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We have performed first principles calculations combined with non-equilibrium Green’s function to study the structural, elec-
tronic, optical and transport properties of two-dimensional germanane and germanane ribbons. More importantly, the defect
influences on the properties of the germanane-based nanostructures have been investigated. The presence of single hydrogen
vacancy induces ferromagnetism to the nonmagnetic pristine germanane according to spontaneous magnetization, while the
formation of the dumbbell structure induced by Ge adatom only reduces the electronic band gap. Both H-monovacancy and
dumbbell contained defective germanane nanostructures are thermally stable at room temperature. The optical property calcu-
lations revealed that the pristine germanane sheet has significant light absorption of solar spectrum, and the presences of the
H-monovacancy and the dumbbell defects in the germanane lead to redshift and blueshift of the light adsorption peak, respec-
tively. Moreover, both zigzag- and armchair-germanane nanoribbons (zGeNRs and aGeNRs) are nonmagnetic semiconductors
with direct band gap at the Γ-point, and their band gaps are monotonously reduced with width increasing. Our quantum transport
calculations have shown different transport behaviors that depending on the GeNRs’ edge topology. While the aGeNRs attain
magnetic moment by introducing H monovacancy, it is unlikely to achieve large magnetic moments in germanane via control-
ling the shape of H-vacancy cluster since the dehydrogenated nanostructures prefer nonmagnetic characteristics after atomic
reconstruction. These calculated results suggest that the germanane has not only suitable transmission gap and light adsorption,
but also directionally dependent electron transport, making it an excellent candidate for potential applications in the fields of
nanoelectronics and optoelectronics.

1 Introduction

Graphene, as the truly two dimensional (2D) crystal success-
fully exfoliated in 2004, has attracted tremendous interests
owing to its unique properties and a broad range of applica-
tions in various fields1. The creation of graphene has led to the
discovery of new and extraordinary electronic transport prop-
erties that are lacking in its parent 3D structure2. Graphene
is envisioned to be the foundation of next generation devices,
while the absence of bandgap and the chemical inertness na-
ture of graphene have being widely regarded as obstacles to
the application of graphene for nanoelectronics3. Neverthe-
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less, the rise of graphene has sparked intense research inter-
ests in the fabrication and application of other 2D nanomate-
rials beyond graphene over the last decade4. Corresponding-
ly, more and more fewer- or mono-layered 2D manomaterials,
such as hexagonal boron nitride (h-BN)5, topological insula-
tors (mainly including Bi2Se3 and Bi2Te3)6, and transition-
metal dichalcogenides (TMD) (mainly including MoS2, WS2,
MoSe2, WSe2)7, have been synthesized by mechanical exfo-
liation or chemical synthesis and are being investigated8. Al-
though the 2D nanomaterials like TMDs generally have desir-
able electronic bandgaps, the carrier mobility is also dramat-
ically decreased compared to the graphene9. Improving the
electron mobility of the TMDs thus remains a great challenge
for their practical applications in nanoelectronics.

Inspired by the intriguing properties of carbon-based 2D
materials, graphene- and graphane-like group IV (silicon, ger-
manium, and tin) analogues have been theoretically investigat-
ed10–15. Among them, monolayer-silicene can only be exper-
imentally prepared on ordered conductor substrate in an ultra-
high vacuum to date16–19, and few layered-germanene and -
stanene have also been fabricated very recently by molecular
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beam epitaxy20,21. More recently, a free-standing monolayer
of hydrogenated puckered germanium (GeH), named as ger-
manane, has been chemically synthesized and experimentally
characterized at room temperature22. It is unveiled that the
monolayer germanane could offer not only sufficient large di-
rect band gap for on/off switching, but also high electron mo-
bility that is crucial for device performance23,24. In addition, it
has been shown the possibility of tailoring the electronic struc-
ture, stability, optical and transport properties of Ge-based 2D
nanomaterials via covalent chemistry in terms of attaching d-
ifferent surface ligands25–27, such as replacing hydrogen satu-
ration with methyl to form GeCH3, leading to substantial im-
provement in thermal stability28. These Ge-based monolay-
er nanostructures can be chemically synthesized or fabricat-
ed by beam epitaxy growth in large quantities for practical
applications29,30. To date, however, most theoretical calcula-
tions have been devoted to accurately compute the electronic
band structure of the pristine germanane11,12,31–34. The in-
vestigations on the the optical and transport properties, and
the influences of defects of the germanane-based nanomate-
rials are still rare35–37. In analogy to the case of graphane,
the presence of hydrogen vacancies in the 2D germanane is
expected to induce magnetization by unbinding the dangling
pz orbital38. Recent advances in graphane and silicane have
motivated us that cutting the 2D materials into narrowed rib-
bon could modulate the electronic structure, electronic trans-
port, optical and magnetic properties of zigzag- and armchair-
germanane nanoribbons (zGeNRs and aGeNRs)39,40. There-
fore, it is desirable to explore the structural, electronic, optical
and transport properties of the monolayer germanane and the
germanane ribbons and the role of defects, which is crucial for
further developing the fields of nanoelectronics and optoelec-
tronics.

