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Spin polarized density functional theory within the GGA-PBE and HSEQ06 approach for the exchange correlation term has
been used to investigate the stability and electronic properties of nitrogen and boron impurities in single layers of silicane and
germanane. We have observed that these impurities have lower formation energies in silicane and germanane when compared
to their counterparts in graphane. We also have noticed that the adsorption of H atoms in the vicinity of defects stabilizes the
system. In addition, we have obtained that the electronic properties of silicane and germanane can be tuned when N and B are
incorporated in the Si and Ge network. N—doped and B—doped give rise to n-type and p-type semiconductor properties. However,

the adsorption of H atoms quenches the doping effects.

1 Introduction

Carbon, silicon and germanium are isoelectronic atoms (be-
longs to the same column of the periodic table). However,
in bulk form carbon is more likely in the hexagonal phase
(graphite) with the sp?> hybridization while silicon and ger-
manium are more stable in the cubic (zinc blend) phase with
sp> hybridization. Recently carbon has been synthesized in an
isolated single hexagonal (honeycomb) two-dimensional (2D)
form. The 2D form of carbon structure is known as graphene
and presents unique electrical and mechanical properties never
observed in conventional three-dimensional materials. !> The
small (almost negligible) band gap and the fact that graphene
is inert to many important chemical compounds reduce its ap-
plicability. Chemical doping can open the band gap and in-
crease the graphene sensibility to the chemical environment.
In fact, N- and B-doped graphene are likely to tailor the elec-
tronic properties of graphene enhanced its potential applica-
tion. 3>

The fully hydrogenated graphene (graphane) is also stable
and keeps the hexagonal structure, however the hybridization
changes to sp> and graphane exhibits an appreciable band gap
of approximately 3.5 eV.° B- and N-doped graphane was stud-
ied by Y. Wang et al.” They observed that B-doped (N-doped)
pushed the Fermi level to the VBM (CBM) that leads to the

¢ Departamento de Fisica, Universidade Federal de Santa Maria, 97105-900,
Santa Maria, RS, Brazil.

bCondensed Matter Theory Group, Department of Physics and Astronomy,
Box 516, Uppsala University, S-75120 Uppsala, Sweden.

CApplied Materials Physics, Department of Materials and Engineering, Royal
Institute of Technology (KTH), S-100 44 Stockholm,Sweden.

tAuthor Correspondance: E-mail: rbaierle@smail.ufsm.br (Rogério J.
Baierle)

p-type (n-type) electronic properties of graphane.

The counterparts of graphene are silicene and germanene.
These structures are obtained on a substract®'? and they prop-
erties are dependent on the substract. ! The calculated phonon
spectra shows that there are no soft modes, which indicates
that they are stables. >4 These systems have similar proper-
ties than graphene like quantum spin hall effect (QSHE). How-
ever, the QSHE effect in Si and Ge are larger than in C. Re-
cently, it has been shown that strain-induced in a mixed nanos-
tructure (GeCHj3) present larger QSHE, which turns these
structures with potential aplication in room temperature. '
The Si and Ge 2D nanomaterials have a corrugated structure
and an intermediate hybridization between sp” and sp>, which
favors their functionalization by chemical adsorption. '®

The adsorption of N and B atoms in silicene has been stud-
ied by Sivek et al.!” They observed that the B atom adsorbs
on a valley site while N atom is more likely to absorb on a
bridge. Both adsorbed impurities lead the silicene with a new
electronic configuration around the Fermi energy. When a B
atom is absorbed (boron substitutes a silicon, Bg;) the system
preserves the Dirac cone but the Fermi energy shift to lower
energies that leads silicene with p—type properties. On the
other hand, absorption of an N atom (nitrogen substitutes a
silicon, Ng;) destroys the Dirac cone leading the silicene with
a local metallic character.

