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The formation energies and electronic properties of intrinsic defects of SnSe, including two vacancies (Vs
and Vsg), two interstitials (Sn; and Se;) and two antisites (Snse and Ses,), are investigated by using density
functional theory (DFT) calculations. The results indicate that, due to a relatively low formation energy as
well as a desirable ultra-shallow transition energy level, Vs, can act as an effective source for p-type
conduction under both Sn- and Se-rich conditions, which implies that SnSe is a native p-type
semiconductor. On the other hand, a native n-type conduction is unlikely to be realized due to the
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1. Introduction

As an abundant, inexpensive and environmental friendly
material, tin(u) selenide has shown intriguing physical prop-
erties and wide applications in the fields of infrared opto-
electronic devices, phase-change alloys for electronic
memory," and cathodic materials for rechargeable lithium
batteries.” The structure of this important binary IV-VI group
semiconductor compound crystallizes in a cubic rocksalt
phase with space group Fm3m or in an orthorhombic phase
with space group Pmna. The two phases are comparable in
thermodynamic stability and the former has been identified as
a new topological crystalline insulator material.>* The struc-
ture of latter is similar to phosphorene®® and is recognized as
a highly distorted NaCl lattice.” Importantly, this kind of
layered SnSe has a direct band gap of 1.3 eV and an indirect
band gap of 0.9 eV, falling within the range of the optimum
band gap for solar cells (1.0-1.5 eV),® which makes ortho-
rhombic SnSe an excellent candidate for application in solar
cells.®** This has resulted in extensive studies on its synthesis
and properties during recent decades."*® Recently, intensive
interest has been devoted to the doping of foreign species in
the layered SnSe, which has been shown to greatly improve
electronic, magnetic and thermoelectric properties of the
material.”**** For example, Leng et al.** reported that the
carrier density in Ag,Sn; ,Se compounds was dramatically
increased by substituting Sn with Ag. Wei and coworkers®®
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found that the carrier concentration and electrical conduc-
tivity in p-type polycrystalline SnSe were significantly
enhanced in the presence of alkali metals (Li, Na and K),
among which Na displayed the best doping efficiency along
with excellent thermoelectric properties. Interestingly, the first
report on the thermoelectric properties of iodine-doped n-type
SnSe polycrystalline demonstrated that the highest figure of
merit ZT = 0.8 can be achieved at about 773 K and alloying
with SnS can lead to an increase of ZT to 1.0.>” A very recent
study reported that the presence of cubic rock-salt-type
precipitate phase contributes significantly to the enhance-
ment of electrical conductivity without the introduction of
dopants.>®

It was appreciated that lattice defects will be present in the
material under various growth conditions, including native and
exotic defects. The presence of these undesired defects could
have significant effects on electronic, magnetic and optical
properties of the material. Moreover, native defects could also
be accompanied with chemical impurities.* In this light, the
influence of native defects should be taken into account when
interpreting experimental results for material properties. To the
best of our knowledge, however, no systematic investigation on
the native defects in the bulk SnSe has been reported until now.
Thus, there is a great need to understand the basic character-
istics associated with these defects.

In the present work, we have performed DFT calculations on
two vacancies (Vs, and Vg, two interstitials (Sn; and Se;), and
two antisites (Sns. and Ses,) with a supercell approach. The
defect formation energies, electronic and magnetic properties
of these defects have been investigated. The results show that
an intrinsic p-type semiconductor can be derived from Vg, in
bulk SnSe under both Sn- and Se-rich conditions, whereas n-
type conduction is difficult to achieve. No magnetism can be
induced by all three types of intrinsic defects.

This journal is © The Royal Society of Chemistry 2017
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2. Computational methods and
models

The first-principle DFT calculations were performed with the
projector augmented wave (PAW)** pseudopotentials as
implemented in the Vienna Ab Initio Simulation Package
(VASP).**** The generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE)**** functional was adop-
ted to model the exchange and correlation interactions. The
lattice parameters and internal ion coordinates were fully
relaxed using a conjugate gradient algorithm with a force
tolerance of 0.01 eV A~*, and electronic convergence threshold
for energy was set to be 10> eV. Although a standard GGA
approach would underestimate the band gap, the other prop-
erties are hardly changed as demonstrated in a recent study.*®
The Monkhorst-Pack®” k-point mesh of 3 x 5 X 5 was
employed in the first Brillouin-zone for the structural optimi-
zations while a 3 x 8 x 8 mesh was used to calculate electronic
properties. A denser 6 x 10 x 10 k-mesh was also used to
calculate the band gap and the result only deviates by a frac-
tion of meV from that obtained using a 3 x 8 x 8 one. The
cutoff energy for the plane-wave basis was 350 eV which has
been proved to be sufficient enough to give converged result.?
To determine the ground magnetic state, all systems have been
examined by spin-polarized calculations.

