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Fig. 1. Ball and stick models of buckled germanene

(upper, top view; bottom, side view).
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Fig. 2. The calculated energy band structure of germanene for high-buckled (HB), planar (PL), and low-buckled (LB)

structures. For LB structure the density of states is also presented. The crossing of the m and * bands at K and K’

points of Brillouin zone is amplified to show the linear dispersion near the cross section point. Adapted from Ref. [12].
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Fig. 3. Germanium superstructure formed on the
Pt(111) surface: (a) Zoomed-in scanning tunneling mi-
croscopy (STM) image (U =1 V, I = 0.05 nA) of the
germanium adlayer; (b) top view of the relaxed atomic
model of the (3 x 3) germanene/(v/19 x v/19) Pt(111)
configuration. The blue, yellow, and orange spheres
represent Pt, protruding Ge, and other Ge atoms, re-
spectively; a unit cell is outlined in yellow. Adapted
from Ref. [44].
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Fig. 4. Germanene grown on various metal substrates:
(a) STM image (U = —1.12 V, I = 1.58 nA, 16.2 nm x
16.2 nm) of the modulated honeycomb (v/7 x +/7) su-
perstructure on Au(111) with a close-up in the bottom
left corner, the (v/7 x v/7) unit cell is drawn in black[45];
(b) atomic structures (side and top views) of the (v/3x1/3)
germanene on the (v/7x v/7) Au(111) surfacel?); (c) STM
image (U = —0.7 V, I = 0.3 nA) of germanene and top
view of the relaxed atomic model of the germanene on
Al(111) surface, the rhombus indicates the unit mesh of
germanenel6l; (d) STM image (U = —0.5 V, I = 0.5 nA,
3.9 nm X 3.9 nm) of germanene termination of GeaPt crys-
tals on Ge(110)[%9); () the corresponding schematic ball
model, top layer is buckled honeycomb lattice (germanene,

in blue), second layer is platinum (in yellow)!49].
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Fig. 5. (a) Topographic STM image (U = —0.10 V,
I =0.03 nA) of monoatomic-layer germanene on Cu(111);
(b) top view of the relaxed atomic model of the (1 x 1)
germanene/Cu(111) configuration; inset is side view of
the configuration that shows the planarity of germanium
atoms with respect to the underlying Cu lattice; (¢) STM
image (V = 0.06 V, I = 0.07 nA) of a biatomic-layer (BL)
germanene on Cu(111), revealing the periodicity of the
germanene superstructure (4.38 A); (d) schematic illus-
trating (top view) the relaxed atomic model of the (v/3 x
v/3) R 30° BL germanene/Cu(111) configuration, inset is
side view of the configuration that reveals a corrugation
of ~ 0.61 A in the adlayer and the interlayer distance be-
tween the two germanium layers of 2.70 A. One unit cell
is indicated as a red rhombus. Adapted from Ref. [55].
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Abstract

With tremendous progress of graphene and with the consideration of the compatibility with semiconductor industry,
the construction of analogous two-dimensional crystalline systems-new two-dimensional honeycomb and layered materi-
als composed of elements other than carbon, the group IV (Si, Ge) analogs of graphene and the investigation of their
fascinated electronic properties have become the frontier topics of condensed matter physics. Theoretical calculation pre-
dicts that unlike the planar structure of graphene, the germanene has stable, two-dimensional, low-buckled, honeycomb
structure similar to that of silicene, but has much higher spin-orbit band gap than silicene, which is certainly of crucial
importance in future electronics. The influences of atomic structures and the buckling of the low-buckled geometry on
local electronic structure of the fabricated germanene are also reviewed from the atomic point of view. As theoretical
studies on germanene are rapidly increasing, now the major challenge in this field is the preparation of high-quality
germanene. Compared with silicene, the germanene has larger Ge-Ge interatomic distance which can weaken the orbital
overlaps, resulting in the big difficulty in constructing germanene. In this work we review the recent progress of exper-
imental epitaxial growth of germanene on surfaces, with emphasis on metal surfaces. The growth of quasi-freestanding

germanene and its potential applications in nanoelectronics in the future are also discussed.

Keywords: germanene, graphene, electronic structure, scanning tunneling microscopy
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