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SPECIAL TOPIC — Two-dimensional magnetic materials and devices

Carrier and magnetism engineering for monolayer SnS, by high
throughput first-principles calculations”
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Two-dimensional (2D) semiconducting tin disulfide (SnS;) has been widely used for optoelectronic applications.
To functionalize SnS; for extending its application, we investigate the stability, electronic and magnetic properties of
substitutional doping by high throughput first-principles calculations. There are a lot of elements that can be doped in
monolayer SnS,. Nonmetal in group A can introduce p-type and n-type carriers, while most metals in group A can only
lead to p-type doping. Not only 3d, but also 4d and 5d transition metals in groups VB to VIIIBY can introduce magnetism
in SnS,, which is potentially applicable for spintronics. This study provides a comprehensive view of functionalization of
SnS; by substitutional doping, which will guide further experimental realization.

Keywords: SnS;, high throughput first-principles calculations, carrier, magnetism

PACS: 71.15.Mb, 74.62.Dh

1. Introduction

Tin disulfide (SnS,) is van der Waals semiconductor with
an indirect band gap of 1.58 eV.[!! Free-standing SnS, mono-
layer can be prepared by mechanical exfoliation,®! liquid
exfoliation,®! as well as chemical vapor deposition. SnS,
has been demonstrated for various applications such as so-
lar cells,!* field-effect transistors,®) lithium-ion batteries, [©]
photothermal therapeutics,!”! catalysis and sensors.!®! To ex-
tend its application, chemical doping has been proposed exper-
imentally and theoretically as an effective strategy.!!%-14! For
example, SnS, monolayer doped with Fe has been verified as
a two-dimensional (2D) dilute magnetic semiconductor. 13-171
Till now various chemical doping, such as Li, B, C, N,O, F,
Na, Mg, Al P, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Ga, As, Se , Br, Sr, Y, Zr, Nb, Mo, Tc, Ru ,Rh, Pd, Ag, Cd,
In, Sn, Te, I, W, Re, Os, Ir, Pt, Au and Hg have been inves-
tigated by first-principles calculations.[!-18-23] However, there
are some other elements doping absent, such as Be, Si, S, Sc,
Ge, Rb, Sb, Ba, Lu, Hf, Ta, Tl, Pb, Bi, Po, At, Fr and Ra. In
addition, debates remain. For example, Li and Na doped SnS,
is predicted to be magnetic,>*! which is different from non-
magnetic results./'®! Therefore, a comprehensive investigation
of chemical doping in SnS, is necessary. >

In this paper, we systematically investigate the stability,
electronic structure and magnetic properties of monolayers
SnS; doped with foreign elements, based on high-throughput
first-principles calculations. We firstly screen out the elements
which can be effectively doped in SnS, with high stability.

DOI: 10.1088/1674-1056/ac2805

Then the effect of dopants on carrier in SnS, is discussed.
More importantly, we find that monolayer SnS; systems doped
with elements in VIB, VIIB, VIIIB8, and VIIIB9 groups show
large binding energies with non-zero magnetic moment, indi-
cating high possibility of fabrication experimentally and appli-
cation in spintronics. Our present work provides a comprehen-
sive view regarding chemical doping in SnS; and that predicts
chemical doping is an effective strategy to functionalize SnS;
for various applications, such as field effect transistor, opto-
electronic device and spintronic technology.

