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Abstract:

It is challenging to epitaxially grow germanene on conventional semiconductor
substrate. Based on first-principles calculations, we investigate the structural and
electronic properties of germanene/germanane heterostructure (HTS). The results
indicate that the Dirac cone with nearly linear band dispersion of germanene
maintains in the band gap of substrate. Remarkably, the band gap opened in these
HTSs can be effectively modulated by the external electric field and strain, along with
a very low effective masses and high carrier mobilities. These results provide a route

to design high-performance FET operating at room temperature in nanodevices.
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1. Introduction

Germanene, a two-dimensional (2D) single-layer Ge crystal, has attracted huge
research interest as a versatile platform for investigation of various physical
phenomena in high-performance devices [1-2]. Compared with graphene [3-8] and
silicene [9-11], it has a more buckled honeycomb structure due to the weakly n-nt
interaction and distinct coupling of ¢ and © bonds between Ge atoms, bringing about
new physics beyond graphene, [3-8] such as detectable quantum spin Hall (QSH) and
valley-polarized quantum anomalous Hall (QAH) state, et al. [12] Meanwhile, due to
its linear band dispersion near the Fermi level (E£f) at K point, an extremely high
charge carrier mobility is expected, with the value of the order of 10°cm?® V's™. [13]
When it is used as a channel, the transistor can have an ultrafast speed, making it able
to operate in the THz frequency range. Together with compatibility with the current
semiconductor technology, germanene may be an ideal material for building
electronic devices, such as field effect transistor (FET). However, there are still
limitations to germanene, for example, the lack of an intrinsic band gap at Er and low
structural stability of germanene, posing a major obstacle for germanene to the use in
logic and high-performance switching devices.

Integration of 2D Dirac materials with various metal/semiconductor substrates to
form 2D hybrid HTS provides a possible way to create stable germanene
nanostructures. Experimentally, Li et al. [14] reported the successful growth of
germanene on Pt(111) which has a distorted (Y19xV19) superstructure with respect to
the substrate. However, further analysis indicates the absence of Dirac cone in
germanene due to the strongly orbital hybridization between Ge and substrates. To
preserve the intrinsic properties of suspended germanene, the HTSs made by stacking
germanene on 2D non-bonding substrates in a chosen sequence — as in building with
Lego — with blocks defined with one-atom-plane precision has been proposed to be a
possible way. [15-16] For example, Li et al. [15] reported that the germanene on h-BN
has an adsorption energy of -130 meV per Ge atom and exhibit the semiconducting

behavior. Germanene on MoS, has also been proposed, [16] which is p-doped
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semiconductor with band gap of 24 meV. Despite these achievements, experimental
synthesis of these nanostructures is rather challenging. So, a new substrate is needed
for both growing germanene and preserving the Dirac cones in nanoelectronics. [17]
Recently, germanane, a stable full-hydrogenated stoichiometric germanene
analogue with a band gap of 1.53 eV, has been successfully synthesized from the
topochemical deintercalation of CaGe; [18]. Especially, it has a direct band gap of
1.56 eV as well as high carrier mobility. Compared with the substrates BN or MoS,,
the HTS based on fully-hydrogenated germanene may be more feasible in
experiments, due to its compatibility with germanene technology. Here, based on
first-principles calculations, we investigate the structural and electronic properties of
germanene/germanane HTS. The absence of dangling bonds due to the hydrogen
saturation in substrate can render germanene to offer a large band gap (82-120 meV),
along with the linear dispersion preserved at Dirac point, and thus low effective mass
(EM). Together with compatibility with the current semiconductor technology,

germanene is a promising candidate for building FET.

2. Computational methods

All Calculations are performed by using first-principles method as implemented in
the Vienna Ab Initio Simulation Package (VASP). [19] We use the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [20]
functional to describe the exchange-correlation interaction, which is developed for the
calculations of surface systems. To properly take into account the van der Waals
(vdW) interactions, the DFT-D2 method [21] is used throughout all the calculations.
Also, the projector augmented wave (PAW) method [22] is used to describe the
electron-ion interaction, and the dipole corrections are included considering the
possible charge redistribution in these HTSs. The convergence criterion of our

self-consistent calculations for ionic relaxations is 10> €V between two consecutive
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steps. By using the conjugate gradient method, all atomic positions and the size of the

unit cell are optimized until the atomic forces are less than 0.02 eV A~

3. Results and Discussion

For the germanene/germanane hybrids, Fig. 1(a) displays 2D germanane with a
honeycomb lattice, in which the unit cell comprises two Ge atoms and two H atoms.
Different from low buckled germanene, [23] the hydrogenation on Ge atoms forms a
strong ¢ bond between Ge and H atoms, leading to an sp® hybridization of Ge atoms,
with a large buckled height (#) of 0.73 A. Thus, the hydrogenation on Ge atoms
breaks down the semimetal character of germanene, resulting in a direct band gap of
1.05 eV, as shown in Fig. 1(b).

