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First-principles study of electronic transport in germanane and hexagonal boron nitride
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We present a detailed first-principles study on phonon-limited electronic transport in germanane and hexagonal
boron nitride (h-BN). We find a high electron mobility of 2380cm? V~'s~! and a low hole mobility of
60cm? V~'s~! for germanane. For h-BN, we also find a respectable electron mobility of 118cm?V~'s~!
together with a high hole mobility of 444 cm? V~!s~!. H-BN does not suffer from scattering associated with
out-of-plane (flexural) acoustic (ZA) phonons due to its o, symmetry, but germanane does. Different cutoff
wavelengths (Acywofr), ranging from 0.4 to 17.6 nm, are considered to simulate the possible effect of a supporting
substrate on the ZA phonons for germanane. Increasing Ay results in a degradation of the mobility down to
1640 cm? V~! 57! for electrons and 1cm? V™! s™! for holes assuming Acyorr = 17.6 nm. We also study transport
in the presence of a homogeneous electric field E. A negative electron differential mobility is observed in
germanane for E > 10*Vcem~! due to transfer to the higher effective-mass M valleys. Finally, the calculated
mobilities are compared with those obtained for other two-dimensional (2D) materials, showing that germanane
has the highest electron mobility, whereas holes in h-BN have the third highest mobility in our list of materials,
outperformed only by WS, and WSe,. This shows that germanane and h-BN can be considered for future
nanoscaled electronic devices. Finally, the high germanane mobility shows that 2D materials can outperform
bulk materials if the right material is found and if scattering with acoustic flexural phonons can be suppressed.
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I. INTRODUCTION

Two-dimensional (2D) materials are considered possible
channel materials for transistor applications thanks to their
potential to allow better scaling than current electronic devices
that suffer from deteriorated subthreshold slope, mobility
degradation, drain-induced barrier lowering, and increased
tunneling current through the gate oxide [1]. Over 1000 2D
materials have been proposed so far, and many researchers
are looking for the most suitable material to be used in future
devices [2—4]. Generally, two properties of the channel ma-
terial are key for complementary metal-oxide-semiconductor
applications: (1) a good mobility to give high on-current and
(2) an electronic bandgap >0.4eV to ensure an acceptable
Ion/Loge Tatio (>10%) [5].

Germanane, a hydrogen-terminated monolayer of bulk
(111) germanium, has been investigated for electronic ap-
plications [6,7] both theoretically [§—12] and experimentally
[13,14], demonstrating a sufficiently high bandgap in its
chairlike configuration, the most stable morphology [10-12].
Moreover, germanane is based on Ge and H, two common
elements currently used in the electronic industry, facilitating
possible future integration in a technology. On the other side,
hexagonal boron nitride (h-BN) has also been a popular mate-
rial for future electronic devices, especially because of its high
thermal conductivity [15,16] which can assist heat dissipation
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in very large-scale integrated devices. However, because of its
large bandgap [17-21], it has been considered mostly as an
insulator, and only a few groups [22-24] have investigated its
electronic applications.

To assess the potential of germanane and h-BN for
nano-electronic applications, a detailed study is required to
calculate their carrier mobility and other transport properties.
Such a study can be performed by solving the Boltzmann
transport equation (BTE) and by using the electronic and
vibrational properties of materials calculated from ab initio
methods based on density functional theory (DFT) [25-33]. A
careful investigation is crucial to ensure correct results, espe-
cially when dealing with the out-of-plane (flexural) acoustic
(ZA) phonons [34-36]. Scattering with the ZA phonons,
which have a parabolic dispersion relation, is often the most
important scattering mechanism in 2D materials that do
not exhibit horizontal mirror (o) symmetry because of the
Mermin-Wagner theorem [37—40]. However, several physical
mechanisms, such as the clamping of these modes caused
by the substrate [41,42] (and/or gate oxide), can signifi-
cantly suppress the amplitude of these vibrations and thus
the strength of the scattering process associated with the long
wavelength ZA phonons. This influence can be considered
through introducing a cutoff wavelength Ay and suppress-
ing the ZA phonons whose wavelength is larger than Acyoff
[40].