2. Computational details

First-principles calculations are carried out by using
the projector-augmented wave method implemented in the
Vienna ab initio simulation package (VASP) based on
density functional theory.!?®! The Perdew—Burke—Ernzerhof
(PBE) functional of the generalized gradient approximation
(GGA) is adopted for electron exchange and correlation
interactions.?”-?81 The van der Waals interactions between lay-
ers are corrected using the DFT-D3 functional. The kinetic en-
ergy cut-off of the wave function is set to 500 eV. To mimic the
defects in monolayer SnS;, a 4 x 4 x 1 supercell is used and
a4 x4 x1 k-mesh sampling is applied. The ions relaxation
is achieved until the force for per atom is less than 0.01 eV/A
and the total energy converges to 107> eV. A vacuum spacing
of 20 A is used to prevent interaction between adjacent slabs.
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3. Results and discussion
3.1. Structural properties and binding energies

Pristine monolayer SnS; is hexagonal with space group
D34 (P3m1). The optimized lattice constants of the 4 x 4 x 1
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supercell are ¢ = b = 14.80 A. When removing one Sn/S atom
from the monolayer SnS, supercell, a Vg,/Vg will be created
with corresponding vacancy concentration of 6.25%/3.125%.
Figure 1 shows the structure of a 4 x 4 x 1 SnS, supercell
doped by Xg, and Xs.
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Fig. 1. Top view of the relaxed structures for (a) pristine, (b) Sn-vacant monolayer SnS;, (c) single Xs, doped monolayer SnS;, (d) S-vacant
monolayer SnS,, (e) single Xs doped monolayer SnS, (Xs, and Xs indicate Sn and S substitutions). The purple, yellow, green and orange balls

denote the Sn, S, X, and Xg atoms, respectively.
3.2. Binding energy

To check the stability of different dopants, we calculated
the binding energies for various doping systems, as summa-
rized in Fig. 2. The binding energy E}, is defined as Ey, =
E, + 1 — E4, where E, is the energy of a relaxed SnS; mono-
layer with one Sn/S vacancy, u is the energy of the doped
atom, and Ej is the energy of a relaxed SnS, monolayer with
one Sn/S atom replaced by a Xg, /Xs atom.

Figure 2(a) shows the binding energy of main group metal
doped in SnS;. Only the binding energy of Al and Si is higher
than that of Sn, indicating Al and Si are energetically favor-
able doped in SnS,. The binding energies of Be, Ca, Sr, Ba,
Ga, Ge, Pb, In, and Sb are close to that of Sn, suggesting the
high possibility of doping those different elements in SnS». It
has been reported that Al and Sr can be doped in SnS;, by a
simple soft chemical route.!?%*°! Therefore, it is expected that
Si, Be, Ca, Ba, Ga, Ge Pb, In and Sb can be verified experi-
mentally in future.

Figure 2(b) shows the binding energies for non-metal
doped SnS,. Taking the binding energy of S doping as a ref-
erence, we can claim that B, C, O and F are easy to be doped
in SnS;. The C doped SnS; has been fabricated by using hy-
drothermal method and demonstrated as a high-efficient solar
fuel catalyst under visible light.*!] Because Se and Te can also
replace S in SnS,,23! we can estimate that N, Se, and Cl are
possible to be doped in SnS; from the binding energy shown
in Fig. 2(c). However, there are few reports regarding B, O, N,
and Cl doping in SnS».

Figure 2(c) shows the binding energy of transition metal
doped in SnS,. Take the binding energy of Sn as a refer-
ence, we can find that Sc, Y, Lu, Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir, Ni and
Pt can be doped in SnS;. Ni, Co and Mn doped SnS; have
been synthesized by solvothermal method and can be applied
for supercapacitors.*?! Fe, Cr and Y doped SnS, have also
been successfully prepared by thermolysis method.?1:33 v
and W doped SnS; have been demonstrated by spray pyrol-
ysis technique.*¥ Therefore, our prediction is consistent with
previous experimental work.

