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Research Article  ABSTRACT 

History 
 Using the Ensemble Monte Carlo (EMC) simulation technique, the electronic transport performance of germanene 

sheets is explored, where only intrinsic scattering effects are included. The transport properties of the material are 
obtained where intra- and inter-valley scatterings are considered. The average velocity of carriers as a function of 
time, the steady state velocity of carriers as a function of applied field curves, and the best linear fits to these curves 
at low fields at each temperature are made, and the mobility is calculated from the slope of these best lines.  The 
evaluated velocity–electric field characteristics reveal a negative differential resistance (NDR) behavior. Carrier 
mobility as a function of temperature is obtained, exhibiting consistency with previously reported theoretical 
findings.  
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1. Introduction 
 

The isolation of monolayer graphene in 2004 marked 
a turning point in condensed matter physics [1], leading to 
the discovery of a wide class of two-dimensional (2D) 
materials with extraordinary physical and electronic 
properties. Graphene’s planar honeycomb structure and 
its linear energy dispersion at the Fermi level give rise to 
charge carriers that behave as massless Dirac fermions 
and lead to ultrahigh carrier mobility. However, the 
absence of a bandgap restricts graphene’s use in 
conventional semiconductor devices.  

This limitation has motivated intense research into 
other elemental analogues of graphene—particularly 
silicon- and germanium-based 2D materials—collectively 
known as silicene and germanene. Theoretical predictions 
first suggested that these group-IV monolayers could 
adopt a low-buckled honeycomb geometry, which is 
energetically more favorable than the planar 
configuration [2, 3]. In this structure, the two sublattices 
are vertically displaced due to partial sp2–sp3 
hybridization, which introduces a controllable buckling 
height. Despite this geometric distortion, the band 
structure of silicene and germanene preserves linear π 
and π∗ crossings at the K and K′ points of the Brillouin 
zone, maintaining the Dirac-like behavior of charge 
carriers [3]. The buckled geometry not only breaks 
inversion symmetry but also enables bandgap modulation 
under an external electric field, a key feature for field-
effect transistor applications [4]. 

Germanene, the germanium counterpart of graphene, 
was theoretically predicted to be stable as a free-standing 

monolayer in 2009 [2,3]. Experimental realization 
followed in 2014, when D´avila et al. successfully 
synthesized germanene via dry epitaxial growth on 
Au(111) surfaces, confirming its low-buckled hexagonal 
arrangement [5]. Since then, germanene has been 
fabricated on various metallic substrates such as Pt(111), 
Al(111) [6, 7], and Ge2Pt [8], and even on semiconducting 
surfaces like MoS2 [9, 10], which enable partial decoupling 
of the germanene electronic states from substrate 
interactions. 

From a theoretical perspective, germanene combines 
the desirable characteristics of graphene with some 
unique advantages. The larger atomic radius of Ge leads 
to a more pronounced buckling (∆ ∼ 0.64 Å) [11,12,13] 
and a stronger spin–orbit coupling (SOC), which opens a 
finite bandgap (∼ 24 meV) at the Dirac points [14, 15]. 
Moreover, due to its larger buckling, germanene exhibits 
high carrier mobility [16, 17, 19-22] and a tunable band 
structure [23,24], making it a promising material for 
spintronic and nanoelectronic applications. 

Although free-standing germanene has not yet been 
fabricated, substrate-supported layers exhibit electronic 
and optical properties comparable to the FS (Free 
Standing) structure [25]. High SOC, pronounced buckling, 
and small effective mass make germanene more 
promising for practical applications than graphene or 
silicene [4,17,18]. Its high carrier mobility and easily 
tunable characteristics further strengthen its potential in 
nanoelectronics. Moreover, many unconventional 
properties of germanene remain unexplored, offering 
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new directions for both theoretical and experimental 
research. 

The main objective of this study, among others, is to 
present a systematic investigation of the transport 
properties and, in particular, the mobility of monolayer 
germanene sheets as a function of temperature using an 
ensemble Monte Carlo method. We find that mobility 
decreases from about 13300 cm2/V.s, at 50 K to about 
3900 cm2/V.s, at 300 K. Our mobility results are in 
agreement with available studies [19, 20], and we found 
that the mobility of germanene is greater than the 
mobility values of silicene for all temperatures considered 
in this study [27, 29, 30, 32]. 

 
 

2. Materials and Methods 
 
In two-dimensional germanene, the buckled lattice 

geometry breaks the inherent crystal symmetry, thereby 
introducing unique properties that strongly affect 
electron scattering processes. In Ref. [2], the energy band 
structure and the stability of low buckled silicene and 
germanene sheets are studied. The analysis in Ref. [27] 
encompasses both the electronic band structure and the 
phonon scattering rates, incorporating contributions from 
LO/TO and LA/TA phonons, along with ZO and ZA out-of-
plane modes associated with the buckling of silicene. Their 
findings indicate that the electrons couple not only with 
two-dimensional phonons but also strongly with the out-
of-plane ZA phonons. A thorough investigation of the 
broken horizontal symmetry, similar to that found in 
silicene and germanene, is presented in Ref. [28], where 
the authors show that scattering processes involving ZA 
phonons display low-energy divergence. 

