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Two-dimensional materials with higher carrier mobility are promising materials for
applications in the nanoelectronics and photocatalysis. In this paper, we have explored
the stabilities, structures, electronic properties, carrier mobility and optical properties
of few-layer PbX (X =S, Se, Te) by first-principle calculations. Theoretical results
show that the band gaps of PbX could be modulated by the thickness, changing from
1.65 eV (1.26 eV, 1.26 ¢V) of monolayer to 0.98 eV (0.76 eV, 0.97 eV) of tri-layer for
PbS (PbSe, PbTe). Most importantly, the bi-layer PbS has an extremely high electron
carrier mobility of 252 000 cm?V™'s™ and the hole carrier mobility of mono- or
tri-layer PbTe could obtains a value of 16 000 cm *V's™, predicating the possible
wide applications of few-layer PbXs in novel electronic devices. The strong
adsorptions of light of PbXs also indicate their potential implications in solar cell.
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1. Introduction

Two-dimensional (2D) materials have excited intensive studies for decades
because of their novel electronic and optical properties. Typical 2D material, such as
graphene or carbon based 2D materials'”, boron nitride (BN)', transition metal
dichalcogenides (TMDs)""™™, and black phosphorus (BP)">", are investigated for
applications in high-performance electronic devices in field-effect transistors (FETs)™
1418 thin-film solar cell?®?!, thermoelectric devices® ? and lithium-ion batteries'” >,
As a candidate 2D material used in FETs, there are three basic requirements: a
moderate electronic band gap, high carrier mobility and excellent electrode-channel
contacts™ 12 2% 2% 26 Therefore, the 2D materials with semiconductive characteristic
have attracted lots of researches for their potential applications in FETs. For example,
the carrier mobility in ultra-thin MoSe, layers could be 50 cm’V'S™ at room
temperature'®, and that in the monolayer MoS,' could even reach to a high value of
200 cm®V™'S™. Recently, researches show that the carrier ability of monolayer black
phosphorus (M-BP) is as high as 286 cm*V™'S™ in experiment'’ and even higher in
theoretical calculations'®, a promising candidate in FETs. However, the stability of
black phosphorus at room and high temperatures will be one problem as the
combustible matter. Thus, it is fascinating to explore suitable 2D materials, which
have direct and proper band gap, as well as high carrier mobility for application in
FETs. The new 2D materials can be predicted based on bulk materials or by
advanced particle swarm optimization algorithm (PSO)?’.

The bulk lead chalcogenidesz& 2 PbX, (X =S, Se, Te) have the cubic NaCl
structure (space group Fm3m) and the direct narrow-gaps make them important in
FETs™ *°, thermoelectric devices’'™® and solar-energy panels34. In this work, the
atomic structures and physical properties of few-layer PbXs are explored theoretically
in the frame of density function theory (DFT). Stabilities of the few-layers are verified
by the phonon bands and formation energies. Then, the band gap, carrier mobility and
optical properties of few-layer PbXs are discussed. The tunable band gap and high
carrier mobility indicate the high performance of few-layer PbX (X = S, Se, Te) in
applications in nanoelectronics and optoelectronics. The calculated adsorption of light
indicates the potential applications of few-layer PbXs in solar cell.

2 Method

The calculations were carried out with DFT implemented in the Vienna ab-initio
simulation package (VASP)*’. The exchange—correlation potential was described by
the generalized gradient approximation (GGA) functional of Perdew, Burke, and
Ernzerhof (PBE)*®. The van der Waals (vdW) correction proposed by Grimme®’
(DFT-D3) was included in our calculations expect the bulk case to obtain the correct
structures. The plane wave cut-off energy was chosen to be 500 eV. A 8x8x1 k-point
sampling based on Gama-centered Monkhorst-Pack scheme™ was used for all the
structural relaxation. The structural optimization process for all atoms was finished
until the final force on each atom was less than 2X 107 eV/A and the total energy
change was less than 10 eV. Meanwhile, a vacuum space of 15 A was added in the
unit cell to avoid the interaction between the repeated unit cells.
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The stability of 2D material can be determined from the formation energy, which
is defined as follows:

E=E>p/Np-Esp/ N3p (1)

where E,p and Ejp represent the energies of few-layer and bulk PbX, respectively;
N>p and N;pdenote the number of atoms in primitive cell of few-layer and bulk PbX
in our calculations. The smaller formation energy the 2D material has, the more stable
it becomes.

