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Native defects and substitutional impurities in
two-dimensional monolayer InSe

Dan Wang, Xian-Bin Li ©®* and Hong-Bo Sun@®

As a burgeoning two-dimensional (2D) semiconductor, InSe holds unique electronic properties and great
promise for novel 2D electronic devices. To advance the development of 2D InSe devices, the exploration
of n-type and p-type conductivities of InSe is indispensable. With first-principles calculations, we investi-
gate the properties of native defects and substitutional impurities in monolayer InSe, including formation
energies and ionization energies. As the traditional jellium scheme encounters an energy divergence for
charged defects in 2D materials, an extrapolation approach is adopted here to obtain convergent ener-
gies. We find that In vacancy is a deep acceptor and Se vacancy is an electrically neutral defect. All the
studied substitutional dopants at In or Se sites have high ionization energies in the range of 0.41-0.84 eV.
However, electrons may transport through the defect-bound band edge states in Xs. (X = Cl, Br, and ) as
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Two-dimensional (2D) materials have triggered worldwide
interest since the successful isolation of graphene.' Due to the
quantum confinement effects, 2D materials exhibit novel pro-
perties which are remarkably different from their three-dimen-
sional (3D) counterparts.”®> They show great potential for
advanced technological applications, especially in electronics.
They are expected to be the next-generation channel materials
for high-performance electronic devices on account of their
inherent advantage of an atomic-level thickness.'®'" Among
them, InSe has drawn special attention recently.'® Bulk InSe
possesses a layered structure and InSe nanosheets can be
mechanically exfoliated from the bulk structure.'>"* InSe has a
bandgap which means that 2D InSe field effect transistor (FET)
devices can be readily switched on and off. Both optical
studies and theoretical calculations have shown that its
bandgap is tunable and depends on the number of layers.">™°
More recently, stable field effect devices with atomically thin
InSe encapsulated by hexagonal boron nitride under an inert
atmosphere have been achieved by Bandurin et al'? The
device exhibits a high carrier mobility of 10> ecm* V™' s7" at
room temperature, which is comparable to that of black phos-
phorus'” and surpasses that of transition metal dichalco-
genides.'® Also, the device nearly shows no degradation over
months, which indicates its excellent environmental stability.
In addition, a high on/off ratio of 10” and a low subthreshold
value of 1 mV dec™" measured from the transfer characteristics
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a potential source of n-type conductivity.

of multilayer InSe FETs have also been reported.’ All these
experimental and theoretical studies reveal that the burgeon-
ing InSe is a promising candidate for future high-performance
electronics.

To advance the industrialized development of 2D InSe elec-
tronic devices, a systematic understanding of the defects or
doping properties is indispensable, especially the ability to
supply carriers.”® It determines the doping strategies for the
realization of n-channel and p-channel FETs, which are the
building blocks for integrated circuits. However, defects in 2D
semiconductors have been difficult to model theoretically. The
straightforward application of the traditional jellium scheme
for 3D materials introduces an energy divergence for charged
states in 2D systems.”"?*> Recent theoretical progress in
addressing the divergent electrostatic energy in periodic 2D
systems has allowed for more accurate calculation of defect
ionization energies in these systems.>'**

In this letter, we adopt the calculation approach of ref. 21
which has been proposed by Wang, Li, and Zhang et al. (WLZ
extrapolation method) to systematically evaluate the properties
of native defects and substitutional impurities in monolayer
InSe and then explore its possible n-type and p-type conduc-
tivities. The native defects include In vacancy (Vi,) and Se
vacancy (Vse). The acceptor-type impurities include group-IIB
elements (on In sites, Zny,, Cdp,, and Hgp,) and group-VA
elements (on Se sites, Asse, Sbse, and Big.), whereas the donor-
type impurities include group-IVA (on In sites, Gey,, Sny,, and
Pby,) and group-VIIA elements (on Se sites, Clge, Brse, and Is.).
For the native defects, Vi, behaves as a deep acceptor with an
ionization energy (IE) of 0.74 eV whereas Vg, is an electrically
neutral defect. X;, (X = Zn, Cd, and Hg) and Xs. (X = As, Sb,
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and Bi) are all deep acceptors with the lowest ionization energy
of 0.72 eV of Big.. However, Xs. (X = Cl, Br, and I) may con-
tribute to the n-type conductivity through the defect-bound band
edge state*® though a high IE of 0.46-0.51 €V. To our knowl-
edge, the present study provides a systematic analysis of con-
vergent ionization energies of various defects in 2D InSe which
will benefit the functionalization of nanoelectronic devices.