The relaxed lattice constant of germanane is 4.06 A, indicating a small lattice
mismatch (~0.73%) in comparison to germanene.[24] Thus we consider four stacking
patterns, such as AA-1, AA-2, AB-1, and AB-2, as shown in Figs. 2(a)-(d). The
corresponding relaxed parameters for all HTSs are listed in Table 1. It can be seen that
the Bernal pattern AB-2 is more stable than other three ones by ~20 meV,
accompanied with a smallest interlayer distance of 1.70 A. Especially, the interlayer
binding energies of all patterns are relatively low, i.e., -37, -41, -40, and -68 meV for
AA-1, AA-2, AB-1, and AB-2, respectively, indicating the weak vdW interaction in
HTSs. Thus, there is no significant change in the buckling of germanene when
deposited on germanane substrate. To further confirm the thermostability of these
HTSs, we calculated cohesive (atomization) energies of the heterostructures defined
as, E. = Euyrs — ngeEge — nuEy, where Eyrs is the total energy of different
conformations, Eg. and Ey are the spin-polarized energies of Ge and H atoms, and ng,
and ny are the number of atoms in those structural conformations. We find E .= -2.28
eV, suggesting it is feasible in experimental synthesis.

Fig. 3 presents the electronic band structures of all patterns. It can be seen that the
symbolic Dirac point of germanene with linear band dispersion are still preserved in

these HTSs, indicating that no Ge-4p, orbitals near Er involved in the hybridization
4
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with substrate (Figs. 3(a)-(d)). Therefore the characteristics of high carrier mobility in
HTSs are expected. Remarkably, we find a large band gap of 82-120 meV opened at
Dirac point in all Ge/GeH HTSs, more pronounced than for the room-temperature

thermal scale (25 meV). In these cases, the electron EM (m.*) and hole EM (m*) at

. p hk

~

— ® —, where k is wave vector and vyis
Ve Vs

Q

Dirac point can be expressed as [25] M

Fermi velocity. Table II lists the calculated m.* and my* along I'-K and I'-M
directions for all patterns. Obviously, the m.* and m,* at VBM and CBM for Ge/GeH
HTSs are very low, more superior to the previous reported graphene or silicene HTS.
[26-27] In these cases, the deduced vy is considerably high (Table I), comparable to
unsuspended germanene (1.7x10°m/s). [28] When used as FET, the source and drain
electrodes should be connected directly to germanene while the germanane
underneath may actually act as a back-gate to precisely control the current on-off ratio.
Therefore, germanane may be an appropriate choice/suitable as a substrate for
germanene with a larger on-off current ratio in FET.

To gain more insights into the band gap opening in Ge/GeH HTS, we analyze the
plane-integrated electron-density difference, Ap(z) for this interface, as shown in Fig.
4(a). Evident electron-rich and hole-rich regions appear in germanene due to the
different electrostatic potential induced by substrate. Further Bader charge analysis
indicates that about 0.022 electrons transfer between Ge atoms within germanene
layer. This electron redistribution occurring at an interface leads to an intrinsic
interface dipole and thus the sublattice symmetry in germanene is broken, resulting in
the two sublattices of germanene non-equivalent any longer. According to m-electron
tight-binding (TB) model of bipartite lattices, [29] |[E(k)|=+yA +(hv k)* , a
nonzero band gap, E, = 2A, is opened. To further understand the electronic charge
reorganization, we also estimate the work function (WF) of Ge/GeH HTSs and
compare it with that of unsuspended germanene. The WF of germanane substrate is
found to be 4.788 eV, while for germanene, it is 4.19 eV, being close to previous

reported value.[30] When germanene are integrated into substrate, the WF of HTS is
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4.54 eV , which is 0.35 eV higher than that of germanene. Thus, the electron transfer
is from germanene to germanane, consistent with the Bader charge analysis. Generally,
the definitive quantities for the electrons injection into germanane are determined by
the energy level disposition of the ionization potential and the electron affinity
potential in HTS, i.e., the valence band maximum (VBM), conduction band minimum
(CBM), and WF of germanene. According to the integer charge transfer model,
[31,32], the electrical neutrality of germanene is kept when Er lies in the band gap of
germanane, indicating a semiconducting character for all these HTSs.

