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ABSTRACT

Despite its promise, growing a quasi-freestanding monolayer of germanene with Dirac cone signature remains a significant attention.
Synthesizing germanene on semiconductor surfaces is highly desirable to preserve its linear energy dispersion near the K points, which has
been experimentally challenging. Here, we report the molecular beam epitaxy of monolayer germanene on semiconducting Cu,Te supported
by Cu(111). Scanning tunneling microscopy/spectroscopy (STM) revealed a low-buckled honeycomb lattice of germanene, exhibiting an
intrinsic Dirac cone at the K point. By combining STM measurements with theoretical simulations, we confirm that germanene atoms occupy
threefold hollow sites on Cu,Te via van der Waals interaction. Remarkably, by dI/dV spectra fitting, we find the prepared germanene owns
the Fermi velocity of (6.9 = 0.1) x 10° m/s, which is slightly higher than the density functional theory calculated 4.6 x 10° m/s with consider-
ing the dielectric constant of the underlying Cu,Te, implying the weak coupling of germanene with the substrate. This work provides a plat-

form for further exploring the ballistic charge transport properties of germanene with a Dirac cone.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0249308

The successful isolation of graphene, the first two-
dimensional (2D) material, has sparked a wave of groundbreaking
research in the realm of 2D materials and their heterostructures,
revealing exciting physics and opening doors for diverse applica-
tions."” Over the past two decades, 2D materials and their hetero-
structures have provided platforms of exotic physical property
explorations and potential technological advancements.” > Among
them, germanene is a single layer of germanium atoms arranged in
honeycomb lattice, which has attracted significant attention.” In
contrast to carbon, the lowest energy structure of germanium is
not the graphite-like sp” structure, but rather the diamond sp> bulk
structure. However, theoretical calculations find that a freestanding
sp> hybridized germanium layer is unstable due to phonon insta-
bilities. As a result, germanene adopts a mixed sp’-sp’

hybridization. Therefore, the two atoms in a primitive cell of free-
standing germanene are not in the same plane, but are slightly
buckled. This special feature opens a door for germanene to be
functionalized and bandgap tuned.”” Despite the buckling, germa-
nene can still preserve the Dirac cone at the K point of the
Brillouin zone. Furthermore, the significant stronger spin-orbit
coupling in germanene compared to graphene gives rise to the
observation of quantum spin Hall (QSH) effect experimentally.'”"’

In the past decade, germanene has been reported to synthesize on
variable metal surfaces;'”'” however, its intriguing physical properties
are annihilated due to the strong interaction between the metal sub-
strate and germanene. There are quite limited reports on the growth of
germanene on nonmetallic surfaces,”*””" which are crucial for pre-
serving its intrinsic properties.
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In this work, we report the growth of a quasi-freestanding mono-
layer of germanene with a low-buckled honeycomb structure and
Dirac cone signature on a delicately selected Cu,Te buffer layer by
molecular beam epitaxy (MBE). Combining scanning tunneling
microscopy/spectroscopy  (STM/STS) measurements with  first-
principles calculations confirms the van der Waals interaction of ger-
manene with the semiconducting substrate by occupying the hollow
position of Cu,Te. Remarkably, the weak coupling between germanene
and the substrate results in the linear band structure in the bandgap
region of the Cu,Te substrate. From experimental dI/dV spectra fitting,
the prepared germanene monolayer has high Fermi velocity of
(6.9 %0.1) x 10° m/s, slightly higher than the density functional the-
ory (DFT) calculated to be 4.6 x 10° m/s considering the dielectric
constant of the underlying Cu,Te, implying the weak coupling of ger-
manene with the substrate. These findings render the buckled germa-
nene on semiconducting substrate a promising material for exploring
the “Dirac physics” properties.

