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Theoretical studies on alloying of germanene supported
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Using density functional theory, we study the alloying of the buckled hexagonal germanene superlattice supported on
Al (111)-(3 x 3), the sheet composed of triangular, rhombic, and pentagonal motifs on Al (111)-(3 x 3), and the buckled
geometry on Al (11 1)-(\ﬁ x /7 )(19°), which are denoted, respectively, by BHS, TRP, and SRT7, to facilitate the discussion
in this paper. They could be alloyed in the low doping concentration range. The stable configurations BHS, TRP, and
SRT7 of the pure and alloyed germanenes supported on both Al (111) and its Al,Ge surface alloy, except the SRT7 pure
germanene on Al,Ge, could re-produce the experimental scanning tunneling microscopy images. The relatively stable Al—
Ge alloy species are the Al3Ges BHS-2T, Al3Ges TRP-2T, and Al3Ge3 SRT7-1T on Al (111) while they are the Al;Gey
BHS-IT, Al3Ges TRP-2T, and Al,7Gey7; SRT7-(3%x3)-9T on Al,Ge (the n in the nT means that there are n Ge atoms
per unit which sit at the top sites and protrude upward). In addition, the Al3Ges BHS-2T and Al;Ges BHS-1T are the
most stable alloy sheets on Al (111) and Al,Ge, respectively. Comparing with the experimental studies, there exists no
structural transition among these alloyed configurations, which suggests that the experimental conditions play a crucial role
in selectively growing the pure or the alloyed germanene sheets, which may also help grow the one-atomic thick honeycomb
structure on idea Al (111).
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1. Introduction

Since the invention of the single layer graphene, the two-
dimensional (2D) materials have gained extraordinarily in-
tensive research attention due to their peculiar properties for
both fundamental studies and application investigations.[!=]
Most of the two-dimensional (2D) structures could be iso-
lated from their corresponding layered bulk materials, such
as the graphene,!'">®l 2D transition metal carbides and
carbonitrides,[” transition metal dichalcogenides,[g‘m] and
black phosphorus.!'!! Germanene, the same column counter-
part of graphene, is another 2D material which has no lay-
ered crystal material in nature and can only be grown in

[12-24] The closely packed (111)-oriented metallic

experiment.
surfaces are usually used as substrates to support the 2D ma-
terial syntheses. In addition, the supported 2D nanostructures
rather than the free-standing ones would probably be required
for most cases of applications. However, the currently used
substrates are usually the precious noble metals, such as the
Pt, Au, and Ag, which are so expensive that their usage is lim-
ited. Therefore, the search for cheap substances for supporting
2D materials is urgent.

Interestingly, the germanene has been successfully syn-
thesized on an Al (111) surface.l'*20 As the result of the

sp>—sp’ hybridization mixing, the free-standing germanene

DOI: 10.1088/1674-1056/ab9c08

has the slightly buckled structure as a ground state, which
would change to show different structural characteristics on
supporting substrates, which is attributed to the interface in-
teraction, such as the germanene superlattice to topologically
match the Pt (11 1)-(\/@ X \/E) (23.4°) unit synthesized by
Li et al.,['?) the germanene superlattice grown on Au (111)-
(V7% V/7) (19.1°) by Dévila et al.!'* Recently, several struc-
tural models containing 8 Ge atoms in a corresponding unit
cell to topologically match the Al (111)-(3 x 3) periodicity
were proposed.!'*~1"1 In 2015, Derivaz et al. reported the first
experimental study of germanene on Al (111), in which the
buckled hexagonal superlattice with two Ge atoms adsorbed
on top of the Al atoms being protruded upward in the unit cell
(BHS-2T model) was used to explain their scanning tunnel-
ing microscopy (STM) image.['*! In the total-reflection high-
energy positron diffraction study, Fukaya et al. found only
one protrudued Ge atom in the unit cell and proposed the
BHS-1T model.!">! In 2017, the buckled hexagonal superlat-
tice with a Ge atom adsorbed at the 3-fold hollow site pro-
truded upward in the unit (BHS-1H model) was independently
found by Stephan er al.!'® and Wang and Uhrberg.!!”! Inter-
estingly, Stephan et al. found experimentally that the BHS-
2T and BHS-1H models could transit to each other quite
easily.['® Besides, the germanane superlattice with one pro-
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truded Ge atom in the 6-atom unit grown on an Al (111)-
(\ﬁ X \ﬁ) (19.1°) reconstructed surface was also proposed
in experiment.!!7!8) Surprisingly, Martinez et al. found that
only Al-Ge alloy sheets were grown on Al (111) instead of the
pure germanene in their experimental studies, and proposed an
structural model composed of triangular, thombic, and pen-
tagonal structural motifs (TRP model).!?°! Thus, the questions
whether the previous models are correct or not and whether the
well-controlled experimental conditions could be used to se-
lectively synthesize pure or alloyed germanene sheets on pur-
pose are naturally raised.

In this paper, we carefully study the alloying of the buck-
led germanene configurations which were previously reported
for the experimentally fabricated germanene sheets supported
on Al (111) substrate. Providing there are available Al atoms
to take part in the germanene fabrication reaction, the buck-
led germanene configurations could be alloyed in the range of
the low doping concentration. The Al atoms may come from
the vacancy defect in Al (111), the Al atoms on the edge of the
surface step, the introduced Al atoms as guest atom along with
the Ge atom source, or the ones taken out from the top surface
of Al (111) by the kinetic energy of the incoming Ge atoms or
the energy released during the formation of germanene-based
sheet. In Section 2, we provide the computational details of
our studies. The calculated results on the alloying of the ger-
manene sheets supported on the pristine Al (111) surface are
presented in Subsection 3.1. With the purpose to benefit fur-
ther experimental investigation of large-quantity fabrication of
germanene, we also evaluate the effects of the interface inter-
action modification on the alloying of germanene in Subsec-
tion 3.2. And, to give a comprehensive understanding of the
structural candidates of the experimental observed alloy sheets
and the possibility of isolating the fabricated sheets the results
are discussed in Subsection 3.3. Some conclusions are drwan
from of this study in Section 4. Our detailed studies on the
alloying of the germanene configurations could on one hand
answer the question whether the pure or the alloyed structures
growon Al (111) surface and on the other hand help design
novel 2D nanostructures for high-performance nanodevices.