As seen in Fig. 1a, SnSe has a double-layered geometrical
structure, and the Sn and Se atoms are connected with a zigzag
pattern at the same plane. The optimized lattice parameters of
bulk SnSe are a = 11.64, b = 4.22 and ¢ = 4.49 A, which are in
agreement with the experimental values (@ = 11.55, b = 4.16,
and ¢ = 4.45 A)." The corresponding bond lengths of Sn-Se were
calculated to be 2.78 and 2.83 A (Fig. 1a), which also agree well
with those reported in ref. 8. In order to minimize the spurious
defect-defect interactions, a 1 x 3 x 3 unit cell consisting of 36
Sn and 36 Se atoms was constructed from the bulk. Native
defects were introduced by excavating one Sn/Se atom (Vg,/Vse),
embedding one Sn/Se atom (Sn;/Se;) and substituting one Sn/Se
atom with an antisite atom (Snse/Sesy) (Fig. 1b). All the studied
defects are proved to be the most stable one. The defect-defect
distances in yz plane and x directions are at least 11.6 A, giving
a reasonable approximation of the isolated defects. To evaluate

© Se
@® Sn

Fig.1 (a) The geometric structure of bulk SnSe with the selected bond
lengths (in A) indicated. (b) The 1 x 3 x 3 SnSe supercell structure with
six intrinsic point defects under investigation is illustrated.
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the effect of supercell size, a larger 2 x 4 x 4 supercell was
constructed. First, the formation energies of vacancy defect Vg,
are calculated to be 1.53 (Sn-rich) and 0.80 eV (Se-rich),
respectively, which are slightly larger than those using
a1l x 3 x 3 supercell (1.47 and 0.73 €V, see text). Second, the
calculated transition level ¢(0/2—) of Vg, is nearly 0 eV, which is
also close to the result obtained from a 1 x 3 x 3 supercell
(0.004 eV, see text). Obviously, these differences are within the
error range of DFT. Note that, besides the neutral states, all
point defects considered in this work are also charged in the
range from g = —2 to +2.

3. Results and discussion
3.1 Electronic properties of the pristine SnSe

Before the analysis of native defects, we first investigate the
electronic structure of pristine SnSe. As shown in Fig. 2a, SnSe
has a band gap of 0.65 eV at the PBE level, which is smaller than
the experimental value (0.9 eV).*® Nevertheless, a band gap of
1.1 eV was obtained when the Heyd-Scuseria-Ernzerhof
(HSE06)* screened hybrid functional was used (Fig. 2b). These
results are in accordance with the previously reported values at
the same computational level.**° It can be seen from Fig. 2c that
the lower energy valence bands in the range from —4.0 to
—2.0 eV are ascribed to the interaction between Sn-5p and Se-4p
states. At variance, Sn-5s and Sn-5p states interact with Se-4p
states in the upper valence bands, resulting in the formation
of anti-bonding states.** Moreover, the conduction band is
mainly contributed by Sn-5p and Se-4p states, and Sn-5s states
have almost no contribution to the conduction band minimum
(CBM).

3.2 Determination of the upper and lower limit of chemical
potential

For the calculations of defect formation energies and thermo-
dynamic transition levels, we have simulated two different
preparation conditions for these intrinsic defects, including Sn-
rich (Se-poor) and Se-rich (Sn-poor). First, the chemical

(a) ()
4 : \/ Y \/ 3\%’3“

s WAL Wy

9 [

> TDOS Se]

o

)

2 |

c

I.u-z. % i
A AAL |

AARZ2E AVERVEEE ; | =

r'Yy TZ R S XUy T Z R S XU DOS (states/eV)

Fig. 2 Calculated band structures of the pristine SnSe at the DFT-PBE
and HSEO6 level are illustrated in (a) and (b), respectively. The corre-
sponding densities of states (DOS) of the pristine SnSe by HSE06
calculation are shown in (c) and the panels from left to right are the
total density of states (TDOS) and the partial density of states (PDOS)
for the Sn and Se atom, respectively.
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potential of Sn or Se must be less than its natural phase to avoid
the formation of hecp Sn or Se crystal. As shown in Fig. 3, the
upper limits for Sn and Se are indicated by vertical and parallel
lines, respectively. The growth of the SnSe crystal is expected to
be homogeneous if the chemical potentials of Sn and Se atoms
vary within the following constraint condition,