The hydrogenation of silicene and germanene transforms
these almost 2D structures with mixed hybridization between
sp? and sp’ into the sp® hybridization, forming the silicane
and germanane, respectively. Silicane and germanane have
been studied in different possible configurations: the top con-
figuration, where all the H are adsorbed on the same side,
the chairlike configuration, where H are alternating the both
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sides, and boatlike configuration where are alternating in pairs
the two sides. Details about the configuration can be find in
references. '%!° These calculations have shown that the chair-
like is the most stable configuration. These new 2D systems
retain the hexagonal structure and are semiconductors. For
silicane, the direct or indirect gap character depends on the
atomic configuration while germanane has a direct band gap
in the I" point, which does not depend on the atomic configu-

ration. 1
The success in functionalizing silicene and ger-
manene '7?*22 paves the way for N- and B-doped hy-

drogenated structures in order to produce the desirable
n-type and p-type semiconducting materials. First principles
calculations are essentially free of parameters and are reliable
to predict new electronic and optical properties of defective
materials, being a powerful tool to be used in design and
engineered materials tailored for specific application.

In this work we use first principles calculations to investi-
gate the stability and the new electronic properties when a N
or B substitution impurity is present in silicane and germanane
in the most stable configuration (the chair configuration). Our
results show that these impurities present lower formation en-
ergies in silicane and germanane than in graphane.’ In addi-
tion, we have observed that the doped nanostructures show dif-
ferent electronic properties as compared to the pristine form.
We have observed that B-doped silicane and germanane could
shows p-type electronic properties while N-doped shows n-
type semiconductor properties. We also have noticed that for
silicane the band gap character changes from indirect (pris-
tine system) to direct. The rest of this manuscript is organized
as follows: in the next section we present the computational
methodology, in section III we show the results and discus-
sion regarding the hydrogenated systems where there is a lack
or excess of H atoms and when N and B impurities are present.
Finally we have conclude the work with a brief outlook as far
the application perspective concerned.

2 Methodology

The present calculations are based on the spin polarized den-
sity functional theory (SP-DFT) formalism. The generalized
gradient approximation for the exchange-correlation func-
tional of the Perdew-Burke-Ernzerhof (PBE)% form has been
employed to obtain the structural optimization and the to-
tal energy of the systems. It is known that due to the self—
interaction problem present in the GGA-PBE functional, cal-
culations using this functional not predict the correct band gap
of semiconductor systems. In order to avoid this problem
by including the screened Coulomb potential, We have em-
ployed the hybrid functional formalism named HSE0624%7 to
explore the electronic band structure for pristine and doped
systems. This functional have already been employed in

pristine systems and the calculated band gap is in quite ac-
cordance with the experimental results.?®>° The calculations
have been performed using the VASP-code,3**! which per-
forms fully self-consistent calculations by solving the stan-
dard Kohn—Shan (KS) equations using both GGA-PBE and
HSEO06 type exchange-correlational functional.?® The KS or-
bitals have been expanded in a plane wave basis set with a
cutoff energy of 500 eV and the core electrons as well as the
interaction between valence and core are described by projec-
tor augmented wave (PAW) method. 3233

The supercell consists of threefold basic unit cells to obtain
the geometric optimizations, energetic stabilities along with
the electronic properties of the defective systems. In order
to avoid interactions between neighboring layers a vacuum
region of 15 A has been added normal to the single layer.
The BZ has been sampled with a 5x5x1 mesh of %—point
within the Monkhorst-Pack scheme.3* All the structures are
optimized until the calculated Hellman-Feynman forces act-
ing on each atomic specie are smaller than 1.0 x 1073 eV/A.

The formation energies (E/”™) of doped system (N or B in
a Si or Ge site) per supercell have been obtained using total
energy (E;) calculations, according to the following equation:

E™™[Xy] = E,[Xy] — E; [pristine] — ux + py. (1)

Here iy is the atomic chemical potential (X = B or N) of
the foreign atom while py is the chemical potential of the re-
moved atom (Si or Ge). We also considered that H atoms can
be removed (added) when an impurity is present, hence the
chemical potential of the H atom (uy) must be added (sub-
tracted) in equation 1. The chemical potential for B and N
depends on the primary material used in doped silicane and
germanane. In this work we have considered that the doping
process occurs when the impurities are in rich growth condi-
tions, then the chemical potential for the B atom is the total
energy of a B atom in the ot—boron bulk and the chemical po-
tential of the N atom is the half part of the total energy of the
N> molecule. The chemical potential of H atom is the half part
of total energy of the H, molecule, ug; and g, are the energy
per atom of Si and Ge in the zinc blend structure.

