a second area 114 of EG film 42 exposed. In some embodiments

]

mask 120 is a SiO; mask formed by electron beam lithography.
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1077] Referring to Fig. 13A, SQUI D neasurenents reveal a robust room
tenperature magneti zati on hysteresis | oop which indicates ferromagnetismin
t he EG fiwonoiieomeercivity and saturation magneti zati orcasgeod/ oon7t he

t hi ckness of the Mb03 film The hysteresis |oop increases in size with

i ncreases Mb03 thickness unti l reachi ng a maxi numat 5 nm Mb03. Beyond this

thi cknessrrr]wtremterﬂtﬁm(@%t 'aSMbW? i%deﬁ@ﬂted'o‘ﬁ&ptﬁe?d surfate bP{3 sirtiétﬁf’eﬂesses

enoone. reoRpCRRREHaLRa 1P 19T G éog&fg‘%ec AR | on

nonent f dsetwesn the BG mttmmasﬁe&sezoﬁ)iﬁ:a mgmimlM-Or fikn 60 sauses dnmaskedt | zat i on

nmonment of 10 etons IS l.east thr rders ar ger
Uhan def BT Gatar SPRd A A onindes 4E AR stRifRa REh it (RBBR RT 12" 7
13B, in aaqdlsecondf(pftum)tareacllﬁorﬁntmask\cembqsem@mietsmgwtwdandt can be seen that
the Curi e%rg_ﬁ ater than 400 K. SQUI D neasurenents confirm

t hat purgpl'f\(}o : v%gfp %%%Esﬁot shown any ferromagneti c behavi or, excluding
the possibility. that the observed ferromagneti c behavior is due to MO03

al one. [¥8]Giaphenscbased G1e8tOISd to the fol l owi ng explanation, it is

bel ieved that the |nt erfacr al charge transfer between graphene and t he hi gh

wor k funf@wpc atbﬁﬁcde tlooﬁsggspﬂeﬁé{@éa e BF abLORRE ?&u@becafflﬁaaeﬂtmgg{ aphene.

The el ec ins o unpaire ectrons n_under the |Targe

i ntrinsi clnéh%‘élﬁ etoripfzargd (JRg range. d@df@riattlea egth ﬁ%thiemtétbriaférramlt&%wge o
transfer, ﬁhbﬁe@@étﬁdmhéﬁf S @UHNIEriowaeMale! hﬂtoxﬁmﬁmdmmlﬂatmgle [ 79]

Room t e ratureferroma et m|n ene_can oi r use in
graphengp %’&%&a@%@t‘r g’? %%g%’li’ e °r°8Flef’ﬁ‘F8 peo‘f?né é For

i nst ance, infraredtphetoietectorsathl@wevef, phioto- mdocedrﬂeu&onﬂmlepaeﬂsengraphem devi ces

wi th appl i to small
ar cas. 6. ietalgSedbiflf G2k Kol otk ool e BBl 0 P, ST
t hese snm\rer@hagm@hammﬁy can be achieved by | ayer - by-l ayer growth of
M 0, which can be realized through precise control over the MO growth

process. [0J&0]Réferringrte Fegsh b2A 126} 8 graphémebased photagétecter Hifdmalatstuse nfthezi gzag

gr aphene t| ggect in
p- Doped éﬂﬁ geﬁ@é{%ﬁ%ﬁﬁhgﬁgg %%é%%)@lﬁ ﬁﬂ&,ff ‘ﬁg‘mﬁﬁn%é}g}épom%é ﬁfseads to
t he domwanddvlsmpman@r smua‘@rlﬁfom@d@pcqr itel methody discnssed pbae: Aqsomwe sane
tine, the sgopad &mqtsarf@gltﬁt@faﬁne&arédpealret@mgefﬁﬁwu@ﬁhﬁvp Ibyy, thus
facilitating observation of the quantum Hall effect. [82] ferrlng to
Fig. 14, %re@r%ttqt@mmgteaheﬁm measur enent s, mechanically exfoliated
single | ayer graphene fl akes 200 wer e deposi ted on a Si02/Si substrate 202.