The carrier mobility in 2D material can be estimated by the phonon-limited
formula®"*:

1=(eh’ Caop)/[ks T, ma(Ei)] Q)

where m, " is the effective mass along the transport direction (either m, or m,, along the
x or y direction, respectively), and m, is the equivalent density-of-state mass defined
as de\/(mxmy).The deformation potential E=AE/(AL/L;) is computed through the
energy change induced by the lattice compression or dilatation of few-layer PbX by a
step of AL/L; =0.005 in the transport direct. What should be noted is that, the E; of
valance band minimum (VBM, E}) is for hole and that of conduction band maximum
(CBM, E,) is for electron. The elastic moduli of the longitudinal acoustic C;p in the
propagation direction is defined as Cop=2(E-Eo)/[So (A L/L;)*], where E and E, are the
total energy with lattice changes in i direction and at equilibrium state, respectively,
and the Sy is the area of the 2D material at equilibrium state.

Optical property is obtained by calculating the frequency dependent dielectric
matrix. The imaginary part is determined by a summation over empty states using the
equation:

2.2 *
iz e lim ig Z 2wk5(gck - gvk - [()) X <Uck+eaq ‘ ka><uck+qeﬂ ‘ ka> (3)

(@) =
Q 7-0 q vk

where the indices Q, w, ¢, v refer to the unit-cell volume, photon frequencies,
conduction and valence band states, respectively, u. is the cell periodic part of the
orbitals at the k-point k. The vectors e. are unit vectors for the three Cartesian
directions.

3 Results and Discussions
3.1 Stability of monolayer PbX (X =S, Se, Te)

The calculated lattice parameters of bulk PbS, PbSe, and PbTe are apyx = bpux=
Couk = 5.922 A, 6.125 A, 6.464 A, respectively, all within the error of 0.3%
experiment29 (see Table 2), indicating the accuracy of our PBE method. These values
are then used to determine the planer lattice parameters of few-layer PbX. The initial
configurations of the few-layer PbXs are cleaved along the [001] direction from the
bulk PbXs. Each monolayer contains two sublayers, and the few-layer PbXs are
consisted with several corresponding monolayers. The monolayer PbX, which
includes 2 Pb atoms and 2 X atoms in an unit cell, contains two sublayers along [001]
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direction of bulk PbX with X (Pb) atom on Pb (X) atom, as shown in Fig. 1. (b). The
vector relationship between the monolayer bulk and the are: a=1/2(apue,tboure,),
b=1/2(apuie.-bpuike,), here e, (e,) is the lattice direction in bulk xy plane.

() ec ¢B 6\0 0
Q Q ‘3 C O o o Q

Fig. 1 Top (a) and side (b) views of atomic structures of monolayer and bi-layer PbX
(X=S, Se, and Te) and associated first Brilliouin zone (c). The lattice parameter a is
equal to b in xy plane and the structural parameters are labeled as (A, B, B1, B2 ). The
A and B refer to the bond between X atom and nearest Pb atom in different sublayers
and in the same sublayer, respectively. Bl (B2) indicates the angle of X-Pb-X
(Pb-X-Pb) with X (Pb) atoms nearest to Pb (X) atom in the same sublayer (different
sublayers).