3 Results and Discussions

Firstly we have studied the pristine systems in the chair con-
formation. We have obtained that both silicane and germanane
form corrugated structures with a buckling distance of 0.72
and 0.73 A, respectively. These buckling distances are higher
by 0.27 and 0.14 A than the non-hydrogenated systems. The
calculated binding energies are -3.39 and -2.87 for eV /atom
for silicane and germanane, respectively. The binding (Ej)
energy is defined as the difference between the total energy of
the stable structure and the total energies of the respective iso-
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lated atoms in their neutral charge states. By calculating the
formation energy we have observed that the hydrogenation of
silicene and germanene is an exothermic process. The calcu-
lated formation energies are -0.30 and -0.14 eV per adsorbed
H. It is worth pointing out that our results are in accordance
with previous similar calculations, 43338

Silicane in the chair conformation is semiconductor with
an indirect band gap of 2.94 eV. The VBM localizes in the I
point while the CBM localizes in the M point. The difference
between direct (in the I" point) and indirect band gap is 0.16
eV. Germanane has a smaller and direct band gap (the VBM
and CBM localize in the I" point). We have obtained a band
gap of 1.61 eV. Again, these results are in accordance with
previous calculations. 833740 In Fig.s 1 (a) and (d) we have
show the calculated electronic band structure for silicane and
germanane using HSE06 functional.

The hydrogenation can leads the systems with a lack or ex-
cess of H atoms. When there is a lack of H, some Si (Ge)
atoms will be threefold coordinated (a dangling bond will be
present). Otherwise, whether there is a excess of H some Si
(Ge) atoms will be fivefold coordinated. When there is a five-
fold coordinated atom the distance between this atom and its
neigboring atoms increase (decreasing the bond strength), and
the fivefold coordinated atom moves in direction to the ad-
sorbed H in the other side of the plane, decreasing the buck-
ling distance. The calculated formation energies indicate that
the systems with excess of H are less stable when compared to
similar system where the lack of H occurs. For silicane (ger-
manane) we obtained formation energies of 1.37 (1.07) and
2.07 (2.25) eV, when the systems present lack or excess of H,
respectively.

The calculated electronic band structures within the HSE06
functional show that dangling bonds give rise to two spin po-
larized non dispersive electronic states. For silicane the elec-
tronic level with spin up is occupied and resonant with the
VBM while the electronic level with spin down is empty and
localized in the band gap, around 0.7 eV below the CBM, see
Fig. 1 (b). For germanane due to the differences in the elec-
tronic band structure as compared to the silicane (germanane
has a smaller and direct band gap) the empty (spin down) state
is resonant with the CBM, as can be seen in Fig. 1 (e).

For a Si (Ge) atom fivefold coordinated two spin polar-
ized eletronic levels have been also observed. However, these
eletronic levels show a small dispersion in the band structure
(see Figs. 1 (c) and (f)). Here we observe how important is
the used of a non local approximation to calculate exchange
term in DFT. The use of HSEO6 not only gives a more re-
liable value of the band gap for semiconductor systems, but
also using HSEO6 we obtained a greater energy separation be-
tween the occupied (spin up) and the empty (spin down) elec-
tronic states as compared to the GGA calculations. In fact,
for germanane the GGA functional indicated that when there

is a fivefold coordinated Ge atom the system presents a half
metallic characteristic.

