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DOI: 20.1039/x0xx00000% When silicene is passivated by hydrogen, a bandgap occurs so that it becomes a

semiconductor. Analogous to all the other semiconductors, doping is highly desired to realize
the potential of hydrogen-passivated silicene (H-silicene). In the frame work of density
functional theory (DFT), we have studied the doping of H-silicene with boron (B) and
phosphorus (P). The concentration of B or P ranges from 1.4% to 12.5%. It is found that the
doping of B or P enables the indirect-bandgap H-silicene to be a semiconductor with a direct
bandgap. With the increase of the concentration of B or P, both the valence band and
conduction band shift to lower energies, while the bandgap decreases. Both B and P doping
lead to the decrease of the effective mass of holes and electrons in H-silicene. For both B- and
P-doped H-silicene a subband absorption peak may appear, which blueshifts with the increase

www.rsc.org/nanoscale

of the dopant concentration.

Introduction

Silicene, a novel two-dimensional graphene-like analogue for
silicon (Si), has attracted great interests since it was
successfully synthesized a few years ago.'® Silicene owns a
series of fascinating characteristics such as massless Dirac
Fermions, quantum Hall effect and compatibility with Si-based
nanoelectronics.”"! It is now quite compelling that silicene may
open a new path for the development of next-generation
devices.">'* Similar to graphene, silicene is a semimetal
without a bandgap. To realize the full potential of silicene in all
kinds of device structures, it is widely believed that a bandgap
should be generated for silicene.'*'® Up to now, hydrogenation
has been an effective means to cause silicene to have a
bandgap.?* It has been shown that hydrogenated silicene (H-
silicene) is an indirect-bandgap semiconductor. Its bandgap is ~
3.8 eV.? Since density functional theory (DFT) usually
underestimates the bandgap of a semiconductor, the bandgap of
H-silicene reported in the work carried out in the framework
DFT with local density approximation (LDA) or generalized
gradient approximation (GGA) is often ~ 2.2 eV 2%

It is well known that semiconductors need to be doped for a
variety of applications. As a novel semiconductor, H-silicene
should also be doped to advance the development of H-silicene-
based devices.>>?’ For all kinds of semiconducting Si materials
such as bulk Si,?®?° Si nanowires®® 3! and Si nanocrystals,32'35
B and P have been the most important p- and n-type dopants,
respectively. One may expect that B and P may also effectively
dope H-silicene. However, it is now not clear how B and P
exactly influence the electronic and optical properties of H-
silicene when they are doped into H-silicene.

This journal is © The Royal Society of Chemistry 2013

In this work, we investigate the electronic and optical
properties of B- and P-doped H-silicene within the frame work
of DFT. The band structures and optical absorption are
calculated for B- and P-doped H-silicene with the dopant
concentration ranging from 1.4% to 12.5%. It is found that the
doping of B or P enables the indirect-bandgap H-silicene to be
a semiconductor with a direct bandgap. In the meantime, the
effective mass of holes or electrons in H-silicene may be
reduced by doping. Interestingly, for both B- and P-doped H-
silicene the effective mass of holes is always smaller than that
of electrons. Finally we find that for both B- and P-doped H-
silicene, a subband absorption peak may appear in the low
energy region, which blueshifts with the increase of the dopant
concentration. The interband absorption shows akin tendency
for both B- and P-doped H-silicene.

Model and method

Figure 1 representatively shows an optimized structure of B- or
P-doped H-silicene with top and side views. A 6 X 6,4 x 4,3 x
3, or 2x2 H-silicene supercell is constructed with one Si atom
replaced by a B or P atom. This causes the concentration of B
or P in H-silicene to be 1.4%, 3.1%, 5.6% or 12.5%,
respectively. The distance between two adjacent H-silicene
layers in each model is set as 20 A to avoid image-
image interaction. We should note that B and P atoms may
form a variety of atomic configurations such as aggregates
when their concentrations are rather high, as demonstrated by
Yang et al*® in their work on chlorine-passivated graphene. In
this work we have avoided extensive investigation on the
relative positions of dopants in H-silicene due to the constraint
of our computational capacity. All the calculations of energy,
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electronic and optical properties are performed by DFT, which
is implemented in the Vienna ab initio simulation package
(VASP) with the projector-augmented wave (PAW) method.””
% The Perdew-Burke-Ernzerhof (PBE) correlation exchange
functional at the GGA level is adopted. The two-dimensional
Brillouin zone is sampled with a T'-centered (11x11x1)
Monkhorst-Pack  k-point grid in structural relaxation
calculations.®® All the calculations are carried out until the
change in energy and the force on each atom are less than 1x10
6 eV per cell and 1x107 eV/A, respectively. Please note that
DFT calculations usually underestimate the bandgaps of
semiconductors by ~ 1 — 2 eV because of quasiparticle and
excitonic effects.*” ! However, the relative order for the
bandgaps is not affected by the underestimation.*’

| | JiN|
¢ i & al &

Fig. 1 Optimized structure of 4x4 H-silicene doped with B/P at
the concentration of 3.1%. Both top and side views of the
doped H-silicene are shown. Si, H and B/P atoms are denoted
by green, white and blue balls, respectively. The unit cell of the
structure is indicated by dashed lines.