Figure 3(a) shows the spin polarized DOS of pristine
monolayer SnS,. The band gap is 1.487 eV according to DFT
calculation. Si has same valence electrons as Sn, and there-
fore, Sig, is isovalent doping, which will induce band gap
change without defect states. The DOS shown in Fig. 3(b) con-
firms this assumption and Sig, will induce the change of band
gap (1.367 eV). Because Al atom has one less electron than Sn
atom, it is expected a p-type doping for Al substitution. From
the DOS shown in Fig. 3(b), we can clearly observe the Fermi
level cross the band edge states of the valence band, which is
the signature of p-type doping. We expect Sbg, defect will in-
duce n-type doping because Sb has one more valence electron
than Sn. However, the defect states locate in the middle of the
band gap and the Fermi level is far from the conduction band
or valence band edge as shown in Fig. 3(d). Therefore, Sbg,
defect will introduce trap states in SnS;, which is consistent

with previous experimental and theoretical results.3>-36]
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Fig. 2. Binding energies and magnetic moments of monolayer SnS, doped by (a) group A metal atoms from the period IA to VIA, (b) nonmetal
from IITA to VIIA, (c) group B metal atoms from IB to VIIIB.
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Fig. 4. Spin polarized density of states of (a) Cs, (b) Fs, and (c) Os doped

0 monolayer SnS,.

to a defect state close to the conduction band edge, indicating a
n-type doping scenario, as shown in Fig. 4(b). As a typical iso-
valent doping, Og leads to the change of band gap (1.454 eV)
without defect states in the band gap as shown in Fig. 4(c).
Similarly, Seg and Tes also induce change of band gap with-

—40

—80
-2

Energy (eV)

Fig. 3. Spin polarized density of states of (a) pristine, (b) Sisy, (¢) Alsy,, and
(d) Sbg;, doped monolayer SnS;. out defect states.

The valence state of transition metal ranges from +2 to
+5. Therefore, it is also expecting p-type and n-type doping

by transition metals substitution. Figure 5(a) shows the band

Figure 4(a) shows the DOS for SnS; with Cg defect.
There is an occupied defect state above the valence band edge,
indicating the p-type doping of Cs. In contrast, Fg defect leads
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structure of Hf doped SnS,, which evidently shows there is no
defect state in the band gap. The absence of defect state can
be attributed to the same valent state of Hf as that of Sn in
SnS,. In addition, both HfS, and monolayer SnS, are in the
same space group and the in-plane lattice parameters for each
compound are similar. Because of the band gap of monolayer
HfS, is smaller than that of SnS,, the doping of Hf in SnS;
will reduce the band gap of SnS;. The band gap of Hf doped
SnS, with doping concentration of 6.25% is 1.228 eV, which
is smaller than that of pristine SnS,. We also can find that Zr,
Pt, Pd, and Ni have the similar effect to Hf. The DOS for Scg,
in Fig. 5(b) shows that the Fermi level is on the valence band
edge, indicating a p-type doping nature. Ys, and Lug, have
the same scenario.
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Fig. 5. Spin polarized density of states of (a) Hfs,, and (b) Scgn, doped
monolayer SnS».

For non-metal doping, the dopant with high binding en-
ergy is absent of magnetic moment. There are some dopants
with non-zero magnetic moment, such as Ng, Pg and Ass.
However, the binding energies for those dopants are low, in-
dicating difficulty of formation. For dopant from IA group,
the binding energy is low though magnetism is introduced by
Li, Na, K doping. The introduction of magnetism by elements
in TA group is consistent with previous calculation.>*! For
dopant in ITA group, the formation energies are larger than that
in IA group. The magnetic moments for those dopants range
from 1.0 ug to 2.0 ug. Figure 6(a) shows the DOS of mono-
layer SnS; with Cag, defect. The spin up and spin down DOS
are unsymmetrical, indicating that Ca doping possibly leads
to magnetism in SnS,. Moreover, the Fermi level crosses the
valence band edge, suggesting p-type doping.