(@ SiH (b) SiH+H

4 4 - 4 ——
N/ H 2
3 - 3+ R S RS T

Fig. 1 (Color online) Electronic band structures for silicane
[(a)—(c)] and germanane [(d)—(f)]. Parts (a) and (d) refer to the
pristine system while the other panels represent the systems with
lack [(b) and (e)] or excess [(c) and (f)] of hydrogen. The Fermi
energy is represented by a trace (red) line. Continuous and point
lines represent the spin up and spin down sub—bands, respectively.

When a nitrogen atom substitutes a Si:H (Ge:H) unit in sil-
icane (germanane), the number of electrons does not change.
In this case, three of the five electrons from the N atom form
three stable bonds with Si (Ge) atoms, the other two elec-
trons give rise to a localized state resonant with the valence
band. The N-Si and N-Ge bond distances are 1.87 and 2.01
A for N-doped silicane and germanane, respectively. The cal-
culated formation energies are 0.72 and 1.45 eV, respectively.
The smaller formation energy for N—doped silicane is in ac-
cordance with the greater stability for SizN4 bulk system as
compared to the GezNy.*! The band gap value of the N-doped
systems decreases when compared to the pristine systems, as
can be noticed when we compare Fig.s 2 (a) and 2 (d) with

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-8 |3



Physical Chemistry Chemical Physics

Fig.s 1 (a) and 1 (d) for silicane and germanane, respectively.

We can also observe that for N—doped silicane, the band
gap changes from indirect (pristine system) to direct in the I'
point. The smaller covalent radius of the impurity (N) as com-
pared to the host (Si) atom compresses the N—Si bond lengths
with respect to the original Si—Si distances. The Si neighbors
to the impurity relax inward by 0.06 A . An increasing in the
Si—Si bond lengths decreases the Si—Si bond strengths and the
empty states shift to lower energies, reducing the band gap.
This shift is greater in the I" point as compared to other points
(mainly for the M point) leading the CBM to be localized in
the I" point. The analysis of the charge density in the I" point
for the CBM, Fig. 3 (a), shows that it is mostly localized in the
N atom and in the three Si (Ge) nearest neighbors. As can be
observed in Figure 3 the electronic charge distribution is de-
localized, in accordance with the great (around 1.45 eV) dis-
persion of the lowest unoccupied crystalline orbital (LUCO).
Similar results are observed for the LUCO in N—doped ger-
manane. We can also notice that the electronic state is mostly
an anti-bonding state, there is no charge density between the N
impurity and the three neighbors Si (Ge) atoms. The changes
in the band gap due to a stretching in the Si—Si bonds have
also been observed for silicane under strain.*?

When a H atom is adsorbed on the N impurity the Si-N
and Ge-N increase to 2.03 and 2.14 A, respectively. The elec-
tronic band structures show that now the systems are metallic,
see Fig.s 2 (b) and (e). To understand these metallic charac-
teristics we have to analyze the total and projected electronic
density of states (DOS and pDOS) for the occupied states. We
observe that Ng;_g (Ng.—pg) gives rise to a localized peak in
the DOS resonant with the valence band, approximately 1.0
eV from the VBM. This state is doubly occupied and localized
in the N atom. Two electrons from the N atom form this state
and the other three electrons complete the bonds with the near-
est Si (Ge) atoms, as already discussed before. When the ad-
sorbed H atom bonds to the impurity a strong N—H bond forms
with a bonding (doubly occupied and resonant in the valence
band) and an anti-bonding state (empty and resonant with the
conduction band). To form these states the N-Si (N-Ge) bond
strength decreases and the CBM shifts to lower energies (see
Fig.s 2 (b) and (e) for silicane and germanane, respectively).
To form the N-H bond one of the two electrons from the lo-
calized state bonds to the H atom and the other electron will
occupy the CBM, leads to the system’s metallic characteris-
tics.

The calculated formation energy shows that the adsorption
of H atom is energetically unfavorable for silicane but favor-
able for germanane. The formation energy of the system in-
creases by 0.09 eV and decreases by 0.37 eV for silicane and
germanane, respectively. These results indicate that in H at-
mosphere Ng; is stable while Ng, is unstable, in accordance
with the greater stability for the Si:N structures as compared

E-E, (V)

E-E, (V)

Fig. 2 (Color online) Electronic band structures for N-doped
silicane [(a)-(c)] and N-doped germanane [(d)-(f)], respectively.

to similar Ge:N structures.