To provide a rigorous proof for the stability of monolayer PbXs, the phonon band
structures of optimized structures were calculated by force constant approach42
implanted in Phonopy package. The phonon frequencies of monolayer PbX were
obtained as following. First, a set of 4X4X1 supercells with atoms displacements
was generated according to relaxed unit cell and symmetry restriction of monolayer
PbX. Second, the forces on the atoms of each supercell were calculated by VASP with
a 3 X3 X1 k-point sampling based on Gama-centered Monkhorst-Pack scheme. Then
the corresponding forces were collected and used for phonon frequencies calculations
of PbX by Phonopy. The structure is stable only when the frequencies of all phonon
bands are positive. The phonon band structures of the monolayer PbXs in Fig. 2 show
positive frequencies, except very tiny imaginary frequencies near the I' points (k—0)
for PbS and PbSe. Accordingly, we could conclude that the monolayer PbX (X=S, Se,
Te) is thermodynamically stable.
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Fig. 2 Phonon band structure of (a) PbS, (b) PbSe, and (c) PbTe monolayers with 4 X
4 X1 supercell, respectively.
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The formation energies, Ej, calculated according to Eq. 1, decrease as the number
of PbX layer grows from one to three: Er changes from 0.18 eV to 0.07 eV for PbS,
from 0.20 eV to 0.08 eV for PbSe, from 0.21 eV to 0.08 eV for PbSe, as listed in
Table 1. We have shown the stability of the monolayer PbXs through the phonon
band structures in the paragraph above, so we may expect more stable few-layer
PbXs.

Table 1 Formation energies of PbX (X=S, Se, Te) for monolayer to tri-layer.

Type/Layer 1L 2L 3L
PbS (eV) 0.18 0.10 0.07
PbSe (eV) 0.20 0.12 0.08
PbTe (eV) 0.21 0.12 0.08

3.2 Atomic structures and electronic properties of few-layer PbX

Once the stabilities of the few-layer PbX were confirmed, atomic structures,
electronic and optical properties are explored in the following. As shown in Table 2,
the lattice parameters of PbS, PbSe, PbTe increase by 0.007 A, 0.031 A, 0.079 A
(azD-abulk/\/Z), comparing with the corresponding values in bulk, respectively.
Meanwhile, the Pb and X atoms in the same sublayer in bulk structures become
bulkling in the 2D PbX: the Se and Te atoms are 0.034 A and 0.302 A higher than the
coplanar Pb atom along the normal direction in PbSe and PbTe, respectively, whereas
S atom is 0.156 A lower than Pb atom in PbS. The bond lengths of Pb-S, Pb-Se, or
Pb-Te along the normal direction, denoted as type A, are 2.693 A, 2.825 A, or 3.033
A, respectively, which are 0.277 A, 0.260 A, 0.288 A shorter than the corresponding
bonds in the same sublayer, denoted as type B. The bulkling character and the
different bond lengths result from the appearance of dangling bonds in the few-layers,
which makes the interaction between Pb and X atom in the z direction strong. For
bi-layer PbXs, the bond lengths of Pb-S, Pb-Se, or Pb-Te, denoted as type A (B) are
2.769 A (2.962 A), 2.886 A (3.068 A), or 3.073 A (3.252 A), increased (decreased) by
0.076 A (0.008 A), 0.061 A (0.017 A), 0.040 A (0.069 A) while comparing with
corresponding ones of monolayer, respectively. The distance of the two monolayers is
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3.192 A, 3.224 A, 3.374 A for PbS, PbSe, and PbTe, respectively, which is about
0.423 A, 0.338 A, 0.301 A longer than length of bond type A, about 0.230 A, 0.156 A,
0.122 A larger than that of bond type B. Those parameters indicate the interaction
between layers is somewhat of chemical rather than vdW interaction, which leads to
the interlayer interaction of two-layer PbS, PbSe, and PbTe with a value of 0.64 eV,
0.68 eV, and 0.72 eV, respectively (see Table 1). In additional, we take bi-layer PbS
as an example to check the effect of vdW correction. Comparing the calculations with
and without vdW correction, the distance between two monolayers of bilayer PbS is
3.303 A without considering vdW correction, which is about 0.111 A larger than the
one with vdW correction.

Table 2 The theoretical lattice constants and the calculated band gap of few layer and
bulk PbX(X=S, Se, Te) compared with to previous experiment results.