In this article, we have investigated the structural, electron-
ic, optical and transport properties of two-dimensional ger-
manane and germanane ribbons by using first principles cal-
culations. Moreover, the role of the defects on the properties
of the germanane-based nanostructures have been explored. It
is found that the presence of a single hydrogen vacancy could
convert the nonmagnetic (NM) pristine germanane to a fer-
romagnetic (FM) semiconductor, while the dumbbell nanos-
tructure induced by Ge adatom attains nonmagnetic order-
ing. Regarding to the thermal stability of the defects, it is
found that both H-monovacancy and dumbbell contained de-
fective germanane nanostructures are stable at room temper-
ature. The pristine germanane has remarkable light absorp-
tion of solar spectrum. The presences of the H-monovacancy
and the dumbbell defects in the germanane induce redshift and
blueshift of the light adsorption peak, respectively. Both z-
GeNR and aGeNR are nonmagnetic semiconductors, and the
electron transport in zGeNRs priors to the aGeNRs due to d-
ifferent trends in their effective electron mass. The aGeNRs

attain magnetic moment by means of creating H monovacan-
cy at their surfaces. However, for the △-type vacancy confor-
mation, it is a nonmagnetic semiconductor deriving from the
extensive reconstruction in the atomic structures. The advan-
tageous features of the germanane-based nanomaterials make
them to be promising candidates for potential applications in
nanoelectronic and optoelectronic devices.

2 Computational Method

We have perform first-principles calculations within densi-
ty functional theory utilized in the Vienna ab initio Simula-
tion Package (VASP)41. The electronic exchange-correlation
potential was described within the generalized gradient ap-
proximation (GGA) in the form of Perdew-Burke-Ernzerhof
(PBE)42. The electronic wave functions were expanded us-
ing projector augmented wave (PAW) method with a cutoff
energy of 500eV . The primitive cell of germanane sheet was
fully relaxed in terms of both lattice constants and atomic po-
sitions until the electronic self-consistent energy was less than
10−5eV and the force on each atom was less than 0.03eV/Å
by using the conjugate-gradient method. To investigate the
influences of isolated single hydrogen vacancy defect and Ge
adatom dopant, a sufficient large supercell should be consid-
ered in the computation because defect-defect coupling can
be pronounced in a small supercell. For this purpose, we thus
consider a 4×4 supercell to minimize the defect-defect inter-
actions. In general, the localized state arising from the vacan-
cy or adatom defect emerges as a flat band in the electronic
band structure. The supercell was imposed to periodic bound-
ary condition (PBC), and in the direction perpendicular to the
sheets we used a lattice parameter of 20Å, which was sufficien-
t to prevent image interactions. For the electronic structure
calculations, the Brillouin zone is sampled with 21× 21× 1
for the 2D germanane and 1× 25× 1 for the GeNRs, in the
Monkhorst-Pack k mesh scheme43. A one-dimensional PBC
was applied along the ribbon’s length direction. The vacuum
distance between the ribbon edges is 15Å.

To simulate the transport properties, a two-probe compu-
tational approach implemented in the Nanodcal code is em-
ployed44,45. The theoretical model is built in such a way
that the central region consisting of an optimized supercell,
which is surrounded by two semi-infinite leads made of pris-
tine primitive cell on each side. We use the numerical double
ζ plus polarization (DZP) basis set and 3000eV as mesh cut-
off for all atoms in the quantum transport calculations. The
interaction between the valence electrons and the atomic core
is computed within the standard norm-conserving Troullier-
Martins pseudopotential46. The quantum conductance (G)
and the transmission coefficient (T ) as a function of electron
energy is calculated in the framework of Laudauer-Büttiker
formalism47. The current driven by an external bias voltage is
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computed from the transmission coefficient. Moreover, the de-
tailed methodology and practical implementation of the non-
equilibrium Green’s function approach (NEGF) is available in
Ref.48. Moreover, the drawings were produced by the visual-
ization software VESTA49.

3 Results and Discussion

3.1 Two-dimensional Germanane Sheet

For a better understanding of defective 2D germanane and
GeNRs, we firstly start with the pristine 2D germanane that
is derived from the hydrogenation of germanene, where each
Ge atom is saturated by one hydrogen atom, as shown in Fig-
ure 1. Previous studies have found that the chair-like con-
figuration of infinite sheet of 2D germanane is energetically
more favorable than the boat-like configuration15,31. In the
germanane crystal, each Ge atom is bound to three three ad-
jacent Ge atoms and one hydrogen atom to form the puckered
nanostructure due to the sp3-like hybridization, exhibiting the
angle of θGe and θH of 110.70◦ and 107.25◦. The perpendic-
ular distance between A- and B-sublattices of the Ge atoms
is approximately 0.73Å, which is larger than the buckling dis-
tance of germanene10. Correspondingly, the calculated lattice
constant of the germanane is increased to 4.09Å, which is in
good agreement with previously reported survey11,12,31–33,50.
Hence, the bond lengths of the Ge-Ge bond and Ge-H bond
stretch to 2.473Å and 1.563Å, respectively. The cohesive en-
ergy Ecoh of the 2D germanane sheet (per unit cell) relative to
free Ge and H atoms is calculated by equation:

Ecoh = 2×EH
T +2×EGe

T −EGerm
T (1)

where EH
T (EGe

T ) is the total energy of single free H (Ge)
atom, and EGerm

T is the total energy of germanane. The calcu-
lated cohesive energy per unit cell of germanane is 11.53eV ,
indicating that the formation of germanane is energetically
more favorable than the graphane39. Due to the sp3-like hy-
bridization for all Ge atoms, germanane is a nonmagnetic (N-
M) semiconductor with a direct band gap of 0.95eV , as shown
in the Figure 1. It is well known that GGA-PBE within DFT
framework would underestimate band gap. More accurate cal-
culations, generally approached by Heyd-Scuseria-Ernzerhof
(HSE) hybrid density functionals including screened Coulom-
b potential and GW corrections, have reported a band gap
of 1.5eV and even larger value for the monolayered ger-
manane33. Both the valence band maximum (VBM) and con-
duction band minimum (CBM) of the germanane are located
at the Γ point. As shown in the projected density of states (P-
DOS), the VBM is derived from Ge 4p orbitals, and the CBM
is composed by the Ge-Ge antibonding state. The VBM of
the germanane are double degenerate at Γ-point in the exclu-
sion of spin-orbit coupling (SOC), and it is attributed to the

Ge-Ge bonding state of px and py orbitals. These two degen-
erate bands are splitting by 0.2eV with the inclusion of SOC.
Additionally, Li et al have reported that the band gap of the
germanane monolayer can be reduced to zero when a biaxi-
al tensile strain is applied51. The main focus of this work is
the spin-polarized electronic structures influenced by defects
and the transport properties. To eliminate the long range ef-
fects induced by point defects, a large supercell is essential
in calculations. The calculations based on HSE functional are
extremely time-consuming and only practically implemented
in a small supercell. Correspondingly, we have performed the
spin-dependent computations by using PBE functional.

Fig. 1 (Color Online) (a) Top (left panel) and (b) perspective (right
panel) view of the atomic structure of the 2D germanane sheet with
buckled honeycomb structure. Purple (dark) and whit (light) balls
represent germanium and hydrogen atoms, respectively. The
primitive cell with Bravais lattice is denoted by vectors a⃗1 and a⃗2,
and the buckling of Ge plane is denoted by δ . The θGe and the θH
are the Ge-Ge-Ge and Ge-Ge-H bond angles in germanane,
respectively. Relevant structural parameters are summarized in
Table 1. (c) Electronic band structure and (d) projected density of
states (PDOS) of the pristine germanane sheet.

3.2 Defect in Germanane Sheet

The hydrogen vacancy and adatom in the Si- and Ge-based
nanostructures could induce magnetization as a result of the
presence of unpaired orbitals by changing the sp3-like to the
sp2-like hybrid orbital33,52,53. We thus investigate the effect-
s of single H vacancy and Ge adatom in the 2D germanane
sheet, as shown in Figure 2. The presence of the hydrogen
monovacancy has no significant effects on the atomic nanos-
tructure, leading to the transformation of sp3 bonding into sp2
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bonding for the dehydrogenated Ge atom. We have carried
out nonlinear magnetic calculation and identified the emer-
gence of permanent magnetic moment ∼ 1µB at the Ge atom
because one electron accommodated by the dangling pz orbital
becomes unpaired, which is in good agreement with previous-
ly reported simulations53. To assess the stability of the defect-
ed nanostructure, we have calculated the formation energy in
term of E f or = Ede f ect

T −nGe×EGe
T +nH ×EH

T −EGerm
T , where

Ede f ect
T (EGerm

T ) is the total energy of the defected (pristine)
germanane sheet, and nGe (nH ) is the number of H vacancy
(Ge adatom) atoms, and EH

T (EGe
T ) is the total energy of s-

ingle free H (Ge) atom. The calculated results revealed that
the dehydrogenation of a single H atom on germanane sheet is
endothermic with formation energy of 3.55eV in a 4×4 super-
cell. Generally, the dehydrogenation in the germanane sheet
causes negligible changes in the electronic band structure, as
shown in Figure 3. However, the opposite spin states are sig-
nificantly polarized around the Fermi level. Both the VBM
(denoted as α) and the CBM (denoted as α ′) are located at the
Γ point, leading to a direct bandgap of 0.81eV . Detailed analy-
sis demonstrated that both α- and α ′-subbands are originated
from exchange splitting of the degenerate bands. Moreover,
the isosurface charge densities (shown in Figure 3c and Fig-
ure 3d) generating the flat bands below and above the Fermi
level for the up- and down-spin components are substantially
localized at the vacancy defect with minor contributions from
adjacent Ge atoms. The flat defect bands lead to very narrow
PDOS peaks around the Fermi level, as shown in Figure 4a,
suggesting that the magnetic moment of 1µB per H vacancy is
governed by Stoner ferromagnetism54. Both VBM and CBM
are contributed mainly by Ge 4p orbitals (∼ 70%) and secon-
darily by Ge 4s orbitals (∼ 20%), and the contribution of the
H atoms can be neglected. Hence, it is rather intriguing to tune
the electronic bandgap and magnetic properties of germanane
sheet by dehydrogenation.