Bianco et al. [14] and Restrepo et al. [43] have investigated
electron mobility in germanane and obtained a very high
value of ~18200cm? V~!s~!. However, they did not explain
how they dealt with the ZA phonons, and little detail was

©2021 American Physical Society
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provided about the numerical implementation of their calcu-
lations, such as k and q (electron and phonon wave vectors)
meshes used, two key factors in mobility calculations [28,44].
For h-BN, a theoretical estimation of the electron mobility
of 487cm?V~!s~! was made by Bruzzone and Fiori [23]
using the Takagi formula [45]. At best, this formula—and the
simplification it entails—can give only a rough estimate of the
mobility, but it can be quantitatively highly misleading. For
example, Bruzzone and Fiori [23] only considered scattering
with longitudinal acoustic (LA) phonons, assuming a constant
deformation potential, ignoring the angular dependence of the
electron-phonon matrix elements.

In this paper, we perform first-principles calculations of the
electron and hole mobility in germanane, in its chairlike con-
figuration, and h-BN. First, we determine the basic properties
of each material (viz., atomic structure, electronic excitation
spectrum, phonon dispersion, and electron-phonon matrix el-
ements) using DFT in combination with density functional
perturbation theory (DFPT). Then we calculate the strength
of the electron-phonon interaction, highlighting the phonon
branches that affect transport most significantly. Finally, the
BTE is solved stochastically using a full-band Monte Carlo
method [34] to calculate the low-field carrier mobility and
drift velocity in the presence of a homogeneous external elec-
tric field. The possible role of the substrate in weakening the
interaction of electrons with ZA phonons is simulated by con-
sidering different cutoff wavelengths for these flexural modes,
as discussed in Ref. [40]. Finally, the calculated mobilities are
compared with those obtained for other 2D semiconductors.
This comparison shows that germanane and h-BN are promis-
ing candidates for future electronic applications.

II. COMPUTATIONAL METHODS

First-principles calculations were performed using the
QUANTUM ESPRESSO (QE) DFT package [46,47] using opti-
mized norm-conserving Vanderbilt pseudopotentials [48] and
the Perdew-Burke-Ernzerhof (PBE) form generalized gradient
approximation (GGA) [49]. A zone-centered Monkhorst-Pack
[50] k-grid of 24 x 24 x 1 was used with a maximum kinetic
energy cutoff of 50 Ry for the plane-wave basis sets and 200
Ry for the charge density and potential. A vertical spacing
of 2.5 nm was considered between periodically replicated
monolayers to minimize the interaction between adjacent su-
percells. We note a small error will be present in our results
because of periodic images [51]. Structural optimization was
performed until the change in total energy was <3 x 107V
and the atomic forces were <5 x 10~ eV A~

The dynamic properties were determined using DFPT as
implemented in the QE package using a uniform grid of
12 x 12 x 1 for phonon wave vectors q. The electron-phonon
interaction matrix element for the transition of an electron
with an initial state i; with a wave vector k; = k to a final
state ¥; with a wave vector of k; = k + ¢ was determined by
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in which 7 and M, are the reduced Plank’s constant and the
mass of the unit cell. Here, BVqSSF is the change of the self-
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FIG. 1. Top and side views of (a) and (b) germanane and (c) and
(d) h-BN structures.

consistent potential due to a phonon of branch v, wave vector
q, and frequency wg,,.

To obtain numerically accurate results, the material proper-
ties must be tabulated and interpolated using a very fine mesh
in the Brillouin zone (in this paper, 150 x 150 x 1). The
electronic band structure was calculated directly on this fine
mesh, but computational costs prevent us from using such a
mesh when calculating phonon energies and electron-phonon
interaction matrix elements. Therefore, these were interpo-
lated on a coarser grid of 50 x 50 x 1 using maximally
localized Wannier functions [52,53], as implemented in the
EPW computer program [54]. Then a linear interpolation was
used to obtain phonon energies and electron-phonon matrix
elements on the final 150 x 150 x 1 grid.