PbS PbSe PbTe

ag/A B1/B2° GapleV | a, B1/B2°  Gap | a B1/B2°  Gap

1 |4194 89.84/93.01 1.65 |4.362 90.00/89.37 1.26 | 4.650 89.52/84.75 126
2 | 4188 89979132 123 |4338 89.97/88.71 0.94 | 4583 89.62/85.30 1.07
3 4185 89979132 098 |[4332 89.97/88.71 0.76 | 4576 89.71/85.95 0.97

Bulk [5922 89.99/90.79 034 |6.125 90.00/90.00 0.30 | 6.464 90.00/90.00 0.74

Exp® | 5.936 041 | 6.124 028 | 6.462 0.31

The calculated band structures of bulk PbS, PbSe and PbTe are similar, owning a
direct band gap at L point with a value of 0.34 eV, 0.30 and 0.74 eV (see Fig. 3(a),
Fig. 4(a), Fig. 4(c)). The corresponding experimental results are 0.41 eV, 0.28 eV, and
0.31 eV”, respectively. Clearly, the band gaps of bulk PbS and PbSe could be well
predicted by PBE calculations, but that of PbTe are overestimated in our results as
spin-orbit coupling effect is not include in our calculations®”. The The hole (VBM)
and electron (CBM) effective mass at L point for bulk PbS, PbSe, PbTe are 0.119 my
and 0.145 mg, 0.120 my and 0.106 mg, 0.121 my and 0.097 m,, respectively. These
results are in the range of experimentszg’ * and previous theory calculations®. The
effective masses of PbXs obtained from PBE method are nearly the same as that of
experiments result’”** (within range 0.07~0.20 my), which indicating the PBE could
predict the effective mass with a reliable accuracy. Thus, although the band gap of
PbTe calculated with PBE is obviously larger than the experimental one without
considering the spin-orbital coupling44, the calculated effective mass with PBE is very
close to the experimental ones.
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Fig. 3 Band structures of (a) bulk and (b) monolayer (c) bi-layer PbS. (d) Charge
distribution of correspond states of bi-layer PbS labeled in (c). The isovalue is set to
0.003 e/bohr’. The Fermi level is set to zero.

Then we focus on the electronic properties of few-layer PbXs. In monolayer, the
I point in the bulk BZ folds backs to the G point, so the G-L and X-W directions in
the bulk BZ will be projected to the G-X and G-M directions of monolayer ones. As
shown in Figs. 3(b), 4(b), and 4(d), the monolayer PbXs own direct band gaps along
the G-X directions at the (0.425, 0, 0) point. The band gaps of the monolayer PbS,
PbSe, and PbTe are 1.65 eV, 1.26 eV and 1.26 eV, respectively. It’s interesting that the
band gap of a bi-layer PbX is reduced to 1.23 eV, 0.94 eV and 1.07 eV for PbS, PbSe,
and PbTe, respectively. To further understand the reduction of the band gap, we take
bi-layer PbS as an example and calculate the charge distribution of correspond states.
As shown in Fig. 3, the highest valance band, VBI1, and the lowest conduction band,
CBI1, bond two layers, whereas the third highest valance band, VB3, indicates the
bonding within the monolayer. The work function of the monolayer and bi-layer PbS
are nearly the same. This indicates that the bonding between two layers shifts CB1 to
lower energy, leading to the reduction of the band gap. Thus, when coupling two
monolayers into a bi-layer, the chemical bonding rather than vdW interaction
dominates the interaction between two monolayers, which increases the interlayer
binding energy and reduces the band gap. When the few-layer PbX becomes thicker,
the interaction between layers will be stronger, leading to a smaller band gap and
more stable system. These predications are verified by the DFT calculations of the
tri-layer cases, as the band gaps of tri-layer PbS, PbSe and PbTe are 0.98 eV, 0.76 and
0.74 eV (See Table 2) and the formation energies of tri-layers become smaller (See
Table 1).
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Fig. 4 Band structures of (a) bulk and (b) monolayer PbSe, the corresponding ones
of PbTe are listed as (c) and (d), respectively. The Fermi level is set to zero.

