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ABSTRACT

Metal-graphene contact is of critical significannegraphene-based nanoelectronics.
There are two possible metal-graphene contact ge@sie side-contact and
end-contact. In this paper, we apply first-prinegpl calculations to study
metal-graphene end-contact for these three comma¥y electrode metals (Ni, Pd
and Ti) and find that they have distinctive staleled-contact geometries with
graphene. Transport properties of these metal-grammetal (M-G-M) end-contact
structures are investigated by density functioreoty non-equilibrium Green'’s
function (DFT-NEGF) algorithm. The Transmission asfunction of chemical
potential (E-E) shows asymmetric curves relative to the Fermelle¥ransmission
curves of Ni-G-Ni and Ti-G-Ti contact structureglicate that bulk graphene sheet is
n-doped by Ni and Ti electrodes, but that of Pdd>sRows p-doping of graphene by
Pd electrode. The contact behaviors of these el#esr are consistent with
experimental observations.

INTRODUCTION

Graphene is a promising channel material candigat®ntinue the device scaling in

post-silicon CMOS regime. Metal-graphene contaetdsucial structure in the overall

performance of graphene-based devices: not onlyadta device resistance mainly

originates from contact resistantdyut also metal electrodes can significantly modify
graphene’s intrinsic properties and endow graphesed devices with many novel

properties and performancés?®'* Symmetry’'°'’ between electron and hole

conductions in graphene devices has attractedobt®cent research efforts as it

reflects the unique electronic structure of graghen

There are two different types of contact geometbhesveen metal electrode and
graphene sheet: side-contact (metal surface platallgraphene basal plane) and
end-contact (metal surface perpendicular to graphesal plane). However, nearly
all relevant research works are exclusively focusedide-contact geometry. In spite
of much investigation, there is still no close @&ynent between theoretical and



experimental studies on the nature of metal-graphemmtacts. In the simulation
works, most efforts are focusing on weakly-intaractmetal$’ which preserve
graphene’s intrinsicrt-band structure with observable doping effect. Haoave
experimental studies have shown a preference fongly-interactive metals such as
Ni, Pd, Ti and Cr which can stick to graphene cehdy and form mechanically
stable contacts for realistic device fabricaidnConsidering these differences, there
is a need to study metal-graphene contact for glyoimteracting metal species to
examine the consistency between theoretical andrempntal studies.

From a practical point of view, experimentalistsneentionally deposit metal
electrode on a graphene placed on an insulatingtrsué (e.g., Si¢) rather than
placing graphene sheet on prefabricated metal retbes. The metal electrode
deposition process is chemically reactive, and reasonable to expect that the metal
electrodes may dissolve carbon atoms and destreygthphene underneath the
deposited metal. Such metal deposition process dvoesult in an end-contact
structure between the edge of the metal electradetlae remaining intact graphene
sheet (see Fig. la). It is worthwhile to note thaimilar metal contact issues have
been raised for carbon nanotube electronics, anasitbeen suggested that the charge
injection at the metal-nanotube interface is happuerat the edge of the contact
electrodes. Due to the absence of theoretical stateting on the metal-graphene
end-contact, a theoretical investigation can previthuch needed insight and
understanding on the electronic structures andgehmmjection characteristics at the
end-contacts.

We apply first-principles calculations to Ni-, Pdnd Ti-G end-contact structures.
Stable contact geometries are identified as thesbwnergy structures from interface
geometry optimization in which the standing graghaheets are shifted on metal
surfaces along x-, y- and xy-directions (as showkig. 2d). Based on the obtained
stable contact geometries, non-equilbrium Greamstion (NEGF) algorithm based

on density functional theory (DFT) program SIESTA used to investigate the
transport properties of Ni-G-Ni and Pd-G-Pd endtaon structures. Equilibrium

Fermi level is readjusted after these contactsirgegrated into a device structure.
Bulk graphene sheet is doped as a result of thereifce between the Dirac point and
equilibrium Fermi level of the device system. Cangntly, junctions are formed

within graphene sheet and induce asymmetry betwtsmron and hole conductions
in these M-G-M end-contact device structures.

METHODOLOGY
The initial DFT calculations to search the mosblgtaontact geometry are performed
in ViennaAb initio Simulation Package (VASP)with the projected augmented wave
pseudopotentials with local density approximatiénergy cutoff of 400 eV is chosen
for the plane-wave basis which shows a good comeves in total energy and
Hellman-Feynman forces. Metal surfaces’ latticeesiare strained to fit graphene’s
periodic length 2.46 A along zigzag edge. Graphisnstanding perpendicular to



