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Electronic properties of germanene on pristine and defective MoS,: A first-principles study
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The synthesis of germanene on semiconducting substrates such as MoS, has revealed that it exhibits a V-

shaped density of states around the Fermi level, indicating the presence of Dirac electrons. Further experiments
demonstrated that charge inhomogeneities of germanene on MoS, appear as n- and p-type doped regions, the
origin of which is not well understood. In this paper, by means of density functional theory calculations, we
study germanene deposited on MoS, considering various defect types and a variety of stacking configurations.
We find that some native defects typical to MoS, samples lead to the charge transfer between germanene and
MoS,. Unlike vacancies and antisite defects, substitution of molybdenum by group IV-V and VII transition metal
atoms does not lead to any midgap states, and appears as a plausible explanation for the experimentally observed
charge puddles. Our results shed light on the mechanism of breaking the charge neutrality in Dirac materials

without altering their electronic properties, which could be important for the realization of lateral p-n junctions

based on two-dimensional materials.

DOI: 10.1103/PhysRevB.105.094111

I. INTRODUCTION

Germanene is an ideal two-dimensional (2D) Dirac mate-
rial which has been extensively studied in recent years [1,2].
One of its most exciting features is that it presents a spin-orbit
gap of around 24 meV [3], making it a good candidate to
exhibit quantum spin Hall effect at temperatures that can be
easily attained experimentally. In the last few years, several
groups have focused their efforts on synthesizing germanene
and its characterization [4—11]. However, in most of these ex-
periments, germanene is grown on a metallic substrate, which
has the main disadvantage of the coupling of the electronic
states of germanene with those of the substrate around the
Fermi level [2]. In order to avoid this issue and be able to
characterize the electronic properties of germanene experi-
mentally, a band gap material such as MoS, or hexagonal
boron nitride should be used. Recently, the successful syn-
thesis of germanene on MoS; by Zhang et al. [12] revealed
that the electronic structure of germanene on MoS, substrates
shows a prominent V-shaped density of states (DOS) around
the Fermi level, which is one of the most distinct features of
2D Dirac materials.

Although the agreement between first-principles calcula-
tions and scanning tunneling spectroscopy for germanene on
MoS, is good [12], theoretical calculations predict that the
Fermi level is shifted from the Dirac point giving rise to finite
DOS at the neutrality point. One possible explanation for this
shift is the presence of impurities with an acceptor character in
the germanene layer emerging during the growth process [12].
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However, in a later work, it was found that there is no indica-
tion of defects or impurities of this type [13]. Furthermore, by
analyzing the differential conductivity (dI/dV) spectra and
using a Dirac-point mapping technique it was found that the
germanene sample actually presents charge puddles, with n-
and p-type doped regions. The origin of these electron and
hole puddles can be likely attributed to defects and impurities
in the MoS; layers.

Typically MoS, samples are mainly fabricated either by
exfoliating natural geological samples or by chemical va-
por deposition (CVD) [14-16]. Even if the the experimental
samples are very clean, avoiding the formation of defects is
challenging [17]. Although there have been previous stud-
ies on the effect of defects on the electronic properties of
MoS, [17-21], the impact of defects on the electronic prop-
erties of the material that is deposited on top, specifically
germanene, is unclear.

In this paper, we perform a comprehensive study of the
electronic properties of germanene on MoS, using density
functional theory (DFT). We focus on the role of defects
in MoS; in the electronic properties of germanene. We find
that, in experimental samples, germanene lies on top of MoS;
without suffering any kind of alteration to its structure. Fur-
thermore, we realize that substitutional atoms can explain the
different reported n- and p-doped regions found on experi-
mental samples.

This paper is organized as follows. In Sec. II, we describe
the computational methods used to perform our calculations.
Our results and discussion are presented in Sec. III, which is
divided into two main parts. In the first part (Sec. III A), we
analyze the effect of strain and the substrate on the electronic
properties of germanene. In the second part (Sec. IIIB), we
systematically study the role of realistic defects in MoS, on
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the electronic properties of supported germanene. In Sec. IV,
we conclude the paper with a short summary.

