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We report the growth of bilayer germanene on Cu(111) 
demonstrating for the first time the presence of a nearly linear 
energy dispersion in the vicinity of the Fermi energy. Cu(111) 
was adopted as the growth template because of its hexagonal 
symmetry without surface reconstruction, matching lattice, and 
relatively weaker interfacial interaction with adsorbates than 
other metals, and so on (see details in the Supporting Infor-
mation). Atomic structures and electronic characteristics of the 
obtained germanene have been well explored by LT-STM/S in 
combination with first-principles DFT calculations. For mono-
atomic-layer (ML) germanene, the STS spectrum loses features 
of the Dirac state, albeit a honeycomb arrangement of 1 × 1 
germanene lattice is clearly revealed. On the other hand, we 
rationalize the structure of biatomic-layer (BL) germanene as 
Bernal stacking. It is fascinatingly that a V-shaped differential 
conductivity curve is obtained on the top germanene layer, with 
a nonzero electronic state minimum. Charge density differ-
ence calculation presents compelling evidence of the absence 
of charge transfer between the top germanene layer and the 
copper substrate. Moreover, electron localization function 
(ELF) calculations reveal 2D continuity of the BL germanene. 
Combining experimental observations with DFT calculations, 
we conclude that the top germanene layer is efficiently decou-
pled from the copper substrate by the bottom germanene layer 
acting as a buffer layer, thus the Dirac state exhibits.

Figure 1a shows an STM image of a germanium island. 
On the island, the honeycomb structure with real atomic res-
olution is clearly visualized. The nearest neighbor distance 
in the honey comb lattice is measured as ≈2.54 Å (Figure S1, 
Supporting Information), a little longer than the theoretically 
predicted bond length of 2.38 Å in a germanene layer.[27] The dif-
ference is likely due to a partial relief of the misfit strain of the 
system. Notably, the perimeters of the germanene island have 
zigzag orientations. And inhomogeneous perturbation of the 
relevant electronic states by the underlying metallic substrate 
is observed to be superimposed on the honeycomb structure. A 
relaxed ML germanene structure optimized by first-principles 
calculations is schematically shown in Figure 1b. The relaxed 
1 × 1 germanene structure is closely commensurate with the 
Cu(111) lattice and nicely matches the observed honeycomb lat-
tice, giving strong evidence that the islands are ML germanene, 
wherein germanium atoms tend to situate in the hollow sites of 
Cu(111) and lie perfectly flat on the substrate after relaxation.

Figure 2a shows other kinds of nanometer-sized germanium 
islands formed on Cu(111) with almost twice the apparent 
height (Figure S1, Supporting Information) of the monolayer. 
Note that the edges of these islands coincide with the dense 
Cu rows, along the close-packed direction of Cu〈1-10〉 deduced 

“Graphene-like” 2D materials composed of elements other 
than carbon, that is, silicene and germanene, have been pre-
dicted to host a variety of exceptional physical properties,[1–5] 
holding exciting promises for novel electronic devices.[6,7] 
In particular, the spin–orbit coupling in germanene is rather 
strong due to the large atomic number of germanium. Ger-
manene with puckered geometry has been predicted to have 
a spin–orbit band gap of 23.9 meV (corresponding to 277 K) 
at the Dirac point (DP) in the interior of germanene, resulting 
in experimentally detectable quantum spin Hall effect.[2] To 
date germanene has been realized by epitaxial growth of ger-
manium on a variety of metallic surfaces, such as Pt(111),[8] 
Au(111),[9] and Al(111),[10,11] and has been directly observed at 
the termination of 3D Ge2Pt islands on Ge(110).[12,13] However, 
the hybridization of the electronic states near the Fermi level 
with the electronic states of the underlying metal might either 
modify or destroy the Dirac state of the 2D adlayers.[14–19] Of 
late, the intense research into this promising new material has 
generally focused on experimental realization of germanene 
with the Dirac signature.