HsnSe = Msn T Use (1)

where ugsnse is the chemical potential of the crystal SnSe. Eqn (1)
indicates the equilibrium growth condition: if the sum of ugy,
and us. is greater than ugnse, the balance would be shifted
toward left, resulting in the growth of SnSe crystal inhomoge-
neous; if the sum of the right terms is less than ugnse, then the
crystal would be decomposed. The calculated formation energy
of SnSe per chemical formula is —9.41 eV, which is represented
by the blue line (Fig. 3).

Moreover, when considering alternative phases, we must set
more strict limitations on the chemical potentials under
thermal equilibrium growth conditions. For SnSe, another
phase of SnSe, may coexist in the system. Compared with SnSe,
the atomic ration of Se to Sn is higher, which indicates that the
SnSe, phase tends to grow effectively under the Se-rich growth
conditions. In order to suppress the formation of such an
unwanted phase, the growth conditions must be restricted
below the upper limit value of uge. In thermodynamic equilib-
rium for SnSe,, the chemical potentials of Sn and Se atoms must
satisfy the following constraint condition

HMSnSe, = MSn + 2,uSe (2)

in which the formation energy of SnSe, were calculated to be
Usnse, = —14.00 eV. The black line in Fig. 3 indicates the growth
condition of SnSe,. It is obvious that the lines corresponding to
eqn (1) and (2) cross at us, = —4.82 eV (ug. = —4.59 eV). With
the increase of ug., the formation energy of SnSe is higher than
that of SnSe,, which means that SnSe, will be more prone
to form than SnSe under the Se-rich conditions. Consequently,
tse = —4.59 eV is considered as the real upper limit for the SnSe

u Se,bulk

SnSe

-4.5}~ u Se,rich=_4"59

-5.33

Fig. 3 Thermodynamic growth condition of SnSe crystal. The hori-
zontal and vertical dot-dashed lines represent the upper limit of Se and
Sn chemical potentials determined by the natural phases of Sn and Se,
respectively. The blue and black solid lines depict the equilibrium
growth conditions of SnSe and SnSe,, respectively. The range of
allowable growth conditions of SnSe crystal is labelled by the bold solid
line.
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growth. The upper and lower limits of the chemical potentials
are thereby clearly labeled in Fig. 3.

3.3 Defect formation energy

Generally, the stabilities of different defect structures are always
estimated by the calculation of the formation energy. The
formation energy (AHp,) of a defect (D) in a charge state g is
defined as:*

AHp,=Ep, — Eu— Y napte +q(Er + Ey +AV)  (3)

where Ep, represents the total energy of the supercell with
a defect in the charge state g and Fy is the total energies of the
perfect supercell of the same size. n; (i = Sn and Se) is the
number of atoms removed from (7, < 0) or added to (n,, > 0) the
supercell to form a defect, u, is the atomic chemical poten-
tial*®** and g represents the number of electrons transferred
from (to) electron reservoirs.* Ep is the Fermi energy level
conventionally referenced to the energy position (Ey) of the VBM
in perfect SnSe supercell. Because the VBM is referenced to the
pure supercell, a correction term AV is used to align the elec-
trostatic potentials between the defective and the pure super-
cells with the same size. This term is evaluated to be the
difference between the electrostatic potential of the atomic site
far from the defect in the defective supercell and that of the
same site in the pure supercell.*

The formation energies of the intrinsic point defects in
different charge states are listed in Table 1. We have removed
the values with formation energies larger than 1.5 eV from the
table, since these values mean low formation probabilities of
the corresponding defects. As seen in Table 1, under Sn-rich

Table 1 The formation energy of defects in different charge states
under the Sn-rich condition (Eg,sn) and Se-rich condition (Eg,se)

Defects q Eg (Sn-rich) Eg (Se-rich)
Ven 2— 1.47 0.73
1— 1.42 0.69
0 1.47 0.73
Vse 2— 1.95 2.68
1- 1.02 1.75
0 0.16 0.89
1+ —0.23 0.51
Sn; 0 2.48 3.22
1+ 1.73 2.47
2+ 1.17 1.91
Se; 2— 5.22 4.49
1- 4.28 3.55
0 3.41 2.67
1+ 3.24 2.50
Snge 2— 1.75 3.22
1— 1.11 2.58
0 0.62 2.09
1+ 0.39 1.86
2+ 0.17 1.65
Segn 2— 411 2.64
0 3.41 1.94
1+ 3.21 1.74
2+ 3.15 1.68