For transition metal doping, the dopant from VIB, VIIB,
VIIIB8 or VIIIBY groups is with local magnetic moment and
has high binding energies. The magnetic moments are around
2.0 ug, 3.0 up, 2.0 ug and 1.0 up for single dopant from VIB,
VIIB, VIIIBS and VIIIBY groups, respectively. Magnetism has

been predicted/observed in 2D transition metal doped mono-
layer 2D semiconductors, such as Mn doped MoS,,?7! Fe
doped SnS,.!' Figure 6(b) shows the spin polarized DOS of
Mn doped SnS,. Though Re and Mn are in the same group
and magnetic moments both are ~ 3.0 ug, the spin polarized
DOS of Re doped SnS, shown in Fig. 6(c) is quite different
from that of Mn doped SnS,. There are two more gap states
in the spin up channel for Re doped SnS,. V and Nb in VB
group also introduce magnetism in SnS,, while the magnetism
is absent in Ta doped SnS,. Therefore, the doping scenarios
are different from elements in the same group.
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Fig. 6. Spin polarized density of states of (a) Cagy, (b) Mng,, and (c) Reg,
doped monolayer SnS,.

Due to valence state of each element is different from
each other, the doping scenarios, including binding energy,
electronic and magnetic properties, are different. Doping a
specific element in SnS, depends on various factors, such as
growth temperature, type of reactant, and abundance of reac-
tant. In our present work, the calculated binding energy is
applied to check the possibility of doping foreign element. To
further verify the possibility of doping, the formation energy
for doping on chemical potential should be investigated. How-
ever, it has been proven efficient and validity of evaluating
the doping possibility by using the binding energy. [!3-2%24.37]
Some predictions by using such method have been experimen-
tally verified, such as Fe, Co, and Mn doping in MoS,.[38-40]
By evaluating the binding energy shown in Fig. 2 and the car-
rier type for different element doping shown in Figs. 3 and

4, and Figs. S1-S6 in supporting information, we conclude
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that Cg, Alsy, Scsy, Lugy, and Ys, are promising experimen-
tally realized for p-type doping, as well as Fg, Sbg, and Tagy
for n-type doping without magnetism. In addition, we screen
out some foreign elements doping that may introduce mag-
netism in SnS,. Under doping concentration of 6.25%, the fer-
romagnetic state is 0.60 meV, 2598.95 meV, 637.75 meV, and
906.58 meV lower than non-magentic or antimagnetic state for
Ca, Mn, Re, and Fe substitutional doping, respectively, see Ta-
ble S1 in supporting information. The Curie temperature (7¢)
is an important parameter of a ferromagnetic semiconductor.
Based on the mean-field theory and Heisenberg model we es-
timate Tc using the relation kgTc = (2/3)AE,*1*2] where kg
and AE are the Boltzmann constant and the energy difference
of ferromagnetic and non-magnetic/antiferromagnetic states,
respectively. The estimated values of T¢ are listed in Table S1,
together with magnetic moments. The 7¢ of Reg, is around
30 K, while others are lower than 10 K. It is well known that
doping concentration also affect magnetic coupling and the
value of Tc. We take Re and Fe doped SnS; as two repre-
sentatives. The two Re ions are antiferromagnetic coupled,
while Fe ions remains ferromagnetic coupled for doping con-
centration of 12.5%. The detailed magnetic ground state and
further exploration of high T¢ of a certain doping should be
investigated in future.

4. Conclusion

By using high throughput first-principles calculation,
we comprehensively investigate the substitutional doping in
monolayer SnS,. Metal dopants from group A can induce p-
type doping (Alsy), deep states in the gap (Sbsy), or band gap
change without defect states (Sis,). However, metal dopants
from group A can not introduce n-type doping from our cal-
culations. Nonmetal dopants from group A not only can in-
troduce n-type doping (Fs), p-type doping (Cs), and band gap
variation (Og). Transition metal dopants from VB to VIIIB9
can introduce magnetism in SnS; and high binding energy
for each dopant indicates high possibility of growth transition
metal doped SnS;. Our present work provides a comprehen-
sive view of chemical doping effect on carrier and magnetism
of SnS,, which is important for field effect transistor, opto-
electronic device and spintronics.
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