A Hal | - 8%751 rClearge warsisr ag thedyl-QAEG inderfase inducesa sfrongdatrimsislelestiiofield ahm
l'i t hogr apfy int&i$adebefh defilihdseAwd filhd) WaRn %&@he@aat 856 &Qcﬁatezt hﬁumgm erned

sanpl e was anneal ed a C to renove res

met hacr yl a&elR {‘Mﬁ“ﬁé‘é‘i@? paifs aye gengrated in %&%Iag'%g] gxﬁ“ﬁéﬁ?‘%ﬁeﬁ%l |y

evapor at edl the PROZERMIcIFRR effidibntlyseparatdy phbt@ﬁﬁh&ﬁcedteldcﬁ@mhbl%rmﬁ& Mowing [ 83]
Tr anspor t,, neasure nts wer

d t {
T omdhE e BBERION fath b€ R ez RorBOHRS  Eeriiel bl e
deposi t i gphotolletartibh caglabidity af phgodateatamit50( thedM-O fild hay\y bavakgapn(plg,dor t hr ough
the devi o r}ﬁf éz*@ﬁ lsﬁ(ﬁxgtﬁat(the R/l-O ﬁﬂ@ls@nk%%%ttt@ﬂ&r ﬁ( t(ﬁﬂdet he

Iongltudlna re neasur ed (-9

Tto9 T)Inapmzlcmb sagntRehevangeef the phptgdeteciar can’rte qaréﬁnried ethsrh@tdtgét Yy and
t he magnefdesiat o theear-IR thiblgh tHReAilkasledr aphene is shown as a function
of magnetic field. At |ow magnetic field, the Hall resistance devel ops
Ilnearlye%\n thefleld .The charge carrier density is

cal cul at fFEFRIanCls AAERC by the fol | owi ng equation:

—

2ty

[076] The surface modification of EG induces room temperature ferromagnetism in the
graphene layer. For magnetic measurements, an EG film was prepared as described
above. MoO; was thermally evaporated from a K-cell onto the EG film under UHV
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dRx.), n= e dB After MO3 deposition, the charge carrier density n reaches
1 x 1012 cnl2 and the charge carrier type is holes, indicating p-type

dopi ng. W83p1iBassd on this charge carrier density, theproulse2embbéirty can
be obtained by the follow ng equation: p=-(enRxx)-1 , where L and W
represent the Iength and width of the Hall bar geonetry. In this case, the

nobi-l ity ¢d?1dM2ﬂ§ a@'@(ﬂﬁl@ o B@@ﬁohﬁnﬂﬁ{ Rasiéteded By El&w?o%ﬂ@u&ﬁ%duaﬁtum at 2 K
and 6150 2 eﬂl SS@h@%O These 0@J tgd €s are slightly smaller than
hol e nobi inferfegence e\f}F? S)g}"abﬁéﬁ%“‘e‘w W™} s-1 at 2 K and 7300
cmRV-1 s-1 at 300 K). This nobility. reduction may be ascribed to defect
scatteri n@7h d%e%mrwo 7% 3 3pa SQUEDegeasirements teveal psolyishionEHEMPEratEEe.

magnetization hysteresis loop which indicates ferromagnetism in the EG film. The _
coercivity and saturation magnetization depend on the thickness of the MoO; film. The -
hysteresis loop increases in size with increases MoOj3 thickness until reaching a
maximum at 5 nm MoQ;. bBeyond this thickness, the ferromagnetism weakens, and

~ disappears for MoO; thicknesses greater than about 15 nm. At 5 nm MoOs;, the
magnetization momentum per benzene ring reaches 10 Bohr magnetons; by comparison,
the magnetization moment for one iron atom is 2.2 Bohr magnetons. The observed =
magnetization moment of 10 Bohr magnetons is at least three orders of magnitude larger
than defect-generated ferromagnetism in graphene oxide. Referring to Fig. 13B, in a plot
of magnetic momentum versus temperature, it can be seen that the Curie temperature is
greater than 400 K. SQUID measurements confirm that pure MoO3 powder does not
shown any ferromagnetic behavior, excluding the possibility that the observed
ferromagnetic behavior is due to MoOj; alone.

