PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
e standard Terms & Conditions and the Ethical guidelines still

‘gﬁﬁéﬁéﬁ# apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 7

Physical Chemistry Chemical Physics

Electronic and magnetic properties of SnSe monolayer doped by Ga, In, As, and Sb: a
first-principles study

Qingxia Wang,! Weiyang Yu,»? Xiaonan Fu,®> Chong Qiao,! Congxin Xia,* * and Yu Jial>f

! International Laboratory for Quantum Functional Materials of Henan,
and School of Physics and Engineering, Zhengzhou University, Zhengzhou, 450001, China
2School of Physics and Chemistry, Henan Polytechnic University, Jiaozuo, 454000, China
3 Department of Physics and School of Science, Henan University of Technology, Zhengzhou 450001, China
4 Department of Physics,Henan Normal University, Xinziang, 453000, China
(Dated: January 29, 2016)

Abstract:

SnSe monolayer with orthorhombic Pnma GeS structure is an important two-

dimensional (2D) indirect band gap material at room temperature. Based on first-principles density
functional theory calculations, we present systematic studies on the electronic and magnetic prop-
erties of X (X = Ga, In, As, Sb) atoms doped SnSe monolayer. The calculated electronic structures
show that Ga-doped system maintains semiconducting property while In-doped SnSe monolayer is
half-metal. The As- and Sb- doped SnSe systems present the characteristics of n-type semiconduc-
tor. Moreover, all considered substitutional doping cases induce magnetic ground states with the
magnetic moment of ~1 ppg. In addition, the calculated formation energies also show that four types
of doped systems are thermodynamic stable. These results provide a new route for the potential
applications of doped SnSe monolayer in 2D photoelectronic and magnetic semiconductor devices.
Keywords: SnSe monolayer, substitutional doping, electronic properties, magnetism

PACS numbers: 73.20.At, 75.50.Pp, 75.75.+a

1. Introduction

Along with the discovery of graphene, many new two-
dimensional(2D) atomic layered systems have attracted
special attention for future electronics applications.'™
Recently, more and more researchers devote themselves
on 2D atomic-layer materials, such as silicene, ger-
manane, stanene, phosphorene, and so on.® 19 Just as
the scope of group IV semiconductors, such as graphene
silicene and germanene have been broadened significantly
by introducing isoelectronic II1I-V compounds,’-3? phos-
phorene arsenene, and antimonene have been broadened
by introducing isoelectronic IV-VI compounds.5-114 TV-
VI group semiconductors have layered structures which
are similar to phosphorene.!%16 For bulk Tin selenium
(SnSe), it has two most common crystal structures: one
is cubic NaCl (rock salt) and the other is orthorhombic
GeS structure with an orthorhombic Pnma space group
at room temperature.!”'® Furthermore, bulk SnSe is an
important double layered binary IV-VI semiconductor
with structural orthorhombic symmetry and weak van
der Waals force between double layers. In addition, bulk
SnSe has both a direct band gap of 1.30 eV and an
indirect band gap of 0.90 eV, just falling into the op-
timum band gap for solar cells. Therefore, bulk SnSe
is also considered as the most promising candidates for
solar cells.'®2! Especially, with the successfully synthe-
sizing of 2D SnSe experimentally, SnSe monolayer has
attracted more and more attention in monolayer IV-VI
semiconductor.?2 SnSe monolayer is comprised of zigza-
g double-layered planes and exhibits strong anisotropic
properties.!?23:24 As material of earth-abundance, envi-
ronment friendly and good chemical stability, SnSe can
be applied in a wide range of potential applications, e.g.
optical devices, memory switching devices, infrared op-

toelectronic devices and anode materials for rechargeable
lithium batteries.?5 29

SnSe monolayer has the graphene-analogous structure.
Sn and Se atoms present a puckered surface due to the
sp? hybridization.?® Each Sn atom forms three covalen-
t bonds with Se, and the same as Se atom. As we
know, 2D material have many special properties due to
their unique dimension-dependent properties comparing
with 3D material,3! and graphene-like structure have al-
ready shown exceptional properties.??33 The synthesis
and properties of SnSe monolayer have attracted much
attention.!?2? Whereas there is few literature about 2D
SnSe monolayer,'* the electronic and magnetic proper-
ties of substitutional doping of SnSe monolayer have not
been done. In this work, using first-principles density
functional theory (DFT) calculations, we present a sys-
tematic study of the electronic and magnetic properties
of Ga-, In-, As-, and Sb- doped SnSe monolayer. These
atoms are from group III and V, which are around Sn
atom and common in semiconductor composition. Fur-
thermore, they have the similar electronic configuration,
which can avoid of lattice distortion. Firstly, we calcu-
late the electronic and magnetic properties of the doped
systems. And then, we calculate the formation energy
E¢ and find that the formation energy of As-doped sys-
tem is lowest than the other three systems,indicating that
As-doped system is apt to be realized in experiment.