3.3 Carrier mobility of Few-layer PbX

The effective masses of monolayer PbX exhibit different behaviors for electron
(m.") and hole (my): m." of PbS, PbSe, PbTe along G-X are 0.170 my, 0.126 my, 0.169
my, only larger than the corresponding bulk values by 0.025 mg, 0.006 my, 0.048 m,,
respectively. On the other hand, the my" of those at VBM along G-X are 0.221 my,
0.156 my, 0.190 my, greatly increased by 0.102 my, 0.050 mg, 0.058 my. These values
are much smaller than that of M08245 with 0.48 m,, h-BN* with 0.99 me.. The me* of
few-layer PbS along G-X shows a negative layer-dependence character, as shown in
Table 3: it decreases from 0.170 my of the monolayer to 0.153 my of tri-layer, which
is very close to 0.145 my of bulk one.

The small effective masses of few-layer PbXs indicate the possible inherence of
high carrier mobility from the bulk ones. The carrier mobility for 2D systems is
calculated by applying the Eq. 2. Due to the symmetry of x- and y-axes, the properties
along the two directions are same, thus we focus on one direction. The predicted
carrier mobilities of few-layer PbXs are very large, as list in Table 3, and the electron
mobility is much larger than hole for PbS and PbSe. The electron carrier mobility for
monolayer PbS will reach a moderate value of 72 850 csz'ls'l, more than 30 times
of than the hole. The difference mainly results from the small deformation potential £,
for electron at CBM, compared with that of deformation potential E; for hole at VBM
(See Table 3). In the bi-layer PbS, the electron carrier mobility becomes
extraordinarily large, with a value of about 252 610 cm®V™'s™. The even smaller E,,
m, and larger C,pare the main reasons. The electron (hole) mobility of tri-layer PbS

8
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moves to relative smaller values because of the larger deformation potential. Similar
trend happens to few-layer PbSe, with a maximum value of electron mobility of 74
630 cm”V's™ for bi-layer. However, the hole carrier mobility of monolayer PbTe is
nearly two times as that of electron, with a value of 16 580 cm*V's™. The large
carrier mobilities indicate that the monolayer and bi-layer PbS or PbSe may have high
performance in transport of electron in FETs.

According to Eq. 2, the factors that lead to the extremely high carrier mobility of
PbX include both a small effective mass and a large elastic moduli. The elastic moduli
of PbS, PbSe and PbTe are nearly 57 J/m'z, 48 J/m'z, and 33 J/m™ per layer, which is
larger than that of few-layer phosphorus'® of 30 J/m™. The decrease of C;p shows that
the interaction of Pb and X atoms becomes weak while changing X atom from S atom
to Te atom. More importantly, the deformation potentials of few-layer PbXs are
extremely small. The deformation potential E, for electron of mono-, bi-layer PbS and
PbSe could reach values of 0.71 eV, 0.60 eV, 1.27 eV, 1.19 eV, respectively, much
smaller than other materials applied in FETs, mainly in range of 3.7~5.0 eV****" In
details, while comparing monolayer MoS; with monolayer PbS, the deformation
potential E, (the effective electron mass at CBM) for MoS, is 5.50 (2.82) ¥ times of
that for monolayer PbS, and the corresponding carrier mobility of PbS is about 89.32
times larger than that of MoS, if only considering these two factors. Thus, the low
deformation potential and effective mass are critical to the high mobility of PbXs. The
small E, is in essence related to the bonding character of CBM. There are nearly no
bonding characteristics for Pb atom and S atom in the xy plane for CBM and VBM,
causing a small change of charge distribution of the CBM and VBM of few-layer PbX
[see bi-layer case in Fig. 3(d)]. So the structural deformation introduced along x (or y)
direction have little effect on the nonbonding character (or isolated charge distribution)
of CBM in xy plane, and leads to a very small E,. Similarly, the un-bonded character
of VBM will also lead to a small Ej, but still larger than that of electron (except the
few-layer PbTe). The different deformational potentials of E, and Ej, could also be
explained by the different bonding characteristics of VBM and CBM. For example, as
for bi-layer PbS, the CBM has overlapping along z direction while the VBM does not
have such feature [See Fig. 3(d)], whereas the bond between Pb and S atom in the z
direction is nearly unaffected through deformation, and also the deformation is even
less for electron (CBM) than for hole (VBM) as less electron distribution in xy plane,
thus the deformational potential for E, is even smaller than E;. And also, the values E},
for hole and E, for electron of mono- or bi-layer PbS and PbSe are nearly layer
independent. We note that the £j, and E, of tri-layer PbS are much larger than those for
the mono- and bi-layer ones, as tri-layer one behaviors more like bulk ones. However,
the E,g,) for few-layer PbTe show layer-dependent strongly and are more complicated.
While forming multilayer PbTe from monolayers, the prior VB and CB of monolayers
could couple because of the interaction between layers. Thus, the coupling effect
could make few-layer PbTe deformation potential larger (See Table 3, except E; of
tri-layer PbTe), make the multilayer PbTe stable (see Table 1).Interestingly, the Ej
becomes smaller whereas the electron £, becomes bigger from few-layer PbS to PbTe.
Along with the analysis above, more un-delocalized charge distribution of VBM and
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the weaker bonding character of CBM between different layers of PbX in the z
direction while X atom changing from S to Te atom lead to the trend of mobility, and
the effect of the former becomes lager than the latter, the hole £, may be smaller than
the electron E, as see the few-layer PbTe in Table 3.