The experiments were carried out at a home-built ultrahigh-
vacuum (UHV)-MBE chamber equipped with an STM (Unisoku Co.
Ltd). The base pressure of the system was below 1x 10~ '°Torr.
Mechanically cut Pt/Ir (80/20) tips were used for imaging and spec-
troscopy. Prior to the growth, the Cu(111) substrate was cleaned by
multiple circles of sputtering (800eV) and annealing (~850K,
10 min). Subsequently, Te atoms (99.999%, Alfa Aesar) were thermally
evaporated onto the Cu(111) substrate held at room temperature.
Cu,Te, and Cu,Te were obtained by post annealing both at ~650 K
for 10min. The germanium (99.9999%, Alfa Aesar) was heated at
880°C from a commercial Knudsen cell and evaporated onto Cu,Te,
and Cu,Te held at ~570K. The STM measurements were performed
at room temperature (RT). Differential conductivity (dI/dV) was mea-
sured using a standard lock-in amplifier with a modulating signal of
50mV and 773 Hz. The system were carefully calibrated by Si(111)-
(7 x 7) and Au(111) surface. All the data processes were conducted by
the free software WSxM.™

We employed the Vienna ab initio simulation package (VASP)
for the first-principles calculations based on density functional theory
(DFT). General gradient approximation (GGA) in the form of
Perdew—Burke—Ernzerhof functional was adopted for the exchan-
ge—correlation functional.”’ The van der Waals density functional
(DFT-D3) was capable of treating the dispersion force.”* The energy
convergence value between two consecutive steps was chosen as
10~ %eV. The Hellman-Feynman forces are taken to be converged
when they become smaller than 0.01eV/A. The plane wave basis set
used a kinetic energy cutoff of 500 eV. The substrate was simulated by
the slab model consisting of three layers of Cu(111) and one layer of
Cu,Te. The lattice constant of Cu,Te was selected as the experimental
values 4.50 A. A 20-A-thick vacuum slab was considered to avoid the
interactions between the supercells in the nonperiodic direction. A
mesh of 12 x 12 x 1 I'-centered Monkhorst-Pack was used to sample
the Brillouin zone of the supercells.”” The germanene structures with
(2 x 2) periodicity were deposited on the V/3x+/3 Cu,Te substrate in
the simulation.

To obtain the epitaxial freestanding germanene monolayer on
nonmetallic surface, the choice of the substrate or surface modification
is crucial. In this study, Cu(111) single crystal with buffer layer (Cu,Te
or Cu,Te,) were selected to grow monolayer germanene under
ultrahigh-vacuum conditions. Before further investigating the epitaxial

pubs.aip.org/aip/apl

growth of monolayer germanene, we briefly check the crystal structure
of the buffer layer. Previous studies have demonstrated that the surface
structure of tellurium deposited on Cu(111) varies as a function of Te
coverage.z(“27 At low coverage [1/3 monolayer (ML)], an ordered
(2v/3 x 2¢/3)R30° superstructure, ie., “stripe” phase, is formed in
terms of Cu,Te, adsorbate chains.”* When the Te coverage exceeds 1.5
ML, a two-dimensional flat Cu,Te surface forms.”” ™’

In our experiments, after the deposition of 1.2 ML of Te atoms
onto Cu(111) and subsequent annealing at ~650 K for 10 min, the ran-
domly distributed stripe phase of Cu,Te, is formed [see Fig. 1(a)].
Note that the brighter contrast regions in Fig. S1 of the supplementary
material correspond to the bilayer Cu,Te,. As plotted in Figs. S1(c)
and S1(d), the measured step heights indicate an interlayer distance of
approximately 3.0 A. The atomically resolved STM images of Fig. 1(b)
clearly present the topmost Te atoms in the Cu,Te, monolayer, exhib-
iting a single stripe with a periodicity of ~0.40 nm along the chain
[Figs. 1(b) and 1(c)]. The corresponding fast Fourier transform (FFT)
shown in inset confirms a lattice constant of ~0.40nm [Fig. 1(b)].
Furthermore, the dI/dV spectrum, which is proportional to the local
density of states (LDOS), shows metallic characteristics [Fig. 1(d)].
These results are consistent with the previous findings.”**’

Further deposition of 2 ML Te and subsequent annealing at
~650K for 10 min led to the formation of flat Cu,Te film [Fig. 1(e)].
The enlarged STM image demonstrates a close-packed hexagonal
arrangement of surface protrusions with a periodicity of ~0.45nm,
forming a threefold symmetric hexagonal lattice confirmed by its FFT
[see Fig. 1(f) and its inset]. The distinct electronic properties of the
Cu,Te structure are also reflected in the dI/dV spectrum, where a pro-
nounced ~0.3 eV bandgap is observed [see Fig. 1(h) and the inset],
confirming that Cu,Te is a narrow bandgap semiconductor. This
bandgap is slightly smaller than that previous report by ARPES and
DFT,”” which can be attributed to the hybridizing with the Cu(111)
substrate. More experimental data for the Cu,Te semiconductor can
be found in the supplementary material.