II. COMPUTATIONAL METHODS

All the calculations were performed using density func-
tional theory [22] as implemented in the SIESTA code [23].
The wave functions have been expanded in a double-¢ ba-
sis set including polarization functions. We have used the
Perdew-Burke-Ernzerhof parametrization [24] of the gener-
alized gradient approximation [25] to describe the exchange-
correlation effects, and the atomic core electron interactions
were represented by norm-conserving Troullier-Martin pseu-
dopotentials [26]. Van der Waals corrections were also taken
into consideration using the Grimme parametrization [27]. A
20-A-thick vacuum slab was added in the out-of-plane direc-
tion to avoid interactions between neighboring cells due to
periodic boundary conditions. A real-space integration grid of
400 Ry was set. In order to converge the ground state charge
density, the k space was sampled using the Monkhorst-Pack
scheme [28] with a (7 x 7 x 1) grid. The structure was re-
laxed with a tolerance of 0.05 eV /A for the forces acting on
the Ge atoms while keeping the MoS, layer fixed. For the
structures with defects, we let the MoS, layer relax as well to
correctly describe the defective structure. For the DOS calcu-
lations, the Brillouin zone was sampled using a (71 x 71 x 1)
k-point mesh. It is also worth mentioning that the main results
remain the same when spin-orbit coupling [29] is included.

We have also calculated the formation energies of the dif-
ferent defects that can occur in the system. To do so, we define
the formation energy as [30]

E'[X] = EalX] = Ewlpril = Y _ nii, ey

where Ei[X] and Ey[pri] are the total energies of the su-
percell with X impurities and the pristine system without any
defects, respectively. n; is the number of atoms of type i that
have been added to (n; > 0) or removed from (n; < 0) in
the defective system, and w; are the corresponding chemical
potentials of these elements.

To calculate the chemical potential we use

1
UMo = ﬁEtot[MO]a 2
2us + Umo = MUMoS, = Ei[MoS;], 3)

where (i, is the chemical potential of Mo, obtained from the

bce molybdenum structure, and ug is the chemical potential
of S, which is calculated using wy, and the total energy of a
MoS, monolayer (Ei[MoS,]) [31]. The chemical potentials
of the substitutional atoms such as Re, Zr, and Nb are deter-
mined by the total energy of their monolayer dichalcogenide
form:

2us + px = pxs, = Eot[XS2]. 4

On the other hand, we calculate the chemical potential of P
and Cl using the energies of their bulk phase:

1
px = px[X, bulk] = ﬁElot[X , bulk]. )

III. RESULTS AND DISCUSSION

A. Electronic properties of germanene on top of pristine MoS,

As stated in the Introduction, the experimental results show
that the Dirac cone sits exactly at the Fermi level [12,13].
Although the theoretical results match qualitatively with the
experimental spectra, there is a mismatch of the Fermi level
between the experimental and theoretical results [12]. It is
well known that strain affects the electronic properties of
germanene [32], therefore, in order to fully understand the
disagreement between the theoretical results and the experi-
mental measurements, we first studied if the MoS, substrate
could affect the electronic properties of germanene when de-
posited on top of it [32,33]. To correctly calculate the strain
applied to germanene we first need to calculate the lattice
parameter for the unit cell of pristine germanene. We find that
the optimized value is 4.09 A, which is in agreement with
previous calculations [34,35]. In order to study theoretically
the electronic properties of germanene on a substrate we need
to take into account the fact that germanene and MoS, do
not have the same lattice constant and we have to impose
the commensurability of the structure in order to perform
the calculations. A typical approach used is to simply align
the sample layer and the substrate and generate two different
supercells to minimize the mismatch between the lattice pa-
rameter of both materials. This approach is ideal to study the
effect of strain on the electronic properties of germanene when
deposited on MoS,.

As in previous studies, in our calculations we can also see
that the strain applied to germanene has a great influence on
the electronic properties of the supercells when placing it on
top of MoS,. As a first approach, we generate a supercell using
the experimental value for the lattice constant of germanene,
3.82 A [about —7% compression strain relative to that of
freestanding germanene, see Fig. S1 of the Supplemental
Material (SM) [37]]. We find that the DOS results are in
line with previous DFT calculations [12], i.e., the position
of the Dirac cone shifts ~0.3 eV towards lower energies
(see SM [37] Fig. S1b for the total and partial DOS). To
further investigate the strain effects of germanene on MoS,,
we also construct supercells with different sizes which allows
us to have values for the applied strain to germanene around
—5%. As we can see from Fig. 1, the position of the Dirac
cone is very sensitive to strain and, as we reduce slightly the
compressive strain applied, the energy position of the Dirac
cone shifts towards higher energies. Therefore, most likely, in
the experiment the crystalline structure of germanene does not
suffer any alteration when deposited on top of MoS; and, in
order to reproduce correctly these results, we need to generate
a supercell using the optimized lattice constant of germanene.
Unfortunately, in our case, we find that in order to achieve a
small mismatch using two aligned layers as described above,
a large supercell has to be computed.