The scattering rates for each phonon branch were calcu-
lated using Fermi’s golden rule:
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where the first and second terms on the right side correspond
to absorption and emission processes. Here, Ng, v is the Bose-
Einstein phonon occupation:

hwg y -
Nyq = [exp( kB"T’ ) — 1} , A3)

where kg and T denote the Boltzmann constant and the lattice
temperature.

Having obtained the scattering rates, electronic transport
was studied with a full-band Monte Carlo method [34]. This
method monitors the trajectory of 300 carriers in time steps of
0.1 fs for a total duration of 100 ps. To minimize stochastic
noise, the zero-field intrinsic mobility was obtained from the
diffusion constant via the Einstein relation. The mobility can
also be extracted from the velocity-field characteristics, albeit
with a larger stochastic noise [55]. The transient time [55] was
estimated as 20 ps in both materials under consideration, and
all mobilities and velocities were calculated by averaging over
the last 80 ps of the calculations as the steady state.

III. RESULTS AND DISCUSSIONS

A. Material parameters

Figure 1 shows the relaxed honeycomb structure of ger-
manane and h-BN. Whereas h-BN exhibits a planar structure,
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TABLE I. Structural and electronic properties of germanane and h-BN.

Symbol Description Germanane h-BN Unit

a Lattice constant 4.068 2.51 A

A Buckling height 0.736 0 A

m, Electron effective mass 0.064 (K —1):0.83 my

(K — M): 1.15

my, Hole effective mass LH*: 0.064 (K — I'): 0.57 my
HH": 0.56 (K — M):0.77

Eg Bandgap 1.044 4.68 eV

b 1.6 x 1077 42 x 1077 m?/s

UTa Sound velocity of the TA mode 3.2 x 10° 1.22 x 10* m/s

ULA Sound velocity of the TA mode 5.1 x 103 1.91 x 10* m/s

“Light hole.

"Heavy hole.

germanane is buckled, thus breaking the o;, symmetry found
in planar honeycomb structures like graphene or h-BN.
Structural parameters and basic electronic characteristics of
germanane and h-BN are listed in Table 1. The lattice con-
stants we have obtained are 4.068 A for germanane (in
agreement with [8,9,11]) and 2.51 A for h-BN (in agreement
with [18,20,23,56]).

Figure 2(a) shows the calculated electronic band structures
of germanane and the associated projected density of states
(PDOS). Germanane has a direct bandgap of 1.04 eV at T'.
This is accompanied by a very small effective mass of elec-
trons (m,) in germanane (0.064 mg), which may result in a
high electron mobility. Both the conduction and the valence
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FIG. 2. Electronic band structure of (a) germanane and (b) h-BN
along high symmetry lines of the first Brillouin zone. The right-hand
sides of (a) and (b) represent the associated projected density of
states.

bands of germanane are isotropic around their extrema at I,
providing isotropic effective masses for electrons and holes.
While the conduction band minimum of germanane consists
of only one band, the valence band maximum is degenerate,
consisting of light and heavy hole bands, both taking part
in electronic transport. Other local conduction band minima,
with an energy 0.92 eV higher than the minimum at I', can
be observed at the M symmetry points. Thus, electrons are
expected to populate the I" valley at low fields but may scatter
to the M valleys at higher fields.

Figure 2(b) shows the band structure of h-BN and its
PDOS, exhibiting a large direct bandgap of 4.68 eV at the K
point. This is larger than the bandgaps of several wide-gap ma-
terials, such as graphane monolayer (3.466 eV [57]), graphene
fluoride monolayer (3.208 eV [57]), bulk SiC (3.205 [58]), or
bulk GaN (3.4 eV), and lower than the bandgap of diamond
(5.47 eV [59]). The conduction band of h-BN exhibits local
minima located at the M symmetry points, only 25 meV
(~kpT ) higher than the minima at the K points. Thus, at room
temperature, electrons are expected to populate both the M
and K valleys and even the path between them. Moreover, the
energy of the local minimum at I' is only 127 meV above the
minima at K. Therefore, also the I" valley is likely to play a
role in electron transport at large external electric fields.