2. Computational details

The spin-polarized density functional theory calculations
were carried out by using the Vienna ab initio simulation
package.!?! The generalized gradient approximation with the
Perdew, Bure, and Ernzerhof (PBE) functional was used to
calculate the exchange and correlation energy.?®! The projec-
tor augmented wave (PAW) potential was adopted to account
for the ion—electron interaction.?”] The plane wave basis with
the cutoff energy of 312.3 eV was used to construct the wave-
function. In order to simulate the Al (111) surface, we used
a 6-layer slab with the two bottom layers frozen to mimic the

bulk effects, which is separated by 14-A vacuum space to elim-
inate the effects from its periodic images. All the other atoms
in the slab were fully relaxed until the calculated Hellmann—
Feynman forces meet the convergence tolerance of 5 meV/A.
The electronic properties converged to 107> eV. In our study,
the substrates as the Al (111)-(v/7 x v/7) (19.1°), Al (111)-
(3 x 3), Al (111)-(v/19 x v/19) (23.4°), and Al (111)-(6 x 6)
were used to topologically match the supported 2D structural
models, whose first Brillouin zones were sampled by using
the 9 x9x1,7x7x1,5x5x1,and 3 x 3 x 1 Monkhorst—
Pack k-meshes,[?) respectively. In order to have examine
the accuracy of our calculation method, we calculate the lat-
tice constants of the fcc Al bulk and the diamond Ge bulk,
which are calculated to be 4.04 A and 5.78 A, these values be-
ing in agreement with the experimental values of 4.05 A and
5.66 A.12)

The free-standing germanene has the low-buckled struc-
ture as ground state consisting of two sublattices with one
of them being vertically displaced with respect to the other
one. In our study, the in-plane lattices of the low-buckled ger-
manene are calculated to be ~ 4.06 A and the displacement
height between the sublattices is found to be ~ 0.69 A, which
are coincide with the previously reported data.[?%3!1 We also
calculated the Al,, Ge;, and AlGe dimer. The bond lengths of
the 3Zg triplet ground states of Al, and Ge, dimers are found
to be 2.488 A and 2.426 A, which are in agreement with the
experimental data of 2.48 A and 2.44 A, respectively.3%33]
The *X quadruple state of AlGe dimer is calculated to have the
2.486 A bond length, which is in accordance with the previ-

ously reported theoretical value of 2.491 A.34]

3. Results and discussion
3.1. The alloying of germanene on the pristine Al (111)

Using the previously proposed structural models of ger-
manenes on the Al (111) surface, we carefully optimize the
geometries and show their results in Fig. 1. In experiment, the
bulked hexagonal superlattices BHS-2T and BHS-1H are used
to explain the scanning tunneling microscopy images of the

14.16.17] which has two

germanenes grown on Al (111)-(3 x 3,1
Ge atoms at the top sites and one Ge atom at the 3-fold hollow
site protruded upward. However, these geometries are higher
in energy than the honeycomb lattice (HL) and the Kagome
lattice (KL) configurations found in the first-principles studies
of the germanenes grown on Al (111).1% Recently, a novel
configuration TRP-1T was proposed for the Al-Ge alloy sheet
supported on Al (111). For pure germanene, there are two
Ge atoms adsorbed at the top sites in the unit cell of TRP-1T
structure: one of them is in the center of the Geg ring hav-
ing 3 nearest Ge atoms (2.60 A away) and 3 next nearest Ge

(3.47 A away), vertically displaced by 1.16 A and referred
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to as the basal plane of germanene, and the other T-site Ge
atom at the vertex co-shared by three adjacent Ges pentagons
is only lifted by ~ 0.4 A. As discussed later in this paper, only
the Ge atom in the center of Geg ring could be clearly seen
in the simulated STM image. Besides, we also consider the
structural models of the germanenes grown on the Pt (111)-
(V19 x v/19) (23.4°) and the Al (111)-(v/7 x V7) (19.1°),
which we would like to refer to as the SRT19 and SRT7 models
respectively to facilitate the discussion of them. On Al (111),
the SRT19 and SRT7 are found to have three Ge atoms and
one Ge atom at top sites protruded upward in the correspond-
ing unit cells, respectively. In fact, the protruded Ge atoms in
the SRT19-3T model slightly deviate from the top sites. The
height increases of the protruded Ge atoms are about 1.25,
1.62, 1.39, and 1.43 A on average of the BHS-2T, BHS-1H,
SRT19-3T, and SRT7-1T models, respectively. In view of the
energetic stabilities, we calculate the energy release (Ee;) to
estimate the cohesive energy of germanene itself and the ad-
sorption energy of germanene on Al (111) from the following
formula:
_ NEGe + Esubstrate — Etotal
N 5

where the Ege, Egubstrates and Etora are the energy of a free-

Eer ey

standing Ge atom, the substrate, and the germanene supported
on the substrate, respectively. In line with previous studies, the
HL is the energetically favorable configuration on Al (111),
whose E.; is 47, 69, 78, 85, 69, and 66 meV/atom higher than
that of the KL, TRP-1T, BHS-2T, BHS-1H, SRT19-3T, and
SRT7-1T configurations, respectively. However, such a hon-
eycomb geometry could not re-produce the bright spot pattern
of the observed STM image. [!416:17]

Inspired by the experimental study of the Al-Ge alloy
sheet supported on Al (111), we examine whether the alloy-
ing of germanene with Al could account for the discrepancy
between the theoretical results and the experimental observa-
tions. Starting from the above mentioned germanene mod-
els, we study the alloying process by substationally doping
Al atoms one by one. First, we use the supercells with the
in-plane lattices longer than 12.3 A to investigate the doping
configurations of a single Al atom in the germanene models
(see Fig. Al in Appendix A: Supporting information). Among
the structural configurations, only BHS-1H model has the pro-
truded Ge atoms at the 3-fold hollow site of the Al (111) sub-
strate, for which the single Al doping prefers to replace the
protruded Ge atom. Then, the doped Al would lower down
to the basal plane of the germanene to directly develop three
Al-Al bonds with the substrate, making its surrounding Ge
atoms slightly lifted (~ 0.54 A). In the SRT19-3T, SRT7-1T,
BHS-2T, and TRP-1T models, the single Al atom favors the
nearest multi-coordination site next to the protruded Ge atom
to maximize its coordination number with the substrate. In the

SRT19-3T model, the replacing of a protruded Ge atom, would
cause one of its nearest Ge atoms to pop up, which has the en-
ergy about 35 meV higher than the original one. In all the other
models, the replacing of the protruded Ge atoms with Al atoms
results in its energy more than 0.3 eV higher than the total en-
ergy. Also, our calculations support the next-nearest neigh-
boring doping of two Al atoms (see Fig. A2 in Appendix A:
Supporting information). For SRT19, SRT7, BHS, and TRP
models, the nearest doping of two Al atoms results in its en-
ergy 0.22 eV higher than total energy, thus ruling out the for-
mation of Al, dimer. However, the formations of Al, dimers
lead to only 0.01 eV and 0.07 eV higher in HL. and KL models,
respectively. This may be attributed to the fact that neither HL
nor KL is unlike to be alloyed, which will be discussed later in
this paper.