The growth of germanene is highly dependent on the deposition
condition and the interactions with epitaxial substrates. To monitor
the epitaxial process, STM was well employed to capture large-scale
topographies and atomic resolution images, respectively. Intriguingly,
as illustrated in the epitaxial growth diagram [Fig. 1(i)], we found dis-
tinct growth behavior of germanium on Cu,Te and Cu,Te, substrates
both held at ~570 K under UHV condition. As shown in Figs. 1(j) and
1(k), STM topographies reveal that germanium forms numerous flat
islands on Cu,Te, whereas forming condensed clusters adsorbing on
Cu,Te,, suggesting that Cu,Te is more conducive to the growth of
germanene.

From the STM image shown in Fig. 1(l), a two-dimensional
growth mode is observed at the initial stages, with many uniform and
continuous triangle and hexagon germanium islands forming across
the surface of Cu,Te. The STM topographic image reveals flattop
islands with terrace step height of ~0.37 A, suggesting a van der Waals
distance between the monolayer island and Cu,Te substrate with a
weak coupling. These epitaxial monolayer germanium islands are
expected to host the quasi-freestanding electronic structures.
Additional data of the resulting film with lateral sizes of ~90 nm can
be found in Fig. S3.

To gain more information of the surface, we investigated the
structural and electronic properties of the germanium films in detail.
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FIG. 1. (a) Large-scale STM topographic image (Vpias =1V, | =100 pA) of coexisting with the first/second layer Cu;Te,. (b) Zoom-in STM image (Vpias =1V, | =100 pA) of
“stripe” phase Cu,Te,. Inset: the 2D FFT of the STM image. (c) Line profile along the blue line marked in (b), revealing the periodicity of the synthesized Cu,Te, is ~0.4 nm. (d)
The dl/dV spectrum (Setpoint: Vyias = 0.6V, 1=80pA) of Cu,Te, marked in (a), revealing metallic characteristic. (€) Large-scale STM topographic image (Vpias = 0.6V,
| =280pA) of Cu,Te substrate. (f) Atomic resolution STM image (Vpias = 0.6V, | =90 pA) of Cu,Te. Inset: the corresponding FFT pattern. (g) Line profile of Cu,Te along the
blue line marked in (f), revealing the periodicity of ~0.45nm. (h) Typical dlldV spectrum (Setpoint: Vyas = 0.6 V, | =80 pA) of Cu,Te marked in () revealing a bandgap of
~0.3eV. Inset: the same spectrum as (h) plotted with a logarithmic scale of the y axis and a smaller linear scale of the x axis. The positions of the valence band maximum
(VBM) and conduction band minimum (CBM) are marked by “V” and “C,” respectively. (i) Schematic diagram of the fabrication process. (j) and (k) Large-scale STM topographic
images (Vyias = 1.4V, | = 80 pA) of germanium deposited on Cu,Te, and Cu,Te substrates held at ~570K for 20 min. Inset: height profile of Ge islands. (I) Large-scale STM
topographic image (Vpias = 1.4V, | =80 pA) of germanium deposited on Cu,Te substrate held at ~570K for 40 min. Inset: height profile of the Ge film.