Theoretically, the Dirac state in 2D germanene adlayer 
exhibits when germanene interacts with the substrate via 
a weak van der Waals (vdW)-type interaction,[15,20–22] as has 
been experimentally demonstrated for germanene islands on 
graphite and molybdenum disulfide,[23,24] for instance. How-
ever, the weak adlayer–substrate interactions are unfavorable 
for stabilizing the buckled geometry, which typically requires a 
metallic support as the bottom substrate. Another way to miti-
gate the influence of the metal substrate is to insert a buffer 
layer decoupling the germanene adlayer from the substrate,[16] 
as has been experimentally demonstrated for germanene over-
growth on h-AlN/Ag(111),[25] and on hexagonal boron nitride 
(h-BN) theoretically predicted in a recent review paper.[26] 
Unfortunately, no direct STM image with real atomic resolu-
tion was provided in the former case.
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from the atomic resolution of Cu(111) (Figure 2b). This sug-
gests that, during epitaxy, germanium atoms prefer to nucleate 
and align with the lattice of the underlying Cu(111). In contrast 
to the honeycomb lattice of ML germanene (Figure 1a), by fur-
ther close inspection of the islands a triangular structure with 
an edge length of ≈4.38 Å is observed (Figure 2c). The rota-
tion angle between the triangular lattice and Cu〈1-10〉 is 30°. 
Considering the commensuration with Cu(111), we tentatively 
define the obtained germanium islands as a (√3 × √3) R30° 
superstructure with respect to Cu(111).

The origin of the triangular structure can be well elucidated 
by the first-principles calculations, in which the (√3 × √3) R30° 
superstructure was built by pure germanium and substituted 
Cu impurities (Figure S2, Supporting Information). The corre-
sponding formation enthalpies were calculated and compared 
from an energetic point of view. The Bernal-stacked BL struc-
ture (Figure 2d), wherein half the atoms in the top layer sit on 
top of the empty centers of hexagons in the bottom germanium 
layer, has the minimum energy. And the relaxed lattice constant 
is calculated to be ≈4.32 Å, quite close to the experimental value 

(4.38 Å), and the interlayer distance between the two sheets is 
calculated as ≈2.70 Å. Based on these we conclude that the ger-
manium islands are Bernal-stacked BL germanene islands. In 
addition, due to the misfit strain of the system, the observed 
and calculated lattice constants are a little larger than the hex-
agonal lattice constant (3.97–4.02 Å) of the honeycomb struc-
ture expected for a freestanding germanene layer.[2,27,28] Also, 
the extent of the buckling is calculated as ≈0.61 Å. Indeed, 
the observation of a triangular sublattice is a reflection of the 
buckling. STM simulation further supports this conclusion. 
As shown in Figure 2e buckled-up Ge atoms in the upper layer 
dominate the simulated STM image, in excellent agreement 
with the STM observations (Figure 2c), verifying that the model 
in Figure 2d fundamentally resembles what we observed in our 
experiments. The relaxed (√3 × √3) R30° model and the simu-
lated STM image present a clear picture of the germanium 
arrangements in the BL germanene. The topmost germanium 
atoms (red balls in Figure 2d) correspond to the bright protru-
sions in the STM image.

Bias dependence of differential conductance, a quantity pro-
portional to the local DOS,[29] was recorded on the lattices of ML 
(red curve in Figure 3) and BL (black curve) germanene, respec-
tively, to clarify the electronic structure of our germanene. 
Because the dI/dV spectrum is sensitive to the termination of 
STM tip, good condition and stability of the tip was verified 
by checking the standard spectrum (inset of Figure 3) of the 
pristine Cu(111) before acquiring each dI/dV curve. Consistent 
dI/dV spectra were acquired on ML and BL germanene, respec-
tively. For the sake of comparison, the recorded curves were 
put into one panel. In contrast to the red curve, in the vicinity 
of the Fermi level, the black curve is linear energy dispersion 
and shows well-defined V-shaped differential conductivity, 
which could be attributed to a 2D Dirac system.[12,24] To ration-
alize this, we performed projected DOS (Figure S3, Supporting 
Information) calculations by first-principles DFT (see details 
in the Supporting Information). It is important to notice that 
a well-defined V-shaped density of states in the vicinity of the 
Fermi level can only form in Bernal stacking BL germanene, 
not so in the twisted BL germanene. If the top germanene layer 
has a twist angle θ (θ = 0° for Bernal stacking BL germanene) 
with respect to the underlying germanene layer, the Dirac cone 
splits into two separate Dirac cones, two Van Hove singulari-
ties develop, similar to the case of twisted bilayer graphene,[30] 
and destroy the nice V-shape of the density of states. Signifi-
cantly, the DP is offset by 30 meV above the Fermi level (identi-
fied with zero bias) indicating unintentional doping with hole 
carriers. Moreover, the tunneling conductance at the DP has a 
nonzero value (a finite DOS).