We perform first-principles calculations based on density-
functional theory (DFT),>* as implemented in the Vienna
ab initio simulation package (VASP) codes.”®*” Projector
augmented-wave basis and generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional are
employed.”® The PAW potentials for In and Se include In
(4d", 5s* and 5p') and Se (4s> and 4p”) electrons, respectively.
The cutoff energy of the plane wave basis is 400 eV. A 3 x 3 x 1
Monkhorst-Pack mesh grid was used for k-point sampling. The
effects of spin polarization were included. All atoms are relaxed
until the Hellmann-Feynman forces on individual atoms are
less than 0.02 eV A™". Using the jellium approximation, the for-
mation energy of defect d with charge g is given by:>**°

AH%Y = (@9 (host + defect) — E(host)
ref (1)

+ nalpg + pg ] + qlevem + €r)
where E@%(host + defect) is the total energy of the supercell
containing defect d in charge state ¢, and E(host) is the total
energy of the supercell without any defects. uq is the atomic
chemical potential of the element referenced to the energy in
its stable elemental form (either solid or gas) uf'. n, is the
number of atoms being exchanged during defect formation.
ep is the Fermi energy measured from the valence band
maximum (VBM) denoted as eypy. The defect transition level
is defined by the Fermi energy at which two different charge
states (¢’ and g) of the same defect d have the same formation

energy AH??Y = AH"Y, Namely,

€(q/q') + evem
= [E(q’d)(host + defect) — E@9 (host + defect)] /(@ —q).

(2)

The IE, which evaluates the ability of defects to produce
free carriers, is defined as ¢(+1/0) with respect to the conduc-
tion band minimum (CBM) for the donor, whereas an acceptor
IE is defined as ¢(0/—1) with respect to the VBM.

The jellium scheme described above has been widely used
in 3D materials, but it encounters an energy divergence for
charged states of defects in 2D materials (including the
charged formation energy and the resulting IE). To obtain a
converged IE, we follow the strategy of ref. 21 (WLZ extra-
polation method) wherein the asymptotic expression of IE(S, L,)
with varying cell sizes is given as,

IE(S, L;) = IE, +\%+% (3)
where S is the lateral size, L, is the vacuum size, f is the con-
stant (B = e*/24¢,). a is the defect-specific Madelung constant
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Fig. 1 Top view (a) and side view (b) of the atomic structure of mono-
layer InSe. Band structure (c) and partial density of states (d) of mono-
layer InSe with a 4 x 4 supercell. The Fermi level (Ef) is at O eV. The inset
in (c) shows the band structure of monolayer InSe with a unit cell.

and IE, is the converged IE, which both can be obtained by
the extrapolation of the expression. Here, the dimension of the
supercell is varied from 4 x 4 to 6 x 6 for lateral size with a
fixed vacuum size L, of 50 A.

Monolayer InSe is composed of a structure with a sequence
of Se-In-In-Se layers, as shown in Fig. 1(a) and (b). The calcu-
lated lattice parameter of monolayer InSe is 4.01 A, which is in
agreement with previous theoretical and experimental
values.’"*> Each Se atom forms three bonds with the neighbor-
ing In atoms, whereas each In atom forms three bonds with
the neighboring Se atoms and one bond with another In atom
in the same vertical direction. The two covalently bonded In
atoms can be regarded as a whole, denoted as (In,). Then, InSe
can be regarded as (In,)Se,. For (In,)Se,, each (In,) has six
nearest neighboring Se atoms and each Se has three nearest
neighboring (In,) wholes. Since each (In,) has 6 valence elec-
trons and 2 of them constitute the covalent bond of In-In,
each (In,) donates 4 electrons to six neighboring Se atoms.
Each Se accepts 2 electrons from three neighboring (In,).
Thus, the net charge transfer within any formula unit of
(Iny)Se, is zero, i.e. 4 — 2 x 2 = 0. This means that the electron
balance is fulfilled according to the electron counting model
(ECM).** As such, 2D InSe has a gap. The calculated band
structure and partial density of states of monolayer InSe with a
4 x 4 supercell are shown in Fig. 1(c) and (d). It has an indirect
bandgap of 1.42 eV with the CBM being at the I" point and the
VBM located between K and M points. The VBM is mainly
derived from the p orbits of In and Se while the CBM is mainly
derived from the s orbits of In and the p orbits of Se atoms.
We also show the band structure of monolayer InSe with a unit
cell in the inset of Fig. 1(c), wherein the band gap is also
1.42 eV and the VBM is located between I" and K.

