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The electronic structure of graphene on Cu(111) and Cu(di@@je crystals is investigated using low energy
electron microscopy, low energy electron diffraction andla resolved photoemission spectroscopy. On both
substrates the graphene is rotationally disordered amdaictions between the graphene and substrate lead to
a shift in the Dirac crossing of- -0.3 eV and the opening of & 250 meV gap. Exposure of the samples
to air resulted in intercalation of oxygen under the graghen Cu(100), which formed a/2 x 2v/2)R45
superstructure. The effect of this intercalation on theohemer bands is to increase the offset of the Dirac
crossing £ -0.6 eV) and enlarge the gap 350 meV). No such effect is observed for the graphene on @QJ(11
sample, with the surface statelahot showing the gap associated with a surface supersteuctine graphene
film is found to protect the surface state from air exposuiith mo change in the effective mass observed, as for
1 monolayer of Ag on Cu(111).

I. INTRODUCTION ture of graphene on Cu by eliminating the rotational disorde
in the substrate. As the bulk and surface Cu bands are well

Graphene’s unique electronic propertiémve excited in- KNown, in our samples it is easy to identify the graphene
tense research interest since its isolation by microméehanbands. _ .
cal cleavage in 2064 However this technique, used in these Graphene films were grown on Cu(111) and Cu(100) sin-
early investigations, is unsuitable for large-scale poiom ~ 9l€ crystals and characterized using low energy electron
of graphene sheets. Thermal decompositon ofSjGur- ~ Microscopy (LEEM).and low energy electron diffraction
face segregation of C dissolved in metal substfatesd de-  (LEED). The electronic structure of the graphene samples wa
composition of hydrocarbons at metal surfd€és have all |r_1vest|gated using ARPES measurements. Here we show that,

been shown to produce graphene and are potentially scalagiMilar to graphene on IML Cu/Ni(11¥) graphene on Cu

to commercial production. (100) and (111) single crystals is-doped with the Dirac
Recently the growth of large scale graphene filmsy  C€rossing e.nergyED located -0.3 eV below th.e Fermi Igvel

m wide) has been accomplished using chemical vapor defF- We find a gap of~ 250 meV at the Dirac crossing

position (CVD) onto polycrystalline Cu foit, leading to of the graphener bands_, significantly larger than the gap in

a strong interest in the electronic and structural progerti 9raphene on 1ML§:U/N'(111N 180 meV) and the LDA es-

of the graphene/Cu interface. The structural properties ofmate ¢~ 11 meVJ®. _ _

graphene/Cu was investigatédn detail, however electronic ~ We also show that air exposure leads to oxygen interca-

structure data, particularly Angle Resolved Photoemissio lation under the graphene on Cu(100), fofm'n,gxfﬁ(x

Spectroscopy (ARPES), on such films are hampered by théV2)R45 superstructureand giving a larger doping {0.6

many randomly oriented domains in both the graphene and tHgV Dirac crossing shift) and an increased gap360 meV in

substrate. This leads to a large collection of electroniwdsa  the graphener bands atfp). The Cu(111) surface state at

from both the substrate and the graphene, greatly confusin@ (Bnlloulln zone centre) does not show the gap expected for

the interpretation of the ARPES data. such an |_ntercalated surface structure, confirming thab-exp
A recent attempt to overcome this problem by VarykhalovSUre to air does not produce the same effect for graphene on

et al. involved measuring graphene on 1 monolayer ofcu(111). In contrast the_graphene protects the surface stat

Cu/Ni(111), which indicated that the interaction between@ " from air exposure, with no change in the effective mass

graphene and the substrate was significantly underesdmat@Pserved.

by current DFT L(S)DA theor§*. The method involved grow-

ing a graphene film on a 15-20 monolayer Ni(111) film on

W(110) followed by intercalating a monolayer of Cu(111) Il. METHODS

underneath the graphene. While providing insight into the

electronic structure of graphene on Cu, it is an open ques- Cu(100) and Cu(111) single crystals were initially cleaned

tion whether this arrangement reflects the properties of thby annealing a00°C for about 12 hours in a flowing mixture

interface between graphene and bulk copper. The growth a¥f hydrogen and argon at atmospheric pressure followed by

graphene on single crystal Cu, undertaken in the curredystu sputtering with argon ions. Subsequent annealing>atC