Due to the intensive computing loading of the calcula-
tions using supercells, we then adopt the smallest units of
the corresponding models, except the supercell to match the
Al (111)-(3 x 3) for HL model, and to study the alloying pro-
cesses step by step. For each doping concentration, the con-
figurations are carefully studied and the lowest energy config-
uration is selected as the corresponding alloy configuration. In
the alloying process, the relative energy release (AESPOY) re-
ferring to the energy release of the pure HL germanene (EEI}L)
and the step wise formation energy (Eqy¢) as defined below are
studied:

MEAI JFNEG&: + Esubstrate - EN . EgL’ (2)
M+N
Egwi = En—1+ a1l — Ey — Hge, (3)

alloy __
AES™ =

where the Exj, Ex—1, and Ey are the energy of a free-standing
Al atom and the energy per unit cell of the Al-Ge alloy sheet
containing N — 1 and N substitutionally doped Al atoms, re-
spectively. The E!IL is the energy calculated from formula (1)
for HL pure germanene. The M represents the number of Ge
atoms in the studied unit. The tta; (Uge) i the chemical po-
tential calculated as the energy per Al (Ge) atom of the cor-
responding bulk. The positive Eyr refers to the exothermic
reaction to favor the corresponding alloy formation. As to the
HL and KL germanene model, the calculated Egys is always
negative to hinder their alloying with Al. The BHS-1H config-
uration could not remain. For the alloy configuration with only
one Al atom in the unit cell of the BHS-1H model, the doped
Al prefers to replace the protruded Ge and reduce the height to
bond with the substrate. However, such a configuration would
quickly transit to the corresponding single Al doped BHS-
2T configuration under ~ 26 meV activation energy, which is
exothermic to release of ~ 0.1 eV/unit energy. Furthermore,
the two-Al-atoms-doped BHS-1H would change to the corre-
sponding BHS-2T configuration immediately without energy
barrier. So, we can say that there would be no BHS-1H struc-
tural model for the Al-Ge alloy sheet on the Al (111) substrate.
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Another special model is the TRP-1T. For the TRP-1T model,
the undoped germanene has only one Ge atom obviously pro-
truded upward (see Fig. 1). The Ge atom at the vertex, which
is jointly shared by three Ges pentagons, is only slightly lifted,
which would however pop upward in the alloyed configuration
that can be seen in the STM study. For the SRT19 model, the
three protruded Ge atoms in the unit cell would remain until
the number of the doped Al atoms increases to 6. In the config-
uration with 7 Al atoms, one of the protruded Ge atoms would
be lowered down to the basal germanene plane. In the Al al-
loyed SRT19 models with 8 and 9 Al atoms, there is only one
Ge atom kept on the germanene basal plane in the correspond-
In our study, only the SRT7-1T and BHS-2T
configuration are found to preserve their structural character-

ing unit cell.

istics in the alloying process. In Fig. 2, one can see that the
corresponding critical concentrations for Eg,s transitions from
positive to negative are Al:Ge =9:9 for SRT19, 3:3 for SRT7,
and 3:5 for TRP and BHS configurations, respectively. The
alloy configurations with the positive Egys are shown in Fig. 3
and the others with negative values are displayed in Fig. A3 in
Appendix A: Supporting information. In the alloy configura-
tions shown in Fig. 3, the Al atom favors the doping site next
to the protruded Ge atom. Also, the neighboring doping site

for Al atom is the next nearest one.

SRT19-3T SRT7-1T

Fig. 1. Schematic illustrations of structural models of germanenes grown on
Al (111) along with the configuration of the Al (111) itself. Only two top
layers of substrate are shown. Black rhombuses are periodic units used in
calculations. Grey, blue, and green spheres represent Al atoms in substrate,
Ge atoms in basal plane of the 2D sheet, and Ge atoms protruded upward
which can be seen in STM image of the 2D sheet, respectively.
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Fig. 2. Plots of relative energy release AE;HOY

Concentration/%

Concentration/%

, step wise formation energy Eyf, and the second-order finite difference of the total energy A, versus doping

concentration, with solid green down triangle, empty blue square, empty red circle, and solid black square denoting the alloying of BHS-2T, TRP-1T,

SRT7-1T, and SRT19-3T germanenes supported on Al (111), respectively.

In Fig. 2, the calculated change in energy AE:rHOy deter-
mined by formula (2) is also shown. For the SRT19 model,
the alloying would continuously reduce the AES; MY 1o lessen
its fabrication possibility due to the formation of the isolated
atoms. However, the SRT7-1T, TRP-1T, and BHS-2T are dif-
ferent. Their AE::r110y

process proceeding until the doping concentrations reach the

values would increase with the alloying

corresponding critical values. Beyond the critical concentra-
tions, their AE2®Y

viously lower than the reference energy

values decrease abruptly, turning to be ob-
E!L | thus significantly
suppressing their formation. In our study, we also estimate the
relative stabilities of the alloyed configurations with the alloy-
ing process proceeding. According to the calculated Ejr val-
ues shown in Fig. 2(b), the alloying could occur, starting from
the undoped germanene sheets until they reach the critical dop-

ing concentrations. For a given structural model, the relative

stability increasing with the augment of the doping concentra-
tion could be estimated by the second order finite difference of
total energy A, as defined below:

Ay(N) =Ent1 —2EN+En-1, 4

where En.1, Ey, and Ey_ are the total energy of the alloy
configurations containing N + 1, N, and N — 1 Al atoms, re-
spectively. The calculated data provided in Fig. 2(c) accord
with the AEZ® values shown in Fig. 2(a). Attributed to the
abrupt drop of the AEaHOy

critical values, the alloy configurations with the critical doping

values beyond the corresponding

concentrations gain relative stabilities, suggesting that they are
the dominant Al-Ge alloy structures providing that the corre-
sponding alloying processes could occur in experiment. For
these relatively stable configurations, we calculate the charge
populations of the protruded Ge atoms by using the Bader
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(36,371 which are found to gain ~ 1.4 e on aver-

charge analysis,
age from their surrounding Al atoms. For comparing with the
experimental observations, we also simulate their STM im-
ages and their counterpart germanene models without Al dop-
ing. Considering the STM study reported by Derivaz et al.,!'¥]
the images are simulated for the +1.3 V bias by following the

Tersoff and Hamann approach. 384

Fig. 3. Alloy configurations with positive formation energy Eys corre-
sponding to (a) SRT19-3T, (b) SRT7-1T, (c) TRP-1T, and (d) BHS-2T ger-
mananes supported on Al (111). The Al:Ge ratio of numbers of Al and Ge
atoms in unit is also provided. The black rhombuses are the periodic units
used in calculation. Grey, blue, green, and red sphere denote Al atom in
substrate, Ge atom in the basal plane of the 2D sheet, Ge atom protruded
upward which can be seen in STM image of the 2D sheet, and Al atoms
doped in basal plane of the 2D sheet, respectively.