The PDOS inset of Fig. 2(a) shows that the conduction
band minimum of germanane is made up of p and s orbitals of
Ge atoms, while the valence band maximum is mostly formed
by p orbitals of Ge atoms. On the other side, Fig. 2(b) shows
that the conduction band minima of h-BN originate mostly
from p orbitals of B atoms, while its valence band maxima
are constituted by the p orbitals of the N atoms.

It is worth noting that the only experimental data on
bandgaps of germanane and h-BN are the optical bandgaps,
1.59 eV [14] in germanane and 5.62 eV in h-BN [17]. The
lower bandgaps calculated in this paper are likely the result of
the well-known underestimation of DFT calculations with the
GGA-PBE exchange-correlation functional.

Figure 3 shows the calculated phonon dispersion and the
corresponding PDOS for germanane and h-BN. Germanane
exhibits 12 branches, originating from the four atoms (2Ge +
2H) forming its unit cell. In contrast, the h-BN unit cell con-
sists of two atoms (B + N), resulting in six phonon branches.
In both materials, as expected for a 2D material [40], a
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FIG. 3. Phonon dispersion of (a) germanane and (b) h-BN along
high symmetry lines of the first Brillouin zone. The right-hand sides
of (a) and (b) represent the associated projected density of states.
The dashed and dotted lines in phonon dispersion of germanane
indicate the wave vectors associated with cutoff wavelengths of 4.2
and 17.6 nm, respectively.

quadratic dispersion relation (wq,, = bg?) is observed for the
ZA phonons around I". The other two acoustic branches (TA
and LA) have a linear dispersion relation close to I'. The
values of b and sound velocities associated with the TA and
LA modes are given in Table L.

The PDOS shows that the acoustic modes in germanane
originate mostly from the motion of the Ge atoms be-
cause of their heavier atomic mass (72.63 u) than the H
atoms (1.008 u). The Ge atoms are also responsible for the
three lowest energy optical branches. The remaining opti-
cal phonon branches, including the two high-energy phonons
(~250meV), are mostly associated with the vibration of the
H terminating atoms. In h-BN, nitrogen is the heaviest ion
(14.007 u compared with the B atoms with an atomic mass of
10.81 u) and dominate the acoustic modes.

B. Scattering rates

Three different cutoff wavelengths Ay are used in this
paper to simulate the possible effect of a supporting substrate
on the long-wavelength dispersion of the ZA phonons of
germanane. A cutoff wavelength of Ay = 0.6nm is con-
sidered the first case. This wavelength is associated with the
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FIG. 4. Calculated scattering rates for (a) and (c) electrons and
(b) and (d) holes in (a) and (b) germanane and (c) and (d) h-BN at
room temperature (7 = 300K). A cutoff wavelength of 17.6 nm is
used to simulate the possible effect of a supporting substrate on the
ZA phonons.

first Brillouin zone edge [¢ = 47 /(3a)], and thus, all the ZA
phonons will be suppressed completely. The second Acyoft 1S
determined following the results provided in Refs. [41,42],
where the effect of a supporting substrate on the ZA phonons
of graphene is studied. Based on these works, the onset of
change in the dispersion relation of the ZA phonons on differ-
ent substrates ranges from 0.3 to 1 A~'. Considering the worst
case, the cutoff wave vector iS geypoft = 0.3A°! ~ 0.1qg, in
which gy = 47 /(+/3a), and a is the lattice constant. In this pa-
per, the first g point in DFPT calculations after I', ¢ = go/12,
will be used to simulate this case which is associated with
Acutoff = 4.2 nm. A larger cutoff wavelength Ay = 17.6 nm
is also considered the last case if none of the first two scenarios
came true.

The calculated scattering rates for electrons and holes in
germanane and h-BN are shown in Fig. 4 (see the Supple-
mental Material for the electron-phonon interaction matrix
elements [60]). The scattering rates of germanane are cal-
culated under the cutoff wavelength of 17.6 nm. The oy
symmetry of h-BN prohibits a first-order intraband interaction
between ZA phonons and electrons/holes. Therefore, in h-BN,
ZA phonons will have a negligible effect on the scattering
mechanisms, and no cutoff for the ZA phonons was consid-
ered for this material.