provides an ideal system for investigating the electrotniccs  in the LEEM produced surfaces with atomically flat terraces
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separated by monatomic Cu steps and step bunches. Lar§C(0001§°. The fitted parametek,,, is the offset of the
bunches of steps formed on Cu(111) at pinning sites spacedtirac energyFp , from the Fermi level due to doping of the
about 2 - 5 microns apart. Carbon was deposited onto thgraphene by the substrate and is determined by comparison to
substrates &850 — 900°C from a graphite rod heated by an the graphene on Cu ARPES measurements.AjJjg param-
electron beam. The growth was imaged in real time usingeter is introduced by us to account for the introduction of an
LEEM. The deposition was stopped near the completion of thenergy gap at’p due to the breaking of graphene’s A-B lat-
first graphene layer using the ability of LEEM to distinguish tice symmetry. Broadening of the bare band is introduced to
bare Cu, monolayer graphene and bilayer graptferie the model through the self-energy via the single-partiptes
Selected-area LEED patterns were acquired after growttral function:
from regions 2 or 2Qum in diameter. The graphene-covered
Cu crystals were removed from the ultrahigh vacuum of the
LEEM system and exposed to air for about 3 hours before A(Ek) = 3)
again being placed in vacuum and degassed at 8508€ for
ARPES measurements. After the ARPES measurements, theThe self-energyy(E, k) is determined using the semi-

samples were re-introduced into the LEEM for further a”a"empirical method of Bostwick et &P, where the linewidth

ysis. Both the graphene/Cu(100) and graphene on Cu(11bfthe ARPES data is used to determine the imaginary compo-
specimens experienced an additional 3 hours exposure 10 gjent of the self-energy, which is Hilbert transformed totbet
while the graphene/Cu(111) was also kept in a desiccator fqfea| component. This experimental self-energy is then used
several weeks prior to analysis. The samples were briefly deg, recreate the experimental data and a self-consistengfitt
gassed at abob0° C before the subsequent LEEM/LEED seq to further refine the self-energy. An additional garssi
measurements. The LEEM/ LEED measurements where pefroadening term is added to the current model to account for
formed at Sandia National Laboratories in Livermore, Cali-experimental broadening in energyZ = 25 meV, and mo-

fornia. _ _ mentumAk = 10 mA~!. Fig. 1 shows experimental data for
ARPES spectra were obtained at the Electronic Structurgraphene ori6v/3 x 61/3)R30° C-SiC(0001) (data adapted
Factory endstation (SES-R4000 analyzer) at beamline %of thfom Bostwick et ak% compared to a model spectral function

Advanced Light Source, Lawrence Berkeley National Labo-itted according to the above procedure. The fitted values, ex
ratory. A photon energy of 95 eV was used giving overallceptinge,, andE,.,, used for the graphene on Cu data model
resolutions of~ 25 meV and~ 0.01A ~. The spatial area are those obtained from this fit as the rotational disorder pr
sampled by the ARPES spectra was typically 50 to 460  hibits fitting in this case.

ImE(E,k)|

(E—Eyare(k)—ReS(E,k)2)+ImS (B k)2

During the measurements the samples were cooled26 K For comparison to the graphene on single crystal Cu exper-
using a liquid He-cooled cryostat and the pressure wés  imental data many rotationally disordered domains neeéto b
%1071 Torr. modeled. This is done by producing a 3D (2 momentum and

The ARPES spectrum of graphene on Cu single crysd energy) spectral function for a single graphene domain, as
tals was modelled as follows. The bareband dispersion shown in fig. 1. This single domain is then rotated around the
Ebare(k) was computed using a first nearest neighbour tightT" point (in this case 20 single domains, with evenly spaced ro-
binding (TB) model based on the approach given by Saito etation angles betweeh 2.5°) to produce the spectral function
al.’®. The secular equatigif — Epare+(k).S| = 0 is solved  from 20 rotationally disordered graphene domains. The rota

for the eigenvalueg,, e+ (k), with tional disorder model is then produced by summing the spec-
tral function from each of these rotational domains togethe
g (e Egap/2 Yof (k) Inclusion of additional domains, or domains with largemarot
N Yof(k)*  €2p — Egap/2 tions, did not appreciably change the resulting spectrat-fu
tion, hence these values where employed.
1)
Ill. RESULTS AND DISCUSSION
S = ( sofl(k)* Sofl(k) ) A. LEEM of as-grown films
and Figs. 2(a) and 3(a) show representative LEEM micrographs
of graphene on Cu(111) and Cu(100), respectively. These im-
f(k) = exp(ik.Ry + ik.Ro + ik.R3) (2)  ages show that graphene grows in grains separated by bound-