For Ge adatom case, in analogy to the adsorption of a s-
ingle Si adatom on silicene sheet55, the Ge adatom prefers
the top (T) site and presses down the bottom (B) Ge atom to
form a dumbbell structure, as shown in Figure 2. The two
Ge atoms positioned at two ends of the dumbbell are denot-
ed as T and B. The distance between the T(B) Ge atom and
the nearest Ge atoms (marked A, C, and D) is 2.55Å, which
is slight larger than the Ge-Ge bond length in the pristine ger-
manane. Hence, the depletion of electric charge of the T(B)
atom is ∼ 0.2 electron, which is transferred to the nearest three
Ge atoms. The second-nearest six Ge atoms also experience
substantial change. It is noticed that the four H atoms that o-
riginally bonded with the four Ge atoms (marked A-D) in the
pristine germanane are desorbed. The Ge-Ge bond of the T-B
site is relatively weak and the bond length is 2.94Å. More-
over, each T(B) site Ge adatom forms three Ge-Ge bonds with
bond angles of 91.2◦, which is closer to the tetrahedron angle

Fig. 2 (Color Online) Atomic structures of the defected germanane
consisting of (a) H monovacancy and (b) Ge adatom. Purple (dark)
and white (light) balls represent germanium and hydrogen atoms,
respectively. (a) Top view of the atomic structure of the H
monovacancy configuration. (b) Top view and (c) side view of the
atomic structure of the Ge adatom configuration that forming
dumbbell-like nanostructure. (d) Zoomed dumbbell nanostructure, T
(B) denote the Ge atoms at the top (bottom) site of the dumbbell,
and A, C, and D are the Ge atoms nearest to the T and B sites.

of the diamond. The dumbbell structure has formation energy
of E f or = 6.35eV for single Ge adatom in the 4× 4 supercell
because it referred to the dehydrogenation of four H atoms. In
addition, the isosurface charge densities shown in Figure 3e
revealed that the VBM is derived from the bonding state. The
CBM is composed by the antibonding state with rather unifor-
m distribution at every Ge atom. It is reported that such dumb-
bell structure in silicene could induce spin-polarized ground
state and a small band gap opening (∼ 0.09eV )56. However,
the dumbbell structure in germanane is predicated to be non-
magnetic semiconductor with a direct band gap of 0.79eV ∗.
This is attributed to the suppression of spontaneous ferromag-
netism transition, because the exchange energy due to spin
polarization is smaller than the cost in band energy accord-
ing to Stoner criterion57. As a result, the dumbbell structure
attains nonmagnetic properties and the magnetic moment in
the supercell is zero, which is also confirmed by the degener-
ated PDOS shown in Figure 4b. In addition, it is noticed that
the adsorption of Ge adatom is rather different from the ad-
sorption of metal atom on the surface of germanene surface,
which is due to the semi-metallic character deriving from the
mixed sp2-sp3 hybridization in the germanene sheet58. The
introducing of dumbbell structure in the germanane sheet only
reduces the electronic band gap due to the atomic reconstruc-
tion around the Ge adatom.

The average equilibrium concentration of defects at finite

∗We also have set parallel and antiparallel spin moments for these off-plane
Ge atoms, but their spin moments spontaneously decreased to zero after spin-
polarized DFT calculations. The nonlinear magnetic calculations also con-
ducted the same results.
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Fig. 3 (Color Online) Electronic band structure of the defected
germanane consisting of (a) single H vacancy and (b) Ge adatom.
(a) Spin-polarized structure with dotted blue and solid red lines
representing the up-spin and the down-spin states, respectively; the
VBM- and the CBM-subbands are denoted by α and α ′,
respectively. (b) Spin-unpolarized band structure; the VBM- and the
CBM-subbands are denoted by β and β ′, respectively. (c)-(d) The
isosurface charge densities corresponding to the α and α ′ subbands,
respectively. (e)-(f) The isosurface charge densities corresponding to
the β and β ′ subbands, respectively.

temperature T can be assessed by54:

n/N = exp(−E f or/kBT ) (2)

where n (N) is the number of the defect (total) atoms in the
germanane nanosheet, and E f or is the formation energy and
kB is the Boltzmann’s constant. At room temperature, Eq.2
yields a very low defect concentration, which can be used to
understand Bianco’s experimental observation and thus large
scale defect-free germanane sheet is successfully fabricated22.
Based on the total energy calculations, the H monovacancy
and Ge adatom nanostructures discussed above are determined
to be stable. However, considering thermal stability, these de-
fective nanostructures may not be stable at high temperature.
To address the issue of the temperature effect, we further have
performed ab initio molecular dynamics (MD) simulation at
room temperature for these defective nanostructures, as shown
in the Electronic Supplementary Information. The MD simu-
lation confirms that both H monovacancy and Ge adatom con-
tained nanostructures are thermally stable at room tempera-
ture.
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Fig. 4 (Color Online) Projected density of states of the defected
germanane consisting of (a) single H vacancy and (b) Ge adatom.
The up- and the down-arrows denote the up- and down-spin states,
respectively. The solid green, dashed blue and dotted red lines
representing total, s-orbital and p-orbital contribution to the density
of states.