To tackle the problem of large supercells, we can introduce
the rotation between each layer as a degree of freedom. Impor-
tantly, this allows us to have lower values of strain applied to
each of the materials while keeping the sizes within a reason-
able number of atoms. We find that for a twist angle of 14.5°
the mismatch between germanene is approximately —0.06%.
The corresponding supercell is made of a (v/19 x +/19) layer
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FIG. 1. Calculated DOS of three supercells with different com-
pression strain of germanene. The position of the Dirac cone
is sensitive to the biaxial compression strain of germanene.
The three supercells consist of (V19 x /19) germanene/ (v/28 x
V28) MoS,, (v/21 x 4/21) germanene/(+/31 x +/31) MoS,, and
(5 x 5) germanene/(+/37 x +/37) MoS,. The corresponding strain
of germanene is —5.4, —5.5, and —5.6%, respectively. The Fermi
level is set to zero.

of germanene on top of a (v/31 x +/31) layer of MoS,. Impor-
tantly, when looking at the DOS, as shown in Fig. 2(a), we can
see that the Dirac cone of the supercell is placed at the Fermi
level, as expected from the experimental results. Moreover,
in Figs. 2(b) and 2(c) we show the charge density integrated
from —0.3 to 0.0 eV and from 0.0 to 0.3 eV, respectively. As
expected from the DOS, the charge is concentrated around the
Ge atoms and does not show a modulation that would be due
to the moiré pattern formed between germanene and MoS,.
This is in agreement with the scanning tunneling microscopy
images found experimentally [12,13].
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B. MoS, defects and charge puddles

In Sec. Il A, we have seen that experimentally, when
placing germanene on MoS; the latter does not suffer any
kind of reconstruction and that, in order to describe correctly
the electronic properties of the system, we need to generate
supercells where germanene has its calculated free standing
lattice constant (4.09 10\). In this section, we will shift our at-
tention to the problem of charge puddles found in germanene
on MoS; [13]. In order to investigate a possible doping of
germanene, we consider several common defects that occur
frequently in MoS,.

As we have mentioned in the Introduction, MoS, samples
fabricated by either CVD or exfoliation of geological samples
may contain various defects and impurities [17,38]. Among
CVD samples the most abundant and stable defects are S
or Mo vacancies that come either from the chemical growth
process or during the final exfoliation [19,38]. Other common
imperfections of MoS; crystals include antisite defects where
Mo (S) atoms take the place of S (Mo) atoms [38,39]. On the
other hand, geological samples are characterized by a larger
diversity of possible defects [17]. In addition to the aforemen-
tioned ones, natural samples are known to have impurities and
substitutional atoms. The most abundant impurities typical to
geological MoS, samples include Re, Zr, and Nb [17-20]. It
is important to note that some of these impurities could be not
detected by the standard techniques to check the purity of the
sample (such as x-ray photoelectron spectroscopy). We have
also taken into account those that are less abundant or that
are detected by inferring from the experimental techniques,
namely, Cl and P [19,21].

1. Substitutional defects

Substitutional defects are frequently found in experimental
MoS,; monolayer samples [19,38—40]. Theoretically, many
different types of substitutional defects can be studied, but not
all of them can be found or realized experimentally. Therefore,
here, we only focus on the defect types which have been

(b) (c)

FIG. 2. (a) Top: Schematic diagram and structural parameters of a (+/19 x +/19) germanene layer on top of a (+/31 x +/31) MoS; layer
with a twist angle of 14.5°. Bottom: Calculated total and partial DOS of this structure. The Fermi level is set to zero. The inset shows the
experimental dI/dV spectrum, adapted from the work by Zhang et al. [12]. (b), (¢) Calculated partial charge density of the corresponding
supercell in the energy range from —0.3 to 0.0 eV (b) and from 0.0 to 0.3 eV (c). The isosurface value is set to 2.5 x 10~ e/A3. All the

structures and density plots were visualized using VESTA [36].
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FIG. 3. Atomic structure of germanene on top of a defective
MoS; layer (top row) and the corresponding total DOS (bottom row)
of a (a) Xy, system (X=Nb,Zr,Re) and (b) Y5 system (Y =CLP). The
replaced atoms are highlighted in red and blue, respectively. The
Fermi level is set to zero.

previously observed experimentally. Specifically, we consider
the following situations.

a. The X atom (X = Nb,ZrRe) replaces the Mo atom
(Xmo)- As we have discussed before, niobium, zirconium, and
rhenium are the most abundant impurities in geological MoS;
samples. Furthermore, Re has been extensively studied since
it is a common extrinsic dopant that can be easily introduced
in experiments [17,20,40-42].