aries, whose intensity can be bright or dark depending on the
where~y, is the hopping potentiak, is the overlap potential electron energy used for imaging. The bright dots in Fig. 2
and Ry, R», Rs are the vectors denoting the position of the 3 (a) are the graphene nucleation sites. Similar growth struc
first nearest neighbor carbon atoms. tures have been observed in STM measurements of graphene
A lattice constanta = 2.46, is employed as are the fit- on Cu(1003%
ted parametersy,=-3.24 eV ands;,=0.0425 eV, determined Figs. 2(b) and 3(b) show representative LEED patterns in-
by Bostwick et al. for graphene oftv/3 x 61/3)R30° C-  tegrated over the 2@m regions of Figs. 2(a) and 3(a) for
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_o1f@D s ol@m graphen_e growﬂ*?._ Thg brqadening of the graphene LEED
< 2 i pattern in the radial direction results from the fact that th
£ 2 graphene conforms to this roughened topography.
200 ugo's i The LEED pattern obtained from graphene on the Cu(100)
§ -?%_1 o crystal is similar to that from Cu(111) crystals and (100)
0.p @ grains of copper foils. The LEED pattern consists of broad
~9M(b.i) So.0f(b.ii) arcs. While the average pattern has two sets of six-fold'drcs
< > one set is stronger in Fig. 3(b). The two sets of arcs arise
5 oof §0-5 - because there are two symmetry-equivalent ways to put the
s 2 six-fold graphene on the four-fold Cu(100) surface. Thesarc
€oql ELO occur because the graphene has a large range of in-plane ori-
é = — ; = 3 5 entations. In addition, the arcs are broadened in the radial

m Ay Tmomentam (A7) momentam (A1) direction, a result of the roughened surface topology, as fo
Cu(111) and STM measuremefitsReducing the integration

FIG. 1. Experimental fermi surface andband structure obtained area for the LEED patterns down to 2 microns does not com-

from graphene oii61/3 x 61/3)R30° C-SiC (a i, i and iii) for com-  pletely eliminate the azimuthal disorder observed in thEDE

parison to a semi empirical model (b i, ii and iii). The modei-e  patterns for both Cu(100) and Cu(111). Therefore the size of

ploys a first nearest neighbour tight binding model for theefan- ~ a domain having a single in-plane orientation is smallentha

broadened) bands with the parameteris=(3.24 eV, §=0.0425 eV the typical grains seen in Figs. 2 (a) and 3 (a).

and e2,=-0.47 eV) determined from a fit to the experimental data.

Broadening is performed using the self-energy, obtained fyto

the experimental data in tHe- K direction, and experimental broad- L

ening of 25 meV and 0.0 !. The simulation and experiment agree B. Angle Resolved Photoemission Spectroscopy

qualitatively.

A
momentum (A

Angle Resolved Photoemission Spectroscopy (ARPES)
measurements of graphene on Cu(111) and Cu(100) surfaces

(b) . are presented in Figs. 4 and 6, respectively. The Fermi sur-
'-i ; face of the graphene on Cu(111) is presented in Fig. 4(a).
The large nearly continuous arc (indicated by the large@sh
graphene...__* line) corresponds to the Fermi surface of the rotationally d
i Cu/ ordered graphene bands. Similar to the LEED pattern pre-
; sented above, an increase in the intensity in the Cu(I1K)
direction is observed. This is the direction along which the
p two lattices are aligned.The other features in Fig. 4(a) cor
~ 45 eV respond to cuts through the Cu(111) Fermi surface and the

