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Shown here is the intrinsic carrier mobility (ICM) of germanene, a group-IV graphene-like two-dimensional buckled nanosheet.
Specifically, combining the Boltzmann transport equation with relaxation time approximation at the first-principle level, it was
calculated that the ICM of the germanene sheet can reach∼ 6×105cm2V−1s−1, in an order of magnitude(105cm2V−1s−1), and
even larger than that of graphene. The high ICM of germanene is attributed to the large buckled distance and the small effective
mass. Since Ge has good compatibility with Si in the conventional semi-conductor industry, the results manifest that germanene
should be a good supplement in prospective nanoelectronics.

1 Introduction

Graphene, the two-dimensional (2D) honeycomb network of
carbon atoms, has become the most investigated material due
to its fascinating properties, such as its linearly dispersing
electronic bands at Fermi level contributing to its high carrier
mobility.1–3 The group IV elements graphene-like 2D sheet-
s, such as those formed from Si and Ge, named silicene and
germanene, respectively, have attractive fundamental physi-
cal and chemical properties4–10, and can easily fit into the
silicon-based electronic industry. Thereinto, silicene has been
synthesized by the epitaxial growth of Si on Ag(110), and
Ag(111).4,11–17 Recently, germanene has also attracted in-
tense studies, where germanene with a low-buckled structure
has been predicted to be stable5,18–24and semimetallic7. Late-
ly, Biancoet al. have synthesized and characterized the ger-
manane (hydrogenated germanene).3,21 What is more, since
the exciton Bohr radius (23.4 nm) in bulk Ge crystal is much
longer than that (4.9 nm) in bulk Si crystal25,26, Ge nanoma-
terials will be more affected by those sizes than Si nanomate-
rials.25 Due to its good compatibility with Si and high carrier
mobility, Ge has potential advantages for improving perfor-
mance of silicon-based electronic devices.4,6–8,27–29

As a matter of fact, intrinsic carrier mobility (ICM) of mate-
rials is the crucial factor for semiconducting materials.6,30–32

Previously, the first-principle methodology, developed bythe
group of Shuai, incorporating the density functional theory,
the Boltzmann transport equation, and the deformation po-

a Laboratory of Quantum Engineering and Quantum Materials, SPTE,
South China Normal University and Institute of Modern Physics, Chi-
nese Academy of Sciences, Guangzhou 510006, China. Corresponding E-
mail:zgshao@scnu.edu.cn
b Department of Physics, Lanzhou University, Lanzhou 730000, China

tential (DP) theory has been carried out to predict ICM of
many organic materials.31–36We have predicted that the ICM
of silicene reaches 2.5× 10cm2V−1s−1 with the same first-
principle methodology.37 In addition, theoretical calculations
show that germanene also has graphene-like electronic band
structure, resulting in charge carriers behaving as massless
Dirac fermions. Moreover, the buckled structure leads to re-
duction of electron-phonon coupling strength. Therefore,the
buckled structure should affect the ICM of germanene strong-
ly.

Hence, we predict the ICM of germanene using the first-
principle methodology incorporating band structure calcula-
tions with the density functional theory and the Boltzmann
transport equation under the DP theory.31–36We have also in-
vestigated the influence of buckled structure on the ICM of
germanene. Our results can shed new light on ICM of materi-
als and be used as a guide for further experimental nanoelec-
tronics.

2 Model and methods

Figure 1 shows the low-buckled structure of germanene. In
order to present more intuitive explanation for transport prop-
erty, we build a super-cell along two vertical directionsa
andb in the charge transport calculation.33 a andb are the
directions of dilation. Dark dashed lines label the rectan-
gle supercell, where the lattice constants area0 = 4.03Å and
b0 = 6.97Å at equilibrium geometry. Geometry optimiza-
tion and the band structure calculations are performed using
density-functional theory as implemented in CASTEP pack-
age38. Perdew-Burke-Ernzerhof (PBE) functional39 within
the generalized gradient approximation (GGA) is taken in-
to account to deal with exchange and correlation term. For
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germanene, a plane wave basis set with the energy cutoff of
500eV and Vanderbilt ultrasoft pseudopotential40 are applied.
The Brillouin zone is sampled by a 49× 49× 1 Monkhorst-
Pack mesh of k-point41. The vacuum layer thickness is 16
Å. The calculated bond length and low-buckled distance of
germanene are 2.42̊A and 0.69Å, respectively, which are in
good agreement with the calculated values in Ref. 5. The low-
buckled distance of germanene is higher than that of silicene
(0.37∼ 0.46Å). 5,42,43