The terrace height of the germanium film, shown in Fig. 2(a), was
measured as ~3.7 A. As plotted in the inset of Fig. 2(b), the high-
resolution STM image demonstrates the germanium films warped
with a height fluctuation of ~25 pm, indicating minor stress between
the germanium film and the substrate. As can be seen from Fig. 2(c),
this germanium film exhibits the close-packed hexagonal arrangement.
To rule out the possibility of bulk Ge(111) with lateral lattice constant
~4.0 A, a small sample bias of 325 mV was applied during the scan-
ning process, and the honeycomb arrangement with low-buckled
atomic structure was revealed [Fig. 2(d)]. The surface periodicity given
by the distance between the two neighboring buckled Ge atoms
[marked with red dots in Figs. 2(d) and 2(f)] is ~0.39 nm [Fig. 2(e)],
which is in good agreement with the lattice constant of freestanding
germanene of 3.97-4.06 A in the previous calculations.”’ Further anal-
ysis of the honeycomb structure [Figs. 2(d) and 2(f)] suggests a buck-
ling height difference of ~15pm, confirming that the observation
corresponds to buckled germanene (BG) on the Cu,Te substrate. The
proposed top and side views of the BG model are depicted in Fig. 2(g).
The electronic properties of BG were analyzed by STS measurements,
and the dI/dV spectra reveal a V-shaped density of states [Fig. 2(h)], a
clear hallmark of the 2D Dirac system.”” Note that since the STS

spectra are recorded at room temperature, the V-shaped dI/dV curve is
a bit rounded near the Dirac point.

With advancements in technology, the dI/dV spectra measured
on the semiconductor substrates can quantitatively provide the disper-
sion information of the Dirac material, particularly Fermi velocity.””
To determine this, we performed curve fitting based on the method
described in Ref. 33, applying a work function of 3.75eV for germa-
nene, 442eV for Cu,Te, and 4.85¢V for Pt/It tip [Fig. 3(a)]>*°
Accurate measurement of the tip-sample distance is essential, and to
achieve this, we conducted I/Z spectral measurements using varying
current and voltage setpoints [Fig. 3(b)]. By combining these results
with the differential conductance data, we determined the tip-sample
distance in this work to be 0.625 nm. To minimize the influence on the
electronic band structure of the underlying substrate, it is critical that
we limit our measurements and analysis to the bandgap region of the
Cu,Te substrate, which ranges from about —0.01 to 0.29 eV [Fig. 3(c)].
For this, the Fermi velocity of germanene was obtained to be
(69*0.1) x 10° m/s, in agreement with the previous findings.””
N . . _ \Im (Ismms)e 33

ote that, the fitting value b is given by b = Y2 7y ———=- .

The Fermi velocity of Dirac fermions was found to be inversely
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FIG. 2. Epitaxial growth of germanene on Cu,Te. (a) Large-scale STM topographic image (Vpias = 0.6 V, | = 80 pA) of germanene film on CusTe. The inset height profile shows
that the step height of the film is ~3.7 A. (b) Upper panel: enlarged view of STM image (Vyias = 0.325V, | =100 pA) of germanene film, revealing the influence of surface
stress. Lower panel: line profile taken along the green lines in (b), illustrating the warping of the germanene film. (c) Atomic resolution STM image (Vyjas = 0.6V, | =80 pA) of
germanene with a hexagonal lattice. (d) Atomic resolution STM image (Vpias = 0.325V, | =80 pA) of germanene with a honeycomb lattice. (e) and (f) Line profiles of honey-
comb germanene from (d) with a lattice constant of 0.39 nm and buckling of ~0.15 pm. (g) Ball and stick model of germanene crystalline structure (upper panel: top view, lower
panel: side view). (h) The dI/dV spectrum (Setpoint: Vpias = 0.6V, | = 80 pA) of germanene from (a) with a well-defined V shape.
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FIG. 3. (a) The adopted work function and lattice constant of Cu,Te and germanene. (b) The relationship between the tip-sample distance and tunnel current. (c) Experimental
and fitted dl/dV spectra of germanene, the fitting value b = 2.92, Fermi velocity ve = (6.9 = 0.1) x 10° mys.

proportional to the dielectric constant of the supporting substrate and respectively. We have reached two distinct stable structures by the for-
could be obtained by DFT calculations described previously,”” yielding mation energy of germanene, which are the bridge and hollow configu-
a value of 4.6 x 10° m/s. The experimentally fitting value is slightly rations. Among them, the structure of the relaxation hollow is the
higher than the calculated one, in essence, implying the weak coupling same as that of the top configuration. The interlayer distance of 3.30 A

of germanene with the Cu,Te substrate. agrees with the experimental findings and further indicates the nature
To confirm and complement the experimental results better, we of van der Waals interaction between germanene and Cu,Te.