With these in mind, we performed charge density calcula-
tions to evaluate the coupling between the BL germanene and 
the substrate, in particular to understand the phenomenon of a 
finite DOS at the DP. The differential charge density shown in 
Figure 4a,b provides information about the electron redistribu-
tion between BL germanene and Cu(111). Very clearly, the elec-
tron redistribution mainly involves half the germanium atoms 
in the bottom layer and no charge transfers between the top ger-
manene layer and the substrate. Copper atoms act as electron 
acceptors and gain electrons from these germanium atoms, 
leading to hole carrier doping in germanene, thus the offset of 
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Figure 1. Monoatomic-layer germanene on Cu(111). a) Topographic STM 
image (V = −0.10 V, I = 0.03 nA). The honeycomb structure (atoms visible 
at all six vertices of the hexagon) is seen over the entire sheet. A ball-and-
stick model showing the honeycomb geometry is superimposed on the 
image as a guide for the eyes. b) Top view of the relaxed atomic model 
of the 1 × 1 germanene/Cu(111) configuration. The perimeter is also 
indicated with a zigzag geometry. (Inset) Side view of the configuration 
shows the planarity of germanium atoms with respect to the underlying 
Cu lattice.
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the DP. Moreover, charge density difference analysis further 
confirms that the top layer is electronically decoupled from the 
copper substrate by the bottom germanene buffer layer. This 
does not, however, imply that these germanene islands possess 
all the intriguing properties theoretically expected for freely 
suspended germanene. The interlayer coupling interferes. The 
nature of the interlayer bonding was further ascertained by the 
following ELF calculation.[31,32]

ELF reveals the charge localization between individual 
atoms, allowing us to directly appraise the interaction between 
atoms. Figure 4c shows the top view of the overall ELF within 
the germanene layer with an ELF value of 0.50, confirming the 
continuity of the BL germanene. Germanium atoms are shown 
to be well bonded to each other. In order to distinctly identify 
the bonding characteristics within each germanium pair, the 
ELFs along the cross sections of each GeGe pair are displayed 
in Figure 4d. The ELF values are shown by color scheme, 
where the red signifies highly localized electrons and the blue 

represents the electrons with almost no local-
ization. Obviously, electrons are localized to 
a large degree at the GeGe pairs (the ELF 
values are in the range of 0.65–0.84), pro-
viding strong evidence that a covalent inter-
action exists between the members of each 
GeGe pair, both within a germanene layer 
and between the germanene layers. Covalent 
interaction within the interior of germanene 
layer demonstrates the 2D continuity of BL 
germanene. Moreover, the interlayer interac-
tion leads to the buckling of every layer, and 
produces additional states at the DP, giving 
rise to a finite tunneling conductance there. 
For comparison, the ELF value between the 
germanium atom and its nearest Cu atom is 
also calculated to be only 0.24, much smaller 
than the ELF values of any of the germa-
nium pairs. ELF values of less than 0.50 cor-
respond to an absence of pairing between 
electrons. Therefore, it can be concluded that 
the interaction between germanium and the 
underlying copper is mainly of an electro-
static origin.

In conclusion, Bernal-stacked germanene 
BL nanosheet with (√3 × √3) R30° super-
structure in terms of the underlying Cu(111) 
lattice has been structurally characterized 
by STM and is in accordance with the DFT 
optimized structure. Due to electronically 
decoupling of the bottom germanene layer, 
the bilayer germanene makes possible the 
appearance of the Dirac signature expected 
of freestanding germanene. Moreover, the 
calculated ELF unequivocally certifies that 
continuous 2D BL germanene was achieved, 
and the interlayer coupling produces addi-
tional states at the DP leading to a finite DOS 
there. Copper-supported BL germanene with 
a buckled honeycomb structure and the Dirac 
state might be a functional material for min-

iaturized germanene-based nanoelectronics directly fabricated 
on copper without a delamination transfer process.