The same energetic trend is observed when a second H atom
is adsorbed on the N atom. The formation energy increases by
0.75 eV for silicane and decreases by 0.42 eV for germanane
and there are some threefold coordinated atoms. For N-doped
silicane, two of the N—Si bonds are broken (the N-Si distances
are 2.80 A). The N atom bonds with a Si (bond lenght of 1.76
A) and two H (bond distances of 1.01 A). For germanane the
scenario is quite different. We observed that only one N-Ge
brokes (the N—Ge distance is 3.14 A) and the N atom is four-
fold coordinated, bond with two Ge (bond distances of 2.10 A)
and two H atoms (bond distances of 1.04 A). For both materi-
als the electronic band structure presents semiconductor prop-
erties with defective electronic states inside the band gap. An
analysis of the charge density localization for these defective
states as well as the pDOS shows that these defective levels
comes from the threefold coordinated Si (Ge) atoms.

We checked whether the adsorption of H atoms by the Si
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(a) (b) ()

Fig. 3 (Color online) Isosurfaces of the electronic charge density for
electronic states for N—doped silicane. Pannel (a) represent the
CBM for Ng; while pannel (b) and(c) are the VBM and CBM when
H atoms are adsorbed in two Si atoms near the N impurity. Great
(blue) and small (white) balls represent Si and H atoms,
respectively. The N atom is represented by the cyan ball and the
charge density isosurface (in green) used is 0.02 e/A3.

(Ge) atoms with a dangling bond could stabilize the defect.
In fact, our first principles calculations have show that the ad-
sorption of more two H atoms (one in each Si or Ge atom near-
est to the N atom) is energetically favorable and the defective
systems with adsorbed H atoms stabilize. The formation en-
ergies for these defects are -0.86 eV and -0.22 eV for silicane
and germanane, respectively. The negative values indicate that
this defect is thermodynamically stable, an exothermic pro-
cess. However, as we have already shown in the methodology
section the formation energies depends on the chemical poten-
tial used for the impurity. By using the N chemical potential
for Si (Ge) from the SizN4 (Ge3Ny) bulk structure in a Si (Ge)
rich growth condition we have to add the heat of formation
of these structures to derives the chemical potential for the N
impurity. In fact, by using the chemical for the N atom from
Si3Ny4 (Ge3Ny) the calculated formation energy for the N im-
purity with two H adsorbed to saturate the dangling bonds is
1.01 (-0.31) eV for silicane (germanane). In this case, we ob-
serve that this defect is not an exothermic process for silicane
but it still is for germanane. The changes in the formation en-
ergies are again in accordance with the fact that the calculated
heat formation for Si3Ny is negative (a thermodynamic stable
system) while for Ge3Ny the calculated heat of formation is
positive (a thermodynamic unstable system). The electronic
band structures show that both materials are semiconductor
with a direct band gap, see Fig.s 2 (¢) and (f). In Figure 2 we
can also notice that the symmetry of the VBM decreases (the
degenerescence breaks). For silicane, the band gap is 2.98 eV
and direct in the I point while for germanane the band gap is
smaller, 1.97 eV. The greater values for the band gap when H
atoms are adsorbed are in agreement with the increase in the
Si—Si and Ge—Ge bond strength near the defect. In Fig. 3 (b)
and (c) we show the electronic charge density of the VBM and
CBM in I' point for silicane. We can observe that these states

are delocalized but with different symmetry. The VBM is a
bonding state (the charge density is mainly localized in the
vicinity of the impurity) while the CBM is an anti-bonding
state and the contribution from the N impurity is neglegible.
We can also notice that the two bi-hydrogenated Si atoms,
which are in a tetrahedral symmetry, does not contribute for
the VBM and CBM. The VBM and CBM split from the pris-
tine systems due to a lower symmetry.