The calculated atomic and electronic structures of the
native defects (Vy, and Vg.) in monolayer InSe are shown in
Fig. 2. For Vp,, three spin-up defect states denoted as 1, 2, and
5, and three spin-down defect states marked as 3, 4, and 6 are
generated within the band gap, see Fig. 2(a). Since states 1 and
2 are mostly degenerate and their charge density distributions
are similar, only state 1 is displayed in real space. For the same
reasons, the charge density distributions of state 3 (similar
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(a) The spin-polarized band structures of V,, and the charge density distributions of the defect states marked as 1, 3, and 5 in the band struc-

ture. (b) The spin-polarized band structures of Vs. and the charge density distributions of the defect states marked as 1, 3, and 5 in the band struc-
ture (as in both cases, states 2, 4, and 6 exhibit similar characteristics with 1, 3, and 5, respectively, so their charge density distributions are not
shown here). Red/black lines and numbers for spin up/down. The isosurface is 0.001e/ag™>, where ag is the Bohr radius. The Fermi level (Ef) is at

0 eV. Dashed circles denote the positions of the defects.

to 4) and state 5 (similar to 6) are displayed in real space.
States 1 and 2 mainly come from the p orbits of three neigh-
boring Se atoms. These states have a certain degree of overlap
with the VBM and thus exhibit an extensive electronic distri-
bution like that of a band edge. States 3 and 4 also originate
from the p orbits of three neighboring Se atoms while states
5 and 6 are mainly contributed by the s orbits of the In atom
(originally bonded to the removed In atom) and the p orbits of
its adjacent Se atoms. The partially occupied states 3 and 4 are
closer to the VBM than the CBM, which means a greater possi-
bility to accept an electron as an acceptor. For Vg, there are
three defect states for each spin, see Fig. 2(b). States 1 and
2 mainly come from the p orbits of the surrounding In and
Se atoms, whereas states 3-6 are mostly contributed by the s
and p orbits of the neighboring In atoms around Vg, and the
p orbits of the surrounding Se atoms. As the occupied states 1
and 2 are far from the CBM and the unoccupied states 3-6 are
far from the VBM, it is very difficult for Vg, to donate or accept
an electron.

To explore the possible n-type and p-type conductivities
of InSe, which are required for 2D electronic devices, the
doping properties of extrinsic impurities, including group-1IB
elements (on In sites, Zny,, Cdy,, and Hgy,), group-IVA (on In
sites, Ger,, Snp,, and Pby,), group-VA elements (on Se sites,
ASse, Sbse, and Big.), and group-VIIA elements (on Se sites,
Clse, Brse, and Ise) have been investigated. The calculated band
structures of these defects are shown in Fig. 3. For the X,

This journal is © The Royal Society of Chemistry 2017

defect (X = Zn, Cd, Hg, Ge, Sn, and Pb), there is a spin-up state
marked as 1 and a spin-down state marked as 2 within the
band gap, see Fig. 3(a)-(f). States 1 and 2 are occupied by one
electron in total. This means that they can accept another elec-
tron to be fully occupied in total, or donate the electron to be
fully unoccupied in total. These states are close to the VBM for
Xm (X = Zn, Cd, and Hg) and then are prone to accept an elec-
tron, whereas the states are close to the CBM for X;, (X = Ge,
Sn, and Pb) and then are prone to donate an electron.
Therefore, Xy, (X = Zn, Cd, and Hg) are acceptors and Xp,
(X = Ge, Sn, and Pb) are donors. Considering Zn;, and Gey, as
representatives, we show the real-space charge density distri-
butions of state 2 (similar to 1) of Zny, and state 1 (similar to
2) of Geyy,, see Fig. 4(a) and (b). It can be seen that these states
mainly originate from the orbits of X, X-bonded In, and their
adjacent six Se atoms, which just constitute one formula unit
of (InX)Se, like (In,)Se, discussed above. According to the
ECM analyses, when an In atom is replaced with an X element
(here, considering X = Zn and Ge for illustration), the In-In
pair in the unit of (In,)Se, changes to an In-X pair. As Zn/Ge
has one electron less/more than In, there is a lack/excess of
one electron in the unit of (InX)Se, (X = Zn/Ge) compared
to that of (In,)Se,. As such, the unit of (InZn)Se, acts as an
acceptor and the unit of (InGe)Se, acts as a donor.