2. Computational Details

The present first-principles DFT3* calculations are
performed using Perdew-Burke-Ernzerh (PBE)3® in the
projector augmented wave (PAW)36 within Vienna ab i-
nitio Simulation Package (VASP) .37 The reciprocal s-
pace is sampled with a fine grid of 3x3x3 k-points in the
Brillouin zone of the primitive unit cell for bulk SnSe,
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and 1x3x3 k-points for the SnSe monolayer and the
doped systems. The wave functions are expanded in a
plane-wave basis with an energy cutoff of 500 eV. The
maximum force of each atom is less than 0.01 eV/A.The
geometrical structure is employed with a 3x3 supercell
including 36 atoms with doping concentration of 2.78%.
A vacuum spacing perpendicular to the plane is employed
to be at least 15A in the unit cell to avoid the coupling
between neighboring cells. The spin-polarized method is
employed to analyze the magnetism of the doped system-
S.
3. Results and discussion

Fig. 1 presents the geometrical structure and elec-
tronic band structure of bulk SnSe. The calculated
optimal lattice parameters of bulk SnSe are a=11.50A
b=4.16A, and ¢=4.45A, which are in agreement with the
experiment values®® and previous theoretical values3%4°.
The bond lengths of Sn-Se are d1=2.81A and d,=2.78A,
which are in line with the previous reported values,”
as seen in Fig. 1 (a). The calculated band gap is
0.50 eV, which is smaller than experimental value and
the previous theoretical calculation,*® on account of the
DFT-PBE method which underestimates the band gap of
semiconductor. Even though the fundamental band gap-
s are typically underestimated in DFT-PBE approach,
the prediction of the indirect semiconductor system is
correct.*1#* In Fig. 1 (b), we can see that the valence
band maximum (VBM) of bulk SnSe is at M point, while
conduction band minimum (CBM) is located at the mid-
dle of I'-M, indicating an indirect band gap. Moreover,
the bulk SnSe has no magnetism according to our calcu-
lation.

The structure of SnSe monolayer is displayed in Fig.
2. As seen in Fig. 2 (a), Sn and Se atoms form three
covalent bonds with each other in a puckered surface.
To investigate the electronic and magnetic properties of
substitutional doping in SnSe monolayer, the band struc-
ture, total density of states (DOS) and partial density
of states (PDOS) of the doping systems Sni7Se1sXsn
(X=Ga, In, As, Sb) with 3x3 supercell are calculated,
along with the pure SnSe monolayer for comparison. In
addition, we would like to point out that in our calcula-
tion, we also investigate the electronic structures of Ga-,
In-, As-, Sb-doped systems with different doping concen-
tration of 1.56%, corresponding to 4 x4 supercell. We find
that there are no obvious differences of magnetisms and
band structures comparing to 3x3 supercell. Moreover,
the 3x3 supercell is large enough to avoid of interaction
between dopant atoms. Thus, we only focus on the elec-
tronic properties of the doped systems with 3x 3 supercell
in detail.

Firstly, band structures, DOS and PDOS of SnSe
monolayer are calculated in Fig. 2. As shown in Fig.
2 (b), the indirect band gap is 0.78 eV, which is big-
ger than that of bulk SnSe (E;=0.50 eV). From the P-
DOS of SnSe monolayer , as shown in Fig. 2 (c), we can
clearly see that it is 5s-orbitals of Sn and 4p-orbitals of
Se that contribute mostly to the total DOS below Fer-

2

1.5 T T T
\/

05 B

Energy(eV)

(a)

FIG. 1: (a) The geometry and (b) electronic structure of bulk
SnSe.

mi level from -1.50 eV to -0.11 eV. While above Fermi
level, 5p-orbitals of Sn and 4s-orbitals of Se contribute
mostly to the total DOS. In detail, it is the hybridiza-
tion of bs-orbital of Sn and 4p-orbital of Se that forms
the valence band, and 5p-orbital of Sn and 4s-orbital of
Se hybridize to comprise the conduction band. The spin-
polarized calculations show that pristine SnSe monolayer
is of non-magnetism.