central circular arc of the Cu(111) surface st&#é Since the
clean Cu(111) surface state does not survive exposure to air
FIG. 2. LEEM/LEED characterization of a nearly completeghin ~ @nd since the LEEM images show that the substrate is cov-
layer graphene film on Cu(111). (a) LEEM image with2@ fieldof ~ €red, the surface state observed here must be localized to th
view. Bright dots are nucleation sites and bright lines amertlaries  interface between graphene and Cu(111).
between graphene islands. (b) LEED from a;2@-diameter area The experimental spectral function obtained along the
of (a). First-order diffraction spot of Cu marked by red arrand  white line in Fig. 4(a) is presented in Fig. 4(b) with the TB
portion of graphene arc marked by blue arrow. fit obtained using., = -0.3 eV shown in blue (dashed line).
The good agreement between the TB fit and the experimen-
tal data indicates that the graphene is electrotype) doped
Cu(111) and (100), respectively. The LEED pattern obtainedy the Cu layer. The effect of this doping is a shift in the
from graphene on Cu(111) consists not of six sharp spots eXdirac crossing to -0.3 eV, in good agreement with data ob-
pected for a perfect graphene sheet, but instead is smeartained from graphene on 1ML Cu/Ni(114}0.31 eV).
into a nearly compete ring. This shows that graphene grows Varykhalov et al* also found that a gap was opened at the
on Cu(111) with a substantial amount of azimuthal disorderDirac point (~ 180 meV) in the graphene on 1ML Cu/Ni(111)
The graphene diffraction is most intense near the firstrordesystem. At first glance the spectral function in Fig. 4 (bpals
Cu(111) spots, indicating a preference for graphene taaligsuggests a gap for graphene on single crystal Cu however the
with the Cu lattice. Subsequent growth experiments estabiEnergy Distribution Curves (EDC) and Momentum Distribu-
lished that the graphene not aligned with the Cu(111) satestr tion Curves (MDC) shown in Fig. 4 (d) and (e) indicate in-
originated from islands that nucleated at the large bunche®nsity is present throughout the Dirac crossing regiorctvhi
of Cu step®. Reducing the bunch density leads to highersuggest the presence of states. Analysis shows that this in-
fractions of aligned graphene. The graphene LEED pattern itensity is largely caused by the smearing of the bands due to
also markedly broadened in the radial direction, a resuli@f rotational disorder, which provides an additional levetoin-
Cu hillocks that form when uncovered Cu sublimes duringplexity. An accurate assessment of the size of the gap Exjuir
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FIG. 3. LEEM/LEED characterization of single-layer grapbdilm on Cu(100). (a) LEEM image with 20m field of view. Dark lines are
boundaries between graphene islands. (b) LEED fromr2Qdiameter area of as-grown graphene. One graphene arcdriarkdue arrow.

(c) LEED from a 2um diameter area of air-exposed sample. Diffraction spotSwofgraphene and intercalated O marked by red, blue and
green arrows, respectively.
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FIG. 4. Experimental Fermi surface (a) obtained from graphen single crystal Cu(111). Also presented is the experiahepectral function
(b), semi emperical model spectral function (c), energyrithistion curves (d) and momentum distribution curves (@pmed along the white
line in (a) (Cu Brillouin zond™-K direction). The grapheng bands calculated from a first nearest neighbour tight bandindel ¢o=-3.24
eV, $=0.0425 eV and,,=-0.3 eV) are overlayed as the large dashed blue lines. Aphedit to the Cu(111) surface states is also shown
(small dashed yellow lines). All other unmarked bands ae tduthe bulk Cu. The graphene Fermi surface is observed asiateuupted

ring due to rotationally disordered graphene domains. Tagepential alignment (higher intensity) of the domairanai thel™ - K direction is
also observed in LEED.

taking the rotational disorder into account, as discussstl n  experiment ( Fig. 4 (b)) and theory ( Fig. 4 (c)) is obtained
when a gap ofv 250 meV is used in the model. This is an

The predicted EDC obtained from the rotational disorderappreciably larger gap than was found for graphene on 1 ML

model described above, labell€d |, , with different simu-  Cu/Ni(111)}, E, = 180 meV, which indicates a stronger in-

lated gaps are shown (blue solid lines) in Fig. 5 (a). The mosteraction between the graphene and single crystal Cu. We find

significant change with gap size is reducing the depth of thé¢hat the doping level and bandgap does not vary around the

minima at the Dirac crossing+ -0.3 eV). The experimen- band arc.

tal EDC curve is overlayed (red, dashed line) on three EDC

curves (E = 270, 250 and 230 meV). The best fit between In contrast to the above analysis, a mere visual inspection



some difference in the samp@&¥,, in Fig. 6).
(a) (b) (C) Similar to graphene on single crystal Cu(111), Fig. 4 (d)

——W] and (e), the EDC and MDC plots in Fig. 6 (d) and (e) indicate
E4(GF00)=0 meV

intensity in the region of the Dirac crossings. To determine
the size of the gap in both doping level&i{,, andGE,, ) it
B is once again necessary to compare the EDC curves at the K
point from the rotational disorder model and the experiraent
data. In this case the model is extended by creating the 3D
spectral functions, as used in the graphene on Cu(111) case,
for each of the two doping levels indicated by the TB bare
B bands in Fig. 6 and summing them together. The EDC curves
at the K point (blue, solid lines) are shown for different sim
" A ulated gaps in th&% ), (Fig. 5 (b)) andG1y, (Fig. 5 (c))
=il N T | [Eo(60)-250 mevi bands, respectively. In Fig. 5 (b) thel,, band gap is set
Fo(G111)=250 meV | - [E(G100)=350 mey to 250 meV and in Fig. 5 (c) thé%,, band gap is set to 350
T - ” meV. The overlying experimental EDC (red dashed lines) give
the best fit for a gap in theé®, band (Fig. 5 (b)) of 350 meV
and a gap in th&4,, band (Fig. 5 (c)) of 250 meV.
The model spectral function obtained based on the two TB