Here, without any loss of generality, we focus on a single
atom substitution. In Fig. 3(a), we show the calculated DOS
of a system doped with Nb, Zr, and Re atoms. Compared
to the DOS of a pristine system, we can see that the Dirac
cone shifts towards negative energies for the Rey, system
and to positive energies for the (Nb/Zr)y, system, meaning
that charge puddles can appear in samples with these de-
fects in the MoS; layer. This is expected since the electron
configuration of the Re/Nb/Zr and Mo are the same except
for one (two) missing or one extra electron in the case of
Nb (Zr) or Re, respectively. Interestingly, the MoS, defective
system (without the germanene layer) has a very similar gap
as the pristine case (see Fig. S6 in the SM [37]). In our case,
we have a defect concentration of around 3.6 x 10" cm~2.
This is comparable to the typical defect density reported
previously (between 10'? and 10'* cm~2) [38,43]. The cal-
culated carrier concentrations are 3.3 x 1013, 3.6 x 10'3, and
6.4 x 10'3 cm™2 for the Re, Nb, and Zr substitutions, respec-
tively. Accordingly, if we double the supercell size we have a
defect concentration of 1.8 x 10'3 cm~2 and the carrier con-
centration will be 1.7 x 103 cm™2 (Rep,), 1.8 x 103 cm™2
(Nbpo), and 3.2 x 103 cm™2 (Zrms,) (see SM [37] for details).
The partial charge density (see Fig. S5 in the SM [37]) for the
Nb defect is slightly modified from the pristine case, but the
charge in the germanene layer does not display a modulation,
which is in agreement with previous experimental results [13].

b. The Y atom (Y = PCI) replaces the S atom (Ys).
Phosphorus-doped MoS, can be synthesized by a one-
step hydrothermal method [44,45]. On the other hand,
chlorine-doped MoS, systems have been studied both ex-
perimentally [46] and theoretically [47]. As in the case of
Re/Nb/Zr substituting a Mo atom, P and Cl have the same

electronic configuration as S but with one missing and one
extra electron, respectively. Figure 3(b) shows the calculated
DOS, where a V-shaped Dirac cone is still present when S is
replaced by CI or P. For CI, the Dirac point shifts to negative
energy, indicating that the system is p doped, while if we
substitute S with a P atom, we observe the shift towards
positive energies, indicating that the system is n doped. This is
expected from the electronic configurations. Here, as before,
we only introduce one defect per supercell, which gives us a
defect concentration of 3.6 x 10'3 cm™2. The calculated car-
rier concentrations (holes or electrons) are 3.7 x 10'3 cm—2
and 3.1 x 103 cm~2 for P and ClI, respectively. For the Cl
defect, the system has a similar gap as the case without defects
(see Fig. S6 in the SM [37]). As in the case with the Nb
defect, the partial charge density (see Fig. S5 in the SM [37])
is slightly modified from the pristine case for the CI defect,
but the charge in the germanene layer does not display a
modulation.

c. Other types of substitutional atoms. Finally, it has already
been demonstrated that oxygen atoms can substitute sulfur
atoms, forming stable MoS,_, O, compounds both experimen-
tally [48] and theoretically [49,50]. In our case, we investigate
a single oxygen replacement. As it can be seen from the DOS
calculation (see SM [37] for DOS results), the Dirac cone
remains at the Fermi level, indicating that, for this kind of sub-
stitutions, there is no doping in the system. This is expected
because the total number of electrons remains the same when
we introduce the Og defect. There are other substitutional
defects which have been investigated experimentally but, ac-
cording to our calculations, they keep the system undoped,
such as the case of a Se or Te atom substituting a S atom (Sesg,
Tes) and or sulfur adatom (S,q) (see SM [37]).

In Fig. 4, we show the formation energies for all the defects
considered in our paper. We can see that substitutional defects
have a low formation energy which is in agreement with
previous calculations [31].

The above results give a strong evidence that the doping
defects in the substrate (MoS,) layer can have an influence
on the charge distribution of the germanene layer. It further
demonstrates that different substitutional atoms present in
natural MoS; samples can be responsible for some charge
puddles appearing in the germanene layer as seen in the ex-
periments by Yao et al. [13].