The simulated STM images are shown in Fig. 4. For
the undoped germanene models, the BHS-2T model has the
honeycomb-like bright-spot pattern while all the other ones
own triangularly arranged bright spots. For the relatively
stable alloy species, the TRP model shows the honeycomb-
like bright-spot pattern also. The distance between the near-
est neighboring bright spot is 8.47, 4.89, 7.15, and 7.47 A
for the undoped TRP, BHS, SRT19, and SRT7 models, and
4.89, 4.89, 12.31, and 7.47 A for the corresponding sta-
ble alloy species, respectively. Comparing with the experi-
mental studies, the models having STM images as either the

honeycomb-like pattern with ~ 4.89 A as the distance between

the nearest neighboring bright spots or the triangular pattern
with ~ 8.47 A or 7.47 A of the distances could be regarded
as the configuration candidates. The SRT19 model for both
the undoped germanene and alloyed germanene could not re-
produce the experimentally observed STM images, which can
be then ruled out as the structural candidate for germanene
model on Al (111) surface. In addition, the structural model
BHS-1H was previously proposed as the structural candidate

16,17.35] This model has the triangularly arranged bright

also.!
spots in the simulated STM image with the ~ 8.47 A distance
between neighboring spots. Interestingly, the potential struc-
tural candidates as the BHS models and the TRP configura-
tions have the same number of atoms in the unit cell. The
BHS-1H and TRP-1T models would immediately change to
the BHS-2T and TRP-2T models even at the beginning of the
alloying. Thus, one could only observe the honeycomb-like
hexagonal bright-spot pattern, providing only the Al-Ge alloy
sheets grow on Al (111)-(3 x 3), which would however conflict
with the experimental studies. The experimental STMs also
support the BHS-1H and TRP-1T models as structural candi-
dates besides the BHS-2T and TRP-2T. So, the germananes
without alloying could not be ruled out. In our study, we find
that the undoped BHS-1H, BHS-2T, SRT7-1T, and TRP-1T
only differ by less than 19 meV/atom in total energy. So, they
probably have roughly equal chance to be fabricated in exper-
iment. As shown in Fig. 2(a), the alloying of these models

slightly increase their AE;HOy

in the range of the low doping
concentration, favoring the relatively stable Al3Ges SRT7-1T,
Al3Ges BHS-2T, and Al3Ges TRP-2T to grow in experiment
from the point of the view of direct fabrications with isolated
Al and Ge atoms. In addition, we perform the constant-energy
first-principles molecular dynamics simulations (FPMD) of
the relatively stable Al-Ge alloy species supported on Al (111)
surface after heating them up to 800 K. Each simulation lasts
5 ps in time steps of 0.5 fs. In order to reduce the limitation
of the structural distortion due to the periodic conditions, the
(3 x 3)-sized supercell for each sheet structure is used in the
study, for which the structural unit to mimic the Al (111) sub-
strate is also enlarged accordingly. Due to the intensive com-
puting loading, we use the 4-layer slab with the bottom one
fixed to mimic the bulk properties for the Al (111) surface.
The in-plane lattices are ~ 25.4 A in spacing for the super-
cells containing 396 atoms for each of the BHS- and TRP-type
geometries, while they are ~ 22.0 A for the supercell having
306 atoms for the SRT7-type configuration. The lattice per-
pendicular to the sheet is chosen to 21.0 A in spacing. The
structures obtained at the end of the simulations is optimized
at 0 K, which are found to converge to the ideal stable Al-Ge

alloy sheets without energy barriers. Our FPMD simulations
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suggest that these Al-Ge alloy sheets are probably stable at a

temperature of 360 K that is used in the experimental studies

[14,16]

of germanene grown on the Al (111) surface, showing

the possibility of their formations in experiment.

Ge, BHS-2T Al Ge, BHS-2T

® <&

Ge,, SRT19-3T Al,Ge, SRT19-1T

Ge, SRT7-1T Al,Ge, SRT7-1T

Fig. 4. STM images simulated at +1.3-V bias of pure germanenes TRP-
1T, BHS-2T, SRT19-3T, and SRT7-1T and the corresponding stable alloy
species Al3Ges TRP-2T, Al3Ges BHS-2T, AlgGeg SRT19-1T, and Al3Ges
SRT7-1T supported on Al (111), with yellow rhombuses representing peri-
odic units used in calculation.

3.2. Interface effects on germanene alloying

On the pristine Al (111) surface, the HL is calculated
to be the ground state though it is not supported by the ex-
perimental STM studies. However, the buckled superlattices
such as the TRP, BHS, and SRT7 configuration being less
stable judged from the energy analysis can be used to simu-
late the experimental STM images. As indicated by previous
studies, such a discrepancy could be reduced by the interface
engineering.*>! Considering the previous results of the surface
and near-surface alloying studies of aluminum surface,[4!~6]
we would like to say that the surface alloying can be one
In addi-

tion, the Al,Ge surface alloy analogous to the Ag,Ge surface

of the potential interface engineering techniques.

alloy[#*40] was previously calculated to be favorable based on
energy analysis[®>! (see Fig. 5 for the structural illustration).
So, we would also like to use the Al (111) surface alloy to es-
timate whether the surface engineering could make SRT, TRP,
and BHS models to gain priorities in energy to facilitate their
fabrications?

Again, applying the structural models to the Al,Ge sur-

face alloy, we then carefully optimize the structures with the

supporting surface under different matching conditions. For
the SRT19 configuration (see Fig. 1 for illustration), it can only
match the Al,Ge with the supercell containing 1188 atoms,
which consume too computing time to be used as our com-
puting resource. In addition, no experimental indication is re-
ported that this alloy can be fabricated on Al (111) surface. So,
we do not calculate its alloying on the Al,Ge surface alloy. As
to the SRT7 model, a supercell as the 3 x 3-sized SRT7 su-
percell referring to the repeated 6-atom unit on Al (111) needs
to match the Al,Ge surface alloy, thus containing 432 atoms
in the calculated system. Owing to the limitation of our com-
puting resource, we just repeatedly transfer the corresponding
configurations obtained for this model supported on the pure
Al (111) surface to construct the 3 x 3-sized configurations,
which are then located on Al,Ge surface alloy for structural
optimization. To facilitate the comparison with the cases of
using the Al (111) surface as support, we discuss the alloy-
ing process of the SRT7-(3 x 3) sheet on Al,Ge by using the
doping concentration of the 6-atom fragment. The optimized
configurations for the undoped germanenes are illustrated in
Fig. 5.

e %0 %0 %0 %
Flelelele
.‘, " . il

/,.,p,
A. .p.c A

SRT7-(3x3)-9H

Fig. 5. Schematic illustrations of structural models of germanenes grown on
Al,Ge surface alloy along with the configuration of Al,Ge itself. Only two
top layers of substrate are shown. Black rhombuses are periodic units used
in calculation. Grey, blue, green, and yellow spheres are Al atom in sub-
strate, Ge atom in basal plane of the 2D sheet, Ge atom protruded upward
which can be seen in STM image of the 2D sheet, and Ge atoms doped in
Al,Ge surface alloy, respectively.

The HL, KL, BHS, and TRP models keep their structural
characteristics while the SRT7 is found to have severer dis-
tortion. As shown in Fig. 5, the Ge above the doped Ge in
the Al,Ge surface alloy is lowered downward, which in turn
makes its next-nearest Ge atoms in the SRT7 sheet pop up.
Finally, there are 9 Ge atoms at the H-like hollow sites pro-
truded upward in the SRT7-(3 x 3) supercell. According to
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these structures, we investigate their alloying. Again, the HL
and KL are found to have negative Eyt values to suppress their
alloying. The studied Egy and AEZ® are shown in Fig. 6.
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Fig. 6. Plots of relative energy release AEglloy, step wise formation energy
Ews, and second order finite difference of total energy A, versus doping con-
centration, with empty yellow up triangle, solid green down triangle, empty
blue square, and empty red circle denoting alloying of the BHS-1H, BHS-
2T, TRP-1T, and SRT7-1T germanenes supported on Al,Ge, respectively.