[078] Without being limited to the following explanation, it is believed that the
interfacial charge transfer between graphene and the high work function M-O leads to the
formation of unpaired electrons in graphene. The electronic spins of these unpaired
electrons align under the large intrinsic electric field that is geherated by the interfacial
charge transfer, thus causing ferromagnetic behavior at room temperature.

[079] Room temperature ferromagnetism in graphene can be exploited for use in
graphene-based electronic devices, €.g., for information storage. For instance, for the
fabrication of micro-or nano-scale electronic devices with applications in massive data
storage, EG may be patterned into small areas, e.g., using standard lithography
techniques. Doping uniformity in these small graphene domains can be achieved by
layer-by-layer growth of M-O, which can be realized through precise control over the M-
O growth process.

[080] In some embodiments, defective graphene and patterned zigzag graphene also
exhibit ferromagnetic properties.
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[086] Al though the hole nobility is reduced in doped graphene, the nobility
is still sufficiently large to allow for the observation of the quantum
Hal | ef f ewD 20f@4BY236Apart from the presence of Shubni kovede/sidaen f@EdH)
oscillations 402 in the magnetoresi stance Rxx, a prom nent quantum Hall

(QH) plateau 404 and a small QH plateau 406 are seen in the Hall

resistancg, O @Pqﬁly@ﬁg&ﬁ%g)@t&@ﬂ%eof the QHE. [0871 In a
t wo- di mensi omal” ef ectron system ; resi stance possesses quantized

val ues of h/(e2 v), WhereU|sthe|ntegerf||||ngfactor However, in

singl e | aip8l] gFlppréype, doping CGHG vie MO flepasitionfleasinto the dowvnyesnd shifif tigHE:
hal T -i nt eggy is’ébgﬂto%?& i Q/aleﬁc@i?aﬁﬁr v,aacihe é‘tnjﬁé' tilg Hﬁﬁéﬁ%ﬁp}ﬁkl@?&éﬁﬂ& on .

val ues expres as 1 e2 R + -)- n Is Landau

| evel s ( Lnigh chargg cagrigr mﬁblhnb &hmcfégbw&paepsqrgat@aﬁ e pyanien Hall ﬁffﬁctand

subl attice degeneracy. Fromthis expression, it can be deternmined that the
two_pl at el#82] oReferringdo iFig. t1Hef0p@lncmoabtrmgmémqasmﬁmbms{mmhesl@ yn = -1 and n

= -2 (cor&Lasipg élﬁ%etlzﬁlei" graEhghe"’ﬁ‘ﬁé ?O e]d%osﬁe@%ﬂ%csl Rl ¥ubstta@r@ot e m nus

sign indicates The we uantum Hal | st ates_suggest
that MoOHUbPRSIRCEInENEM et B vas weﬂm%bwm%r@ glegtron-Beame Hthography.
;alheCE; oni ti‘su@'@fﬁﬁt(ﬁ/sﬂ néf) a@hliefallcngta&&aphemﬁ Qufipld wagsgrﬁfealt@dat 20U Wi th
e man, ectrosco r.esu i SCUSS rem '
e cates N G e e
Referri ngoﬁMoGg was flieB thamallp epapoeatedviroin pKnedsen eely immpUEiechantter poeom ons of
the resi sqﬁgﬁﬁumi_at eaus of Md03-nodified graphene are shifted to hi gher