Now we turn to investigate the doping effects on elec-
tronic structures of SnSe monolayer. As we know that the
outer electron valence configuration of Sn is 4d'°5s25p?,
two 5p? electrons joining in bonding, and two 5s% elec-
trons forming a lone pair.'® As a result, the electronic
structure of SnSe monolayer can be tuned in a widely
range by substitutional doping. In the doped system
Sni7Se18Xg, (X=Ga, In, As, Sb), X dopant atom is
neighborhood with Sn in the periodic table of elements,
which can avoid of lattice distortion. The dopant atom
can form states either above valence band or below con-
duction band, or the middle of band gap. To explore
the underlying electronic and magnetic properties of the
doped monolayer Sni7Sei;sXs, (X=Ga, In, As, Sb), we
divide the related figures into two parts: spin up and
spin down, which make us to have a clear insight to the
substitutional doping systems.

Fig. 3 (a) presents the split band structure of Ga-
doped system. The impurity state is split into spin-up
and spin-down cases, and the impurity energy level ap-
pears either above valence band (spin-up) or below con-
duction bands (spin-down). Furthermore, the band gap
is 0.66 eV for spin-up and 0.43 eV for spin-down, indicat-
ing semiconductor properties. The band gaps of spin-up
and spin-down are both smaller than that of pure SnSe
monolayer. Since Ga is the acceptor, the band gap de-
creases for both spin-up and spin-down. When Ga atom
is doped, the doped system has a red shift, giving rise to
a relatively wide application in electron devices. How-
ever, for In-dpoed system, it is exceptive that the VB-
M rises for spin-up, while the CBM goes down across
the Fermi level for spin-down, which lead to a half-metal

Page 2 of 7



Page 3 of 7

Physical Chemistry Chemical Physics

3
‘ 4 ‘ q ., ) 15 *W T El__pl T T T T T
Q Q O C? I Sm . —p
i i’:} rfa ‘ﬁ E (ﬁ 05+ - < 03 : JES—r
LN /{/' \ y N\ 1/ < SnSe ~ M .
g 7™ 4 [/ o .
d:)\\ / Q / Q g Q\ ﬁ % 0.0 Fems = |12 anw 2 Bl § A R § S S R RS _@ 0.0 ¢ , } ! }
S s | hes ] 53 BN ¢ = ® .
A W W A E?S g %06} s ]
Q;\ 4 [Q.\ PV Q ,;'k A s . i g Se _Z
gl g 0 P
1.0 1 03 : 8
I\ WAN . } L 0.0 /\/\/\» P : ) 2a A
r ™ N T 10 20 30 40 15 10 05 00 05 10 15
DOS(states/eV) Energy(eV)
(a) (b) (©)

FIG. 2: (a) Top and side views of SnSe monolayer with 3x3 supercell cell, indicating the black dashed rectangle. The dark
atom denotes Sn atom substituted by a dopant atom, and navy balls denote Sn atoms and prasinous balls denote Se atoms.
(b) Electronic band structure along I'-M-N-I" direction and corresponding total DOS and (c¢) PDOS of SnSe monolayer. The

energy zero represents the Fermi level.
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FIG. 3: Calculated band structures of (a) Ga- and (b) In-doped systems, along I'-M-N-I" direction. The energy zero represents

the Fermi level.

property, as shown in Fig. 3 (b). For the Ga- and In-
doped systems, although Ga and In belong to the same
group IITA, they present different properties. The in-
triguing phenomenon can be explained by the nearly e-
qual electronegativity (Ga~1.81, Sn~1.96, In~1.78), and
we know that the difference between Sn and In is slightly
bigger than that between Sn and Ga. To have a further
insight into the underlying mechanism of the dopant sys-
tems, the total DOS and PDOS of Ga- and In-doped
system are shown in Fig. 4.