As revealed above, the band gap opening for these HTSs is induced by the
intrinsic interface dipole, an external electric field (E-field) would modulate the
electron redistribution at the interface and thus eventually tune the band gap. Fig. 5
displays the band gaps of HTSs as a function of E-field magnitude. For AA-1 and
AB-2, we find that the band gap decrease monotonically with the increase of E-field,
as shown in Figs. 5(a) and (d). When the E-field is larger enough, the Er would cross
the conduction band, forming self p-doping. While for AA-2 and AB-1, the band gap
increases monotonically with the increase of E-field. When E-field < 0.2 V/A for
AA-2 and E-field < 0.4 V/A for AB-1, although a size band gap preserved at K-point,
a self-hole doping could be found. [Figs. 5(b)-(c)]. More importantly, the value of
band gap changes nearly linearly with the external E-field, suggesting that the band
gaps of HTSs could be efficiently tuned. These features in E-field can be attributed to
the E-field inducing a potential difference between the two sublattices of germanene,
which is the key factor. [33-34] Explicitly, the E-field induce an electrostatic potential
difference between germanene and substrate, and thus the relative energy levels of
two layers would separate from each other, causing a shift of energy levels and thus
change of band gap.

Another promising route towards the continuously tunable band gap is elastic
strain engineering, which is applied to HTSs by changing the lattices as € = (a-ag)/a,
where a (ap) is the strained (equilibrium) lattice constants of HTSs. Figs. 6(a)-(d)

display the band gap change trends with the external strain €. For AA-1 (Fig. 6(a)), the
6
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band gaps decrease monotonically with the increase of strain &= -3%~2%, while
the feature of Dirac cone of germanene preserved still. When the tensile strain is in
the range of -8% < € < -4%, a small gap can be obtained at K-point, while € < -8%, the
band gap of Dirac cone vanished, leading to self-electron doping. However, if the
tensile strain reaches & > 3%, the self-hole doping appears, though a small gap
preserved at K-point.
4. Conclusions

In summary, based on first-principles calculations with vdW correction, we study
the geometric and electronic properties of Ge/GeH HTSs. It is found that the weak
vdW interaction between germanene and substrates remain the Dirac cone of
germanene with a linear energy band dispersion in the band gap of germanane.
Remarkably, the band gap of all these HTSs can be effectively modulated by the
external electric field and strain independent on the stackings of HTSs. These findings
indicate that germanane can serve as a high-quality substrate for germanene to realize

high-performance FET at room-temperature in nanoelectronics.
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Table I Detailed structural and electronic information for Ge/GeH HTSs, including
interlayer binding energy per Ge atom (meV), the interlayer spacing d, band gap
(meV), as well as the EM of electron (m,.) and hole (m;) at K point along K—M and

K—TI"directions. Here, my is the free electron mass.

Fig.1 Relaxed geometric structure for germanane (a), and band structure (b) of

germanane. The red dot lines plotted in (b) are calculated with TB simulation.

Fig. 2 The optimized structures of the HTSs, (a) AA-1, (b) AA-2, (c) AB-1, (d) AB-2.
The greyish green ball represent Ge atoms, white ball represent hydrogen atoms,

respectively.

Fig. 3 Band structures of the Ge/GeH HTSs for patterns (a) AA-1, (b) AA-2, (c) AB-1,
(d) AB-2, respectively.

Fig. 4 (a) is plane-integrated electron density difference, Ap(r), for Ge/GeH HTSs. (b)
is the schematic energy level disposition for the pristine germanene and germanane
monolayer. Here, the plane-averaged charge density difference Ap (z) induced by
substrate can be expressed as Ap(z) = protal — Peermanene — Pgermananes WHET€ Protal, Pgermanenes
and PGermanane are the total charge densities of Ge/GeH, germanene, and germanane,

respectively.

Fig. 5 The trend of band gaps of HTSs as a function of external E-Field for (a) AA-1,
(b) AA-2, (c) AB-1, (d) AB-2, respectively.

Fig. 6 The trend of band gaps of HTSs as a function of strain for (a) AA-1, (b) AA-2,
(c) AB-1, (d) AB-2, respectively.
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Table I Detailed structural and electronic information for Ge/GeH HTSs, including
interlayer binding energy per Ge atom (meV), the interlayer spacing d, band gap
(meV), as well as the EM of electron (m.) and hole (m;) at K point along K—M and
K-T directions. Here, my is the free electron mass.

Vr (max

Pattern Es d(A) E; my" m™ my" m,™ (m
AA-1 -37 231 120 0.0924mo  0.1040mo  0.0953mo  0.1053mo  0.3377x10°
AA-2 -41 241 89 0.0839m¢  0.0934mo  0.0866mo  0.0949m¢  0.3544x10°
AB-1 -40 242 87 0.0859m0  0.0924mo 0.0891mo 0.0941mo  0.3503x10°

AB-2 -68 1.70 52 0.0691mo  0.0796mo  0.0668mo 0.0767mo  0.3972x10¢
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