In the calculation of AEX' by using formula (2), the
pure HL. germanene supported on Al,Ge is selected as the
reference. Judged from the Egs, the critical concentrations
are Al:Ge=3:3 for SRT7, 3:5 for TRP, and 4:4 for BHS con-
figurations, respectively. Unlike the cases supported on the
pure Al (111) surface, only BHS-2T model has the AES to
monotonically increase in the low doping concentration range
to enhance its energetic priority for fabrication. The AEA®
value for each of the BHS-1H, TRP-1T, and SRT7-(3 x 3)-
9H model are found to decrease at the beginning of alloy-
ing (see Fig. 6(a)). Providing the formation starts from the
free-standing Al and Ge atoms, the decrease of AES® means
that the corresponding fabrications would be suppressed to
a certain extent. Providing the pure BHS-1H, TRP-1T, and
SRT7-(3 x 3)-9H structures each are first fabricated on an
Al,Ge surface alloy, the corresponding alloy sheets may also
be synthesized as low-lying isomers because the presence of

Al at the beginning of the alloying only sacrifices less than

14 meV/atom of the corresponding AE:rHOy. Also, judged from
the positive Egyr presented in Fig. 6(b), the alloying process
could occur starting from the undoped sheets. The Egy,s would
turn to be negative thus suppressing the alloying when dop-
ing density is beyond the critical doping concentration. The
alloyed configurations with the positive Eqys values are shown
in Fig. 7 (the structures with negative Eqys values are provided

in Fig. A4 in Appendix A).

Fig. 7. Alloy configurations with positive formation energy Egys corre-
sponding to (a) TRP-1T, (b) SRT7-(3 x 3)-9H, (c) BHS-2T, and (d) BHS-1H
germananes supported on Al,Ge. The Al:Ge ratio between the numbers of
Al and Ge atoms in the unit is also provided. Black rhombuses represent
periodic units used in calculation. Grey, blue, green, yellow, and red sphere
denote Al atom in substrate, Ge atom in basal plane of the 2D sheet, Ge
atom protruded upward which can be seen in STM image of the 2D sheet,
Ge atoms doped in the Al,Ge surface alloy, and Al atoms doped in basal
plane of the 2D sheet, respectively.

As shown in Fig. 6, the interface interaction engineer-
ing brings effects to the Al-Ge alloy sheets. Unlike the case
of Al-Ge sheet on Al (111), the BHS-1H could now remain
for the AlGe; and Al,Geg alloys, which would change into
the BHS-2T model starting from the Al:Ge=3:5 concentra-
tion. The TRP model acts similarly for the case of using
Al (111) as support. On the Al,Ge surface alloy, the TRP
model would also immediately change from TRP-1T to TRP-
2T at the beginning of the alloying. For the BHS-2T, it could
remain the structural characteristics for AlGe; and Al,Geg al-
loy sheets, which would however become BHS-1T configura-
tion for Al3Ges and Al;Gey sheet. Here, BHS structure could
hold one more Al dopant as compared with its alloying pro-
cess supported on Al (111). In the 1:5 doping configuration

of the SRT7-(3 x 3) model, the charge re-distribution induced
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by the doped Al results in 6 Ge atoms to become dim in our
simulated STM, which has only 3 Ge atoms to be clearly seen
in the STM image though the structural characteristics almost
remain. Similar phenomena were previously found also in our
theory-experiment joint studies of the single Cu, Ag, and Au
atom adsorption on Si (111)-(7 x 7) surface.***% Due to less
states close to the Fermi level, some of the atoms may not be
seen in the STM studies though their heights above the surface
are obvious. Here, we calculate the partial densities of states
(PDOSs) of these 6 Ge atoms (see Fig. A6 in Appendix A). It
is true that these Ge atoms have less states in the energy win-
dows close to Fermi level, which cannot be seen in the STM
images simulated under both positive and negative bias. For
the 2:4 and 3:3 concentration, our structural optimizations give
the SRT7-(3 x 3)-9T configurations with one Ge protruded up-
ward in each 6-atom structural fragment which has the same
structural characteristics as those of the SRT7-1T model sup-
ported on Al (111). By calculating the second order finite dif-
ference of total energy by using formula (4), we obtain the rel-
ative stabilities of the alloyed configurations, which are shown
in Fig. 6(c). Due to the abrupt drop in AEX'® after the critical
doping concentrations, the Al4Ges BHS-1T, AlzGes TRP-2T,
and Aly7Gey7 SRT7-(3 x 3)-9T gain superiorly relative stabil-
ities. In addition, we would like to mention the AlsGes BHS-
IT. Though it has the biggest AE::loy, it however has no dif-
ference in the simulated STM images as compared with the
Al;Gey BHS-1T. Hereafter, we would like to concentrate on
discussing the relatively stable species Al4Ges BHS-IT. In the
AlsGeyq BHS-1T, the protruded Ge atom gains 1.24 e charge
more from the Al dopants than the corresponding Ge atom in
the undoped BHS configuration.

Its height is found to remain almost unchanged. Com-
paring with the undoped TRP-1T structure, the protruded Ge
atom at the Geg center in the Al3Ges TRP-2T gains 0.89 e and
lowers down in height by 0.5 A while the Ge atom at the vertex
shared by three fused Ges pentagons now pops up and gains
1.20-e charge. In the Aly7Gep7 SRT7-(3 x 3)-9T, the protruded
Ge atom obtains ~ 1.21 e from the doped Al atoms.

Besides the alloy geometries, the interface interaction en-
gineering also affects the energy sequence of the germanene
sheets grown on Al,Ge surface alloy. Unlike the case of
Al-Ge alloy sheets on Al (111), the AE™™® values shown in
Fig. 6(a) keep positive until they reach their corresponding
critical values. For the 2D configurations shown in Fig. 5, the
BHS-1H is found to have the largest E,, calculated from for-
mula (1), which is taken as the E.; value of the ground state of
pure germanene. The interface engineering effect makes the
HL (the energetically preferred configuration on Al (111) sur-

face) have 50 meV/atom less favorable in energy to suppress

its fabrication in experiment. The KL is also not preferable as
judged from the calculated E; energy, which is 93 meV/atom
lower than the BHS-1H. The BHS-2T, SRT7-(3 x 3)-9H, and
TRP-1T have 19, 30, and 37 meV/atom lower E., respec-
tively. As the corresponding alloying studied in Fig. 6(a), only
BHS-2T model has the increased AE;}lloy at the beginning of
alloying and thus facilitating the corresponding synthesis. The
AESPOY value reaches 45 meV/atom at the critical doping con-
centration. Also, the AE;‘rlloy value of the stable Al;Ge4 BHS-
IT is 28 meV/atom (30 meV/atom) higher than the Aly7Ge;;
SRT7-(3 x 3)-9T (Al3Ges TRP-2T) relatively stable species,
which favors the formation of Al;Ge4 BHS-1T in view of the
fabrication with isolated atoms.