magneti c his shift is likely caused by the change in Ferm IeveI

(EF) posi[tn'bﬂfu whi ch is a determ nant. f.ac or for.t %roggéltlons of
[

pl at eaus. (PRl gFEPTRORIMCISHEPMERES Wyre SpUied QULI3BRYSicH 5 RS ghar
magnet i ¢ PPMS)nfthe sathe gfraphcneldevregbefottanchaﬁenlMQOQMpopnenl ATngd] i s, for

moves. aoricating cBrrpdt (R E00BUISAR apilied thrdbell i debfop 71 irmglen g &
posi tion @F- thedilall @@lmge,a\ﬁgﬁ dengiydingl qugﬂgVﬁrwamngasgre@Ldu@ngragy, whi ch

i's given Byoretis $i3{d Iwebp§ ly\/rwdjs BIM(LL energi es for M03-nodified graphene
are |dent|cal to those for pristine graphene at any gi ven nagnetic fleld

Th t h t h EF
asuz res ﬁﬁg%?g; I%o%?1 1‘39& qﬁi}%@gﬁéﬂgfﬁ’gg‘tﬁfi gﬁlecﬁlh%%% hégsé%%ul’f‘: ng :ontype
dopi ng ofMp@e-D@(?da@fbﬁ'éph@mlff slmamsaw@pctfmmﬁmmem figld. gdilew magagiée causing
the posit£44, 1¢ Hall fesdthite WeP@bSs firkafly VAt AYFCH B (leflod WOONEDRESHakeed 1 €1 d.

carrier density is calculated from the Hall resistance slope by the following equation:

1dey.'
e dB

After MoOj; deposition, the charge carrier density n reaches 1 x 10" cm™ and the charge
carrier type is holes, indicating p-type doping. ' '

[085] Based on this charge carrier density, the hole mobility can be obtained by the
following equation:

s p
=—(enR ,
#» W( )

where L and W represent the length and width of the Hall bar géometry. In this case, the
mobility in MoO3 doped graphene is determined to be 7300 cm® Vs at 2K and 6150
em? Vs at 300 K. These mobilities are slightly smaller than hole mobilities in pristine
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7 Effect of Air Exposure on Doping Level [89] Referring to Fig. 16, in

order to investigate the effect of exposure to air on the doping |evel of
M 0 nodi fwedograpisene, an in situ ultraviol et photoel ecPConsGapamLEGSCOPY
(UPS) study was conducted on MO03-nodi fied graphene. The plot of Fig. 16
shows UPS spectra in the |owkinetic energy region for a sanple pristine

CVD grapggaﬁleﬁe 8200 V! @4l 22K 388760 &h? T1RMaf BEIK Nt his YIRS T8duchBR 3
deposi t ed” under co |t|ons on, GVD gra hene before . curvei‘;b and after

(curve (@Y ?%@H%t(’t %ﬁ peattgring i 3\PRRIALES StEDE o0 (Re Sraphene np 45 ur ed

by | i nearsugfaté.apol ati on of the | owkinetic energy onset (secondary electron
cutoff) in the UPS spectra. [90] After. Mb03 dep03|t|on the VL shifted

upwar d byjogep RMnnghQﬁe ho?e ﬁd&ﬁlt@! tedhelaGhideped Qﬁﬁﬁ‘é‘ﬁeﬂe frﬁdb'i‘ﬂtff idstal

(pristin 3-nodi fied graph cussed above,
this shi f%u%ﬁﬂer\yfy %ede.él oW f?rﬁe tiggof t hqm@flwghﬁgﬁfﬂff&?té@@bé%en

graphene fagd ﬂh@ﬂas@ael of Slmtfnﬂ&ded Mgss msmpasodmmbﬁg4m inthe n@igAgtbresistanéé t er

exposure to air f.or cuy shi b 4 eV
i the viorec plomtfng Rudtttialt (80 AR £ o SRALOSFpRRATHS brebiefic
shift suggeﬂaﬁreshmnca;feamxepwshmbamlgﬂnfarksaafttthﬂﬁgrades (i.e., reduces) the
dopi ng | evel of Mb03 nodified graphene devices, e.g., to a doping |level of