Experimental Section
Sample Preparation: Experiments were performed in an ultrahigh 

vacuum (UHV) system with a base pressure about 3 × 10−10 mbar. 
The Cu(111) substrate was cleaned by several cycles of Ar+ sputtering 
(500 eV, 15 min) and subsequent annealing (≈850 K, 10 min) until it 
yielded clean surface terraces in STM images. High purity Ge (Alfa Aesar 
Puratronic 99.9999+%) was evaporated from a thermally heated crucible 
onto Cu(111) kept at room temperature, with the Ge flux estimated 
to be ≈0.03 ML min−1. After deposition, the sample was heated up to 
450 K (480 K) in 20 s (30 s) and kept at 450 K (480 K) with a very small 
fluctuation of about 2 K for 20 min (10 min), respectively. The samples 
were annealed at temperatures less than 500 K to prevent formation of 
GeCu surface alloy. Then LT-STM was employed to image the surface 
at liquid nitrogen temperature in the constant-current mode with bias 
voltage V applied to the sample. STM images were processed using 
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Figure 2. Biatomic-layer germanene on Cu(111). a) Unoccupied-states STM image (V = 0.07 V,  
I = 0.07 nA), showing well-shaped 2D germanium nanosheets. The perimeters of the germanene 
sheets run parallel to the close-packed direction Cu〈1-10〉, deduced from b) the atomic resolu-
tion STM image of the pristine Cu(111) (blue contour). c) Zoomed-in STM image (V = 0.06 V, 
I = 0.07 nA) of a germanium adlayer (red contour), revealing the periodicity of the germanene 
superstructure (4.38 Å). The angle between the blue and yellow dotted lines is about 30°. 
d) Schematic illustrating (top view) the relaxed atomic model of the (√3 × √3) R30° BL ger-
manene/Cu(111) configuration. (Inset) Side view of the configuration reveals a corrugation of 
around 0.61 Å in the adlayer and the interlayer distance between the two germanium layers of 
2.70 Å. One unit cell is indicated as a red rhombus. e) Simulated STM image with the features 
fitting very well with the experimental observations.
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WSxM.[33] The tunneling conductance dI/dV was measured by extracting 
lock-in amplifier derivation of the I/V signal with 777 Hz bias voltage 
modulation.

Computation: The DFT-based first-principles calculations were 
performed using the Vienna ab initio simulation package (VASP).[34,35] 
The projector augmented wave (PAW) potentials were used to describe 
the core electrons, and local density approximation (LDA) was used for 
exchange and correlation.[36] The periodic slab models included four 
layers of Cu, one or two layers of germanium, and a vacuum layer of 
15 Å. All atoms were fully relaxed, except for the bottom two substrate 
layers, until the net force on every atom was less than 0.01 eV Å−1. 

The energy cutoff of the plane-wave basis sets was 400 eV, and the 
K-points sampling was 11 × 11 × 1, generated automatically with the 
origin at the Γ-point. The differential charge density was calculated 
by Δρ = ρtot − ρGe − ρsub, where ρtot, ρGe, and ρsub are the total charge 
density of Ge adlayer on Cu (111) substrate, charge density of pure 
Ge adlayer, and pure Cu (111) substrate, respectively. Structures were 
visualized by the VESTA software.[37]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 3. Bias dependence of the tunneling conductance dI/dV, obtained 
on the surface of ML (red) and BL (black) germanene, respectively. (Inset) 
STS spectrum taken on the bare Cu(111) repeatedly verifying the condi-
tion of the tip. Set points: Sample bias V = 1.0 V and tunneling current 
I = 0.1 nA.

Figure 4. Electron redistribution and localization of BL germanene on 
Cu (111). a) Top view and b) side view of calculated differential charge 
density of the (√3 × √3) R30° germanene/Cu(111). Yellow and blue rep-
resent obtaining and losing electrons, respectively. Isosurfaces value: 
0.005 e Å−3. c) Top view of the overall electron localization function (ELF) 
of the relaxed model, cut from the dotted line in (b) with an ELF value 
of 0.5, showing continuity of the germanene layer. The color scale is the 
same as that in (d). d) The ELFs of the cross sections between germa-
nium pairs, showing the covalent interaction existing between each pair 
of germanium atoms. The ELF value of the cross section between one 
germanium atom and its nearest Cu atom is in the range of the green-
blue region (about 0.24), indicating an electrostatic interaction. The color 
scale is shown on the right.
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