As expected for a 2D material without o, symmetry, inter-
actions with the ZA phonons result in the highest scattering
rates in germanane. However, assuming Acyofe = 17.6 nm, the
scattering rates of the ZA phonons become negligible for
electrons whose energy is lower than a cutoff energy (Ecyofr)
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TABLE II. Calculated mobilities of electrons and holes for germanane at room temperature and for three different cutoff wave vectors
(Geuort) as 3772 go, 1271 go, and 507! go in which go = 47 (32 a)~". Ao represents cutoff wavelength associated with each Geuorr-
Mobilities of electrons and holes in graphane (a = 2.535 A) [57] and silicane (a = 3.887 A) [66] are also shown for comparison.

Graphane

Silicane Germanane

Mobility (cm? V~!s71)

Mobility (cm? V~!s™1) Mobility (cm? V~!s71)

qcutoff )‘-cutoff (1’1111) He 1293 )‘cumff (nm) He M )"cutoff (1'1111) He M
37 4 0.4 278 391 0.58 53 109 0.6 2380 60
127! go 26 233 389 4 24 101 42 2380 55
50~ go 11 28 41 16 5 10 17.6 1640 1

of 27.5 meV. The difference between E o5 Of electrons and
holes can be explained through the scattering mechanism of
the ZA phonons. Due to the very low energies of the long-
wavelength ZA phonons, their induced scatterings can be
assumed as elastic. Thus, only phonons with a wave vector
of g < 2k are allowed to play a role in the scattering process.
This means that, under a cutoff wave vector of gcywoft, the
electrons or holes with k < gcyorr/2 Will not be affected by
the ZA phonons. This wave vector translates to a cutoff energy
which can be calculated from E o = R2k? /2m*. Electrons
of germanane have much smaller effective mass (0.064 my)
than holes (0.56my for heavy holes which have a higher
probability of occupation due to their lower energy than light
holes). This results in higher E o for electrons than holes.

The second highest rates in germanane are found for scat-
tering with the TA and LA branches because of their lower
energy than the optical branches, resulting in higher phonon
occupation numbers [Eq. (3)]. For h-BN, the highest scatter-
ing rates are associated with the TA and LA branches.

A steplike increase can be observed in scattering rates of
optical phonons in germanane and h-BN at the corresponding
phonon energies (e.g., a steplike increase at E ~ 27.5meV in
scattering rates of OP1 in germanane). This is attributed to
the emission process when the carriers have enough energy
to emit the corresponding phonons. The significant scattering
rates of the LO mode in h-BN can be attributed to the Frolich
interaction [61,62] because of its polar nature.

Several steplike increases and distortions can also be ob-
served in scattering rates of electrons in h-BN. The reason
behind the distortions is the very small energy difference
between the K and M valleys (~kgT ), providing various low-
energy states where the electrons can scatter to. Additionally,
the steplike increases can be related to the scattering of elec-
trons between the K, M, and I" valleys.

Since h-BN is polar and a 2D material, there is a 1/g
divergence of the matrix elements associated with the LO
mode [63], where a singularity is avoided by our interpolation
scheme. However, the error on mobility, associated with the
interpolation or by the Frohlich interaction between periodic
images [64,65], will be minimal because of the very high
energy of the LO phonons resulting in very small phonon
occupation numbers.

C. Electron and hole mobility

In Table II, we list the electron and hole mobility that
we have obtained for germanane using different cutoff wave-

lengths for the flexural phonons. We also show for comparison
the carrier mobilities in graphane (hydrogenated graphene)
[57] and silicane (hydrogenated silicene) [66] taken from our
previous work using similar ZA-phonon cutoff wave vectors.

