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Figure 1 (Color online) Basic properties of graphene monolayer. (a) The hexagonal lattice structure of graphene, in which A, B atoms are two
inequivalent carbon atoms, and a;, a, are two lattice basis vectors. (b) The hexagonal first Brillouin zone, where K and K’ are two valleys and b, b, are
two reciprocal lattice vectors. (¢) Graphene's band structure. The inset shows the Dirac conical dispersion at six corners of hexagonal Brillouin zong®
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Figure 2 (Color online) Hydrogenated graphene and gap opening. (&) Schematic of fully-hydrogenated graphene (graphane) showing sp®
hybridization. The white and gray spheres shown in the figure represent H and C atoms respectively. (b) Theoretical band structure and density of states

for graphané®®. (c), (d) STM images of graphene on Ir(111) superlattice before and after hydrogenation. (€) ARPES result after hydrogenation
verifying the presence of band gap!™. (f), (g) Two possible patterns of hydrogenated CVD growth graphene on copper foil (STM image). (h) STS

measurement showing band gap after hydrogenation'®
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Figure 3 (Color online) Periodic defects: p, orbital missing, antidots and nanomesh. (a) Superlattice formed by missing p, orbital in graphene. The
dots with frame denote missing orbitals whereas the dots denote graphene atoms. (b) Superlattice with perodicity n=14. Two arrows represent lattice
vectors, and the hexagon is the superlattice Wigner-Seitz unit cell'®. (c)—(e) Periodic antidots in graphene with hexagonal symmetry'®®. L and R denote
superlattice unit cell size and antidot radius, respectively®®. (f) A schematic of the chemical processing method for graphene nanomesh’®. (g), (h)
TEM images after processing with various antidot size and unit cell size. Scale bar, 100 nm
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Figure 4 (Color online) Graphene nanoribbon. (a), (b) Schematic of
armchair/zigzag edge graphene nanoribbon. Arrows denote trandlational
directions®. Band gap width-dependence of zigzag-edged GNR, obtained
by calculations based on tight-banding (TB) (c) and LDA (d). N, denotes
number of atoms on the edge™!
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Figure5 (Color online) Gate tunable band gap in bilayer and trilayer graphene. (a) Photoconductance-gate voltage relation, in which peak P1 and P2
correspond to excitation processes 1 and 2 in (b), respectively. (b) TB band structure with and without applying gate voltage®. (c)(f) Infrared
absorption spectrum with varying gate voltage. (c) Schematic for the displacement field distribution. (d) Band structure obtained by TB calculation with
gate voltage applied. (e), (f) Experiment and theory results showing gate dependent absorption peak position, which indicates energy gap for the
excitation | in (d). Dashed linesin () are guides to the ey
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Figure 6 (Color online) Buffer layer between graphene-SiC opens band gap for graphene. ARPES results for monolayer (a), bilayer (b) and trilayer

(c) graphene®?
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Figure 7 (Color online) Band gap opened by Moiré superlattice. (a) Schematic for the Moiré superlatticd®!. (b) Conductance-gate voltage
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Since the successful exfoliation of graphene monolayer, the exotic and superior electrical properties of graphene have
rendered it a promising potential candidate for the future electronics. In particular, the extremely high electron mobility
and the rapid devel opments in mass-fabricating high-quality graphene might initiate a new electronic industry revolution
with graphene-based next-generation electronics, namely high-speed field effect transistors (FET). However, the unique
Dirac-conical band structure, which provides fascinating electronic features for graphene, turns out to be the primary
obstacle that hinders the fabrication of graphene-based FET due to its lack of a band gap. Since a desirably large band
gap isrequired for a high on-off ratio FET, physicists have been trying to figure out ways to open a controllable band gap
in monolayer and multilayer graphene from the early stage of graphene research.

Up till now, there are two major kinds of ways towards opening a band gap for graphene. The first is by directly
violating the pristine electronic or geometrical properties of graphene, through doping, adatom, introducing periodic
defects, constrictions, or other chemical treatments. These methods are generally destructive to graphene's original
electronic properties. The other way largely preserves the pristine electronic properties of graphene, such as breaking the
intrinsic symmetries of graphene that protect the Dirac cone intact, either through substrate interaction, applying external
field, etc., or through other mechanisms such as spin-orbit interaction, strain, and electron many-body effects. There
might be multiple mechanisms appearing in various theoretical or experimental works that contribute to the opening of
band gap, and this classification is far from clear-cut. Investigations toward this problem include various methodologies,
including theoretical proposition, ab-initio calculations, density-function or other approximated calculations, and
experimental verification using angular resolved photoemission spectroscopic, scanning tunneling spectroscopic and
transport evidences. There are also intense theoretical and experimental works on bilayer or multilayer graphene band
gap opening.

Although there have been many successful examples of band gap opening in graphene, it is till far to say that
graphene-based ideal FET isfeasible. The major remaining challenges are increasing the band gap up to adesirable value,
making the band gap precisely controllable, and more importantly, preserving the superior electronic properties of
graphene. Given that band gap opening is a dramatic change of graphene's electronic structure, it is still not clear which
mechanism might ultimately resolve such dilemma, and more investigations are needed in this emergent and fruitful
field.

graphene, band gap opening, field-effect transistor (FET)
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