The optical absorption of an undoped or P-doped H-silicene
is derived from the in-plane frequency (w)-dependent dielectric
function (¢ (w)). The imaginary part of ¢ () is calculated by a
summation over empty conduction band states using the
equation:*?

am?e?

i . 1
E(llﬁ ((1)) = Thmq_,o q_zzf,i,k 2Wk6(6fk — €k — (1)) X

N
uik> s

where the index a or f refers to one Cartesian component of the
3 x 3 Cartesian tensor; i and f refer to the initial and final
electron transition states, respectively; Q is the volume of the
primitive cell; u; (uy) is the cell’s periodic part of the orbitals
at the k-point k; e is the unit vector for each of the three
Cartesian directions. The optical absorption in an isolated sheet
is then obtained by using*?

ey

(ufk+eaq |”ik) <”fk+e5q

Alw) =2 L&l (w), @
where c is the speed of light, L is the distance between adjacent
atomic layers. Here only in-plane wave vectors are considered.
A (11x11x1) Monkhorst-Pack k-point grid is adopted and the
number of bands is doubled with respect to the VASP default in
the calculation to get a reasonable result. However, we should
note that the final state in equation (1) should be completely
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empty. If a band is partially filled with electrons, it can only be
regarded as the initial state of the transition of an electron,
rather than the final state of the transition of an electron.*?

Results and discussion

Figure 2 shows the band structures of B- or P-doped H-silicene.
It is seen that when H-silicene is doped with B or P, it becomes
a direct-bandgap semiconductor. Both the valence band
maximum (VBM) and conduction band minimum (CBM) of B-
or P-doped H-silicene appear at the I' point. Please note that
although the bands are folded when a large supercell is used to
calculate the band structure of B- or P-doped H-silicene, the
valence band and conduction band of doped H-silicene are not
affected by the band-folding. This is because no folding points
appear in these bands at the high symmetry point of I', M or K.
For B (P)-doped H-silicene, the Fermi energy level enters the
valence (conduction) band when the concentration of B (P) is
1.4% (Fig. 2 (a) and (e)). This indicates that H-silicene is
heavily doped even if the lowest dopant concentration of 1.4%
is used in the current work. With the increase of the
concentration of B up to 12.5%, the difference in energy
between the Fermi energy level and VBM of B-doped H-
silicene becomes larger (i.e., 0.02 — 0.48 eV). The difference
in energy between the Fermi energy level and CBM changes
from 0.13 to 0.79 eV when the concentration of P increases
from 1.4% to 12.5%. It has been shown in previous work that
H-silicene is an indirect-bandgap semiconductor.?>*? The VBM
of H-silicene appears at the I" point, while the CBM appears at
the M point. The difference in energy between direct-bandgap
and indirect-bandgap of H-silicene is ~ 0.21 eV.”' For H-
silicene doped with B at the concentrations of 1.4% - 12.5%,
the energies of the direct bandgap and indirect bandgap are
quite close (< 0.47 eV). However, the difference in energy
between the direct bandgap and indirect bandgap of P-doped H-
silicene varies from 0.13 to 0.80 eV when the concentration of
P increases from 1.4% to 12.5%. This implies that P doping
more seriously modifies the band structure of H-silicene.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Band structure of H-silicene doped with B at the
concentration of (a) 1.4%, (b) 3.1%, (c¢) 5.6% or (d) 12.5%.
Band structure of H-silicene doped with P at the concentration
of (e) 1.4%, (f) 3.1%, (g) 5.6% or (h) 12.5%. The Fermi energy
level is indicated by a horizontal dashed line. The difference in
energy between the Fermi energy level and VBM (CBM) of B
(P)-doped H-silicene is indicated. The conduction band of H-
silicene doped with B at the concentration of (a) 1.4%, (b) 3.1%
or (c) 5.6% is enlarged along I'—>K to facilitate the
visualization of the direct bandgap.