3.3 Optical Properties

Previous studies have demonstrated that 2D germanane nano-
material is rather attractive for efficient light harvesting and
has promising applications in optoelectronics22. We thus in-
vestigate the optical properties based on ab initio calculations
of dielectric function59. The optical properties of the 2D nano-
materials are determined by the in-plane dielectric function for
normal incidence. The imaginary part ε2(ω) of the dielectric
function is calculated by a summation of optical transition ma-
trix element over empty states:

ε2(ω) =

4π2e2

Ω
lim
q→0

1
q2 ΣC,V,K2WKδ (εCK − εV K −ω)

×⟨uCK+eα q|uV K⟩⟨uCK+eβ q|uV K⟩∗
(3)

where the indices C and V refer to conduction and valence
band states, respectively. The real part ε1(ω) then can be cal-
culated from the obtained imaginary part ε2(ω) through the
Kramer-Kroning transformation. Furthermore, the frequency-
dependent optical absorbance A(ω) is computed by:

A(ω) =
√

2ω[
√

ε2
1 (ω)+ ε2

2 (ω)− ε1(ω)]
1
2 (4)

The ε2(ω) for the pristine germanane and the defected ger-
manane nanostructures is plotted in Figure 5. For the pristine
germanane sheet, it exhibits photon energy absorption start-
ing at approximately 0.9eV , which is explicitly demonstrat-
ed in the zoomed optical absorbance A(ω). This is because
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the absorption takes place for h̄ω > Eg. There are two re-
markable ε2(ω) peaks at about 1.36eV and 3.39eV , which are
corresponding to significant light absorption at infrared and
ultraviolet-visible region of solar spectrum. The presences of
the H monovacancy and the Ge adatom defects make the ab-
sorption starting point moving towards photon energy increas-
ing and reduction, respectively. These calculated absorbance
A(ω) results of the defected nanostructures are consistence
with their energy gaps shown in Figure 2. Moreover, the H
monovacancy and the Ge adatom defected nanostructures dis-
play redshift and blueshift of the light adsorption peak com-
pared to that in the pristine germanene sheet. Specifically,
it is interesting to find a absorption peak at 2.42eV for the
Ge adatom contained defective nanostructure, which is cor-
responding to substantial visible light absorption. Since the
optical properties are sensitive to the structural modifications,
e.g. the optical absorbance, it could be used to identify the
defects in the germanane based nanomaterials.
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Fig. 5 (Color Online) The calculated imaginary part ε2(ω) of
dielectric functions vs photon energy for the pristine 2D germanane
(black solid line), the defected germanane containing Ge adatom
(red dashed line), and the defected germanene containing H
monovacancy (blue dotted line). It is noticed that the light incidence
along c direction and the polarization along a/b direction (indicated
in Figure 2). The inset shows the infrared optical absorbance vs
photon energy.

3.4 Germanane Nanoribbons

The 2D germanane can be tailored into narrowed ribbon struc-
ture that could offer tunable band gap for various application-
s35. The germanane nanoribbons (GeNRs) can be classified
into zigzag- and armchair-GeNRs according to their edge mor-
phology. Following the previous convention60, the width of
GeNRs are defined by parameter N: for zGeNRs, N denotes
the number of zigzag carbon chains along the nanoribbon ax-
is; for aGeNRs, N denotes the number of Ge-Ge dimers in the

unit cell that paralleling to the axis of the nanoribbon. The
buckling distance (denoted by δ in Figure 1), which is uni-
formly 0.73Å in the 2D germanane crystal, is unchanged for
the inner Ge-Ge bond and increased to 0.78Å for the edge Ge-
Ge bond for both zGeNRs and aGeNRs. Figure 6 shows the
atomic nanostructures of the particular cases: 6-zGeNR and
11-aGeNR; all Ge atoms are passivated by H atoms to form
sp3 hybridization. We have examined the atomic structures
and the electronic properties of N-zGeNR with N = 4 ∼ 10
(width from 1.468nm to 3.594nm) and N-aGeNRs with N =
4 ∼ 17 (width from 0.862nm to 3.518nm). More importantly,
we have performed both spin-unpolarized and spin-polarized
calculations to identify the ground state of GeNRs. Two prim-
itive cell is used as supercell in the calculations to allow pos-
sible FM and AFM magnetic configurations along the edge of
the GeNRs. It is found that there is no essential difference
in total energy between various magnetic configurations taken
into account. Therefore, both zGeNRs and aGeNRs have NM
ground state.

Fig. 6 (Color Online) Atomic structures of the optimized (a)
6-zGeNR and (b) 11-aGeNR with bird-view (top panel) and
side-view (bottom panel). All the Ge (purple ball) are saturated by H
(white balls). The width of the GeNRs are denoted wz and wa for
N-zigzag and N-armchair GeNRs, respectively. Double unit cell of
the GeNRs is delineated by dashed lines (red color online) with the
lattice constant 2a. The electron transport takes place along y
direction.