The highest electron (2380 cm? V~!s~!) and hole mobil-
ity (60 cm? V~!s™!) in germanane is obtained with complete
suppression of the ZA phonons (Acyoff = 0.6 nm). The cal-
culated hole mobility is very close to the experimentally
measured value of 70cm? V~!'s~! [7] and indicates that a
strong suppression of ZA phonons is experimentally possi-
ble in germanane. Choosing a higher Acyof = 4.2 nm, only
ZA phonons with g > 2A_ | . are involved in the scattering
process. Although this Ao decreases the hole mobility,
no considerable change is observed in the electron mobil-
ity. Obviously, increasing the cutoff wavelength to 17.6 nm
causes ZA phonons with a small wave vector to participate
in the scattering events, resulting in a lower electron mo-
bility of 1640cm? V~!'s~! and a very low hole mobility of
lem?> Vsl

To better understand the reason behind these behaviors, a
closer look into the scattering mechanisms would be helpful.
Average energy of electrons (holes) at room temperature can
be estimated as ~ kT, associated with a wave vector of
~/2mkgT /h. On the other hand, the scattering process due
to the long-wavelength ZA phonons can be assumed as elas-
tic. Thus, important phonons in the scattering process are
the ones whose wave vectors are <2 x «/2mkgT /h. This is
associated with a wavelength of ~15.1 nm for electrons and
~5 nm for holes in germanane, and no significant reduction
is expected in the mobility without including the ZA phonons
whose wavelength is larger than the corresponding . Here,
Aeutoff = 4.2nm is much lower than the critical wavelength
of 15.1 nm for electrons. Thus, the electron mobility remains
almost the same as Acuorf = 0.6nm. In the case of holes,
Acutoff = 4.2nm is very close to the critical wavelength of
5 nm. However, a few holes whose energy is higher than the
average energy (kgT) will be affected by the ZA phonons,
resulting in a small reduction (8.3%) in their mobility. Here,
Acutoff = 17.6nm allows some of the important ZA phonons
to play role in scattering of electrons, resulting in ~31%
decrease in the electron mobility. More important ZA phonons
will be allowed in scatterings of holes under Ay = 17.6 nm,
resulting in a significant degradation of the hole mobility.

In the case of h-BN, its o, symmetry prohibits the
ZA phonons from playing a significant role, yielding rela-
tively high mobilities of 118 cm? V~'s~! for electrons and
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FIG. 5. The effect of an applied electric field along the armchair
x direction on (a) and (b) velocity and (c) and (d) average energy of
(a) and (c) electrons and (b) and (d) holes in germanane at room
temperature (7 = 300K). The dashed line indicates the mobility
calculated from the diffusion constant.

444 cm? V~=!s7! for holes. The lower electron mobility (than
hole) is the simple consequence of the many possible inter-
valley scattering paths among the three low-energy valleys

k, (21/a)

T T T T

-0.5 0 0.5 -05 0 05
k, (211/a) k, (211/a)

FIG. 7. Distribution of (a) electrons and (b) holes in the first Bril-
louin zone of germanane at an electric field of E = 7 x 10*V cm™!
along the armchair x direction at room temperature (7 = 300 K).

(K, M, and I"). The only experimental information about hole
transport in h-BN is provided by Bilal et al. [24], who report a
hole mobility ranging from 225 to 280 cm? V~!s~! for h-BN
on different substrates. Their lower mobility may be the result
of nonidealities such as N vacancies, as mentioned by Bilal
et al. [24].

D. Velocity field characteristics

The effect of an applied electric field along the armchair
(x) direction on the velocity and average energy of electrons
and holes in germanane and h-BN is shown in Figs. 5 and
6, respectively. The ZA phonons in germanane are assumed
to be suppressed completely using the cutoff wavelength of
0.6 nm. The slope of v-E at low fields is very close to the
mobility calculated at zero electric field. Increasing the elec-
tric field results in a reduction of the differential mobility that,
in the case of electrons in germanane, becomes negative for

107 © - E>10*Vem™.
To better understand the reason behind the influence of
i the increasing electric field, the distribution of electrons and
IS holes in reciprocal space at E = 7 x 10* Vcem™ is shown in
< 108 P Fig. 7 for germanane and Fig. 8 for h-BN. At low electric
= fields, in germanane, electrons are confined to the conduction
band minimum at I". Increasing E will increase the average
- U = 118 cm?/Vs - Uy = 444 cm?Vs energy of electrons up t0 0.92 eV at E =7 x 10* Vem ™. As
0 S — a result, some electrons will gain enough energy to overcome
(c) (d) the difference between the I' and M valleys (0.92 eV). The
60 ]
B ] @) (b)
£ 0.5, !
§ 301 ] -
()] ~
T - & o ~
T 10 10° 10¢ 10° ~05] <
Field (V/cm) Field (V/cm)
-0.5 0 05 -0.5 0 05
FIG. 6. The effect of an applied electric field along the armchair ky (211/a) k (211/a)

x direction on (a) and (b) velocity and (c) and (d) average energy
of (a) and (c) electrons and (b) and (d) holes in h-BN at room
temperature (7 = 300K). The dashed line indicates the mobility
calculated from the diffusion constant.

