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Optical Properties of P and Al doped Silicene : A First Principles
Study

Ritwika Das, Suman Chowdhury, Arnab Majumdar’ and Debnarayan Jana*

Here we study the optical properties of two dimensional pure as well as doped buckled silicene nanosheet using density func-
tional theory in the long wavelength limit. Optical properties are studied by varying the concentration of substituted Aluminium
(Al), Phosphorus (P) and Aluminium - Phosphorus (Al-P) atoms in silicene nanosheet. It has been observed that unlike graphene,
no new electron energy loss spectra (EELS) peak occurs irrespective of doping type for parallel polarization. But for perpendic-
ular polarization two new small yet significant EELS peak emerge for P doping. The origin of these new EELS peak may be
explained through the buckling effect of stable silicene. In addition, the calculations have revealed that the maximum values of
the absorption coefficient of the doped system are higher than the pristine one. The study on reflectivity modulation with doping
concentration has indicated the emergence of some strong peak having robust characteristic of doped reflective surface for both
polarizations of electromagnetic field. Moreover, for all doped systems, the reflectivity modulation is restricted to low energy
(< 4 eV) and high energy (> 8 eV) for parallel and perpendicular polarization respectively. Although no significant changes
are noticed in the maximum values of optical conductivity with doping concentration in perpendicular polarization, however, a
sudden jump appears for Al-P codoped system at 18.75% doping concentration. All these theoretical observations are expected
to shed light in fabricating opto-electronic devices using silicene as the block material.

have indicated the appearance of characteristic of Raman G-
like peak® between 570-575 cm~!. In fact, recently theoreti-
cal DFT based calculations have pointed out the importance of
tip enhanced Raman spectroscopy (TERS) to characterize the
buckling distortion in silicene 1. The electron transport prop-
erties of silicene is found to be similar to that of the graphene !'.
Also silicene has an added advantage over graphene that it can
be easily interfaced/integrated with the present micro or na-
noelectronic devices. It is interesting to note that planar sil-
icene is gapless analogous to zero-mass like Dirac fermions
while optimized buckled silicene structure shows a bandgap of
25 meV at K point from local density approximation (LDA)
calculations '2.  Moreover, the charge carriers in such a sys-
tem can move with less scattering. The compatibility of sil-
icene has also been proved both theoretically and experimen-
tally>!3-1517-29  The band structure of silicene is found to be
similar to that of the graphene!”. Although free standing sil-
icene is still difficult to be synthesized till date, however, it has
been grown successfully on several metal surfaces such as sil-
ver (Ag)". Besides, silicon sheets have been synthesized '°
from chemical exfoliation of hexagonal layered structure cal-
cium disilicide (CaSiy).

The ionic radii of Si is larger than C. So sp> hybridization is
favourable in silicene than sp? hybridization in graphene. As
a consequence, a mixing of sp”> and sp> hybridization in sil-

1 Introduction

In the world of nanaomaterials having at least one dimension
in the nanometre scale and only one dimension is restricted, we
get a layered shape or 2D nanomaterials. Naturally, size as well
as dimensionality are the two important parameters apart from
the material in tailoring the physical properties of materials.
Recently, scientists are searching for intriguing 2D layered ma-
terials having properties better than graphene > which could
easily be integrated to the current nanoelectronic industry. All
these layered structures possess strong in-plane bonding while
weak van der Waal (vdW) bonding in a direction perpendicular
to the plane>. Being a zero band gap material, graphene is not
compatible with nano-electronic industry. Beyond graphene,
many 2D inorganic materials such as metal oxides, hydroxides
etc* have been proposed having intriguing physical properties.
Out of these, silicene, a two-dimensional buckled honey-comb
stable structure has emerged as an alternative to graphene?. In
contrast to conventional wisdom of absence of crystalline order
in two dimension©, the stability of these two dimensional crys-
tals78 have been argued on the basis of short range structures
consisting of the transverse atomic displacements. Besides, the