From the PDOS of Ga-doped system, as seen in Fig. 4
(a), we can see that it is obvious that 4s-, 4p-orbital of Ga

and 4p-orbital of Se play an important role for the VBM
and CBM, and make the main contribution to the total
DOS. Similarly, the In-doped system presents the almost
same phenomenon: 5s-, 5p-orbital of In and 4p-orbital of
Se play an important role for VBM, CBM, and the total
DOS. Comparing to the semiconductor property of Ga-
doped system, it is obvious that the 5p-orbits of In atom
presents hybridization at the Fermi level. Consequent-
ly, the doping system presents a half-metallic property,
which is in line with the band structure. Moreover, we
find that the total DOS is asymmetry at the Fermi level,
indicating that Ga- and In-doped system present mag-
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FIG. 4: DOS and PDOS of (a) Ga-doped and (b) In-doped systems. The energy zero represents the Fermi level.

FIG. 5: Spin charge density (pup-piown) of (a) Ga- and (b)
In-doped system, respectively. The value of isosurfaces is 0.03

e/ A%

netism with the values about 1.00 up and 0.99 ug, re-
spectively, which are close to their free atoms (Ga~1.00
wp; In~1.00 up). Furthermore, from Fig. 4 (a), it is
obvious that the majority of magnetism is induced by
Ga atom while Se atom contributes minority to the mag-
netism. But in In-doped system, the magnetism is mainly
induced by the In dopant, as seen in Fig. 4 (b).

In order to get a clear explanation of magnetism, the
spin charge density of Ga- and In- doped systems are
calculated in Fig. 5. From Fig. 5 (a) and (b), we can ob-
viously see that the magnetism is induced by the dopant
Ga atom and In atom, respectively. The phenomena are
consistent well with the results of DOS and PDOS. And
in the Ga-doped system, the majority of magnetism dis-
tributes around the Ga atom while the minority scatters
around Se atom. Comparing to Ga-doped system, the
magnetism is mainly induced by the dopant atom in In-
doped system. The magnetism is induced by the dopant

Ga and In atoms. As a result, both Ga and In dopant
atoms lead to an acceptor level which gives rise to p-type
doping systems with band gap decreasing.

In addition, we calculate the electronic band structure
of As- and Sb-doped systems in Fig. 6. From Fig. 6,
we can see that the impurity level appears in valence
bands leading to the VBM rise for spin-up, while in con-
duction bands resulting in the CBM declining for spin-
down. However, the impurity level does not cross the
Fermi level, so the system maintains the semiconductor
property for As- and Sh-doped systems. In detail, for
the As-doped system, as seen in Fig. 6 (a), the band
gap is divided into two parts: 0.48 eV for spin-up and
0.88 eV for spin-down. At the same time the band gap
of Sb-doped system is 0.26 eV for spin-up and 0.84 eV
for spin-down, as seen in Fig. 6 (b). Otherwise, com-
paring to the band gap of SnSe monolayer, we find that
the value of Sb-doped system has a less change than that
of As-doped system. This phenomenon can be explained
by electronegativity (As~2.18; Sn~1.96; Sb~2.05). It is
visible that the electronegativity difference between Sn
and As is larger than that between Sn and Sb. In order
to have a further penetration into the electronic property
of dopant systems, the total DOS and PDOS of As- and
Sb-doped are shown in Fig. 7.

From Fig. 7 (a) we can obviously see that 4p-orbitals
of As make the contribution to not only VBM and CB-
M, but also the total DOS. In other words, the main
contribution is from 4p-orbitals of the dopant As, which
is corresponding with the explanation by band structure.
Furthermore, there is a flat-level for the band structure in
spin-up, leading to a large density of states in that region,
as shown in PDOS of As. In addition, we find that the
system is assymmetry at the Fermi level in total DOS,
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FIG. 6: Calculated band structures of (a) As- and (b) Sb-doped systems, along I'-M-N-I" direction. The energy zero represents

the Fermi level.
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FIG. 7: DOS and PDOS of (a) As- and (b) Sb-doped systems. The energy zero represents the Fermi level.

which exhibits the system is of magnetism. Obviously,
the magnetism is mainly induced by As atom. Then we
calculated the magnetic value (1.00 pp), which is smaller
than its free atom (As~3.00 pp). On the other hand, for
Sh-doped system, as seen in Fig. 7 (b), it shows up the
similar properties to As-doped system that 4p-orbitals
of Sb play an important role for VBM, CBM and total
DOS. The total DOS appears asymmetry at the Fermi
level, indicating the Sb-doped system is of magnetism.

Obviously, the magnetism is mainly derived from the S-
b atom, and the value of calculated magnetism is 1.00
g, which is also smaller than its free atom (Sb~3.00
up). From Fig. 7, we obtain the same explanation with
that of the band structures. Finally, in order to explain
the magnetic mechanism, we calculated the spin charge
density of As- and Sb-doped systems as shown in Fig. 8.