The calculated band structures of the Xs. defect (X = As, Sb,
Bi, Cl, Br, and I) are shown in Fig. 3(g)—(1). For Xs. (X = As, Sb,
and Bi), one spin-up state labeled as 1 and one spin-down
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Fig. 3 The spin-polarized band structures of X, (X = Zn, Cd, and Hg), X, (X = Ge, Sn, and Pb), Xs. (X = As, Sb, and Bi), and Xs. (X = Cl, Br, and ).
Red/black lines and numbers for spin up/down. The Fermi level (Ef) is at O eV.

Fig. 4 The charge density distributions of the defect states of Zn,,
Gej,, Asse, and Clse (marked as 2 for acceptors Zn, and Asse, 1 for
donors Gej, and Clg, in Fig. 3). The isosurface is 0.0005e/ao’, where ag
is the Bohr radius. Dashed circles denote the positions of the defects.

state labeled as 2 are found to be generated and are close to
the VBM. These two states possess one electron in total and
tend to accept another one from the VBM. Thus, Xs. (X = As,
Sb, and Bi) are acceptors. In contrast, for Xs. (X = Cl, Br, and
I), the inclusion of X (X = Cl, Br, and I) into InSe caused little
change in the band structures. The excess electrons of X (X =
Cl, Br, and I) than those of Se occupy the CBM spontaneously,
see states 1 and 2 in Fig. 3(j)—(1). This means that Xs. (X = Cl, Br,
and I) are shallow donors. Considering Ass. and Clg. as represen-
tatives, the real-space charge density distributions of state 2
(similar to 1) of Asg. and state 1 (similar to 2) of Cls. are shown
in Fig. 4(c) and (d). These states are mainly contributed by the
orbits of X, the Se directly under X, and three adjacent In-In
pairs. The distribution of the state in Clg. exhibits a more deloca-
lized character because of the mixing feature with the CBM of
the state. The occupied CBM in Xg. (X = Cl, Br, and I) is denoted
as the defect-bound band edge state in the following discussions.

The above discussion according to the ground-sate elec-
tronic structure of defects is qualitative. To quantitatively
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evaluate the stability and the ability to supply carriers of the
defects, the converged formation energies in the neutral (0)
and charged states (+1 for donors, —1 for acceptors) are calcu-
lated according to the method of ref. 21 (WLZ extrapolation
method), as shown in Fig. 5. For the neutral state, the for-
mation energies are presented for both the In- and Se-rich
conditions. It can be clearly seen that Vy,, and X, (X = Zn, Cd,
Hg, Ge, Sn, and Pb) have lower formation energies under the
Se-rich conditions, whereas Vs, and X, (X = As, Sb, Bi, Cl, Br,
and I) have lower formation energies under the In-rich con-
ditions. This can be understood that under the Se-rich con-
ditions the low concentration of the In element facilitates the
formation of In vacancy (Vy,) and In-substituted doping (Xi,),
and vice versa under the In-rich conditions. For V;, and Vg,
charge states of (+1) and (—1) are both considered in each
case. The stable states of Vy, are found to be (0) and (-1)
when the Fermi level is inside the band gap. The (0/-1) tran-
sition level of Vi, is located at 0.74 eV above the VBM, which
means a deep acceptor. The (+1/0) transition level of Vi, is
located at 0.16 eV below the VBM, which means that Vy, can
hardly donate an electron as a donor. For Vg, the only stable
state is found to be (0) when the Fermi level is within the
band gap [here, the (+1/0) transition level is 0.08 eV below the
VBM while the (0/—1) transition level is 0.45 eV above the
CBM]. Thus, Vg, is an electrically neutral defect in the mono-
layer InSe and cannot provide electrons or holes for the
system. The formation of Vg, is relatively easier (with neutral
formation energies of 1.10 eV) than Vy, (with neutral for-
mation energies of 1.91 eV) under their respective preferred
conditions.

For the cases of substitutional acceptors, the neutral for-
mation energies of Xy, (X = Zn, Cd, and Hg) (-0.33 eV,
—0.21 eV, and 0.30 eV under the preferred Se-rich conditions,
respectively) are lower than that of Xg. (X = As, Sb, and Bi)

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The converged formation energies as a function of the Fermi level for the native and substitutional defects. (a) and (b) show the V,, and
In-substituted defects in monolayer InSe. (c) and (d) show the Vs and Se-substituted defects in monolayer InSe. Formation energies of defects are
shown for [(a) and (c)] In-rich conditions and [(b) and (d)] Se-rich conditions. The Fermi level varies from 0 at the VBM to 1.42 eV at the CBM accord-

ing to the calculated PBE band gap of monolayer InSe.