first principles calculations on vibrational properties of silicene  ;...,030 results in buckling!?. The advantage of having buck-
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network of silicene are Aluminium (Al) and Phosphorous (P).
It has two major advantages, one is that the atomic radii of Al
and P are close to that of Si atom, so the lattice deformation is
small due to these kind of doping. Another advantage is, by Al,
P codoping substitution, the system remains iso-electronic. Be-
sides, because of the presence of buckling in silicene in contrast
to graphene, one may expect higher reactivity towards Al and
P. Recently magnetism*>*3 have been demonstrated in silicene
under mono-vacancy, di-vacancy, tri-vacancy and substituted
atoms such as Al and P. In particular, it has been observed*?
that with a single phosphorus atom as the dopant, the spin po-
larized magnetism is zero according to local density approx-
imation (LDA) but non-zero (0.13up) in the generalized gra-
dient approximation (GGA) computation of density functional
theory (DFT). However, for two P atoms in a hexagonal unit
cell, both LDA and GGA give exactly a zero magnetic mo-
ment. While for silicene doped with a single Al, a non-zero
magnetic moment is obtained both by LDA and GGA. Besides,
a significant magnitude of 0.21up is noticed when doped with 2
Al atoms. All these results essentially point out the importance
of Al and P doping in the network of silicene. Besides electron
energy loss spectroscopy (EELS) and optical absorption being
two convenient methods for studying optical properties, EELS
study will indicate towards the effective collective mode (plas-
mon) of excitation of the system. Recently, a prominent change
of EELS of multilayer silicene has been observed with the vari-
ation of thickness of Ag*. In the low energy regime, the
EELS spectra have been calculated for free standing a-silicene
and B-silicene in the framework of semi-empirical tight bind-
ing model*®. In this calculation*®, the associated peaks in the
spectra have been identified with the corresponding electronic
transitions between the various k-points in the band structure.
Recent calculations on monolayer silicene by Mohan et al*’
have pointed out the anisotropic signature in interband transi-
tion in dielectric and EELS study for in plane polarizations and
out of plane polarizations. The intriguing relation between the
absorption spectra and the dielectric function for free silicene
has also been reported in the ab initio calculation®. First prin-
ciples calculations on silicene and other group IV honeycomb
crystals have indicated*® that the optical absorption peaks are
blue-shifted due to quasi-particle corrections. Also, studying
optical properties is very important for designing and charac-
terizing various opto-electronic devices. Motivated by the new
structure of silicene and the important results obtained in the
study of magnetism for single/double Al and P doping/s in its
network, we are interested here to study the optical proper-
ties of doped silicene with various doping concentrations of Al
(AIS), P (PS) and Al-P (AIPS).

2 Computational details

In this work, all the calculations have been performed within
the framework of DFT#*! using the GGA according to the
Perdew-Burke-Ernzerhof (PBE)>? parametrization as imple-
mented in SIESTA >35> code. Here we have used well tested
Troullier - Martin®®, norm conserving pseudopotentials, in
fully separable form of Kleinman and Bylander for silicon. The
double ¢ plus polarized basis set is employed through out the
whole range of the systems. The Brillouin zone (BZ) has been
sampled by using 20 x 20 x 1 Monkhorst-Pack (MP)>7 of k
points. A 300 Ry mesh cutoff has been used for the reciprocal
space expansion of the total charge density. The diagonaliza-
tion method are used to perform all the simulations. For con-
structing the doped system, the Si atoms of the buckled (0.45
A) structure is substituted by Al, P and pair of Al-P atoms.
In the pristine silicene system three types of substituted atoms
concentration have been varied upto 15.62% for AlS and PS
system i.e., 5 dopants in 32 atom supercell. For AIPS system,
the adatom concentration is varied upto 31.25%, i.e., 5 pairs of
of dopant atoms in 32 atom supercell. Throughout the whole
calculation we have considered supercell with 32 Si atoms. All
these doped structures along with appropriate concentrations
are shown in Fig.1. Structures are optimized by minimizing
the forces on individual atoms below 0.02 eV /A using the stan-
dard conjugate-gradient (CG) technique. The convergence cri-
teria for the energy of Self-Consistent Field (SCF) cycle is cho-
sen to be 10™* eV. The typical force convergence of a given
structure with 18.75% co-doping with relaxation time steps is
shown in Fig.2. The specific doping sites for Al, P and Al-P in
the silicene network were chosen by considering the configura-
tion having lowest energy and are consistent with other calcula-
tions3. All the 2D systems are simulated with 15 A of vacuum
in the direction perpendicular to the 2D crystal surface in order
to avoid the artificial interaction between the artificial images
of the 2D sheet. The unit cell of pristine has two Si atoms (A
and B) and the space group is P3m1. After the relaxation pro-
cedure, the Si - Si, Si - Al and Si - P bond lengths are found to
be 2.22, 2.382 and 2.269 A respectively. It is interesting to note
that the geometry of 2D pristine silicene can be visualized as
a bipartite lattice consisting of two interpenetrating triangular
sublattices of silicon atoms. However, because m bonds be-
tween Si atoms are weaker than that of C atoms, the planarity
structure becomes destabilized*® and as a consequence, two Si
planes are buckled with a height of A = 0.4350A4 consistent with
the values available in literature (A = 0.44 —0.45A) as shown
in Fig.3.