According to the aforementioned first-principle
method31–37, the relaxation time of carriers of germanene can
be expressed as

1
τα (i,k)

=KBT
2πE2

1

h̄Cα
∑

k′∈BZ

{[

1−
Vα(i,k

′

)

Vα(i,k)

]

δ
[

ε(i,k
′

)−ε(i,k)
]

}

(1)
whereα represents the direction of dilation.τα(i,k) , Vα(i,k)
and ε(i,k) are the relaxation time, the group velocity, and
band energy at thek-point of theith band, respectively.E1

is the DP constant,Cα is the 2D elastic constant.
Incorporating the Boltzmann transport theory with relax-

ation time approximation, the ICMµ can be derived as

µe(h)
α =

e
KBT

∑i∈CB(VB)
∫

τα(i,k)V 2
α (i,k) f e(h)

0 (ε)dk

Σi∈CB(VB)
∫

f e(h)
0 (ε)dk

(2)

wheref0 = (1+exp[(ε−εF)/KBT ])−1 is the Fermi-Dirac dis-
tribution function. h and e indicate hole and electron, re-
spectively.V (i,k) is the group velocity defined asV (i,k) =
∇kε(i,k)/h̄.

3 Results and discussion

The band structure and density of states (DOS) of the ger-
manene sheet are shown in Fig. 2. The k-point separation of
10−3Å−1 on the Brillouin zone path is taken to calculate accu-
rately the group velocity.37,41,44,45It can be seen from the Fig.
2 that the germanene has Dirac cones, which is consistent with
previous studies5,19,46,47. The linearly dispersing electronic
bands at the Fermi level causes the carriers to behave as Dirac
fermions17 at the speed about 3.8×105ms−1.48 For the trans-
port calculation, we dilate the super-cell of germanene along
the axisa or b in the range of±1.5%.31–35 In order to obtain
the relaxation time of germanene, we have calculated the Fer-
mi level shift∆E and the total energy (E) of the super-cell as
functions of the dilation. The relationship between the Fermi
level shift∆E and the dilation is plotted in Fig. 3(a), which is
fitted linearly as∆E = E1(∆l/l0). And the relationship be-
tween total energy and the dilation is plotted in Fig. 3(b),
which is fitted parabolically as(E −E0)/S0 = Cα(∆l/l0)2/2.
Cα is the elastic constant and∆l/l0 describes the dilation.E0,

Fig. 1 Side (a) and top (b) views of schematic diagram of the
germanene sheet.a andb are the directions of dilation. The
rectangle supercell (drawn with dark dashed line) are labeled.

Fig. 2 Band structure and DOS of the germanene sheet.
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Fig. 3 Fermi level shift (a) and the total energy (b) as functions of
the lattice dilation∆l/l0 along the directions ofa andb for
germanene. The linear fit gives the DP constant and the parabola fit
gives the elastic constant, respectively.

S0, andl0 are the total energy, cell area, and lattice constant,
respectively.31–37

We obtain the the DP constantE1 by linearly fitting the data
in Fig. 3(a) and the elastic constantCα by the parabola fitting
the data in Fig. 3(b).31–37 With Eqs. 1 and 2, we calculate
the relaxation time and ICM of germanene. The relevant re-
sults are summarized in Table 1. We also provide the relevant
results of graphene and silicene calculated in previous stud-
ies31–37 for comparison.

The buckled distances of graphene, silicene, and germanene
increase successively.5,42 It is can be seen from Table 1 that
the elastic constant decreases as the buckled distance increas-
es. The elastic constant of graphene with no buckled struc-
ture is the largest compared with the smallest value of ger-
manene with the highest buckled structure. This result is con-
sistent with the mechanical properties of germanene investi-
gated using Quantum-ESPRESSO package recently, where Si-
Si bonds of silicene and Ge-Ge bonds of germanene are more
flexible than C-C ones of graphene with the buckled struc-
ture42. In order to explain how the low buckled distance af-
fects the elastic constant, we calculated bond population of
the three honeycomb structures by CASTEP code. It is shown
in Table 1 that the larger buckled distance leads to smaller
bond population. As the bond population increases, the bond
strength increases49. As a consequence, the larger bucked dis-
tance leads to the smaller elastic constant. Moreover, it al-
so can be found from Table 1 the DP constant decreases as
the buckled distances increases. Due to the buckled structure,
when the lattice deformation is applied to the silicene and ger-

manene, the bonds are not directly dilated, which can only
cause a small band energy shift. In contrast, when the defor-
mation is applied to graphene with no buckled structure, the
dilation is directly influence on the bond length, so the corre-
sponding band energy shift is large. A similar explanation has
been successfully applied to analyze the difference between
the graphynes and graphene.35