The intrinsic electronic scattering mechanisms 
incorporated in this work comprise acoustic (LA, TA, ZA) 
and nonpolar optical (LO, TO, ZO) phonons. The evaluation 
of electronic transport in germanene sheets via ensemble 
Monte Carlo simulations necessitates the accurate 
determination of phonon scattering rates. For each 
scattering channel, the essential input parameters—
namely the energy band structure, deformation potential 
constants, and sound velocities—are adopted from Ref. 
[27], where these quantities were extracted from first-
principles calculations for use in analytical transport 
models. Owing to a factor-of-two discrepancy in the 
definition of acoustic scattering matrix elements between 
the present formulation (Eq. 1) and that of Ref. [27], the 
acoustic deformation potential constants reported 
therein are scaled by one-half in this study. 

Furthermore, in Ref. [27], the out-of-plane acoustic 
(ZA) phonon dispersion, which exhibits a quadratic 

dependence near the Γ point (q ∼ 0), is approximated by 
a linear relation beyond a characteristic wavevector (q > 
q0). As demonstrated in Ref. [28], the quadratic nature of 
the ZA mode at long wavelengths leads to a divergence in 
the electron–phonon scattering rate at low carrier 
energies. This divergence is neglected in Ref. [27], and for 
consistency, the present work adopts the same linearized 
approximation for ZA phonons, utilizing the 
corresponding deformation potential constant provided 
in that reference. Additionally, based on the same 
reference, the deformation potential constants were also 
used with an approximate value for germanene.  

The carrier scattering by acoustic phonons (LA, TA, ZA) 
[33, 34] is treated as an elastic process and expressed as 
follows: 

 

𝑊(𝐸𝑘) =
2𝐷𝑎

2𝑘𝐵𝑇

𝜎𝑣𝑠
2ℏ3𝑣𝐹

2 𝐸𝑘  (1) 

 
here, 𝐸𝑘  denotes the electron energy, expressed as 

𝐸𝑘 = ℏ𝑣𝐹|𝒌| where 𝑣𝐹  is the Fermi velocity, taken to be 
approximately 5.3×107 cm/s for intrinsic germanene [11, 
20]. 𝐷𝑎  denotes the deformation potential constant 
corresponding to the specific scattering mechanism (LA, 
TA, or ZA phonons). Here, σ represents the surface mass 
density of the germanene sheet (5.76 × 10−8 g/cm2), 𝑣𝑠 is 
the sound velocity associated with the respective phonon 
mode, 𝑘𝐵  is the Boltzmann constant, and 𝑇 stands for the 
absolute temperature. The material parameters 
employed in this study are summarized in Table 1. 

 
Table 1. Approximated phonon-related parameters of 

germanene at the K point [11, 20]. 

Phonon 
mode 

Phonon 
energy 
(meV) 

Deformation 
potential 

Sound 
Velocity 
(cm/s) 

ZA 0 0.5 eV 5.3 × 104 

TA 0 2.2 eV 3.12 × 105 [12] 

LA 0 0.8 eV 5.32 × 105 [12] 

ZO 20.0 6.0 × 107 eV/cm  

TO 35.0 0.9 × 108 eV/cm  

LO 35.0 1.0 × 108 eV/cm  

 
The second mechanism associated with lattice 

vibrations is the non-polar optical phonon (NPOP) 
scattering [26, 34]. In the simulations, optical phonon 
modes (LO, TO, ZO) are treated inelastically, and their 
scattering rates are given by 

 
 

𝑊(𝐸𝑘) =
𝐷0

2

2𝜎𝜔0(ℏ𝑣𝐹)2
{𝑛0(𝐸𝑘 + ℏ𝜔0) + (𝑛0 + 1)(𝐸𝑘 − ℏ𝜔0)Θ(𝐸𝑘 − ℏ𝜔0)} (2) 
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here 𝑛0 denotes the Bose–Einstein distribution 
function, and 𝐷0 represents the deformation potential 
constant corresponding to the scattering mechanism 
under consideration. The plus and minus signs indicate 
phonon absorption and emission processes, respectively. 
𝜔0 is the frequency of the optical phonons involved, and 
the Heaviside  step function (Θ), ensures that a minimum 
energy of ℏ𝜔0 is required for phonon emission to occur. 
The approximated deformation potential constants and 
approximated optical phonon energies employed in this 
study are summarized in Table 1 and adopted from Ref. 
[20]. The sound velocities associated with the respective 
phonon modes are given in Table 1. 

Ensemble Monte Carlo simulations [35, 36] involving 
104 particles are performed by incorporating the 
aforementioned scattering mechanisms. The drift velocity 
of the carriers is evaluated using the semi-classical 
equations of motion, expressed as [26, 30, 31]:  

 
 

𝑣𝑑 = 𝑣𝐹

𝑘𝑥

|𝑘|
 (3) 

 
 
In this expression, 𝑘𝑥 represents the wave vector 

component in the direction of the applied field. The time-
dependent drift velocity, averaged over all particles, is 
calculated from (3), allowing the steady-state velocity to 
be determined for each field strength. Repeating this 
process for different fields yields the velocity–field 
relationship, from which the low-field mobility is obtained 
as the slope at low electric fields. 