The dielectric properties are calculated by using first-order time
dependent perturbation theory. In this procedure dipolar transi-
tion matrix elements between occupied and unoccupied single
electron are computed which is implemented in the SIESTA
code within the formalism of Kohn-Sham (KS)33. To cal-
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culate the optical properties, sufficient numbers of unoccu-
pied states above the Fermi level have been used. The self-
consistent ground state DFT energies and eigenfunctions have
been plugged into the dipolar matrix elements to introduce the
exchange and correlation effect. In this way the imaginary part
of the dielectric function (&) has been calculated. The real
part (&;) is calculated with the help of Kramers - Kronig (KK)
transformation 90! Optical calculations were done by using
10 x 10 x 1 optical mesh and 0.2 eV optical broadening. For
perpendicular polarization, the direction of the electric field is
chosen to be incident perpendicular to the plane of the silicene
nanosheet, whereas for parallel polarization, it is chosen to be
parallel to the plane of the silicene nanosheet.

The modification of the optical properties with respect to three
kinds of impurities have been studied. Optical properties of
any system®>-%* are in general calculated with the help of fre-
quency dependent complex dielectric function : €(®) = & (®)
+ igz(®). The imaginary part is calculated as mentioned ear-
lier with the help of a time dependent perturbation theory in
the simple dipole approximation. In the long wavelength limit
(g — 0) the imaginary part of the dielectric function4-33-35.65
is given by,

2w
&(w)=

Y [k |ar|vg®) P8 (EgE - EYP - w)
W& g Cpve
)]

In the above expression (1), @ is the frequency of the elec-
tromagnetic (EM) radiation in energy unit. € represents the
volume of the supercell and & is the free space permitivity.
CB and VB represent the conduction band and the valence
band respectively. # and 7 denote the polarization vector and
position vector of EM field respectively. The real part and
the imaginary part of the complex dielectric functions are
connected to each other by KK relation.

For calculating the optical properties, & (®) data is produced
by the SIESTA code. Using these set of data, the complex
refractive index (N) of any material can be computed by the
relation N = \/€(®) = n(®) + ik(w),where,

\E +E+g

n(w) = > 2)
\Je2+e2—¢
k(o) = % 3)

The absorption coefficient can be obtained by using the
formula,

2kw
(@) =5

“
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where ¢ represents the speed of light in vacuum and o is in the
energy unit.

The optical conductivity (o(®)) of any material can be calcu-
lated by the relation,

—iw
4r

o(0) = —(e(w) —1) (5)

The real and the imaginary part of the optical conductivity is
respectively given then by,

o= (©)
0= (1-&) %)

The direct measure of the collective excitation is the quantity
called EELS. It is given by the relation L(®w) = Im(—ﬁ) or
in terms of & and &,

=22
& + &

L(o)

Typical energy of the plasmons of a system can be estimated by
looking at the peak positions of any loss function. EELS (L(®))
attain the maximum value when €; (@) — 0 and & (w) < 1. All
the optical property calculations have been performed in the
long wavelength limit ¢ — 0 of EM wave.