about 1 X089 Anciewid-ditnensiona e&l&h@ﬁlhmahe ennaesisthmdeipogsekm giiizedodi fi ed

gr aphene | i | [ nreabl.e c X le. -

o ahor not R QLR PRGREE bR EoR AR, HyBh i B8l Rt g

envi r onmethe QHE {saiifferent ﬁr@ntthle damvammmalsQHcEd halfantegérajuantizatjon ngohsewcd,l ption
is inten the scope of the invention,

whi ch i sdﬁﬁh?lhﬁgcfh%%&tq&%{t%gg%gvgﬁé %@réasgégeér?ded claims. Ot her enbodinents are
within the scope of the follow ng cI ai ns. L V\D 2011/ 139236PCT/ SG2011/ 000177
What is clained is: 1. An artic e&mprwy)ng, a layer of graphene having a
first work function; and a netal oxide fil2m#i sposed on the |ayer of

graphene, the netal oxide filmhaving a second work function greater than
the fi rstwhgpn i§ thediandan levels (LL) index and the four-degeneracy is caused by both spin

and sublattice degeneracy. From this expression, it can be determined that the two

plateaus observed in the positive magnetic field represent n = -1 and n = -2
(corresponding to v = -6 and v = -10), respectively, where the minus sign indicates hole-
like LL. The well-defined quantum Hall states suggest that MoOs-doped graphene
retains the high mobility and other unique electronic properties of pristine graphene. This
result is consistent with the Raman spectroscopy results (discussed above) that confirm
the non-destructivity of p-type MoQ; surface modification doping.

[088] Referring to Fig. 15B, as compared with pristine graphene, the positions of the
resistance plateaus of MoOs-modified graphene are shifted to higher magnetic field. This
shift is likely caused by the change in Fermi level (Ef) position, which is a determinant
factor for the positions of QH plateaus. In graphene, the Hall resistance Ry, exhibits
plateaus at magnetic fields for which an integer LL is fully occupied. That is, for
instance, if Ef is located between the LL n and the LL n+1, then when Ef moves across a
LL, Ryx jumps by an amount equal to 4e* /h. Thus, the position ofa plateau can be
adjusted by tuning Er and the LL energy, which is given by

E, = sgn(n)y2env2nB .
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whereby el ectrons are transferred fromthe | ayer of graphene to the netal
oxide film formng a hole accunmulation layer in the | ayer of graphene. 2.
The arti ove20f/sbssm 1, wherein the hol e accunul ati on | agersches/oan7ar eal
density of ‘holes of up to about 1.0 x 1013 c1/12. 3. The article of claim
1, further conprising a substrate, wherein the |ayer of graphene is

di sposed WheLDQn&'gtéstfbﬁMeOynﬂodlﬂ_&Bgrapﬁdn@afb ﬂéntfdaatdmase fobpristine griyhehayer of

gr aphene S an epi t L axXi y d onp the ubs r.at 5. The
article oft &y el 6 e PR I DELblsAY Bedlls G Y RS o T
The arti cths Sbi'ﬂ mIF&plamaFr;esuMnero(ag déwsﬁiohstDﬁnoﬁﬁpatmemdsihleuwhn@J -bi de.

7. The ar [ ' [ a first
area and %’pggg lggog#}%aéﬁap} aceﬁ{f%tl% R.ﬂ.g, | rs Igllfrme 5&% g?%élﬁ'@@he net al
oxi de f.|msltsormfébe)@&mleww}stgmqwéowmdﬂla@eemasnetxcrﬁeqlayer of graphene. 8.