In order to access the stability, we have calculated the zero-
temperature edge formation energy per length ε f in terms of:

ε f =
1

2L
[Eribbon −NGeEger − 1

2
(NH −NGe)EH2 ] (5)

where L is the length of the germanane ribbon, and Eribbon and
Eger are the total energies of the GeNR supercell and 2D ger-
manane sheet, respectively; NGe and NH are the numbers of Ge
and H atoms in the GeNR supercell. For the N-zGeNRs, the
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edge formation energy is slightly changed from 52.6meV/Å
for the 4-zGeNR to 52.7meV/Å for the 10-zGeNR. For the N-
aGeNRs, the calculated edge formation energy is 59.9meV/Å
for the 4-aGeNR, and continually increase to 60.7meV/Å for
the 7-aGeNR and remains this value until 17-aGeNR. Appar-
ently, the ε f is independent on the the ribbon width. To inves-
tigate the effect of temperature and gas pressure on the ther-
modynamic stability of the GeNRs to the 2D germanane sheet,
we further have examined the Gibbs free energy (GH2 ), which
is calculated as a function of chemical potential µH2 of H2
molecule according to the following formula61:

GH2 = ε f −
1
2

ρH µH2 (6)

where ρH = 1
2L (NH −NGe) is the edge hydrogen density.

We have shown the Gibbs edge free energy for the 6-zGeNR
and the 11-aGeNR in Figure 7, where the lowest energy cor-
responds to the most thermodynamically stable nanostructure.
The aGeNR is slightly more stable than zGeNR at high hy-
drogen concentration. It is noticed that at ambient conditions
(T = 300K and partial pressure p = 5× 10−7bar that corre-
sponding to µH2 ≈ −0.69eV ), the zGeNR is found to be en-
ergetically more favorable than the aGeNR. The difference in
GH2 between the aGeNRs and zGeNRs is only 21.1meV/Å un-
der ambient conditions. In addition, the 2D germanane sheet
is more favorable than the GeNRs except at very high partial
pressures of H2. Our calculated Gibbs free energy is in good
agreement with the theoretical investigation for the 7-aGeNR
and 4-zGeNR that published recently, and furthermore, it is
found that the 2D germanane monolayer could spontaneous-
ly assemble into GeNRs when atomic H serves as hydrogen
source62.
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Fig. 7 (Color Online) The Gibbs free energies GH2 as a function of
chemical potential of hydrogen gas µH2 for the 6-zGeNR and
11-aGeNR. The free energy of the 2D germanane, which is indicated
by dashed horizontal line at GH2 = 0, is also shown for comparison.
The vertical green line delineates the ambient condition.

The electronic structures of the 6-zGeNR and 11-aGeNR
are presented in Figure 8. Both 6-zGeNR and 11-aGeNR are
NM direct band gap semiconductors because all Ge atoms in
GeNRs are sp3 hybridization and thus ensure fourfold coor-
dination for edge atoms. For 6-zGeNR and 11-aGeNR cases,
both VBM and CBM are located at the Γ-point, and their band
gaps are 1.47eV and 1.52eV , respectively. The analysis of
charge density isosurfaces of the VBM- and CBM-subbands
revealed that they are delocalized and rather uniformly dis-
tributed at Ge atoms throughout the GeNRs.
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Fig. 8 (Color Online) (a) Electronic band structure and (b) projected
density of states (PDOS) of the 6-zGeNR, and the corresponding
charge densities of CBM-subband (top) and VBM-subband (bottom)
are shown in the righthand panel. (c) Electronic band structure and
(d) projected density of states (PDOS) of the 11-aGeNR, and the
corresponding charge densities of CBM-subband (top) and
VBM-subband (bottom) are shown in the righthand panel. The
Fermi level is set to zero, which is also shown by dashed-dotted
(light gray online) line.

It is well known that the band gap of the graphene nanorib-
bons is dependent on their width and edge state. The armchair
graphene nanoribbons are found to have an aromatic depen-
dence of their band gaps with the width defined by N, and
such aromaticity is absent in graphane nanoribbons39,60. It is
interesting to examine the band gap variations as a function
of GeNRs’ width for both zGeNRs and aGeNRs, and relevant
results are shown in Figure 9a. Both zGeNR and aGeNR fam-
ilies display distinct quantum confinement effect, e.g., their
band gaps are monotonously reduced with respect to N in-
creasing because the quantum confinement becomes weaker,
which is very similar to the recent survey62. This is attributed
to the sp3 hybridization in the GeNRs that eliminating the res-
onance states, and thus the band gaps are only governed by the
quantum confinement. Similar predication is also obtained for
the graphane and silicane nanoribbons40. It is noted that the
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monotonous reduction in bandgap is a desired property since
these nanostructures could offer controllable band gap, which
is crucial for nanoelectronic applications. We further have fit-
ted the discrete band-gap values on the basis of exponential
decay function:
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Fig. 9 (Color Online) Calculated (a) electronic band gaps and (b)
electron effective mass as a function of ribbon width N for zGeNRs
and aGeNRs.