(0.67 eV, 0.92 eV, and 1.09 eV under the preferred In-rich con-
ditions, respectively). In contrast, the transition levels of X,
(X = Zn, Cd, and Hg) (0.84 eV, 0.79 eV, and 0.74 eV above the
VBM) are comparable to that of Xs. (X = As, Sb, and Bi) (0.83 eV,
0.79 eV, and 0.72 eV above the VBM), see Fig. 5. These results
hint that X;, (X = Zn, Cd, and Hg) and X (X = As, Sb, and Bi)
are all deep acceptors. For the case of substitutional donors,
Xse (X = Cl, Br, and I) (formation energies: —0.65 eV, —0.34 eV,
and 0.13 eV under the preferred In-rich conditions, respec-
tively) and Xy, (X = Ge, Sn, and Pb) (formation energies: 0.29 eV,
0.04 eV, and 0.09 eV under the preferred Se-rich conditions,
respectively) are all easy to form. The transition levels of X,
(X = Ge, Sn, and Pb) are 0.41 eV, 0.42 eV, and 0.73 eV below the
CBM, respectively. Notably, though Xs. (X = Cl, Br, and I)
show shallow donor states in the band structures shown in
Fig. 3(j)-(1), their IEs are 0.46 eV, 0.47 eV, and 0.51 eV below
the CBM, respectively, which indicates that they are deep
donors. This discrepancy can be understood with the unique
ionization picture of defects in 2D materials.>® In 2D materials,
when the carrier is ionized to band edges, it is still bound to
the charged defect due to the weak screening. This means that
the IE contains two parts, one (IE;) is the energy required to
excite the carrier to the corresponding band edge, and the
other one (IE,) is the energy required to free the carrier from
the bound defects. For Xg. (X = Cl, Br and I), the excess elec-
tron occupies the CBM spontaneously after doping, see states
1 and 2 in Fig. 3(j)-(1), which means that IE; = 0 and IE = IE,.
Moreover, with a reasonable defect density, state 1 can form a
band and the wave functions tend to overlap, which will facili-
tate electron transport. In addition, the overlap can be further
enhanced by increasing the screening such as adding a sub-
strate or gate voltage.

Since the GGA method with the PBE functional under-
estimates band gaps, which will affect the determination of

This journal is © The Royal Society of Chemistry 2017

defect level positions, care should be taken to identify how the
defect level shifts with an opening band gap. In this work, we
carry out hybrid functional -calculations (Heyd-Scuseria-
Ernzerhof, HSE®?) for several typical cases including the accep-
tor Hg,, and the donors Clg. and Ig. Also, eqn (3) is applied to
obtain the size-independent ionization energies. In the HSE
calculations, 45% non-local Hatree Fock exchange and the
gamma point are included. The HSE band gap of monolayer
InSe is 2.91 eV, which is well consistent with the previous GW
result (2.95 eV).*® For the acceptor Hgz,, the PBE ionization
energy is 0.74 eV and the HSE further deepens the acceptor
level with an ionization energy of 1.29 eV. In contrast, the
ionization energies of Clg. and Is. become even shallower in
the HSE calculations, being 0.37 eV and 0.45 eV compared to
the PBE results (0.46 eV for Clge and 0.51 eV for Is.). This is
ascribed to (and completely reflect) the conduction band edge
characteristic of the states [states 1 and 2 in Fig. 3(j)-(1)] occu-
pied by the excess electron of the X element in Xg. (X = Cl, Br,
and I). These results further prove that Xs. (X = Cl, Br, and I)
should be good candidates for n-type doping.

In summary, we systematically investigated the properties
of native defects and substitutional impurities in monolayer
InSe with first-principles calculations. For charged states of
these defects, the converged energies are obtained with the
approach proposed in ref. 21 (WLZ extrapolation method). It is
found that Vy, is a deep acceptor and Vg is an electrically
neutral defect which cannot offer electrons or holes. All the
substitutional defects including X;, (X = Zn, Cd, Hg, Ge, Sn,
and Pb), Xse (X = As, Sb, Bi, Cl, Br, and I) have high ionization
energies in the range of 0.41 eV-0.84 eV. However, for Xg. (X =
Cl, Br, and I), the electrons may transport through the defect
band which is mixed with the CBM. Therefore, Xg. (X = Cl, Br
and I) can be regarded as promising candidates for n-type con-
ductivity of monolayer InSe.

Nanoscale, 2017, 9, 11619-11624 | 11623
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