Table 3 Carrier mobility of few layer PbX (X=S, Se, Te) predicted by theoretical
calculations at 300K. The mj(my,), E.(Ey) and p.(uy) indicate the effective mass,
deformation potential, carrier mobility for electron at CBM (hole at VBM), C,p is the
elastic moduli along x direction.

Layer m; my, E, E, Cap Me 179

Units m, eV Jm?  10°cm*V's?!

PbS 1 0.170 0.221 0.710 3.594 56.78 72.85 2.19
2 0.158 0.199 0.600 3.798  119.63 252.61 5.01
3 0.153 0.267 3.081 7.086  185.75 13.45 1.45

PbSe 1 0.126 0.156 1.273 2.909 48.25 35.92 5.58
2 0.140 0.146 1.189 3.063 101.30 74.63 11.02
3 0.146 0.158 2.059 3.028 164.94 37.40 15.96

PbTe 1 0.169 0.190 1.705 1.099 32.87 7.95 16.58
2 0.192 0.172 2.107 2.516 75.08 10.33 8.08
3 0.547 0.185 3.735 1.690  129.56 1.14 16.42

3.4 Optical adsorption of few-layer PbX
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To explore the optical properties of the few-layer PbX, the dielectric functions are
calculated according to the Eq. 3 and adsorption (also imaginary) part &(w) is
depicted in Fig. 5. Clearly the first peak of the adsorption spectra strongly relates with
band edge that drops with the increase of the thickness, e.g, from 1.65 eV for
monolayer to 0.34 eV for bulk PbS. Also, the results show that the adsorption of light
among 1.23~3.20 eV is relative larger, indicating the potential implications in solar
cell. It should be noted that the spin-orbital coupling effect has great effect on the (o)
of bulk PbSe and PbTe as shown in the previous work™®. Although the spin-orbital
coupling effect is not considered in our calculations, €(®) for bulk PbSe and PbTe
exhibit similar features as the previous ones that the maximum &,(®) of PbTe is larger
than that of PbSe™* as shown in Fig. 5.

4 Conclusions

In summary, we have systemically explored the stabilities, structures, electronic
properties, carrier mobility and optical properties of few-layer PbX (X=S, Se and Te).
Theoretical calculations show that the band gaps of PbX could be modulated by the
thickness, varying from 1.65 eV (1.26 eV, 1.26 eV) of monolayer to 0.98 eV (0.76 eV,
0.97 eV) of tri-layer PbS (PbSe, PbTe). The carrier mobility and optical adsorption are
also thickness dependent. Careful studies clearly indicate the few-layer PbS and PbSe
own extremely high electron carrier nobilities: >10 000 cm*V's™ for PbS and PbSe
few-layers and even higher value of 252 610 cm”V's™ for bi-layer PbS. As a
comparison, the few-layer PbTe mainly owns higher hole carrier mobility, such as a
value of 16 580 cm*V's™ for monolayer PbTe. The high mobility predicts the wide
applications of few-layer PbX (X=S, Se, Te) in modern electronic devices, especially
for novel FET devices. In additional, the adsorption of light among indicates the
potential implications in solar cell.
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