®)

3 Results and Discussion

3.1 Formation Energy

Before studying the optical properties of doped silicene, we
have studied the defect formation energy of all the structures.
The defect formation energy per dopant is defined as

Edf = [Ed + nd()peESi - Epris - nd()peEd()pe]

Ndope
Where ng4,p. is the number of dopants, Ey¢, Eq, Esi, Epris and
E4ope represent defect formation energy per dopant, total en-
ergy of the doped system, energy of a single silicon atom, en-
ergy of the pristine silicene system, energy of a single dopant
atom respectively. The defect formation energy for Al and
P atoms are consistent with recent binding energy calcula-
tion from ab-initio calculation for adsorption and absorption
silicene®®. The variation of the defect formation energy per
dopant with defect concentration is illustrated in Fig.4. It is
seen from the figure, that P doping is more stable than Al and
Al-P doping. Also P doping is exothermic in nature, whereas
Al doping is found to be endothermic in nature. The higher
stability of P atoms in contrast can be routed to the fact that P-
Si bond is slightly shorter while Al-Si bond length is larger by
0.1A in compared to Si-Si bond length®. This slight increase
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of Al-Si bond length is due to the lower electronegativity of Al
in compared to Si. Besides, it has been argued®® Al substitu-
tion reduces the buckling of silicene while P doping restores
its buckling character. In fact, P atoms act as acceptors while
Al atoms are donors for silicene. For mixed doping, it is ob-
served that the process is exothermic but at 18.75% co-doping
concentration, it suddenly becomes endothermic.

3.2 Dielectric function

Different optical properties of pristine silicene is depicted in
Fig 5. Fig 5(a) and Fig 5(b) respectively depicted the real and
imaginary part of the dielectric function of pristine silicene with
both parallel (E}) and perpendicular (E ) polarization of the
electric field vector of the external EM field in long wavelength
limit (¢ — 0). The static value of the real part of the dielec-
tric function (& (0)) for pristine silicene is respectively given
as 5.41 and 1.64 for E|| and E, . The structure peaks in & re-
lated to inter-band transitions as observed in Fig 5(b) for par-
allel (E|) and perpendicular (E, ) polarization are situated at
1.01 eV, 3.91 eV, 5.16 eV and 6.18 eV, 8.86 eV respectively.
Some of these peaks (3.91 eV and 8.86 eV) are in agreement
with the observation in LDA based calculations*’. Besides, the
peaks below 3 eV are known*’ to be connected with 7 — 7*
transitions along the M-K while those above 3 eV with 6 — ¢*
along the M-K and I — K directions. The variation of & (0)
with Al, P and Al-P doping concentration is depicted in Fig 6.
In case of E |, for both AlS and PS system, we can observe an
overall increasing tendency, but for AIPS system, we can see
an overall constant behavior. For EH’ in case of AlS system ,
the parabolic shape of the graph is observed. For PS system,
after slight increase, again it starts decreasing and reaches the
minima at 12.50% of doping then again it starts increasing. It
would be interesting to see the behavior for still higher P doping
concentration. For AIPS system of doping, a zigzag behavior is
observed with maximum value at 18.75% co-doping.

3.3 Electron energy loss spectra (EELS)

Electron energy loss spectroscopy (EELS) of pristine silicene is
depicted in Fig 5(d). From the figure it is evident that pristine
silicene has two plasmon peaks in parallel polarization, one is
around 2 eV which is due to 7 plasmon and the other is around
9 eV which is due to 7 + ¢ plasmon. In particular, the peak at 2
eV is caused by the transition between 7 and 7* bands around
M and I point in the band structure. However, other peak at
9 eV can be ascribed to the transition between the 4th valence
band and the 7* conduction band. The peak at 11 eV in perpen-
dicular polarization for pristine silicene can be identified with
third valence band and conduction band in « silicene. These
observations are consistent with the tight-binding calculation of
the band structure and the calculation of dielectric function in

the random phase approximation for f8 silicene**® and LDA
based calculations*’. For Al and P doped systems, inspite of
the presence of some additional peaks in the EELS spectra, It
has been observed (not shown in figure) the major peaks in par-
allel polarizations are red-shifted while for perpendicular po-
larizations, they are blue-shifted compared to pristine silicene.
However, with increase of doping concentration, all the peaks
are red-shifted irrespective of the nature of polarizations. The
blue-shifting of the peaks in perpendicular polarization is due
to the bucking introduced in the silicene nanosheet.