metal surfaces with zigzag edge attached to 1 as shown in Fig. To optimize the
interface geometry,rgphene sheets are shifted on top of msurfaces along thre
high symmetric lines: two lattice vectors and agdizal of the unit ce (shown in Fig.
2). For each shift, metédttices are fixed and graphes zcoordinates perpendicul
to metal surfaces are relaxed. Most stable comfacimeties are found by the tot
energy comparison between these sampling structii@s this DFT calculatior
hydrogen atoms are used to passivate the edge&tbfrexagon away from interfa
to mimic the bulk GS bond in graphenSpin polarized calculatiois performed only
in Ni electrode system®&ased on the stable contact geometries, fi-G-M device
structures are set ufor DFT (SIEAST)-NEGF calculatiori$'’. In this part o
first-principles calculations, we used numerical atonyjetorbital basis ss and
Troullier-Martin type pseudopotenti*’. The single-zi basis set was used for
electronic density matrix and transmission valugsudations. Cutoff energof 150
Ry for the grid mesh is chosen. The technical tetdithe no-equilibrium Gren'’s

function method are given in R 10. Contour integration on the imaginary plane \
used to obtain the density matrix from the G’s function. We use@33 contour
points, with the lowest energy bound of 2.5 Ryhe tontour iagram for the zer
bias case.

Results and Discussions
Metal's FCC(111) surfac and HCP (0001) surface can be mapped onto gra’s
lattice with ease for sidesntact Similarly, graphene sheet can stand perpendi
to metal surface with zigzag edcontacting metal. The intrinsiattice mismatctis
reasonably small (Ni 192 compressed, Pd 3.2% stretdh and Ti 3.7%compressed)
sothat metal lattice can be straina little to matchthe lattice constant ' graphene.
In addition,periodic boundary condition applied in the calculations
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Figure 1. (a) Side view of -G endeontact structure; (b) Toview of Pd-G
end-contact structur@eriodic boundary condition is applied along gragg's zigzag
edge direction.



Figurel (a) and (b) show the side and top \s of graphene standing on top of
FCC (111) surface. Initial, the position 0 (notated in FigbRrepresents the positit
of carbon atomin the unit cellexactly on top of a surface Pd atoand the other
carbon atomat the interfaceis on top of the bridge center of the lattice vec
Graphene sheets are shifted along three high syry directionsby different length:
based on the different repetitive periodic lengthAking eachdirectior, 7 shifting
steps are sampledotal energy calculatics show that the most stable structures
graphene carbon atoms sitting on the hollow sit&iolattice, on the top site of F
lattice, and on the bridge center site of Ti l&ticespectivel (as shown irFig. 2 (a),
(b), and (c)) The equilibrium interface distance between botiarbon atoms ar
metal surface planes aré&s5 A (Ni), 1.72 A (Pd), and 1.58 A (Ti).
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Figure 2. Total energof grapheme-metal interface g@phene sheet is shifted

the metal ((aNi, (b) Pd, and (c) Ti) surfaces. ree high symmeyrdirection: along
which graphene is shifted are indicated in (

Based on the different stable -contact geometries between graphene and Ni
and Ti, we set up the whole device structiwith two end contactasillustrated in
Fig. 3. Shaded rectangular zones represent left and rglok, andscattering regic
(interface) and channphrt (grapheneare arrangetietween left and right lea
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Figure 3. Ni-GNi, Pc-G-Pd, and Ti-G-Ti enadontact device structur. Periodic
boundary conditions are applied along grap’s zigzag edge direction:
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Figure 4. Tansmissio curves of Ni-G-Ni, Pd-G-Pd and Ti-G end-contact
devices.

Transport studies show that titransmission curveas a function of Fermi lev
(representing gate voltage char these device structures are asymm (Fig. 4),
indicating theasymmetry between electron and hole conductions da$ymmetric
transmission characteristic originates from cas’' different transmissions throug
graphene p-p junction,-m junction and p-n junctions. Fig. 4 indicates that bu

graphene is n-doped Ni and Ti end-contacts, anddoped by Pd er-contact. When
bulk graphene is n-dopda/ Ni and Ti electrodes, n4m4junction and -n-p junction
will be formed by adjusting gate voltage to postalues and negative values. Si
p-n-p junction blockscarrier¢ transmission more than nimqunction, in N-G-Ni

end-contact structuyelectron conduction is larger thaole conduction. For F-G-Pd
end-contact structure, goped graphene forms-p-n and p-pg junctions unde
positive and negative gate \age leading to larger hole conduction under neg:
gate voltage. These findings are consistent wighetkperimental data indicating tt
the endeontact structure may have formed in the experiaignstudied graphen
device structures.



Conclusion

DFT optimization of the interface geometry showat tNi, Pd, and Ti have different
stable end-contact geometries. Full M-G-M deviceditires are prepared from the
optimized stable contact geometries. DFT (SIESTEG¥ algorithm is applied to

investigate the transport properties of the M-G-BVide structures. The resulting
transmission shows that due to the doping of bublplgene by metal electrodes,
junctions are formed in the channel part. Junctnmuced asymmetric transmission
between electrons and holes are observed by quardnsport calculation.
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