conducted first-principles calculations to explore the impact of the In order to quantify the strength of the interface interaction

buffer layer on the electronic structure of germanene. Because 2 X 2 between germanene and Cu,Te, we identified chemically bonded atom

germanene is commensurate to V3 x /3 Cu,Te lattice, with a lattice pairs via electron localization function (ELF) analysis. It is defined
mismatch of less than 1.5%. We have considered three typical configu- as ELF=1/[1 + (D/Dy)], where D = %ZJVgo,-\Z — é@ and Dy,

00 :T¥ 20 920Z Y2 JeN T

rations from possible types [see Fig. 4(a) and Fig. S4]: the Ge atom is = 3(3n2p)*, where ¢, denotes the Kohn-Sham orbitals and p
on the bridge, hollow, and top positions of the Cu,Te lattice, = Ei|q)i|2 represents electron charge density. The ELF values range
Appl. Phys. Lett. 126, 041903 (2025); doi: 10.1063/5.0249308 126, 041903-4
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FIG. 4. Van der Waals epitaxy of germanene on semiconducting CusTe. (a) Three typical configurations of germanene on Cu,Te. (b) Electron localization function (ELF) of ger-
manene on Cu;Te. Left panel: the bridge configuration. Right panel: the hollow configuration. The ELF scale spans in the [0, 1] range and increases from blue to red. The blue
means the formation of weak chemical bond, while the red indicates the formation of strong chemical bond. (c) Large-scale STM topographic image of germanene island sur-
rounded by Cu,Te. Upper panel: zoom-in STM image of Cu,Te. Lower panel: zoom-in STM image of germanene (Vyias = 0.6 V, | =80 pA). (d) Band structures of germanene

detached from CusTe for bridge and hollow configurations, respectively.

from 0 to 1, with ELF = 0.5 standing for the same level of Pauli repul-
sion as a homogeneous electron gas, while higher ELF values represent
stronger electron localization. ELF =1 corresponds to complete locali-
zation of electrons and is often associated with strong covalent interac-
tions. As shown in Fig. 4(b), the ELF values between germanene and
Cu,Te are lower than 0.3, indicating weak van der Waals interfacial
interactions. While lattice mismatch and rotational misalignment
between the germanene layer and the buffer layer can lead to variations
in topographic appearances (such as a moiré superstructure), our STM
data reveal that the morphologies of germanene and Cu,Te are inde-
pendent of lattice orientation. Figure 4(c) schematizes the correspond-
ing structure and the arrangement of the germanene with respect to
Cu,Te, where they share the same lattice orientation. Comparing the
two types of configurations, we can determine the stable structure of
germanene is the hollow configurations. Figure 4(d) presents the band
structures of different configurations of germanene along the M-
I'-K-M path with spin-orbit coupling (SOC), respectively. In addition
to the 7 bands forming a Dirac cone in the vicinity of the K point, lin-
ear Dirac bands appear close to the Fermi energy. The key difference
between the two band structures is that SOC opens a small topological
gap in the hollow structure.

In summary, we synthesized monolayer germanene with a low-
buckled honeycomb structure through van der Waals epitaxy on
semiconducting Cu,Te. Theoretical simulations and STM

measurements distinctly confirm that germanene atoms occupy
threefold hollow sites of Cu,Te, stabilized via van der Waals interac-
tion. The Fermi velocity of (6.9*=0.1) x 10° m/s deduced from
experimental dI/dV spectra fitting is slightly higher than the DFT cal-
culated 4.6 x 10° m/s when considering the dielectric constant of the
underlying Cu,Te, demonstrating the weak coupling of germanene
with the Cu,Te substrate. The experimental realization of quasi-
freestanding monolayer germanene with Dirac electronic properties
opens avenues for further fundamental studies and ballistic charge
transport applications.

See the supplementary material for details on extra experimental
data of this work.
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