The article of claim7, wherein a p-n junction is fornmed between the first

area -and ¥ heEﬁB@MQ\lﬁE@sureWﬁ 36Yiag L3G136PCT/ SG2011/ 000177

[089] Referring to Fig. 16, in order to investigate the effect of exposure to air on the
doping level of M-O modified graphene, an in situ ultraviolet photoelectron spectroscopy
(UPS) study was conducted on MoOs-modified graphene. The plot of Fig. 16 shows UPS
spectra in the low-kinetic energy region for a sample pristine CVD graphene (curve (a))
and a sample of 5 nm (nominal thickness) MoOs deposited under UHV conditions on
CVD graphene before (curve (b)) and after (curve (c)) exposure to air for 2 hours. The
vacuum level (VL) was measured by linear extrapolation of the low-kinetic energy onset
(secondary electron cutoff) in the UPS spectra.

- [090] After MoOj; deposition, the VL shifted upward by 2.4 eV; that is, the work
function increased from 4.4 €V (pristine graphene) to 6.8 eV (MoO;-modified grapherie).
As discussed above, this shift in VL is due to the large work function difference between

‘graphene and MoQ; and the resulting p-type doping of the graphene. After exposure to
air for 2 hours, the vacuum level shifted downward by 1.4 eV and the work function was
reduced from 6.8 eV to 5.3 eV. This downward shift suggests that air exposure
significantly degrades (i.e., reduces) the doping level of MoO; modified graphene
devices, e.g., to a doping level of about 1 x 102 cm™. In some embodiments,
encapsulating the MoOs-modified graphene in an air impermeable surface encapsulation
layer may enable higher hole concentrations to be achieved and maintained in air

environments.

[091] It is to be understood that the foregoing description is intended to illustrate and
not to limit the scope of the invention, which is defined by the scope of the appended
claims. Other embodiments are within the scope of the following claims.
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9. The article of claim?7, further conprising a first electrode in contact
with the first area of the |ayer of graphene and a second el ectrode in
contact wohotinssmsecond area of the |ayer of graphene. pt@isGia/astr7cl e of
claim3, further conprising: a source electrode fornmed on the |ayer of
graphene; and a drain electrode formed on the |ayer of graphene and
separated fromthe source el ectrode, wherein the netal oxide filmis

di sposed Whatisehimédissour ce el ectrode and the drain el ectrodé. 11. The
article of claim1, wherein the netal oxide filmconprises Mb03. 12. The
article of claim1, wherein the netal oxide filmconprises W3. 13. The
article of cl Wtclélmrﬁi fhgt he netal oxide filmhas a thickness of at.

| east about 0.2 nm 14." The article of claim1, wherein the | ayer of
graphene is feglrapéf&g@aph@nehm 4 fiest ok 6lrtioh; addai m 14, wherein the. degree
of magnetic hysteresis exhlblted by the | ayer of gaphene i s dependent on

t he thickness oinetahexidetith dispostd dn thelayei 6f grapieenay the aletal okidelfdinrhalhg

wh h I |
The article o ol artrind bR BR%idh ARMErRER b FicebialadiL! 15 PN T
about 5 M. 18, é%‘etgﬁélg%ngene sf&reﬂ@iﬂ?ﬁﬁ%yér%?gf@h&%om&a% de

provi di ng a | ayer aV| n I'rst” wor unction; and formng a
netal oxide film orﬁlﬂhéomyéﬁhefe @F@Bﬁ@ﬁ@n layprein the layernfigephene-m havi ng a
second work function greater than the first work function,

2. The article of claim 1, wherem the hole accumulation layer has an areal density of
holes of up to about 1.0 x 10"* cm

3. The article of claim 1, further comprising a substrate, wherein the layer of
graphene is disposed on the substrate.

4. The article of claim 3, wherein the layer of graphene is an epitaxial layer of
graphene formed on the substrate.

5. The article of claim 3, wherein the substrate comprises an n-type material.
6. The article of claim 5, wherein the substrate comprises silicon carbide.
7. The article of claim 3, wherein the layer of graphene includes a first area and a

second area adjacent to the first area; and wherein the metal oxide film is disposed only
on the first area of the layer of graphene. ' '

8. The article of claim 7, wherein a p-n junction is formed between the first area and .

the second area.
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whereby el ectrons in the |ayer of graphene are transferred to the netal
oxide film formng a hole accunulation layer in the |ayer of graphene.