Ey(Gy11)=0 meV Eg(Gfoo)=0 meV

E4(GRo0)=100 meV/|

E4(Gy11)=100 meV

E4(Gy11)=200 meV

et

Eq(Gyq1)=230 meV

Intensity (arb. units)

E4(Gfoo)=370 meV]  [E4(GRop)=270 meV

Eq(Gyq1)=270 meV

Fo(G11)=300 mev | (G5)=400 mev| [Fo(®ro0)=200 meV bare bands from Fig. 6 and the band gdpgG4,,) = 250
L L L L LA DL meV andE,(GE,) = 350 meV is shown in Fig. 6 (c), and
1.0 0.0-1.0 0.0 -1.0 0.0 matches well with the experimental spectral function in. Fig
. 6 (b). A structural origin for the two doping levels, where
Binding Energy (eV) two facets on the surface produce a momentum offset of two

similarly doped graphene domains, was also considered. The

model spectral function for such a system did not reproduce

the shape of the experimental EDC plots in Fig. 5 (b) and (c),

together with a single band mod€l,,; whose gapE,(Gii1) is and therefore_is discounted. Such facetted features where a

varied, and (b, c) for Cu(100), which is compared to a twoeban NOt observed in STM measurements of Rasool étal.

model G{*OO, GEy. In (b), the gapE,(GEy) is varied for fixed Summarizing the ARPES data, graphene bands Cu(111)

E4(G4o0)= 250 meV, while in (c), the gag,(G1y) is varied for  and Cu(100) G111 andeO, resp.) were observed with iden-

flxedE ,(GT0)=350 meV. In all panels, the light blue lines represent tical gap ;=250 meV) and doping levet{, = -0.3 eV). A

best-fit models to the data. second graphene band¥,,) was observed on Cu(100), with
larger gap € 350 meV) and doping level~ 0.6 eV). This
implies that the interaction of the graphene with the salbstr

of the data in Fig. 4b and 5a would suggest a much larger gagayer is substantially stronger in @&, , doping regions.

around 350 to 400 meV. This demonstrates that the rotational The interactions between graphene and metal substrates has

smearing of the spectral function due to azimuthal disoisler been modeled extensively using DFT L(S)DA theSrgnd

to artificially enhance the gap size by up to 60% . by considering van der Waals interactions using variat@ns

The graphene on Cu(100) Fermi surface is shown in Fig. &dW-DF theory®. Khomyakov et af®, in addition to cal-

(a), where the graphene ring is twice as broad as for grapherllating the band structure, investigated the effect ofivar

on Cu(111), Fig. 4 (a).The nearly continuous arc of the the bond distance between the graphene layer and a metallic

band is consistent with the large amount of rotational disor ~ substrate. For graphene on Cu(111) they found that varying

observed in LEED (Fig. 3 (b)). Also, the graphene ring onthe bond distance from & to 4 A can shift the Dirac cross-

Cu(100) is twice as broad as that on Cu(111). The spectrang from ~ -0.5 eV to~ +0.25 eV. The close agreement of

function along the white line in Fig. 6 (a), shown in Fig. 6 the Dirac crossing for graphene on single crystal Cu(111),

(b) indicates a shoulder (green, dash dot dot line) offsehfr graphene on single crystal Cu(100) and graphene on 1ML

the main band (blue, dash dot line). The TB fit (green, dasKu/Ni(111}* therefore indicates that the graphene-Cu bond

dot dot line) describes this shoulder well in 6 (a) and (b).distance is similar in all cases.

Although the main peak in Fig. 6 can be described by the On both Cu(111) and (100) the spectral function does not

same TB fit, a higher Dirac crossing offset, { = -0.6 eV)  vary appreciably around the arc of the grapherand. That

is obtained by the fitting. The extra width of the Fermi sur-is, doping level and bandgap do not change with graphenes

face can therefore be ascribed to two distinct doping levelin-plain orientation. Furthermore, the Dirac crossinguesl

for graphene on single crystal Cu(100). The origin of the two(dopings) and bandgaps are similar on the two Cu surfaces.

doping levels will be discussed in the next section, howéver So graphenes electronic structure is not very sensitivado t

is important to note that one doping level is the same as thphysical and electronic structures of the Cu surfaces or the

graphene on single crystal Cu(111) ca6g4( in Fig. 4 and precise alignment of the film/substrate lattices. Thesembs

G4, in Fig. 6) and an extra doping level most likely due to vations suggest relatively weak interactions between tire fi