From Fig. 8 (a) and (b), we can distinctly see that the
magnetism is mainly induced by As atom and Sb atom
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FIG. 8: Spin charge density(pup-pdown) of (a) As- and (b)
Sb-doped system, respectively. The value of isosurface is 0.03

e/;lg.

TABLE I: Calculated structural and magnetic properties for
single atoms doping on SnSe monolayer. Formation energy
(Ey); the magnetic moments(u); minimum dopants-Se (D-Se)
distance(dz).

Dopant Ef(eV/atom) p (uB) ds (D-Se) (A)
SnSe -4.13 0 2.78
Ga -0.39 1.00 2.55
In -0.44 0.99 2.79
As -0.88 1.00 3.08
Sb -0.61 1.00 3.17

for As- and Sb-doped systems, respectively. For the As-
doped system, the magnetism mainly gathers around the
As atom, and minority scatters around Se atoms. Sim-
ilarly, the magnetism is mainly induced by the dopant
atom in Sb-doped system. The phenomena are consis-
tent with the results of DOS and PDOS. The reason of
the magnetism is that when As and Sb replaced Sn in
SnSe monolayer, the system will exist an extra electron.
Hence, the extra electron will induce the magnetism. As
a result, both As and Sb dopant atoms lead to an donor
level resulting in n-type doped systems.

Generally, the X-doped (X=Ga, In, As, Sb) systems
with either half-metal or semiconductor properties can
be explained by the sp? bonding character of Sn atom-
s with a lone pair of valence electrons and their strong
hybridizations with the sp orbitals of dopants. We can
conclude that the doped systems Sni7Se1sXs, (X=Ga,
In, As, Sb) are ferromagnetic states from the spin charge
density. Although the Ga-, As-, and Sb-doped system-
s present semiconductor properties, the band gaps are
different with 0.12, 0.48, and 0.28 eV, respectively. Con-
sidering our work, we are aware that the electronic prop-
erties can be tuned by substitutional doping.

Finally, we calculate the formation energy of the sub-
stitutional system in order to verify the stability of X-

6

doped SnSe monolayer. The formation energy (Ey) is de-
fined as E¢=[Eioi-(Epure-Eoftm+Eiom)]/n, where Eiy,
Epure, ES%,, and EZX - are the total energies of the
doped system Sni7Se1sXsn (X=Ga, In, As, Sb), the en-
ergy of pure SnSe monolayer, the energies of single Sn
atom and isolated X atoms, respectively. n presents the
number of atoms in supercell. From our definition, the
negative value of E; shows that a system is stable. The
large absolute value of Ey energy means strong interac-
tion between dopants and Sn. A summary of the results
is shown in Table 1. From Table 1, we find that the for-
mation energy of Ga-doped system is minimum, which
demonstrates Ga atom is easy to be doped and the Ga-
doped system is the most stable than other three systems.
Although the formation energy of doping system is some-
what larger than that of SnSe monolayer, the doped sys-
tems may be synthesized by chemical-vapor deposition
(CVD) or molecular-beam epitaxy (MBE) experimental-
ly.

4. Conclusions

In summary, using first-principles calculations, we
present the geometrical structure, electronic and magnet-
ic properties of monolayer SnSe substitutionally doped by
Ga, In, As, and Sb atoms, respectively. We find that the
electron structure can be tuned by substitutional dop-
ing. For Ga- or In-doped system, it presents semicon-
ductor and half-metal properties, respectively; while As
or Sb substitute Sn, the systems display semiconductor
properties. In Ga-doped system, due to the band gap
declining, the system exhibits red shift, which makes the
system to have a wide application in optoelectronic de-
vises. When Sn atom is replaced by Ga atom or In atom,
inducing a hole, so the systems belong to p-type doping;
on the other hand, if As or Sb replace Sn, the system
has an unpaired electron, resulting n-type doping. No
matter whether Ga and In as dopant atoms, or As and
Sb, there is an unpaired electron which can induce about
1pp magnetism. Finally, comparing to the formation en-
ergy of Sni7Sei1sXs, (X=Ga, In, As, Sb), we find that
As is easy to be doped and the As-doped system of is
the most stable, whereas the four types of doped systems
are thermodynamic stable. The results of substitution-
al doping make the application of SnSe monolayer more
extensive.
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