 
3. Results and Discussion 

 
We investigate the electronic transport properties of 

monolayer germanene using an EMC technique, 
considering only the intrinsic scattering mechanisms 
discussed in Section 2. As noted above, since germanene 
and silicene possess comparable electronic dispersions, 
the studies of Li and colleagues[27] on silicene were used 
to approximate the band structure and optical phonon 
dispersion energies of germanene. Figure 1 further 
provides an example of phonon distributions, obtained 
from the study of Gaddemane[20]. 

We first present Figure 2, which shows the electron-
scattering rates for the mechanisms included in this study 
as a function of electron energy for intrinsic germanene. 
The ZA, LA, and TA acoustic phonons provide the largest 
contributions, while optical phonon scattering remains 
weaker. The germanene material parameters are listed in 
Table 1, and Refs. [11, 20] report a Fermi velocity of 5.3 × 
107 cm/s for intrinsic germanene. 

To set the stage for the mobility analysis, we first 
examine how the saturation velocity of intrinsic 
germanene responds to the applied electric field. Figure 3 
illustrates that, across all temperatures studied, the 
velocity initially rises to a maximum and  

 
Figure 1. The phonon distribution of low buckled silicene 

(top) and germanene (bottom)[20]. 
 

 
Figure 2. The electron scattering rates due to phonons for 

intrinsic germanene at T = 300 K, vF = 5.3 × 107 cm/s. 
 
then decreases, demonstrating a negative differential 

resistance behavior. This NDR behavior is more significant 
than silicene, as mentioned in the study of Gaddemane et 
al.[20]. We have also observed the same behaviour in our 
previous study on silicene[32]. The outcomes of the 
aforementioned studies align well with the results of the 
present work. The field at which the peak occurs increases 
slightly with temperature. At 50 K, the peak velocity is 
about 7.2 × 106 cm/s at an applied field of approximately 
0.8 kV/cm. The decline in velocity at higher fields is 
attributed to the increased electron energy, which 
enhances phonon scattering and thus reduces the 
saturation velocity. 
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Figure 3. Steady state drift velocities as a function of 

applied field at various temperatures for intrinsic 
germanene, vF = 5.3 × 107 cm/s. 
 

 
Figure 4. The variation of mobility with temperature for 

intrinsic germanene at low fields, vF = 5.3 × 107 cm/s. 
 
As is evident from the literature, numerically 

estimated mobility values vary significantly, and there are 
currently no experimental measurements available for 
direct comparison. In this study, the mobility of 
germanene (Fig. 4) is obtained from the low-field regions 
of the velocity–field characteristics shown in Fig. 3. For 
each temperature, the best linear fit is performed in the 
low-field regime, and the mobility is extracted from its 
slope. The resulting intrinsic mobilities range from 13300 
cm2/V.s at 50 K to 1840 cm2/V.s at 400 K, revealing a 
substantial variation with temperature. We have also 
checked the behavior of mobility as a function of 
temperature (μ= 𝐴𝑇−𝛾), and found that 𝛾 ≈ 1.65. The 
value of gamma (𝛾 ≈ 1.65) indicates that the mobility of 
monolayer germanene exhibits a strong temperature 
dependence, implying that charge transport is 
predominantly limited by intrinsic phonon scattering 
under ideal conditions [37]. 

 

4. Conclusion 
 

The electron transport properties of a monolayer 
germanene sheet are investigated by an ensemble MC 
technique. Acoustic and nonpolar optic phonon 
scatterings are taken into account. The velocity decreases 
as the temperature increases, as expected, because 
acoustic phonon scattering increases linearly with 

temperature. The carriers reach their peak velocity at low 
fields (1-6 kV/cm) and begin to decrease steadily. As the 
temperature increases, the peak velocities also decrease. 
The field at which the peak velocity is attained increases 
slightly as the temperature increases. The velocity-field 
curves of our study are compared with some of the 
existing results in the literature. 

The mobility of carriers is calculated for monolayer 
germanene. The mobility decreases with temperature at 
a high rate. The NDR effect is observed for all cases and at 
all temperatures considered in this study for intrinsic 
germanene. The mobility values calculated for germanene 
are in the range of values provided in theoretical studies. 
In the study of Ni et al., the mobilities of suspended 
silicene and germanene, under an applied field of 𝐸 =

0.4𝑉/Å were estimated to be on the order of 105 cm2/V.s 
at room temperature [4]. Similarly, Ye et al. reported an 
intrinsic carrier mobility of approximately 6 x 105 cm2/V.s 
for a monolayer germanene sheet, which exceeds even 
that of graphene [17,18,23]. In contrast, Gaddemane and 
co-workers obtained significantly lower room-
temperature mobilities—3500 cm2/V.s in their 2017 study 
[19] and 2327 cm2/V.s in their 2018 work [20]—noting 
that these values are higher than the values reported for 
silicene. 
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