FIG. 5. The energy distribution curves (red dashed lineainbd
at the K point from the semi-empirical model for a range of-sim
ulated band gaps (blue solid lines) are presented for (a1
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FIG. 6. Experimental Fermi surface (a) obtained from graphen single crystal Cu(100). Also presented is the experahepectral function
(b), semi emperical model spectral function (c), energyrithstion curves (d) and momentum distribution curves (@pmed along the white
line in (a) (Cu Brillouin zond™-K direction). The grapheng bands calculated from a first nearest neighbour tight bandindel ¢o0=-3.24
eV, $=0.0425 eV and.,=-0.3 eV) are overlayed as the dash dot blue and dash dot een d¢ines, respectively. All other unmarked bands
are due to the bulk Cu. The graphene Fermi surface is obsasvad un-interuppted ring due to rotationally disordereglgene domains.

and the Cu. But there are sufficient interactions to dope th800°C forms two domains with\(2 x 2v/2)R45> symme-
graphene and open a bandgap by breaking the symmetry tify at a saturation coverage of one half monolayer. Since our
the graphene lattice. The larger band gap on the Cu singleamples were annealed to a similar temperature after &ansf
crystals compared to graphene on 1ML Cu/Ni(£ttyay re-  ring them through the air to the ARPES chamber, it is likely
sult from greater substrate-induced symmetry breakings Th that we are observing the intercalation of oxygen between th
is in contrast to the DFT calculations, which predict only agraphene and the Cu(100) surface. In our case, the inter-
small band gap (11 me¥. calated oxygen is not well-ordered, giving lines rathemtha
strong LEED spots.

Auger electron spectroscopy (AES), not shown here, con-
firmed that the air-exposed sample contained oxygen. Survey
ing the surface by examining LEED from areag @ in di-
ameter established that the intercalation was uniform @n th

To gain insight into the origin of the two doping levels ob- |ength scale. However, we cannot exclude spatial variation
served for graphene on Cu(100), the sample was re-examinggl oxygen content at smaller length scales. Thus, we propose
by LEEM/LEED after the ARPES experiments. After de- that the two doping levels of graphene on Cu(100) observed in
gassing at about 250C, the LEEM images were indistin- ARPES arise from intercalated and non-intercalated region
guishable from the as-grown film. However, Fig. 3 (c) re-which would lead to two different levels of charge transter t
veals new LEED features — four weak, radial lines rotated 45the graphene. The effect of the oxygen on the graphene then
relative to the directions of the first-order Cu spétsAt the also acts to increase the size of the gap frer250 meV to
ends of the lines are weak spots (see green arrow) sepayated b 350 meV. It is interesting that in their study of graphene on
V2 times the length of the Cu reciprocal lattice. This pattern1ML X/Ni(111), with X being Cu, Ag or Au, Varykhalov et
can be interpreted as induced by the interaction of air wi¢h t al 14 also found that the band gap became larger with increas-
graphene/Cu(100) system. Since graphene on other s@sstraing doping. We see a similar increase in the band gap for the
survives air exposure and is cleaned easily with anneating @xygen intercalated region, which has a hgiher doping level
300 C, itis likely that the effect represents intercalationofa  Even lengthy air exposure did not change the LEEM images
atmospheric species between the graphene and the copper.and LEED from the graphene /Cu(111) specimen. However,

As shown by LEED and scanning tunneling microscopyAES revealed the presence of oxygen. Previous studies have
(STM),282° annealing oxygen adsorbed on Cu(100) at abouestablished that adsorbed oxygen on Cu(111) does not form

C. Airexposed films



— TABLE I. Cu(111) surface state data. The effective mass is un
i 0.0 4 changed by the graphene overlayer, in contrast to 1 ML Ag on
< Cu(111§.

€ -0.1 - Substrate Bandwidth Fermi vector Effective

S . P

frav] (eV) (A—hH mass

T (m* /me)

g -0.2 - Cu(111%t 0.435 0.215 0.41

(S 1ML Ag on Cu(111§1 0.241 0.151 0.36

-0.3 - T T T T 1ML G on Cu(111) 0.218 0.150 0.39

-0.2 0.0 0.2 0.4

o momentum (A7) which indicated an oxygen superstructure on the graphene on
Parabolic fit to the Cu(110) surface state cy(100) sample, but not on the graphene on Cu(111) sam-
ple. Itis therefore likely the presence of ordered, intkxieal
FIG. 7. Detailed experimental band structure of the Cu(kliface ~ OXygen that leads to the second doping level in the graphene

state. Overlayed, dashed yellow line, is the parabolic Btius de-  on Cu(100) samples, which is not observed for graphene on
termine the values in Table I. Cu(111).