19. The mwdhod/eH236] ai m 18, further conprising determ nipog/sg20thiookiness of
the netal oxide fil'mon the basis of a target concentration of holes in the
hol e accunul ation layer. 20. The nethod of claim 18, wherein providing the

| ayer of graphppe,d; {Sl%'o'f'@l%ﬁnﬁ Mgg%éﬁ@ﬁ@h&&&%@@% WitR HRSfirsAt €.

21. The method of claim grap ene on a
subst r at earemed the kayer of grapheng and piseeprd slecpdemegatact with dhe serendsapsa of tee
22. The nay&ed gpdphehddi m 20, wherein forming the layer of graphene on a
substrate |ncI udes grow ng the [ayer of. graphene by chemnical vapor

deposition. 23. The nethod of claim 18, wherein providing the | ayer of

h [ f h f aph b I
92 The nkE hod T arBreneizim S, HERET rotmpriuRE A ng ek AT e Ph gl "o
i ncl udes dfcgmphege,tahd alch{a}mrelagtrogc fopined en tthye lawlnflgt@hangmaatefdlfcmn 25.
The meth e%urgé wp&‘éﬁﬂgg nde®fl Tk ﬁﬂt}nh ngﬁéeg%hﬁl&n Burde! udes

formng the mata ox a vacuumt eposition process. 26.
The net hodecsrode pad ﬂ%erhamwipstred% forming the netal oxide filmincludes
formng the nmetal oxide filmby a |ayer-by-layer growth process. .

11.  The article of claim 1, wherein the metal oxide film comprises MoO;.
12.  The article of claim 1, wherein the metal oxide film comprises WOs.

13. The article of claim 1, wherein the metal oxide film has a thickness of at least

about 0.2 nm.
14.  The article of claim 1, wherein the layer.of graphene is ferromagnetic.

15.  The article of claim 14, wherein the degree of magnetic hysteresis exhibited by
the layer of graphene is dependent on the thickness of the metal oxide film.

16. The article of claim 14, wherein the metal oxide film has a thicknéss less than

about 15 nm.

17.  The article of claim 16, wherein the metal oxide film has a thickness of about 5

nm.

18. A method of doping graphene, the method comprising:
providing a layer of graphene having a first work function; and

forming a metal oxide film on the layer of graphene, the metal oxide film havmg a
second work function greater than the ﬁrst work function,
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27. A photodetector conprising: a substrate; a |ayer of graphene disposed
on a surface of the substrate, the | ayer of graphene having a first work
functi on;we nunBeseel ectrode formed on the | ayer of grapoese2oiiaoaai n

el ectrode forned on the | ayer of graphene and separated fromthe source

el ectrode; and a netal oxide filmdisposed on the |ayer of graphene between

the source el eghirgp\CelRitebrs i tHiNaYe? o?kgﬁa?hé&d&e trafiFert&d @'th@ﬁemoiidlerﬂlﬂaw ng a

second work functiop greater than I rst work functlg wher eby

el ectrons are transfoémlfnéc?lf"rl"oﬁ‘?cpﬁ’é‘ atigndayes fn the dayss aE evap e metal oxide
film generating an intrinsic electric field near an interface between the

| ayer of graphene and the netal oxide film 28. The photodetector of claim

27, \C/i\her elh a Phomethod b€ claim $ 8 Sfartheradoatprisingtdeterinining a diiclgreapoithe nvdtain
| nci dent e@{lg‘% ﬂﬂ)? oft He b%Qi%g)er mﬂé%ohé‘%#aﬁé(& bf ﬁéle@frﬁﬂ@ HOE: C\ﬁgulgt-ﬁ%}ﬁag%so b

phot odet claim eRe s COnt I gure
photons having a frequency in the range from near-infrared to ultraviolet.
30. A device conprising. a substrate; a _layer of graphene di sposed on a

surface of0-t helbamsthed oEclaim 48, wliesein providiag teslayernfigrephsne inclidegor k

functi on, folfifhg tAY RiyeOdf gHipHeRe bR akabdtrage. @ first area and a second area
adjacent to the first area; and

21.  The method of claim 20, wherein forming the layer of graphene on a substrate
includes forming an epitaxial graphene film on the substrate.