The variations of the VBM, CBM and Fermi energy with the
dopant concentration for B- or P-doped H-silicene are shown in
figure 3 (a) and (b). We can see that the VBM, CBM and Fermi
energy all decrease as the concentration of B increases (Fig.
3(a)). However, the CBM more significantly decreases than the
VBM, resulting in the decrease of the bandgap of B-doped H-
silicene from 2.10 to 1.92 eV when the concentration of B
increases from 1.4% to 12.5% (Fig. 3 (c¢)). For P-doped H-
silicene, with the increase of concentration of P, both the CBM
and VBC decrease, while the Fermi energy increases. Since the
CBM more significantly decreases than the VBM, the bandgap
of P-doped H-silicene decreases from 1.97 to 1.69 eV when the
concentration of P increases from 1.4% to 12.5% (Fig. 3 (d)). It
is clear that P slightly more seriously reduces the bandgap of H-
silicene than B does when they are doped with the same
concentration (Fig. 3 (c¢) and (d)). Due to the Burstein-Moss
effect,* an effective bandgap that corresponds to absorption
onset is always larger than the bandgap for a heavily doped
semiconductor. The effective bandgap is in fact the difference
between the CBM (VBM) and the first energy level below
(above) the Fermi energy level for B (P)-doped H-silicene. The
changes of the effective bandgap with the dopant concentration

This journal is © The Royal Society of Chemistry 2012
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for B- and P-doped H-silicene are shown in figure 3 (c¢) and (d),
respectively. In contrast to the bandgap, the effective bandgap
increases as the dopant concentration increases for B- or P-
doped H-silicene. In the meantime, we may notice that the
effective bandgap of P-doped H-silicene is smaller than that of
B-doped H-silicene when the dopant concentration is the same.
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Fig. 3 Variation of the valence band maximum (VBM),
conduction band minimum (CBM) and Fermi energy with the
dopant concentration for H-silicene doped with (a) B or (b) P.
Variation of the bandgap and effective bandgap with the dopant
concentration for H-silicene doped with (c) B or (d) P. The
bandgap of undoped H-silicene (2.2 eV) is indicated by a
horizontal dashed line.

Although H-silicene has a bandgap, the linear Dirac cone of
the original silicene disappears. Therefore, the effective mass of
holes or electrons in H-silicene is quite large (mMF = 2.63m,,
mY¥K = 0.19m,, miM = 0.81m, and mLX = 0.78m,, where
my is the free electron mass )?!. Our current work demonstrates
that the effective mass of holes or electrons in H-silicene may
decrease to some degree after doping. We have calculated the
effective mass m" of holes (electrons) at the VBM (CBM) for
H-silicene doped with B or P by using®

m* = h2 (3275)_1. 3)

When the slightly anisotropic dispersion of £ for the VBM and
CBM at the T'" point is ignored, the average values of the
effective mass of holes (my,) or electrons (m;) in H-silicene
doped with B and P with concentrations of 1.4% - 12.5% are
readily obtained, as shown in figure 4. For B-doped H-silicene,
both m; and m; decrease as the concentration of B increases
from 1.4% to 5.6%. When the concentration of B further
increases to 12.5%, the mj, and mg increase again. The values
of mj, and m; are the smallest for B-doped H-silicene when the
concentration of B is 5.6% (mj, = 0.19 my, my = 0.19 my). This
indicates that a relatively larger carrier mobility may be
achieved when the concentration of B is 5.6%. For P-doped H-
silicene, m; monotonously decreases as the concentration of P
increases, while mj, increases when the concentration of P
increases from 1.4% to 5.6% and decreases as the concentration
of P further increases. The smallest values of mj, and mj can be
obtained for P-doped H-silicene when the concentration of P is
12.5% (mj, = 0.17 moy, my = 0.21 my) in the current work. The
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values of mj, and m; of P-doped H-silicene are smaller than
those of B-doped H-silicene when the dopant concentration is
the same, except for the case of the dopant concentration of
5.6%. Interestingly, the value of my, is always smaller than that
of my for both B- and P-doped H-silicene with the same dopant
concentration. This is in contrast to what occurs for bulk silicon.
If we assume that the average scattering time of holes is similar
to that of electrons, the carrier mobility of holes should be
larger than that of electrons in B- or P-doped H-silicene.

14
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Fig. 4 Variation of the effective mass of electrons (m;) and

holes (mj,) with the dopant concentration for H-silicene doped
with (a) B or (b) P.