According to Eq. 1, the relaxation time is proportional to
the elastic constant and inversely proportional to the square
of the DP constant. Substituting the data in Table l, the val-
ues ofCα

E2
1

are 12.42, 19.06, and 41.74 for graphene, silicene,

and germanene, respectively. As a consequence, the relaxation
time around the Dirac cone of germanene is larger than those
of silicene and graphene. The relaxation time of graphene is
larger than that of silicene, which is just because the shape
of the Dirac cone of graphene is more symmetric than that
of silicene. It can be seen from Eq. 2 the ICM depends not
only on the relaxation time but also on group velocities and
shapes of the Fermi surfaces. However, the group-IV elements
graphene-like 2D sheets all have Dirac cones in their Brillouin
zones and they all have high Fermi velocities around the Dirac
cone about 6.3×105ms−1, 5.1×105ms−1, and 3.8×105ms−1

for graphene, silicene, and germanene, respectively.48 There-
fore, the large relaxation time around the Dirac cone should
lead to the high ICM of germanene, shown as in Table 1. In
addition, Bardeen and Shockley have pointed out that higher
mobilities of electrons and holes in Ge as compared with Si are
correlated with a smaller shift of energy gap with dilation50,
which verifies the high ICM of germanene in our results from
another perspective.

Moreover, the ICM can be expressed asµ = −
eτ
m∗ . As the

mean scattering timeτ increases or the effective massm∗

decreases, the ICM increases.34 In Ref. 6, Ni et al. have
shown the effective mass of germanene ismKΓ

e = 0.014m0

and mMK
e = 0.029m0 at E⊥ = 0.4V/Å is close to the value

of bilayer graphene and smaller then the experimental value
me = 0.06m0 of graphene by Novoselovet al.31. Hence it is
reasonable that the calculated ICM of germanene is larger than
that of graphene.

4 Conclusions

In summary, we have predicted the intrinsic carrier mobili-
ty (ICM) of germanene based on band structure calculation-
s with the density functional theory, and Boltzmann trans-
port equation coupled with the deformation potential theory
at the first-principle level. The ICM of germanene can reach
6.24×105cm2V−1s−1 and 6.54×105cm2V−1s−1 for electrons
and holes, respectively, at room temperature. Our results show
that calculated ICM of germanene is in the same order of mag-
nitude of that in graphene and silicene, which originates from
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Table 1 Bond PopulationBP, Buckled Distance∆h(Å), Lattice ConstantsL(Å), DP ConstantE1(eV ), Elastic ConstantCα (Jm−2), Relaxation
Time near Dirac coneτD(ps) and ICMµ(105cm2V−1s−1) of electrons and holes along thea andb directions at 300K for germanene,
silicene, and graphene sheets.

system BP ∆h axis L E1 Cα τe
D τh

D µe µh

germanene 2.04 0.69 a 4.03 1.16 56.01 5.26 5.46 6.09 6.39
b 6.97 1.15 55.98 5.39 5.58 6.24 6.54

silicene37 2.73 0.44 a 3.88 2.13 86.48 1.84 1.84 2.58 2.23
b 6.71 2.13 85.99 1.83 1.83 2.57 2.22

graphene34 3.05 0 a 2.46 5.14 328.02 2.24 2.27 3.39 3.22
b 4.26 5.00 328.30 2.37 2.40 3.20 3.51

the effect of the buckled distance and the small effective mass.
From the Table 1, it is clear to find the ICM of germanene even
larger than that of graphene and silicene. Within the DP the-
ory, we only take the scattering of a thermal electron or hole
by acoustic phonon into account.34 Under the circumstances,
it is even more remarkable that the ICM of germanene is in
an order of magnitude (105cm2V−1s−1). Recently, some s-
tudies by first-principle calculations have demonstrated that
graphene and h-BN are suitable substrates to synthesize ger-
manene23,24. For example, Cai et al. show germanene can be
stable and preserve its linear energy and low-buckled structure
on the substrate of graphene24. And, Li et al. show that ger-
manene can stably attach on h-BN substrate via Van der Waals
interactions and the high carrier mobility of germanene canbe
well preserved in that situation.23 The most important thing is
that the substrate can open the bandgap in germanene.6,23,24

So germanene is suitable for semiconductor industry. Nev-
ertheless, for real application in nanoelectronics the ICMof
germanene with the induced substrate needs further research.
In any event, since it has the high ICM and good compatibility
with Si, germanene will be a good supplement in nanoelec-
tronics.
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