This journal is © The Royal Society of Chemistry 2017
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condition, the three defects in their neutral charge states (Snge,
Vsn and Vg.) have the potential to affect SnSe electrical proper-
ties due to their relatively low formation energies (<1.5 eV).
Under Se-rich condition, the formation energies of the neutral
vacancies are still relatively low. It is interesting to observe that
different preparation conditions have different effects on the
formation energies: Vg., Sn; and Sng. have lower formation
energies under Sn-rich condition, but under Se-rich condition,
the formation energies of Vg,, Se; and Ses, become lower
instead. Therefore, compared with cation-poor condition,
cation interstitials and anion vacancies are more energetically
favorable under the anion-poor condition. On the contrary,
anion interstitials and cation vacancies are prone to be formed
under the cation-poor condition. Similar findings have been
reported in the studies of native defects in ZnO* and SnS.*®
Defects often introduce levels in the band gap or near the
band edge.” The transition level of a defect is the Fermi level
position where the defect can donate/accept electrons. Deep
level means that removing an electron or hole from the trap to
the valance or conduction band requires relative high energy.
The transition level ¢(g/q’) is defined as the Fermi level position
for which the formation energies of a defect in charge states g is
equal to that in charge state ¢/, which can be expressed as*

o) -

Fig. 4a and b present the calculated formation energies of
the six fundamental intrinsic defects in SnSe as a function of
the Fermi level (Er) under the Sn- and Se-rich conditions,
respectively. Here the charged states from ¢ = —2 to +2 are
considered for the charged defects since the nominal valence of
Sn/Se in a perfect SnSe is Sn**/Se>”. For vacancies, under both
conditions, it can be easily identified that Vg, with ¢ = —2 has
the lowest formation energy among all kinds of intrinsic defects
and a desirable ultra-shallow transition energy level &(0/2—)
located very closely to the VBM. This indicates that Vg, can act
as a shallow acceptor which is likely to make a prominent
contribution to p-type conduction. With the increase of hole
carriers concentration, Ex will move downward and then stay on
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Fig.4 The calculated formation energies of intrinsic defects in SnSe as
a function of Fermi level (Ef) under the Sn-rich (a) and Se-rich
conditions (b). The band gap value is the one calculated by DFT-HSE06
method.
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the crossing point between Vg, (§ = —2) and Vs, (¢ = 0) (Vse(q =
+1)) under Sn-rich (Se-rich) condition (Fig. 4). In view of the fact
that Vg, is more energetically favorable than Vg, under the Se-
rich condition, this condition is thereby favorable for the
formation of Vg,. Nevertheless, it is also important to be aware
of the formation of other Se-rich phase like SnSe, during the
growth. Thus, manipulating the growth condition not toward
Se-rich too much is required for preventing the formation of
SnSe, phase. Similar to Vg,, Vse also has the relative low
formation energy under both growth conditions. However, the
transition energy level ¢(1+/0) is closer to the VBM rather than
the CBM, such that the Vg, defect is in a stable neutral charge
state at high Eg (=0.384 eV) and acts as a deep donor. Accord-
ingly, Vs, is predicted to have an insignificant effect on n-type
conduction. For the case of antisite defects, the transition
energy level ¢(1+/0) of Sng, lies far away from the CBM, which
means that it will become positively ionized only when Fermi
level is in the low energy region Ex =< 0.237, and thus Sng. acts as
a deep donor and is excluded from appropriate candidates for p-
type conduction. Seg, is a deep acceptor with a high positive
formation energy, which indicates Seg,, is not an effective source
for n-type conduction. In terms of interstitial defects, the donor
defect Sn; has a high transition energy level ¢(1+/0) with respect
to the CBM, however the high positive formation energies of Sn;
under both conditions indicate that this shallow donor defect is
unlikely to form, with minor contribution to n-type conduction.
Se; can act as an acceptor but it has an ultra-deep transition
energy level which is localized extremely near the edge of CBM.
Moreover, this defect is energetically unfavorable and thus its
contribution to the p-type conduction may be ignored. Although
the contribution to n-type conduction could be expected, due to
the relative low &(1+/0) transition level with respect to the VBM,
the thermodynamic instability determines that it is not the
main source (Table 2).