The variation of EELS peak in perpendicular polarization for
various doping concentration of Al, P and AI-P co-doped sys-
tems are presented in Fig.7. Fig 7(top panel left) illustrates the
EELS spectra for various P doping concentrations for £, . It
is to be noted from the figure that two new small peaks ap-
pear near 8 eV and 9.5 eV apart from the large peak around 11
eV. The origin of these two small peaks is possibly due to out
of plane plasmon excitation. For parallel polarization, in Al-P
co-doped system, the 2 eV peak in pristine silicene at 6.25%
shifted to 2.22 eV. With further increase of doping concentra-
tion, it is shifted to low energy regime. One of the major peak
around 8 eV is shown in Fig 7 for various doping concentration
of Al-P. However, for perpendicular polarization apart from the
strong peaks around 11 eV and 8 eV, the two small new peaks
emerge around 9.78 eV at 6.35% and 12.5%. It is interesting
to note that unlike graphene, silicene possesses a small buck-
ling due to Jahn-Teller distortion. Due to this buckling!” it is
natural to expect the out of plane plasmon excitations in sil-
icene and rich complex structure in EELS as noted recently in
case of pristine silicene*®. We summarize the variation of the
maximum EELS peak nature with doping concentration of Al,
P and Al-P co-doping in Fig.7( bottom panel right). In par-
ticular, we schematically plot the frequencies at which EELS
attain maximum values with increasing doping concentration.
From the figure it is evident that in case of £, for all three
types of doping, an overall decreasing tendency in frequency is
observed. But for E||, for AIS and PS system, initially it gets
slightly increased but then again starts decreasing upto 12.50 %
of doping. After that it again starts increasing. Again it would
be interesting in future to see the frequency shift for still higher
Al and P doping concentration. For AlS and PS system again a
zigzag behavior is observed like previous case.

3.4 Optical absorption

Absorption coefficient (o(®)) of pristine silicene is depicted
in Fig 5(c). The maximum value of the absorption coefficient
for pristine silicene is 13.55 at energy 4.07 eV for E); which
is within the ultraviolet range and 16.35 at energy 9.11 eV for
E | which is also in the ultraviolet energy range. But for doped
system the value of absorption coefficient is higher than the
pristine silicene. For parallel polarization, the maximum ab-
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sorption coefficients are blue-shifted in compared to the pristine
system irrespective of doping concentration. While for perpen-
dicular polarization it is interesting to note that for PS and AIPS
system we observe a red-shift of the maximum absorption co-
efficients. For AIS system depending upon the concentration
there are both blue as well as red shift of the maximum value
of the absorption coefficients. Fig 8 illustrates the variation of
Omax(®) with doping concentration. For E|, irrespective of
type of doping, all show a decreasing tendency towards high
doping concentration. For PS system, the maximum value of
o() is noticed to be within the frequency range of 8-9 eV irre-
spective of doping concentration. Similarly for AlS system this
value is around 9-10 eV. For AIPS doping this value lies within
9 eV. In case of EH, this value is around 4.5 eV, 5 eV and 5-9
eV for PS, AIS and AIPS system respectively. Irrespective of
doping and polarization, beyond the frequency range of around
15 eV, very low value of absorption coefficient is observed.

3.5 Optical conductivity

The real (01(®)) and imaginary (0»(®)) part of the frequency
dependent optical conductivity of the pristine silicene is de-
picted in Fig 5(e) and Fig 3(f) respectively. In case of pristine
silicene the maximum value of the real part is noticed around 4
eV and around 9 eV for E|| and E| respectively. The maximum
value of o} (w) for various doping concentrations is illustrated
in Fig 9. For E | , more or less constant behavior is observed for
both AIS and PS system. Whereas for AIPS system, a sudden
jump in the conductivity is observed for 18.75% doping con-
centration. For EH’ characteristic feature is noticed for different
types of doping. For PS system, zigzag behavior is observed,
for AIS system, an increasing tendency is seen and for AIPS
system an overall increasing behavior is obtained. So it can
be concluded that the optical conductivity of silicene can be
controlled by appropriate doping with Al, P or both Al-P. It is
worthy to note that the variation of o} (®) is consistent with that
of the imaginary part of the dielectric function. This naturally
serves as a cross-check to our numerical computation. This can
shed light for the possible use of silicene in opto-electronic de-
vices.