FIG. 8. Distribution of (a) electrons and (b) holes in the first
Brillouin zone of h-BN at an electric field of E =7 x 10*Vcm™!
along the armchair x direction at room temperature (7 = 300 K).
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scattering of electrons to the M valleys with higher effective

mass (mye2nane = 3-6mo, m2 . = 0.12myg) than the T
valley (m}, germanane — 0-004my) results in a negative slope of

v-E. This case is like the negative differential mobility of
electrons which takes place in GaAs when electrons transition
from the I" valley to the L valleys (with higher effective mass)
as a result of an external electric field [67-69].

No intervalley scattering is observed in the case of holes
in germanane and h-BN, and the differential mobility remains
positive up to the highest value of the electric field that we
have considered. In the case of electrons in h-BN, electrons
occupy the K and M valleys at low electric fields because
of the small energy difference between the minima of these
valleys. Increasing the electric field results in scattering of
electrons to the T valley with effective mass of m], p\ =
0.98my. This is very close to the effective mass of the elec-
trons in the K valleys (mX g\ = 0.83mg, m¥ M = 1.15mg)
and does not result in a negative slope of v-E flp to the applied
electric fields.

IV. MATERIALS COMPARISON

In Table III, we compare the calculated mobilities of elec-
trons and holes with those of other 2D semiconductors which
have been previously studied with similar methods. This is to
avoid the discrepancies in carrier mobilities observed when
using different methods [34]. The ZA phonons have been
suppressed completely in materials that lack o7, symmetry, i.e.,
graphane, silicane, germanane, and graphene fluoride.

The highest electron mobility can be seen in germanane,
exceeding the next highest value by more than a factor of 5,
as reported for graphene fluoride. Although electrons in h-BN
only exhibit the seventh highest mobility, h-BN still exhibits a
good mobility when comparing with other popular transition
metal dichalcogenides, such as MoS,, MoSe,, and WSe,. For
the hole mobility, h-BN exhibits a very good mobility and
is only outperformed by WS, and WSe;. On the other side,
germanane has moderately low hole mobility compared to the
materials in the comparison list.

Regarding the results we have obtained for germanane,
the electron mobility is particularly remarkable when fac-
toring in the theoretical considerations presented by Cheng
et al. [70], who revealed fundamental disadvantages in 2D
materials in terms of mobility. Before this study, the pos-
sibility of surpassing the electron mobility of bulk silicon
(1450 cm?> V—!'s~! [74]) was certainly not expected. There
are two main factors behind the high germanane electron
mobility. First, the effective mass of electrons in germanane
(0.064 mg) is much smaller than in bulk silicon (with trans-
verse and longitudinal effective masses of m;, = 0.19m( and
m; = 0.92my, respectively [74]). Second, the sound velocity
of the LA phonons in germanane (vps = 5.1 x 103ms™),
the process that yields the strongest scattering mechanism,
is very close to the sound velocities of the TA phonons in
bulk silicon (vrs = 4.7 x 10 ms~"), which are responsible
for the highest scattering rates in bulk silicon [75].

One minor caveat regarding the high value of
2380cm? V' s~ that we have obtained for the electron
mobility in germanane is that we have assumed that the sub-
strate causes a very strong suppression of the long-wavelength

TABLE III. Comparison of the calculated intrinsic mobilities of
electrons and holes in germanane and h-BN with other 2D semicon-
ductors. The ZA phonons are completely suppressed in 2D materials
without a o), symmetry, i.e., germanane, graphane, graphene fluoride,
and silicane.