ordeggd structures and changes the work function Ies_s than 1 V. CONCLUSION
meV:>" While we cannot totally exclude some oxygen interca-

lation upon air exposure for graphene/Cu(111), the neteffe ) . .
is a uniform doping of the graphene. We investigated graphene grown on single crystal Cu(111)

and Cu(100) surfaces. The graphene layers show a high de-

gree of rotational disorder resulting in graphene K points
D. Cu(111) surface state forming a nearly unbroken arc in the diffraction space mea-

surements of both ARPES and LEED measurements. This ro-

. tational disorder was also observed in STM measurerfients
An important feature of the graphene on Cu(111) Ferml'I'he graphene lattice does preferentially align with the

surface (Fig. 4 (a)) is the well known Cu surface state atCu(lll) lattice, though. The doping level, measured by the

T" indicated by the small circle (dashed yellow line). Previ- ; . .
ous measure?/ner?ﬂshave shown(that 1 m%nolayer o)f Ag on offset of the Dirac crossing from the Fermi level (0.3 eV),
was found to be similar for both substrates and to that found

Cu(111) reduces the bandwidth of this state by a factor & 0.5 .

and renormalizes the effective mass by a factor of 0.88. Th or graphene on 1M]!‘ CuéNt'(l_li)\( Olfil eV)d OrlhexposuLe
spectral function of the surface state is shown in Fig. hwait 0 a;|hr 0éygi(r)10was foun f 0 Intercalate url[ ert € grag ene
parabolic fit to the state shown in yellow (small dashed )Jines quu:ntlyu; seiosr?dr g(c:)f)inc;”r(]el\?gl gf ?ﬁg%r\?errlljgylijr:gg?gphce?\g
in Fig. 4 (a) and Fig. 7. Parameters from the parabolic fit ar he doping level of this second state is higher 0.6 eV)

used to determine the bandwidth and the Fermi vector pre- " ¢ h i for f th than the C

sented in Table | along with the values found for pure Cu an wing to more charge transter from the oxygen than e Lu.
1 ML Ag on Cu by Bendounan et &. The bandwidth shift he size of the gap induced by interactions with the suFestrat
is not accompanied by a Fermi velocity renormalization andVas found to be larger than for g_raphene on IML Cu/Ni(111)
is attributed to a simple charge transfer between the graphe .(250 meV and 180 meV.respectlver) and even Iarger for the
and the Cu(111) intercalated oxygen regions-(350 meV). Interestingly the

interaction between graphene and the Cu(100) and Cu(111)

approximately circular Fermi surface the amount of chargéurfaces appears to be S'f_”"ar du_e to identical d_oplngsk_evel
transfer can be related to the change in radius of the Femﬁnd gaps, with a stronger interaction observed with the-inte

surface in both cases. Such analysis shows that the amount%?‘late? 8é¥gt$1n' Slmllzr o Fi.rev'?ustﬁtugi%ﬁée find tha\t/f?e
charge transfer to the surface state is appreciably lessttha curren eory underestimates the band gapi(meV™)

the graphene bands. It is therefore expected that the major-by a factor of 30. The Cu surface statelaon the Cu(111)

ity of the charge transferred to the graphene layer comes fro surface is ‘?"50 fOl.md to_be_protected un(_JIer the grapherte, wit

the Bulk Cu and not the surface layer. only a doping derived binding energy shift being observed.
The presence of a surface superstructure has been shown

to alter the effective mas®2 as well as open a gap in the

surface state at the surface brillouin zone boundayy0(151 ACKNOWLEDGMENTS

A1 for 1 ML Ag on Cu(111$Y). The absence of such a gap

in the spectral function (Fig. 7) and the similarity of the ef  The Advanced Light Source is supported by the Director,

fective mass from clean Cu(111)v 0.41, and graphene on Office of Science, Office of Basic Energy Sciences, of the

Cu(111),~ 0.39, indicates that no surface superstructure ext.S. Department of Energy under Contract No. DE-AC02-

ists in this system. This is in agreement with the LEEM data05CH11231. Work at Sandia was supported by the Office of

As both the surface state and the grapheiand have an



Basic Energy Sciences, Division of Materials Sciences and
Engineering of the U.S. DOE under Contract No. DE-ACO04-

94AL85000. A.W. acknowledges support by the Max Planck
Society.



K. Geim and K. S. Novoselov, Nat. M, 183 (Mar. 2007).

S. Novoselov, A. K. Geim, S. V. Morozoyv, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, Scier®@s
666 (Oct. 2004).