3.6 Reflectivity Modulation

To analyze the spectra of reflectivity, it is desirable to concen-
trate on the reflectivity (R) modulation with energy (®) given
by,

1 dR(w)
dw

In fact, reflectivity modulation is a convenient way to analyze
the characteristic feature of reflectivity spectrum of any mate-
rial®. It is interesting to note that although R(®) by its very
definition is always positive, however, Ry (®) can be of any
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sign. The modulation data for all the doped systems with en-
ergy for both type of polarizations are depicted in Fig 10. The
anisotropic features associated with two polarizations are quite
evident from the figure. In particular, for all doped systems, the
reflectivity modulation is restricted within low energy (< 4 eV)
and high energy (> 8 eV) for E}| and E | respectively. For AlS
in E||, the peak below 1 eV with increase of doping concentra-
tion shifts slightly towards higher energy with varying ampli-
tudes. The same signature continues to exist even for peak near
2 eV. However, the peak at 8 eV in E| remains robust in its
energy position with small variation of its amplitudes. In E)| of
PS system, for three different concentration 3.12%, 6.24% and
9.37% the peak near 2 eV shifts slightly to higher energy and
this peak vanishes away with higher concentration of P. How-
ever, the prominent peak near 8 eV in E| sustains its feature
till 9.37%. The other significant peak at 10 eV in this system is
noticed to change its amplitude very small keeping its position
fixed with increase of doping concentration of P. This peak can
be identified as one of the characteristic signals of any PS sys-
tem. For AIPS systems, the existence of two significant peaks
at 8 and 10 eV in E is important for all concentrations. The
presence of multiple peaks in £, at high energy and E|| at low
energy is again an indication of buckling in the silicene system.

4 Conclusions

In summary, the optical properties of free standing silicene
with various concentration of Al, P and Al-P codoping have
been performed in the framework of DFT in the long wave-
length limit. It is demonstrated from the formation energy that
structures with P doping are more stable compared with other
doped ones. With increase of doping concentration, the peaks
in EELS spectra are red-shifted irrespective of the nature of
polarization. At some particular P doping concentration, new
additional significant EELS peak is observed in perpendicular
polarization. It is also noted that for doped system the value of
absorption coefficient is higher than the pristine silicene and is
restricted within the ultraviolet range. Although no significant
changes are indicated at the maximum values of optical con-
ductivity with doping concentration in perpendicular polariza-
tion, however, a sudden jump appears for Al-P codoped system
at 18.75% doping concentration. Besides for all doped systems,
the reflectivity modulation is restricted within low energy (< 4
eV) and high energy (> 8 eV) for E| and E, respectively. The
presence of multiple peaks in the modulation can be related to
the buckling of the silicene. Although the above theoretical
results are obtained with GGA and 32 atoms, however, we be-
lieve that these predicted results may give a strong indication
in experimental situation with Al and P doped silicene systems.
All these theoretical observations are expected to shed light in
fabricating opto-electronics devices using silicene as the block
material.
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Fig. 1: Different structures of doped 32 atom Silicene supercell. Black, blue and yellow balls respectively indicate Si, Al and P atom. (Top) (a)
- (e) Different structures of Al doped Silicene. (Middle) (f) - (j) Different structures of P doped Silicene. (Bottom) (k) - (o) Different structures
of Al - P doped Silicene
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Fig. 3: Side view of Pristine Silicene with buckling A = 0.4350 A.

4\/

Al doped —=—
co-doped
Pdoped —— |

Formation Energy (eV)

MA/A

6 I I I I I I
0 5 10 15 20 5 30

Doping concentration (%)

Fig. 4: Variation of formation energy with various doping concentrations
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Fig. 5: Different frequency dependent optical properties of pristine silicene have been illustrated for both E|| (red line) and £ (green line) of
electric field vector. (a) Real part of €(®), (b) imaginary part of (@), (c) absorption coefficient, (d) EELS function, (e) real part of 6(®), (f)
imaginary part of o(®)
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Fig. 10: The reflectivity modulation with energy for various doping concentrations of Al, P and Al-P co-doped for both type of polarizations.
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Optical Properties of P and Al doped Silicene : A First Principles

Study

Ritwika Das, Suman Chowdhury, Arnab Majumdar, Debnarayan Jana'

1Department of Physics, University of Calcutta, 92 Acharya Prafulla Chandra Road, Kolkata
700009, India

Summary
Various optical properties of two dimensional buckled silicene have been explored using spin

unpolarized density functional theory by incorporating doping with phosporous and aluminium
atoms in the hexagonal network of pristine buckled silicene.
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