Egap(N) = 0.95eV +λexp(−Nν) (7)

The fitted parameters λ and ν are 1.629 eV and 0.186 for
the zGeNRs, and 3.116 eV and 0.154 for the aGeNRs, respec-
tively. The electronic band gaps of both types of GeNRs reach
0.95eV as N → ∞. According to the fitted curve, the mod-
ulation of band gap is moderate as N < 12 for zGeNRs and
N < 20 for aGeNRs. Hence, the band gaps of the GeNRs
have exhibited the same quantitative trends regardless of their
edge shapes. Except for the variations in band gaps due to
the shift of VBM and CBM, width N dependence of the elec-
tronic band structures of the GeNRs is found to be very s-
mall. On the other hand, similar to the bandgap engineering
of the 2D germanane sheet, previous calculations have shown
that the bandgap of the GeNRs can be effectively reduced by
tensile strains51,62. The obtained width-dependent bandgap
for the GeNRs are shown to be consistence with recent sur-
vey35, thus the GeNRs with width-insensitive bandgap could
be preferable for nanodevice applications.

The electron transport properties are determined not only
by the bandgap scale, but also by the dispersion character as-
sociated with electron effective mass (m∗). The major differ-
ences observed in the electronic bands between the zGeNRs
and aGeNRs are the different dispersion characteristics at the
CBM subband. The m∗ of the CBM for both zGeNRs and a-
GeNRs are presented in Figure 8b, which are calculated from
the above E(k) relationship by using the formula:

m∗ = h̄2(
∂ 2E(k)

∂k2 )−1 (8)

The calculated m∗ of the zGeNRs are systemically smaller
than those of the aGeNRs. As a result, the electron transport
in zGeNRs is expected to prior to the aGeNRs. In general, the

m∗ in zGeNRs proportionally decrease with width N increas-
ing. In sharp contrast to the decreasing tread in zGeNRs, the
aGeNRs exhibited nonmonotonic fashion and increasing tread
in the effective mass, which is due to the dispersionless fea-
ture for the subband near the X point. Based on the analysis
of m∗ mentioned above, the zGeNRs and aGeNRs of the same
width are predicted to present distinct transport properties, in
spite they have very close band gaps.

Fig. 10 (Color Online) Schematic of two-probe system of the
4-zGeNR nanodevice. The central region and the two electrodes are
composed of pristine GeNRs.

To quantitatively evaluate the electron transport properties
of the GeNRs, we have built the two-probe system nanode-
vice consisting of central region sandwiched by the left- and
the right-electrode, which is schematically illustrated in Fig-
ure 10. The central region and the two electrodes are com-
posed of the pristine GeNRs. Because of GeNRs presenting
NM ground state, we choose 2 unit cell (1 unit cell) NM GeN-
R as electrodes that seamlessly connected with the central re-
gion comprising of 8 unit cell (5 unit cell) NM GeNR along
electron transport direction for the zigzag- (armchair-) case.
The quantum conductances G= T G0 (G0 = 2e2/h is the quan-
tum conductance unit and T is the transmission coefficient) for
the 4-zGeNR (1.468 nm in width) and 7-aGeNR (1.475 nm in
width) are calculated for comparisons and are shown in Fig-
ure 11. The ballistic conductance gaps for the 4-zGeNR and
7-aGeNR are 1.64eV and 1.84eV , respectively. These conduc-
tance gap values are in consistence with their electronic band
gaps. The ballistic transport through one channel (G= 1G0 for
the quantum conductance) can be opened by a large external
electric field (∼ 1.8V ). Note that the quantum conductance
of the 4-zGeNR is larger than that of the 7-aGeNR because
more transmission channels are available in the former, while
both present similar electronic band structures. The quantum
conductance feature described above indicated that the elec-
tron transport could be more pronounced in the zGeNRs. In-
deed, as shown in Figure 12 for the cases of the 4-zGeNR and
the 7-aGeNR, the I−Vb curve has revealed different transport
behaviors depending on the GeNRs’ edge topology, i.e., the
electric conductivity σ = 4396.50nS for the 4-aGeNR in com-
parison to σ = 735.09nS for the 7-aGeNR (estimated from
the calculated I −Vb curve by equation σ = ∆I

∆V ). This is rem-
iniscent of distinct differences in effective mass already ana-
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lyzed. It also suggests that the transport properties in 2D ger-
manane sheet are strongly anisotropic, leading to directional
dependence of electron transport, which is in good agreement
with previous theoretical study36. Hence, the calculated re-
sults have shown the possibility of controlling the I −Vb per-
formance by engineering the 2D germanane nanostructure to
form zigzag- or armchair-edged morphology.
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Fig. 11 (Color Online) Conductance (solid navy line) and DOS
(dotted green line) as a function of electron energy for the 4-zGeNR
(top panel) and the 7-aGeNR (bottom panel).
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Fig. 12 (Color Online) The I −Vb curve of the 4-zGeNR and
7-aGeNR.