22.  The method of claim 20, wherein forming the layer of graphene on a substrate
includes growing the layer of graphene by chemical vapor deposition.

23.  The method of claim 18, wherein providing the layer of graphene includes
forming the layer of graphene by micromechanical cleaving.

24.  The method of claim 18, wherein providing the layer of graphéne includes
forming the layer of graphene by reducing a graphene oxide.

25.  The method of claim 18, wherein forming the metal oxide film includes forming
the metal oxide film by a vacuum thermal deposition process. '

26.  The method of claim 18, wherein forming the metal oxide film includes forming
the metal oxide film by a layer-by-layer growth process.

27. A phdtodetector comprising:
a substrate; -

a layer of graphene disposed on a surface of the substrate the layer of graphene
having a first work function;

a source electrode formed on the layer of graphene;
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a nmetal oxide filmdisposed on the first area of the |ayer of graphene, the
nmetal oxide filmhaving a second work function greater than the first work
functi on,woherieisy23a p-n junction is forned between the PrrsGensaciand t he
second area. 31. The device of claim30, further conprising a first
electrode in contact with the first area of the |ayer of graphene and a
second el ect r ogl@raimele&tfddedormvéd ¢h the tayee6Pgdpidnean@kepaifed fivRIthekogeaphene.

32. The device of cl %i : erein the substrate conprises n-type silicon
carbide. WO 2011/1 5%@?&62011/ 000177 33. The device of claim 30,

graphene t o t retnd afids RS HobEl ol G Thine prbBineefieehnd finHiiine o,
The device of clai mrstl,llé\mén electradeetheanatalcoxidsfilonhafing hsewa@wo_ﬂof graphehe
is n-type. 35. Theﬂﬂ@éfér?@reﬁ’t@r&'aﬁ“tﬁ@%@tw@ﬁﬁuﬁéﬁbf& he second region of the

| ayer of graphene is n-type due to charge trans ér between the substrate
and the seco ndwhéﬁb?é‘le@ti‘oﬂsf}?e {rans@érred§ fréth ARIBH&- of graphene to the metal oxide

film, generating an intrinsic electric field near an interface between the
layer of graphene and the metal oxide film. |

28.  The photodetector of claim 27, wherein a photocurrent is generated in the layer of ~
graphene when incident photons are absorbed by the layer of graphene.

29.  The photodetector of claim 28, wherein the graphene is configured to absorb
photons having a frequency in the range from near-infrared to ultraviolet.

30. A device comprising;
a substrate;

a layer of graphene disposed on a surface of the substrate, the layer of graphene
having a first work function, the layer of graphene having a first area and a
second area adjacent to the first area; and

a metal oxide film disposed on the first area of the layer of graphene, the metal
oxide film having a second work function greater than the first work
function,

whereby a p-n junction is formed between the first area and the second area.

31.  The device of claim 30, further comprising a first electrode in contact with the
first area of the layer of graphene and a second electrode in contact with the second area
of the layer of graphene. "

32.  The device of claim 30, wherein the substrate comprises n-type silicon carbide.
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33, The device of claim 30, wherein electrons are transferred fromfthe first aréa_l_ qf_ the

layer of graphene to the metal oxide film such that the first area is p-type.

34.  The device of claim 30, wherein the second region of the layer of graphene is n-

type.

35.  The device of claim 34, wherein the second region of the layer of graphene is n-
type due to charge transfer between the substrate and the second region of the layer of
graphene.
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