3 W. Deheer, C. Berger, X. Wu, P. First, E. Conrad, X. Li, T. Li,

M. Sprinkle, J. Hass, and M. Sadowski, Solid State Corb3

92 (Jul. 2007).

G. Rutter, J. Crain, N. Guisinger, and T. Li, Scier®¥7, 219

(2007).

5 |. Forbeaux, J. M. Themlin, and J. M. Debever, Phys. ReG8B
16396 (Dec. 1998).

6 K. Emtsev, F. Speck, T. Seyller, L. Ley, and J. Riley, Phys. Be
77, 155303 (Apr. 2008).

7 P. W. Sutter, J.-I. Flege, and E. A. Sutter, Nat. M&at406 (Apr.
2008).

8 Q. Yu, J. Lian, S. Siriponglert, H. Li, Y. P. Chen, and S.-Si, Pe

Appl. Phys. Lett93, 113103 (2008).

K. McCarty, P. Feibelman, E. Loginova, and N. Bartelt, Carbo

47,1806 (2009).

E. Loginova, N. Bartelt, P. Feibelman, and K. F. McCarty, New

Phys.11, 063046 (Jun. 2009).

A. N diaye, S. Bleikamp, P. Feibelman, and T. Michely, Phyas.R

Lett. 97, 215501 (Nov. 2006).

S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakr-

ishnan, T. Lei, H. Ri Kim, Y. I. Song, Y.-J. Kim, K. S. Kim,

B. Ozyilmaz, J.-H. Ahn, B. H. Hong, and S. lijima, Nature Nan-

otechb, 574 (Jun. 2010).

13 3. M. Wofford, S. Nie, K. F. McCarty, N. C. Bartelt, and O. D.

Dubon, Nano Lett10, 4890 (2010).

14 A. Varykhalov, M. Scholz, T. Kim, and O. Rader, Phys. Re8B

(Sep. 2010).

G. Giovannetti, P. Khomyakov, G. Brocks, P. Kelly, and J. gan

Brink, Phys. Rev. B76 (Aug. 2007).

18 T. Ohta, F. el Gabaly, A. Bostwick, and J. McChesney, New J

Phys.(Jan. 2008).

T A
2 K.

IN

9

10

11

12

15

17 H. Hibino, S. Mizuno, H. Kageshima, M. Nagase, and H. Yam-
aguchi, Phys. Rev. BO (Aug. 2009).

18 R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Physimadipr
ties of carbon nanotubes(1998).

19°A. Bostwick, T. Ohta, J. McChesney, T. Seyller, and E. Rotegh
Solid State Comml43 63 (Jan. 2007).

20 A, Bostwick, T. Ohta, T. Seyller, K. Horn, and E. RotenbergtN
Phys.3, 36 (Dec. 2006).

2L H. |. Rasool, E. B. Song, M. Mecklenburg, B. C. Regan, K. L.
Wang, B. H. Weiller, and J. K. Gimzewski, J. Am. Chem. Soc.
133(Jul. 2011).

% 3. Nie, J. M. Wofford, N. C. Bartelt, O. D. Dubon, and K. F. Mc-
Carty, arXiv(Jul. 2011).

2 p, Gartland and B. Slagsvold, Phys. ReB 4047 (Nov. 1975).

24 3. Kevan, Phys. Rev. Le#0, 526 (Feb. 1983).

2% p. A, Khomyakov, G. Giovannetti P. C. Rusu, G. Brocks,
J. van den Brink, and P. J. Kelly, Phys. Rev78(May 2009).

% |, Hamada and M. Otani, Phys. Rev8R (Oct. 2010).

27 The diffraction pattern in Fig. 3(c) has two sets of reldgigharp,
six-fold spots in contrast to the broad arcs in Fig. 3(b).sTdif-
ference results from the smaller analysis area (2 vs. 20omjcm
the particular example of Fig. 3(c), the two graphene oatons
are rotated about 37 and 45 from the labeled Cu spot (Ref. 13).

2 R. Mayer, C.-S. Zhang, and K. Lynn, Phys. Re\8® 8899 (Jun.
1986).

29 F. Jensen, F. Besenbacher, E. Laegsgaard, and |. Stendgjagsd
Rev. B42, 9206 (Nov. 1990).

30 W. Jacob, V. Dose, and A. Goldmann, Appl. Physt1A145 (Oct.
1986).

1 A. Bendounan, F. Forster, J. Ziroff, F. Schmitt, and F. Retjne
Phys. Rev. Br2, 075407 (Aug. 2005).

32 F. Schiller, J. Cordén, D. Vyalikh, A. Rubio, and J. OrteBays.
Rev. Lett.94, 016103 (Jan. 2005)