3.5 Dehydrogenation in Germanane Ribbons

As in the case of 2D germanane sheet comprising of single
H vacancy, the H monovacancy located at the center of the
13-aGeNR also induces magnetization by 1µB. It has been
shown that both one-sided and two-sided H vacancy clusters
can make 2D germanane sheet obtain magnetism53,63. Since

Fig. 13 (Color Online) The atomic conformations of the
dehydrogenated 13-aGeNRs. Purple (dark) and white (light)
represent Ge and H atoms, and red corresponds to the Ge atoms with
dehydrogenation. (a) is the pristine aGeNRs, and dashed black
rectangle denotes the dehydrogenated area consisting of different
H-vacancy conformations that will be further considered in (b). (b)
From top to bottom panels are the single H monovacancy, line-type
divacancy, ∆-type vacancy cluster, and 2-type vacancy cluster
conformations, respectively. Note that only a small part which
includes vacancy region and its nearby atoms is shown. (c) and (d)
are the optimized ∆-type and 2-type vacancy conformations
comprising top view and side views (from top to bottom panels),
respectively. The defected Ge atoms with H dehydrogenation are
highlighted by green color.

it is reported that double-sided H-vacancy cluster could give
large magnetic moments in graphane nanoribbon39, it is fair-
ly interesting to examine possible magnetic properties in the
GeNRs. In this content, we consider four different conforma-
tions of the two-sided H-vacancy defects in the 13-aGeNR.
In particular, the ∆ triangular- and 2 rectangular-types can
be created by removing four and six H atoms, respectively,
as shown in Figure 13. Generally, based on the Liebs theo-
rem64, the net magnetic moment of the desorbed nanostruc-
tures can be roughly evaluated from the difference between
the number of the two interpenetrating A- and B-sublattices,
i.e. µtot = |m−n|µB, where m (n) is the number of H atoms re-
moved from A-sublattice (B-sublattice) Ge atoms. Indeed, our
calculated value of magnetic moments for the line-type diva-
cancy confirmation is zero, which is in agreement with Lieb-
s theorem. For the ∆-type conformation, however, our com-
putational simulation has conducted a nonmagnetic moment,
which is different to the case in graphane nanoribbons39. It
is noticed that the atomic structures extensively rearrange via
Jahn-Teller-type distortion in the lattice after the introduction
of ∆- and 2-types of vacancy conformation. For the defect
region, as a matter of fact, the buckling feature is fundamen-
tally broken and the dehydrogenated Ge atoms prefer ramp-
like configuration, which is visualized in the bottom panel
of Figure 13c-d. As a result, the interpenetrating A- and B-
sublattices are not maintained for the defect region after atom-
ic reconstruction. In this context, the nonmagnetic feature for
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the ∆- and 2-types is attributed to the extensive reconstruction
in the atomic structures that leading to the absence of interpen-
etrating sublattices for the desorbed system. Our calculated re-
sults suggest that it is unlikely to achieve stable magnetic state
in germanane via controlling the shape of the two-sided H-
vacancy cluster, because the dehydrogenated nanostructures
prefer breaking sublattices with nonmagnetic characteristics
after atomic reconstruction. Compare to the dehydrogenation
of germanane material, the chemical functionalization of ger-
manane is expected to be a more promising route to modu-
late the magnetic state of germanane-based nanomaterial for
spintronic applications26. Nevertheless, our electronic struc-
ture and transport calculations have demonstrated that the ger-
manane nanostructure has both suitable quantum conductance
gap and directionally dependent transport properties, making
it an excellent candidate for nanoelectronic applications.

4 Conclusion

In summary, we have carried out first principles calculation-
s combined with non-equilibrium Green’s function to study
the structural, spin-dependent electronic structure and trans-
port properties of the germanane-based nanostructures. The
presence of single hydrogen vacancy gives rise to magnetic
properties to the nonmagnetic pristine germanane owing to the
spontaneous magnetization. However, the dumbbell structure
induced by Ge adatom attains nonmagnetic properties due to
the suppression of spontaneous ferromagnetism transition, be-
cause the exchange energy is smaller than the cost in band
energy. The pristine germanane sheet possesses significant
light absorption at the infrared and ultraviolet-visible region
of solar spectrum, paving the way for innovative optoelec-
tronic applications. The estimated defect concentration in the
germanane is very low at room temperature. Using ab ini-
tio MD simulation, we found that both H-monovacancy and
dumbbell contained defective germanane nanostructures are
thermally stable at room temperature; and they have redshift
and blueshift of the light adsorption peak compared to that
in the pristine germanene sheet, respectively. Both zGeNRs
and aGeNRs are found to be NM semiconductors with direct
band gap at the Γ-point, and their band gaps are monotonous-
ly decreased with increasing ribbon width. The electron ef-
fective masses of the zGeNRs are systematically smaller than
those of the aGeNRs. The quantum transport calculations have
demonstrated different transport behaviors depending on the
GeNRs’ edge topology. The aGeNRs attain magnetic moment
by means of creating H monovacancy at their surfaces. How-
ever, for the △-type conformation, our computational simu-
lation revealed it is a nonmagnetic semiconductor, which is
different to the case in graphane nanoribbons. This is originat-
ed from the extensive reconstruction in the atomic structures
that leading to the absence of interpenetrating sublattices for

the desorbed system. It suggest that the chemical function-
alization of germanane could be a more promising route to
modulate the magnetic state of germanane-based nanomaterial
for spintronic applications. Hence, our calculated results have
shown that the germanane-based nanomaterials have suitable
conductance gap, light adsorption, and directionally depen-
dent electron transport, making them excellent candidates for
nanoelectronic and optoelectronic applications.
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