When a B atom substitutes a Si:H (Ge:H) unit in silicane
(germanane), the three electrons from the B atom form three
stable bonds with the nearest neighbors Si (Ge) atoms. The
B-Si (B-Ge) bond distances and the calculated formation en-
ergies are 2.08 (2.16) A and 1.88 (2.05) eV, respectively. The
doped system presents an empty state in the band gap, as can
be seen in Fig.s 4 (a) and (c). The analysis of the electronic
charge densities (I" point) for these states (also indicate in Fig-
ure 4) shows that for germanane the charge density is localized
in the impurity while for silicane there are contributions from
the impurity and the three nearest Si atoms.

(@  Bgn (®)  Bs;

A

[}

EE, (V)
o

Fig. 4 (Color online) Electronic band structures for B-doped
silicane [(a) and (b)] and germanane [(c) and (d)], respectively. In
this Figure we also show the isosurface of the electronic charge
density for the CBM. The isosurface (in green) used is 0.02 e/A3.

Adsorbing an H atom a strong H-B bond forms. The B
atom relax outward by 0.1 A, increasing the B-Si and B-Ge
to 2.09 and 2.17 A, respectively. The calculated formation
energies indicate that the H adsorption stabilizes the system
for both the materials. We have obtained formation energies
of 1.17 and 1.09 eV for silicane and germanane, respectively.
The analysis of pDOS shows that the new level in the band
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structure, at approximately 2.2 eV below the VBM (see Fig.s
4 (b) and (d)) comes from the H-B bond. To form this doubly
occupied bond an electron (hole) is removed (created) from
(in) the VBM. Due to the high doping concentration the Fermi
energy enters in the valence band, giving a metallic character-
istics to the system, see Fig.s 4 (b) and (d). In a more realis-
tic situation (low concentration of impurities) the metallicity
must disappear and the system with a B impurity must be a
p-type semiconductor. We can also observe that the main fea-
tures of the CBM is preserved. In Figure 4 we also show the
isosurface of the electronic charge density for the CBM when
a B atom substitutes a Si or Ge atom. As can be noticed the
CBM is delocalized and very similar to the pristine system.

The adsorption of a second H atom by the B impurity low-
ers the formation energies, the calculated formation energies
are 0.68 and 0.79 eV for silicane and germanane, respectively.
However, we have obtained two almost degenerated configu-
rations for these defects, which are shown in Figure 5. The
energy difference between the two configurations are 0.11
and 0.09 eV for germanane and silicane, respectively. In the
metastable configuration (parts (b) and (d)) the two adsorbed
H bond with the B atom, which is fivefold coordinated. The
B-Si (B—Ge) bond lenght increases by 0.13 (0.18) A, decreas-
ing the bond strenght between the B atom and the nearest Si
(Ge) neighbors. In the most stable configuration (parts (a) and
(c)) the B impurity and one Si (Ge) increase their relative dis-
tance significantly while the distance to other Si (Ge) neighbor
almost unchanges; at same time the adsorbed H moves onto a
bond center (BC) position, thus avoiding the formation of dan-
gling bonds.

It is worth pointing out that the presence of a H atom in
the BC (“bridge configuration™) and the bond stretching was
already observed for the excited state in Si nanoparticles.*
The bond stretching in the surface of Si nanoparticles** and
in Si nanosheet® gives rise to localize states (“trapped exci-
tons”) in the extremum of valence and conduction bands and
are used to explain the photoluminescent properties in these
nanomaterials. Details were shown in previous works. *34*

In Figure 6 we can notice that in both configurations the
CBM moves to lower energies and independently of the con-
figuration the systems are semiconductor with a direct band
gap in the I point. The band gaps for silicane (germanane)
are 2.44 (1.43) and 2.36 (1.22) eV, for the bridge and the
metastable configuration, respectively. In Figure 6 we also
show the electronic charge density for the CBM (I" point) for
the two geometric configurations. As can be observed, in the
bridge configurations the CBM mainly comes from the two
atoms of the bridge while in the metastable configuration the
CBM mostly comes from the two atoms Si (Ge) atoms bonded
with the fivefold coordinated B atom.