Mobility (cm? V' s™1)

Material e U Reference
Germanane 2380 60 This paper
H-BN 118 444 This paper
Graphane 278 391 [57]
Graphene fluoride 460 105 [57]
Silicane 53 109 [66]
As 70 - [70]
Bi 233 - [70]
GaS 6.9 0.3 [70,71]
GaSe 39 0.4 [70,71]
GaTe 20 3.6 [70,71]
HfS, 0.8 - [70]
HfSe, 2 - [70]
InS 10 0.2 [70,71]
InSe 110 - [72]
18 0.3 [70,71]
InTe 29 0.6 [70,71]
MoS, 130 270 [63,73]
184 129 [70,71]
MoSe, 25 90 [73]
92 138 [70,71]
MoTe, 43 43 [70,71]
PdSe, 92 - [70]
Phosphorene 10 (3)° 212 (19)° [34]
PtS, 29 - [70]
PtSe, 47 - [70]
PtTe, 35 - [70]
Sb 81 - [70]
SnS, 5.7 - [70]
SnSe, 8.1 - [70]
WS, 320 540 [73]
260 2182 [70,71]
WSe, 30 270 [73]
58 524 [70,71]
7ZrS, 0.8 - [70]
ZrSe, 1.4 - [70]
4Zigzag
b Armchair

ZA phonons. However, even at Acyoff = 17.6 nm, we obtained
a mobility of 1640cm? V~!s~!, indicating that, even with a
relaxed cutoff, the ZA phonons still have a relatively minor
impact on the scattering of electrons at the conduction band
minimum, as illustrated in Fig. 4(a). Thus, the electrons in
germanane are only affected by two (LA and TA) modes
compared with silicon bulk with three (LA and 2TA) acoustic
modes, also favoring germanane electron mobility. It is worth
noting that this simple model for considering the substate
effect on the ZA phonons might be reachable, according
to the very similar hole mobility calculated in this paper
(60cm? V=571 and the experimentally measured value of
70cm? V-1s~1[7].

235424-7



KHATAMI, VAN DE PUT, AND VANDENBERGHE

PHYSICAL REVIEW B 104, 235424 (2021)

V. CONCLUSIONS

We have presented the results of a detailed ab initio
study on electron and hole transport in germanane and h-BN
monolayers. We first determined their basic electronic and
vibrational properties using DFT in combination with DFPT.
Germanane exhibited a direct bandgap of 1.04 eV at I, while
h-BN had a wide direct bandgap of 4.68 eV at the K point.

The calculated carrier-phonon scattering rates emphasize
the significant role of the ZA phonons in germanane, a
material which lacks horizontal mirror (oj,) symmetry. The
effect of a possible supporting substrate on the ZA mode of
germanane was simulated using different cutoff wavelengths
Acutoff Of 0.6, 4.2, and 17.6 nm. The highest mobility has
been obtained for Acyoir = 0.6 nm, 2380 cm? V~! s~ ! for elec-
trons and 60cm? V~!'s~! for holes. The hole mobility was
found to be only 55cm?>V~!'s™! at Ao = 4.2nm, while
the mobility of electrons was unaffected at the 4.2 nm cutoff.
Further increasing Acyofr to 17.6 nm decreases hole mobility to
1 cm? V~!'s~! and the electron mobility to 1640 cm? V= s~
We have found that h-BN is not affected by ZA-phonon scat-

tering, thanks to its o, symmetry, with calculated mobilities of
118 cm? V~! s~ for electrons and 444 cm? V~! s~! for holes.

We have also compared the calculated values of the mobil-
ity with those predicted for other 2D semiconductors to assess
their competitiveness for application in future electronic de-
vices. Here, h-BN has been shown to have a very high hole
mobility, outperformed only by WS, and WSe,. Finally and
remarkably, the highest electron mobility was obtained for
germanane (2380cm?V~!s7!), a value that also surpasses
the electron mobility in intrinsic bulk silicon. Ultimately, in
this paper, we show that 2D materials can exhibit a high
carrier mobility if the right material can be found, and in
non-mirror-symmetric materials, flexural acoustic modes can
be sufficiently damped by the supporting substrate.
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