Figure 8 shows the simulated STM images for the sta-
ble A14Ge4 BHS-]T, A13Ge5 TRP-ZT, and A127G627 SRT7-
(3 x 3)-9T and their corresponding structural models for the
The BHS-1H model for pure ger-
manene and the Al,Geg alloy sheet are also simulated in Fig. 8

undoped germanenes.

for the comparison study. The shortest spot—spot distance is
4.89 A (8.47 A) for the hexagonally (triangularly) arranged
bright spots of the BHS (TRP) configuration, theses results are
in accordance with the experimental STM images. [!416-17.20]
In the STM image of the SRT7-(3 x 3)-9H for pure germanene,
the bright spots are clustered into 3-spot triangles with the
7.20-A long sides. The 3-spot triangles are then triangu-
larly separated from each other by a center—center distance of
12.93 A between neighboring triangles. This results in the
distances between neighboring bright spots in its STM image
to be 7.20, 7.43, and 7.79 A, which need verifying experi-
mentally. Differently, in the STM image of the relatively sta-
ble alloy species Aly7Gey7 SRT7-(3 x 3)-9T, the bright spots
are uniformly arranged in the triangular pattern with a 7.47-A
spot—spot distance between neighboring spots. Such a tri-
angular pattern can be regarded as the 3 x 3 mesh of bright
spots with each of them in a rhombic fragment (see the il-
lustration of the red rhombus in Fig. 8), which looks simi-
lar to the experimental STM image proposed for the SRT7-
IT unit.['”-18) Providing the experimental studies are carried
out under well-controlled conditions without excess Al atoms
to alloy the germanene, the energetically preferred BHS-1H
can be probably fabricated in experiment, while the 19-, 30-,
and 37-meV/atom less-stable BHS-2T, SRT7-(3 x 3)-9H, and
TRP-1T may also be grown as low-lying isomers. However, if
there are Al atoms involved in experimental fabrications, the
Al4Ges BHS-1T turns to be the most stable one in the alloy
species. The relatively stable species Aly;Gey7 SRT7-(3 x 3)-
9T and Al3;Ges TRP-2T are the low-lying isomers of the alloy
sheets. For the Al,Geg BHS-1H, it cannot be preserved pro-

viding enough Al atoms are involved in the reaction because it
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would evolve into the Al3Ges BHS-1T configuration to release
~ 25-meV/atom energy. Again, we perform 5-ps-long con-
stant energy FPMD simulations of the relatively stable Al-Ge
alloy species supported on the Al,Ge surface alloy after heat-
ing them up to 800 K. The structures obtained at the end of the
simulations are then fully optimized at 0 K, which are found to
converge to the ideal relatively stable Al-Ge sheet geometries.
The FPMD studies suggest their stabilities at a temperature of
360 K adopted in experimental studies,[!'*!%! indicating that
the relatively stable Al-Ge alloy species may have a chance to

be fabricated in experiment.

Ge, TRP-1T

Al,Ge, TRP-2T

Al,Ge, BHS-1T

Ge, BHS-2T

Al,Ge, BHS-1H

\ o

Ge, BHS-1H

Ge,,

SRT7-(3x3)-9H

A127G827
SRT7-(3%3)-9T

Fig. 8. STM images simulating +1.3-V bias for Geg TRP-1T and its alloy
sheet Al3Ges TRP-2T, Ges BHS-2T, and Al;Ge4 BHS-1T, Geg BHS-1H and
AlGeg BHS-1H, and Gesq SRT7-(3 x 3)-9H, and Aly;Gey7 SRT7-(3 x 3)-
9T supported on Al,Ge. In image of Aly7Gez7 SRT7-(3 x 3)-9T, red rhom-
bus corresponds to the smallest repeated unit of the bright-spot pattern. The
yellow rhombuses denote periodic units used in calculation.

3.3. Discussion

On the pure Al (111) surface, the HL geometry is the most
stable one according to the energy analysis. The KL is the 47-
meV/atom less-stable first low-lying isomer. However, none
of the previous experimental STM studies suggested their fab-
rications. The SRT7-1T, TRP-1T, BHS-2T, and BHS-1H have
the simulated STM images consistent with the experimental
images, which are however 66-, 69-, 78-, and 85-meV/atom
less stable than the HL. geometry judged from our energy anal-
yses. The alloying each of HL sheet and KL sheet is found to

be endothermic, thereby keeping their pure germanene struc-

tures unchanged, while it is exothermic to alloy the SRT7,
TRP, and BHS geometry till their critical doping concentra-
tions are reached, respectively. So, the SRT7, TRP, and BHS
models cannot remain their pure germanenes as they are, if
the alloying can occur, which would evolve into the relatively
stable alloy species Al3Ges SRT7-1T, Al3Ges TRP-2T, and
Al3Ges BHS-2T correspondingly as suggested by our second
order finite difference analyses of the total energy. However,
they are still less stable in energy than the pure HL sheet, and
found to be the 51-, 57-, and 47-meV/atom less-stable low-
lying isomers. Our simulated STM images of the relatively
stable alloy species are consistent with the experimental im-
ages also. In the alloyed sheets, the BHS-1H model cannot
be preserved, which will evolve into the BHS-2T configura-
tion at the beginning of alloying. The structural transition be-
tween BHS-1H and BHS-2T as indicated experimentally!!¢!
cannot be stood once the alloying starts, though it can for
the pure sheet structures. Furthermore, both of the alloyed
Al3Ges TRP-2T, and Al3Ges BHS-2T are found to have two
bright spots at the top sites (see Fig. 4), none of which coin-
cides with the switch between the pattern with one bright spot
per unit and the pattern with two bright spot per unit observed
on experiment.!'®) The SRT7-1T has one bright spot per unit
which however matches the Al (111)-(vV7 x v/7) (19.1°)
surface!”-18! instead of the Al(111)-(3 x 3) surface used in

16l o, we would like to say

the structural transition study.
that none of the alloyed structures themselves for all of the
previously reported experimental results can be stood. The
well-controlled experimental conditions may help grow either
pure or alloyed germanene sheets. However, the calculated
ground state is of the HL structure for the sheets grown on
Al (111). The energy difference between the ground state and
its first low-lying isomer is 66 meV/atom (the Geg SRT7-1T
geometry) providing only pure germanene sheets are grown,
and 47 meV/atom (the Al3Ges BHS-2T alloy sheet) provid-
ing the germananes are alloyed. To some extent, such energy
differences can suppress the growth of the bulked superlattice
geometries such as the SRT7, TRP, and BHS structures. This
in turn supports the HL growth on an ideal Al (111) surface,
which however, is in conflict with the experimental result.
There are probably some detailed experimental condi-
tions that can affect the germanene growing on an aluminum
substrate, which we could not say on the basis of what we
The detailed
theory-experiment joint studies are still needed to clarify the

know from the existing experimental papers.