It is worth pointing out that our first principles calcula-
tions for the N and B impurity indicate that these impurities

(b)

B fivefold

(d)

B fivefold

Fig. 5 (Color online) Sketching of the two possible configurations
when two H atoms are adsorbed on the Bg; [panels (a) and (b)] and
Bg. [panels (c) and (d)], respectively.

have lower formation energies in silicane and germanane as
compared to graphane.’ Similar to graphane the N-doped (B-
doped) shifts the Fermi energy into the CBM (VBM) giving
n-type (p-type) properties to these two 2D systems. We have
also noticed that these impurities have similar formation ener-
gies in hydrogenated and non hydrogenated Si and Ge 2D sys-
tems. We have obtained formation (binding) energies of 0.34
(-5.35) eV and 0.56 (-3.99) eV for Bg; and Ng;, respectively.
These binding energies are in accordance with the calculated
values by Sivek et al. |7 where the local density approximation
(LDA) was used. For germanene the formation (binding) en-
ergies are 1.28 (-4.56) and 1.41 (-3.30) eV for Bg, and Nge,
respectively. The higher (lower) formation (binding) energies
indicate that the impurity is more likely in silicane then ger-
manane.

The electronic and optical properties of B absorbed in sili-
cane (Bg;) have already been studied by Pi ez al. 46 within the
GGA approximation. They observed that the Fermi energy
enters in the valence band and the band gap changes from
indirect to direct. Our GGA calculations show that the en-
ergy difference between direct (in the I" point) and indirect
band gap for a boron concentration of 5.6 % is negligible, in
agreement with their calculations. However, when the elec-
tronic band structure is obtained using the HSE06 functional
we obtained an indirect band gap; see Fig. 4 (b). The energy
difference between direct and indirect band gap is 0.09 eV
and the charge density analysis for the CBM (in the M point)
shows that CBM is delocalized and very similar to the pristine
system (see Fig. 4 (b)). However, for N—doped the impurity
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Fig. 6 (Color online) Electronic band structures for the adsorption
of two H atoms on B—doped silicane [(a) and (b)] and germanane
[(c) and (d)], respectively. Panels (a) and (c) represent the band
structures for the most stable configuration while panels (b) and (d)
are the band structures for the metastable configuration. In this
figure we also show the isosurfaces of the electronic charge density
for the CBM. The isosurface (in green) used is 0.02 e/A3.

changes the CBM characteristics (the CBM is mainly local-
ized in the impurity and in the three neighbors atoms) and a
direct band gap is observed. For functionalized silicene and
germanane with other chemical species adsorbed (for example
fluorinated silicene and germanane) the same trend in the elec-
tronic properties are expected. However, we have to consid-
ered that the band gap depends on the chemical atomic specie
adsorbed. For example for fluorinated system the band gap
are smaller than the hydrogenated systems while the binding
energies are greater,>>-3% then certainly the formation energies
must increase and the localization of the defective electronic
levels (inside the band gap or resonant with the valence and
conduction bands) depends on the band gap value.

4 Conclusions

Our first principles calculations have been showed that the
chemical doping of silicane and germanane by N and B impu-
rity is a powerful feature to functionalize these nanostructures.

We have found that these impurities have lower formation en-
ergies in Si and Ge 2D systems as compared to their counter-
parts in graphane. When H atoms are adsorbed on the N im-
purity this defect stabilizes. The N impurity stretches the Si-Si
(Ge-Ge) bond decreasing the band gap value and for silicane
the band gap changes from indirect to direct (in the I" point).
Bsig and Bgey give rise to a localized electronic state in the
band gap. The adsorption of one H atom by the impurity (B or
N) leads silicane and germanane with p (B impurity) and n (N
impurity) semiconductor properties. However, the adsorption
of a second H atom stabilizes the system and both materials
present direct band gap in the I point.
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