From the above analysis, we can conclude that no intrinsic
defect can act as an effective source for n-type conduction under
both growth conditions. On the other hand, p-type conduction
can be easily achieved by introducing Vs, in SnSe, which

Table 2 The transition energy levels ¢(q/q’) referenced to VBM for
intrinsic defects in SnSe

Defects qlq &(q/q’) (eV)
Ven 2—/0 0.004
Vse 0/1— 0.86
1+/0 0.38
Sn; 1+/0 0.75
2+/1+ 0.56
Se; 0/1— 0.87
1+/0 0.17
Snge 1—/2— 0.64
0/1— 0.48
1+/0 0.24
2+/1+ 0.21
Sesn 0/2— 0.35
1+/0 0.20
2+/1+ 0.06

RSC Aadv., 2017, 7, 27612-27618 | 27615
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suggests that SnSe is an intrinsic p-type semiconductor. This
result agrees well with the reported observations that the bulk
SnSe exhibits a p-type conductivity with hole mobilities up to
107% ecm?® V' s~ along the ¢ axis.®**

3.4 Electronic properties of intrinsic defects

To further validate the above conclusions, the effects of intrinsic
defects on electronic and magnetic properties of SnSe have also
been studied. Spin-polarized calculations were first carried out
to examine whether the intrinsic defects can induce magne-
tisms into the system. Unlike versatile magnetic properties of
GaS* and MoS, (ref. 53) monolayers induced by native defects,
no magnetism was found for the intrinsic defects in SnSe,
which is evidenced by the observation that the DOSs for the
majority and minority spin channels are symmetrical (Fig. 5).
For the Sn vacancy, the DOS near the valance band are mainly
contributed by Se-4p states. Meanwhile, Sn-5p states play an
important role in the states near the CBM. The Fermi level shifts
toward the valance band, rendering the material a p-type char-
acteristic. For Vg, a small narrow peak appears around the VBM
which is mainly contributed by Sn-5p states. The Vg, defect is
a deep donor as indicated above, thus it is not an effective
source for n-type conduction. For the case of antisite defects,
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Sng. acts as a deep donor while Seg,, acts as a deep acceptor. In
the case of interstitial defects, an extra Sn atom causes the
concentration of electrons to increase, resulting in an upward
movement of Er. It is clearly seen that the DOS near the CBM are
mainly contributed by Sn-4p states, with minor contribution
from Sn-4s. Sn; defect could act as a shallow donor, but the high
formation energy excluded its role in p-type conduction. On the
other hand, as seen from Fig. 5, both the ¢(1+/0) and &(0/1—)
transition levels of the Se; are far from the CBM and VBM, thus
failing to contribute the n- and p-type conductivities.

It is worth noting that the long range van der Waals inter-
actions maybe play a pivotal role in the layered structure.
Therefore, the PBE-D3 method® including the dispersion
interaction between two layers is carefully checked. The PBE-D3
optimized lattice parameters (a = 11.64, b = 4.21 and ¢ = 4.49 A)
are essentially the same to those by PBE one, and the calculated
band gap of bulk SnSe is 0.66 eV, also close to the corresponding
PBE value. To further validate the effect on other conclusion we
made, we choose Vg, to recalculate its transition levels. Our
results showed that the ¢(0/2—) of Vg, is 0.02 eV, demonstrating
that adding “D” has minor effect on the main conclusions. In
fact, previous studies*®*** regarding on intrinsic defects of the
same layered materials also ignored the dispersion effect.

Se
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Fig. 5 Calculated TDOSs and PDOSs for the intrinsic defects (Vspn, Vse, Sni, Sei, Snse and Ses,) in SnSe (at the PBE level). The panels from top to
bottom are the TDOS, PDOS of the nearest Sn atom and Se atom to the defect position, respectively. The s, p and d orbitals are marked up with
red, blue and green lines, respectively. The vertical lines show the position of E.
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4. Conclusion

In conclusion, the formation energies, electronic and magnetic
properties of six intrinsic defects in SnSe were systematically
investigated on the basis of DFT. It was shown that Vg, is able to
make a prominent contribution to the p-type conduction under
both Sn- and Se-rich conditions due to its relatively lower
formation energy and a desirable ultra-shallow thermodynamic
transition level. By contrast, intrinsic n-type conduction was
difficult to achieve since no effective sources were found. Our
results also revealed that all intrinsic defects are unable to
induce magnetism. Overall, this work provides a good start to
the realization of p-type conduction in SnSe in the absence of
impurities.
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