crucial reason to facilitate the investigation of cheap substrate

material for fabricating the 2D materials. Here, consider-

ing the fact that the metal surface can be engineered through

35,41-46]

the technique known as surface alloying,! we try to
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use the surface alloy of Al (111) as a tentative method to
see whether the germanene models meeting the experimen-
tal observations can gain energetic priorities to facilitate their
large-quantity fabrications. The Al,Ge surface alloy configu-
ration analogous to the AgyGe surface alloy!*6! is exother-
mic for formation. 3! Interestingly, the ground state is BHS-
1H providing only pure germanene can be grown, which is
50 meV/atom more favorable in energy than HL. Thus, the
growth of HL germanene structure would will be obviously
suppressed . The BHS-2T now turns to be the first low-lying
isomer that is only 19-meV/atom less stable. The SRT7 and
TRP geometries are found to be 30- and 37-meV/atom less sta-
ble, respectively. Again, HL and KL are still undoped alloys.
Though the calculated Egyt provided in Fig. 6(b) supports that
the occurrence of alloying starts from the BHS, SRT7, and
TRP germanene in the low doping concentration range, only
the BHS-2T model is found to have the increased AEX in
Fig. 6(a), favoring its growth providing the structure is fabri-
cated with isolated Al and Ge atoms. For each type of models,
the second order finite differences of total energy suggest that
the Al4Ges BHS-1T, AlzGes TRP-2T, and Al3Gesz SRT7-1T
are the relatively stable species. So, if the experiments can
be well-controlled, both the pure germanene and the alloyed
germanene will be able to be fabricated, depending on the ex-
perimental conditions.

The structural transition between them can occur. 163!
If Al atoms that are present in experimental conditions are
involved in the fabrication reactions or alloy the beforehand
prepared germanenes, the BHS, SRT7, and TRP models will
evolve into the relatively stable alloy species, for which case
the simulated STM images are consistent with the experi-
mental images. However, the structural transition observed
in experiment cannot occur among the relatively stable alloy
species. So, the pure germanenes and the alloyed sheets could
have the chance to be fabricated in the well-controlled experi-

mental studies.

In Fig. 9, the charge accumulation and depletion are in-
vestigated for the selected typical structures, which are the
ground states of pure germanenes on the Al (111) and Al,Ge
surface alloy and the most stable alloyed sheets supported on
these substrates, respectively. Such charge transfer analyses
for the other studied structures are provided in Figs. A5 and
A7 in Appendix A. For the sheet structure supported on sub-
strate, the charge density of the structural fragments such as
the sheet itself (Dyp) and the substrate (Dgypstrate ) With the cor-
responding geometries like those in the optimized structure of
the sheet supported on substrate, and the density of the sheet
supported on substrate (D,p /Substrme) is first calculated. Then,
the charge transfer is estimated by subtracting the Dyp and
Dyubstrate from the Dyp /qupstrate- As shown in Fig. 9, the charge
accumulation between the sheet and substrate and the charge
depletion at the sheet and the top layer of substrate suggest
that the interface interaction is covalent-like chemical interac-
tion. Also, the protruded Ge atoms in the sheet do not directly
develop chemical bonds with the substrate. In order to esti-
mate the strength of the interface interaction, we calculate the
corresponding adhesive energy from

0 0
EZD + Esubstrate B E2D/substrate

S ; &)

Eadnesive =

where the Ejp /supstrate 18 the total energy of the optimized 2D

0

substrate 1€ the

geometry supported on the substrate, ESD and E
energies calculated for the isolated structural fragments of the
2D structure and the substrate with the geometries of the opti-
mized 2D/substrate material, and S is the area of the 2D sheet.
The calculated data are presented in Table 1, indicating the
weak chemical bonding between the sheet and the substrate.
The surface alloy slightly weakens the interface interaction
to turn the buckled germanene superlattices such as the BHS
structures preferable, suggesting that the interface engineering
acts as an effective method to facilitate the large quantity fab-

rication of germanene-based sheets.

Table 1. Calculated adhesive energy (in units of meV/Az) between 2D sheet and substrate with Ge,, and Al,,Ge,, correspond-

ing to unit of pure and alloyed 2D sheet, respectively.

Structure Al (111) Al,Ge Structure Al (111) Al,Ge
Geg HL 114 101 Geg BHS-2T 92 85
Gey7 KL 107 92 Al3Ges TRP-2T 121 107
Geg BHS-1H 83 81 Al;Ges BHS-2T 104 -
Geg TRP-1T 99 9 AlyGeqy BHS-1T - -101
Geg SRT7-1T 9 - Al;Ges SRT7-1T 113 -
Gesg SRT7-(3 x 3)-9H - 78 Aly7Gen7 SRT7-(3 x 3)-9T - 104
In addition, the calculated FEyghesive ranges from ied alloy sheets are found to break during the structural opti-

78 meV/A? to 121 meV/A? to show the possibility for the

isolations of the fabricated sheets. However, all of the stud-

mizations after isolating them from the substrate which plays

a crucial role in stabilizing the 2D structures. For the pure
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germanene structures, the HL, BHS-1H, BHS-2T, and SRT7-
1T germanene structures will immediately converge to the
well-known ground state of the free-standing germanene —
the slightly buckled honeycomb structure, while neither the
KL nor TRP-1T, however, is stable in the free-standing state.
Though none of the corresponding isolated configurations is
stable, the buckled superlattice of pure germanene and the al-
loy sheets supported on substrates may also have potential ap-
plications such as in helping anchor small catalyst particles
through the enhanced reactivities of the well-separated pro-
truded Ge atoms in the sheets, which are worth further study-
ing experimentally and theoretically.

’4;;- “a s e R

(d)

Fig. 9. Isosurfaces at 0.015 e/A3 for charge accumulation (cyan) in left
panel and the charge depletion (orange) in right panel. Panels (a) and (b) are
for pure germanane structure HL and stable Al3Ges BHS-2T supported on
Al (111). Panels (c) and (d) are for pure germanene structure BHS-1H and
the stable Al4Ge4 BHS-1T supported on Al,Ge surface alloy.

In addition, we also estimate whether the hydrogenation
could help achieve the stable isolated alloy sheet. For the alloy
sheet supported on the substrate, the protruded Ge atoms are

ready for hydrogen adsorptions. After that, more hydrogen
atoms can be adsorbed on the Ge atoms which are the next
nearest to the pre-hydrogenated ones in the Al4Ges BHS-1T
structure and the AlzGes SRT7-1T sheet, resulting in the con-
figurations with the Ge atoms separated from each other by the
Al atoms to be hydrogenated. Differently, in the Al3Ges BHS-
2T structure, one of the protruded Ge atoms is surrounded by
three neighboring Ge atoms, for which the pre-adsorbed H
atom hinders these 3 neighboring Ge atoms from being futher
hydrogenerated. In the Al3Ges TRP-2T structure, the hydro-
gen adsorptions at the protruded Ge atoms enlarges the Ges tri-
angle structural motif. More hydrogen atoms could be then ad-
sorbed on the Ge atoms in this Gejs triangle structural motif to
break the corresponding Ge—Ge bonds. After the structural op-
timizations of the supported alloy sheets, we then remove the
corresponding substrates and carefully optimize all the sheet
structures again. The optimized structures are then used to
calculate the phonon spectra with the Phonopy code.”)" All
hydrogenated alloy configurations but for the hydrogenated
Al3Ges TRP-2T alloy sheet are found to have imaginary fre-
quency modes, implying that they are unstable. As to the
Al3Ges TRP-2T alloy sheet, we further evaluate its stability
by carrying out the first-principles molecular dynamics simu-
lation at room temperature. It is found to remains unchanged

during our 5-ps long simulation, implying that it is stable.