Now we move to discuss the optical absorption of doped H-
silicene. Figure 5 (a) shows the absorption spectra of undoped
and P-doped H-silicene. For undoped H-silicene, the absorption
spectrum shows an absorption onset at ~ 2.18 eV, which is
consistent with the bandgap of H-silicene. For P-doped H-
silicene, a subband absorption peak occurs in the low-energy
region. The energy of the subband absorption is shown in figure
5 (b). The subband absorption results from electronic transition
involving P-induced energy levels near the CBM. The optical
absorption feature of P-doped H-silicene can be interpreted by
the eigenvalues E, (k) of the Kohn-Sham equation in the
Brillouin zone. The absorption peak occurs at a critical point,
where E,(k) and E,(k) have the same slope, i.e.,*

V[E, (K) — En(K)] =0, “
where the indices » and n' indicate the initial and final electron
transition states, respectively. The subband absorption peak of
P-doped H-silicene corresponds to the transition of an electron
from the CBM to the first energy level above the Fermi energy
level at the I' point (T;—T,), as shown in figure 6. In addition
to the subband absorption, band-edge absorption can also be
observed for P-doped H-silicene in the high energy region. The
band-edge absorption onset corresponds to the transition of an
electron from the VBM to the first energy level above the
Fermi energy level at the I" point (T(—T,), which has also been
indicated in figure 6. The energy for the To—T, transition is
actually equal to the effective bandgap (Fig. 3 (d)). However,
for B-doped H-silicene, because of the limitation of equation (1)
the partially filled valence band cannot be regarded as the final
state of the transition of an electron. This disables us to
calculate the optical absorption of B-doped H-silicene.

4| J. Name., 2012, 00, 1-3

Nevertheless, we may figure out the subband absorption peak
and band-edge absorption onset through the band structure of
B-doped H-silicene, analogous to what is learnt in the case of
P-doped H-silicene.

Figure 5 (b) shows the variation of the subband absorption
peak with the dopant concentration for B- or P-doped H-
silicene. It is seen that for both B- and P-doped H-silicene the
subband absorption peak blueshifts as the dopant concentration
increases. This results from the fact that the Fermi energy level
more deeply enters the valence (conduction) band of doped H-
silicene as the concentration of B (P) increases (Fig. 2). The
energy of the subband absorption increases from 0.16 (0.26) to
0.79 (0.75) eV when the concentration of B (P) increases from
1.4% to 12.5%. For a dopant concentration between 1.4% and
5.6% the Fermi energy level more deeply enters the conduction
band of P-doped H-silicene than it enters the valence band of
B-doped H-silicene. Therefore, the subband absorption peak of
P-doped H-silicene blueshifts compared with that of B-doped
H-silicene when B and P are doped with the same concentration
in the range from 1.4% to 5.6%. However, the subband
absorption of B- and P-doped H-silicene peaks at similar
energies when B and P are doped with the rather high
concentration of 12.5%. This is because the decrease of the first
energy level below the Fermi energy level of B-doped H-
silicene is more than the increase of the first energy level above
the Fermi energy level of P-doped H-silicene when the dopant
concentration is 12.5%. It is clear that the optical absorption is
enhanced in the energy region from 0.2 to 0.8 eV for B- or P-
doped H-silicene compared with that for undoped H-silicene.
Given the fact that GGA calculations may underestimate the
bandgap of B- or P-doped H-silicene by ~ 1 -2 eV, the
enhanced optical absorption should be helpful if solar cells are
prepared by using doped H-silicene.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 (a) Optical absorption spectra of undoped H-silicene and
H-silicene doped with P at the concentration of 1.4%, 3.1%, 5.6%
or 12.5%. The band-edge absorption onset is indicated by an
arrow. (b) Variation of the energy of the subband absorption of
B- or P-doped H-silicene with the dopant concentration.
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Fig. 6 Part of the band structure of H-silicene doped with P at
the concentration of 1.4%, 3.1%, 5.6% or 12.5%. The Fermi
energy level is indicated by a horizontal dashed line. The
electron transitions that correspond to interband absorption
onset and sub-band absorption peak are shown as Ty — T, and
T; — T,, respectively.

Conclusion

We have investigated the electronic and optical properties of B-
or P-doped H-silicene. It is found that the doping of B or P
enables the indirect-bandgap H-silicene to be a direct bandgap
semiconductor. The Fermi energy level enters the valence
(conduction) band of B (P)-doped H-silicene when the dopant

This journal is © The Royal Society of Chemistry 2012
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concentration varies from 1.4% to 12.5%. The effective mass of
holes and electrons in H-silicene can be reduced by doping. In
contrast to traditional bulk silicon, the value of mj, is always
smaller than that of m; for both B- and P-doped H-silicene.
With the increase of the concentration of B or P, both the CBM
and VBM shift to lower energies. However, the CBM more
significantly decreases than the VBM, resulting in the decrease
of the bandgap of B- or P-doped H-silicene. For both B- and P-
doped H-silicene a subband absorption peak appears, which
blueshifts with the increase of the dopant concentration. The
theoretical insights gained in the current work should help to
advance the development of silicene-based devices in the future.
For instance, the direct bandgap B- or P-doped H-silicene may
not only enable the preparation of solar cells by using doped H-
silicene, but also render promise for the use of doped H-silicene
in light-emitting devices.
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