2. Sulfur vacancies

This type of defects has been predominantly seen in
samples fabricated using mechanical exfoliation and CVD
techniques [38]. Since these are common techniques used to
fabricate the experimental devices, understanding the effect of
these defects is important. Here, we generate a single sulfur
vacancy (Vs) and a divacancy of sulfur atoms (Vg,) that
are bonded to the same Mo atom. We have calculated the
formation energy and found that a single S vacancy has the
minimum formation energy of all vacancy defects, indicating
it is the most stable and likely vacancy in MoS, (see Fig. 4).
On the other hand, divacancies have a considerably higher
formation energy, which makes them less likely to be seen in
experimental samples. This is also the case for Mo vacancies
(VMo). These results are in line with earlier theoretical cal-
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FIG. 4. Calculated formation energy (eV) of the different defects
in MoS; considered in this paper. Substitutional defects are marked
with blue circles while other types of defects are marked with red
triangles.

culations [51], and experimental observations [38], reporting
that sulfur deficiency is very common during the synthesis
process. The structure and the calculated DOS for these sys-
tems are shown in Fig. 5. As we can see, near the Fermi level
a peak in the DOS appears due to the defect and the charac-
teristic V shape of the Dirac cone does not appear anymore
in both systems. This peak is also found when looking at the
MoS, defective supercell without the germanene layer (see
Fig. S6 SM [37] for more details). It is clear then, that sulfur
vacancies are unlikely to be responsible for the charge puddles
found in the experiment. This is also in line with the partial
charge density (see Fig. S5 in the SM [37]) obtained with this
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FIG. 5. Schematic diagram of germanene on MoS, substrate
with sulfur vacancies, and the corresponding total DOS. (a) Single
S vacancy. (b) S divacancy.
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FIG. 6. Schematic diagram of germanene on MoS, with four
kinds of the antisite defect, and their corresponding total DOS.

defect, which shows no charge concentrated around the Ge
atoms.

3. Antisite defect

A thorough experimental study of antisite defects has been
done by Hong et al. [38], where they observed five different
types of antisite defects that can be classified in the following
categories.

(i) One S atom is substituted by one Mo atom (Mog).

(ii)) Two opposite S atoms are substituted by one Mo atom
(MoS,).

(iii) Two opposite S atoms are substituted by two Mo
atoms (Mo2s»).

(iv) One S atom takes the place of one Mo atom site (Syo)-

(v) Two S atoms take the place of one Mo atom site
(SzMo)-

Since the last one is rarely found in experiments [38], we
have studied the other four defect types mentioned above. The
formation energies for these defects are shown in Fig. 4, where
we can see that they have a higher formation energy than the
single S vacancy and, therefore, are less likely to appear in real
devices. In Fig. 6, we show the DOS for the different types
of antisite defects. As in the case of the S vacancies, one or
multiple peaks due to the defects appear in the DOS; midgap
states appear in the gap of the defective MoS, layer without
the germanene sitting on top (see Fig. S6 in the SM [37]). If
the MoS; layer has one defect only, the peak sits at the Fermi
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level while in the case of the MoS, defect the DOS displays
two peaks near the Fermi level at negative and positive ener-
gies. Importantly, in all cases the Dirac cone is not preserved,
indicating that these defect types are unlikely related to the
charge puddles observed experimentally. As in the case with
the sulfur vacancy, this result is also in line with the partial
charge density (see SM [37]) obtained with the MoS defect,
which shows no charge concentrated around the Ge atoms.

IV. CONCLUSIONS

In summary, using first-principles calculations, we have
studied the electronic properties of germanene on top of a pris-
tine and defective MoS, layer. We first studied the electronic
structure of variety configurations changing the strain applied
to the germanene layer. We found that minimization of the
lattice mismatch between germanene and MoS, leads to the
electronic structure with a prominent V shape where the Dirac
cone is located exactly at the Fermi level, in agreement with
the previous experimental results. Having properly aligned
germanene and MoS,, we further investigated the electronic
properties in the presence of common point defects in the
MoS, layer. From these results, we found that the charge
puddles found in the germanene layer experimentally can
likely be explained by substitutional defects in the MoS, sub-
strate. Specifically, substitution of Mo by group IV-V and VII

transition metal atoms (Re, Nb, Zr) preserves the Dirac cone,
but shifts the Fermi energy inducing the charge doping of
germanene. Different types of doping (n doped and p doped)
can be obtained by introducing different atoms, which might
be present in natural MoS, samples. It is worth noting that a
controllable introduction of these defects during the synthesis
of MoS, opens up the possibility of tuning the position of
the Dirac cone of germanene while leaving the electronic
properties of the material unaltered. This mechanism might
be useful in the realization of lateral p-n junctions based on
2D materials.

Our findings highlight the significance of the effect of
the substrate even for weakly coupled van der Waals het-
erostructures and that the formation of charge puddles could
be extended to other 2D Dirac materials supported on transi-
tion metal dichalcogenides.
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