4. Conclusions

Using density functional theory method, we have care-
fully studied the alloying process of germanenes supported on
both Al (111) and its Al,Ge surface alloy. The HL hexagonal
lattice and the KL Kagome lattice keep pure germanene sheets,
for which case the alloying with Al atoms is endothermic. All
the other studied structural configurations would release en-
ergy in the range of low doping concentration to favor the al-
loying process accordingly. The stable BHS, TRP, and SRT7
geometry of the pure and alloyed germanenes supported on
Al (111) and Al,Ge surface alloy, except the SRT7 structure
of pure germanene on Al,Ge surface alloy, can re-produce the
STM images as the structural candidates for the experimen-
tally fabricated 2D sheets. On a pure Al(111) surface, the HL
is the energetically favorable configuration with the KL as its
first low-lying isomer. The BHS, TRP, and SRT7 germanene
and their alloyed sheets are all larger than 40meV/atom less
stable in energy to challenge their experimental syntheses. Us-
ing the surface alloy to illustrate the effect of interface engi-
neering on the germanene growth, we show that the reduced
activity of Al (111) surface facilitates the growing of the BHS,
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TRP, and SRT7 structures, turning them superior in energy.
Based on our second order finite difference analyses of the to-
tal energy, the relatively stable alloy species are found to be
the Al3Ges BHS-2T, Al3Ges TRP-2T, and Al3Ge; SRT7-1T
on Al (111) while they are the Al4Ges BHS-1T, Al3Ges TRP-
2T, and Aly;Gey7 SRT7-(3%3)-9T on Al,Ge surface alloy. Of
the alloyed species, the Al3Ges BHS-2T on the Al (111) is the
most stable structure from the point of the view of energetic
stability and so is the Al4Ges BHS-1T on Al,Ge surface alloy.
For the pure germanenes, the HL. and BHS-1H are the corre-
sponding ground states on Al (111) and Al,Ge, respectively.
Though a structural transition between BHS-1H and BHS-2T
model of pure germanenes is confirmed in previous theory—
experiment joint study, such a kind of transition cannot be sup-
ported in the alloyed species. So, both the pure germanene and
the alloyed germanene probably gain chances for their fabri-
cations under well-controlled experimental conditions, which
needs further comprehensively studying theoretically and ex-
perimentally.
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Appendix A: Supporting information

In order to better understand and explain the descriptions
in the main text, some supporting figures are given in the fol-
lowing for references.

AL L0
L TECT TTert e
WX R K KK kR RK
v et e
OO LD

Fig. Al. Doping configurations of a single Al atom in 2D germanene mod-
els supported on Al (111) corresponding to (a) HL, (b) KL, (c) TRP-IT,
(d) BHS-2T, (e) BHS-1H, (f) SRT19-3T, and (g) SRT7-1T structures. Grey,
blue, green, and red spheres denote Al atoms in substrate, Ge atoms in basal
plane of the 2D sheet, Ge atoms protruded upward which can be seen in
STM image of the 2D sheet, and Al atoms doped in basal plane of the 2D
sheet, respectively.

Fig. A2. Ground state configurations of two Al atoms doped in 2D ger-
manenes supported on Al (111) corresponding to (a) HL, (b) KL, (c) TRP-
1T, (d) BHS-2T, (e) SRT19-3T, and (f) SRT7-1T structures. Grey, blue,
green, and red spheres denote Al atoms in substrate, Ge atoms in basal plane
of the 2D sheet, Ge atoms protruded upward which can be seen in STM im-
age of the 2D sheet, and Al atoms doped in basal plane of the 2D sheet,
respectively.

Fig. A3. Alloy configurations with negative formation energy Ejys corre-
sponding to (a) SRT19-3T, (b) SRT7-1T, (c) TRP-1T, and (d) BHS-2T ger-
mananes supported on Al (111). Number ratio of Al and Ge atoms in unit
Al:Ge is also provided. Black rhombuses represent periodic units used in
calculations, and grey, blue, purple, green, and red spheres denote Al atoms
in substrate, Ge atoms in basal plane of the 2D sheet, Al atoms protruded
upward in the 2D sheet, protruded Ge atoms in the 2D sheet, and Al atoms
doped in the basal plane of the 2D sheet, respectively.
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Fig. A4. Alloy configurations with negative formation energy Eys corre-
sponding to (a) SRT7-(3 x 3)-9H, (b) TRP-1T, and (c) BHS-2T germananes
supported on Al,Ge. Number ratio of Al and Ge atoms in unit Al:Ge is also
provided. Black rhombuses represent the periodic units used in the calcu-
lations. The grey, blue, purple, green, and red spheres denote Al atoms in
Al,Ge substrate, Ge atoms in basal plane of the 2D sheet, Al atoms pro-
truded upward in the 2D sheet, protruded Ge atoms in the 2D sheet, and Al
atoms doped in the basal plane of the 2D sheet, respectively.

Fig. A5. Isosurfaces at 0.015 e/A3 for charge accumulation colored in cyan
in the left panel and the charge depletion colored in orange in the right one
indicating (a) HL, (b) KL, (c) BHS-1H, (d) BHS-2T, (e) TRP-1T, (f) SRT19-
3T, and (g) SRT7-1T pure germanane structures supported on Al (111), re-
spectively relatively stable alloy species (h) Al3Ges BHS-2T, (i) Al3Ges
TRP-2T, (j) AlzGes SRT7-1T, (k) SRT7-1T, and (k) AlyGey SRT19-1T
structures, respectively.
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Fig. A6. Calculated PDOSs of Ge atom in AlgGeys SRT7-(3 x 3) sheet. The
green line is for protruded Ge atom that can be seen in the simulated STM
image, and grey line is for protruded Ge atom that could not be seen in the
simulated STM image.
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Fig. A7. Isosurfaces at 0.015 e/A3 for charge accumulation colored in cyan
in the left panel and the charge depletion colored in orange in the right one
indicating (a) HL, (b) KL, (c) BHS-1H, (d) BHS-2T, (e) TRP-1T, and (f)
SRT7-(3 x 3)-9H pure germanane structures supported on Al,Ge, respec-
tively relatively stable alloy species (g) Al4Ges BHS-1T, (h) Al3Ges TRP-
2T, and (i) Alp7Gep7 SRT7-(3 x 3)-9T structures, respectively.
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