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ABSTRACT: The band structure on the surface might be influenced by the abruptly ended
periodic structure and change the physical properties of the semiconductor. By using the
density functional theory, this research also demonstrates that the Si unit cell has the
calculated room-temperature electrical conductivity as 4.01 × 10−6 (Ω−1 cm−1), similar to the
experimental result. Thus, the Si(111) plane structures are calculated, and we found out that
the one-layer and two-layer plane structures have the theoretical room-temperature electrical
conductivities as 129.68 (Ω−1 cm−1) and 547.80 (Ω−1 cm−1), respectively. In addition, the
results reveal that the conduction band and valance band of the Si(111) one-layer and two-
layer structures will connect on the ⟨111⟩ direction, mainly contributed by Si 3p orbitals.
Thus, the band structure at the ⟨111⟩ direction on the Si(111) surface has variation and
increases the electrical conductivity to 7 to 8 orders compared to the intrinsic Si and offers
new surface science and surface engineering concepts for future applications.

■ INTRODUCTION
The surface reveals the abnormal physical and chemical
phenomena within the atomic world and navigates future
nanotechnology development by changing the electronic
behavior within the nanoscale for different material proper-
ties.1,2 Even the surface could be measured by tremendous
measurement techniques, such as electron microscopy,3

synchrotron radiation,4 probe microscopy,5 and photoelectron
spectroscopy;6 moreover, theoretical calculation results could
offer another atomic-scale prospect to increase the knowledge of
the surface. The density functional theory (DFT) has valuable
accuracy within the atomic scale for solving the issues of the
electronic structure of solids.7−11 The atomic-scale bonding
variations at the surface might change the band structure
behavior by verifying the periodic atom structure, especially the
abruptly ended regular structure at the surface, and forming
unique material properties compared to bulk materials.
Indeed, the surface plays a vital role in the nanoeffect because

the regular atom arrangement must end and distort at the
surface, and every material has its surface. With or without shape
control, nanoparticles have a substantial electronic variation
from the bulk material due to the ultrashort periodic atom range
near the surface so that the surface effect could be enlarged in
nanomaterials. Therefore, the surface makes semiconductors
with different properties. Still, the surface variations on bulk
materials, such as a wafer, are easy to ignore due to the fact that
the long-range periodic structure of the surface will dilute the
surface effect. In the previous experimental measurement, it was
found that the intrinsic silicon (111) has better conductivity12

and a lower trap state13 between the conduction band and
valance band than (110) and (100). Moreover, the merge of the
conduction band and valance band within the Si(111) three-

layer structure might be the reason.14 For further discussing the
surface band structure variation effect, Ge15 and GaAs16 were
investigated, and we found out that this is a general effect in
every semiconductor. The surface conductivity and surface trap
states exist in different facets of Ge17 and GaAs.18 By revealing
the detailed mechanism on the silicon (111) surface, this
research focused on one layer and two layers of Si(111) plane
structures and found out that they have metallic properties by
the calculation results of electrical conductivities, and the band
gap will merge and disappear at ⟨111⟩. This is the first time to
release the precise mechanism for the metallic reason and values
of one and two layers of Si(111) plane structures. Since the one
layer and two layers of Si(111) plane structures are metallic, the
nanodevice design on the Si wafer, with or without doping, will
have clear guidance to avoid the surface issue. Moreover, the
Si(111) surface plane is expected in the silicon wafer
manufacturing process due to the lowest etching rate. The
(111) plane is the close-packed silicon, and it is easy to retain the
(111) plane after various wet etching processes in the
semiconductor manufacturing process. The surface issue
might be a minor issue for large-scale devices but a significant
issue for ultrasmall devices. Since silicon is the most crucial
semiconductor material globally, the metallic (111) plane
structure needs to be revealed and reported. The dynamically
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unstable structures of 1, 2, 4, 5, 7, 8, 10, and 11 layers of Si(111)
structures might exist on the bulk material of Si and form the
surface; thus, their dynamic instability might be varied by
creating and deleting the surface dangling bond. Thus, the
dynamically unstable surface structures [1, 2, 4, 5, 7, 8, 10, and
11 layers of Si(111)] will exist, and their unique band structure
will influence the semiconductor properties of the Si material.

■ RESULTS AND DISCUSSION
The detailed discussion of the Si(111) surface properties by
DFT calculations must establish the Si(111) surface structures
with different layers. Figure 1a−1 demonstrates the 1−12 layers

by setting the slabs, and the 1−12 layers of Si(111) are all put
into the cells. The 3 × 3 × 3 supercell of Si was used to slice out
the slabs. The detailed information, as atomic position and cell
parameters, of the structures in Figure 1a−l is listed in the
Supporting Information. For reducing the calculation con-
sumption and increasing the band structure result precision, the
calculation needs to find out the symmetry structures for those
slabs in Figure 1a−l by raising symmetry and processing the
geometry optimization by the GGA-PBEsol approach. The
optimization structures of Si(111), 1−12 layers, are shown in
Figure S1a−l, and the detailed information, as atomic position
and cell parameters, of the structures in Figure 1 and Figure
S1a−l is listed in the Supporting Information. In Figure S1a−l,
the different layers of Si(111) are transformed into simple
structure units based on their crystal symmetry in Figure 1a−l,
and these simplification units will be used to continue to process
the calculations of band structures. The listing of these Si(111)
layer structures in detail, in the Supporting Information, is
prepared for the researchers to establish the structures and make
the calculation independently.
The hybrid functional HSE06 calculated the band structures

of Si(111) 1−12 layers, and the result is shown in Figure 2a−l.
The 3 layers (Figure 2c), 6 layers (Figure 2f), 9 layers (Figure
2i), and 12 layers (Figure 2l) of Si(111) have the typical Si band
structure with the indirect 1.17 eV band gap, which is the same
band gap value for silicon at 0 K. Indeed, the raised symmetry
structures in Figure S1c,f,i,l are the same structures as the silicon
diamond cubic crystal structure, and this indicates that the
silicon (111) has a periodicity with a three-layer structure that
will become the standard cubic Fd3̅m space group. The DFT

calculations set up the temperature at 0 K and prove that HSE06
is a proper function for the Si and Si-related structures in
electronic structure calculations. The one layer of Si(111) in
Figure 2a has no band gap, obviously with the conduction band
connected to the valance band at the ⟨111⟩ direction. This
conduction band and valance band connection behavior
happens on all of the 2 layers (Figure 2b), 4 layers (Figure
2d), 5 layers (Figure 2e), 7 layers (Figure 2g), 8 layers (Figure
2h), 10 layers (Figure 2j), and 11 layers (Figure 2k) of Si(111).
The density of states (DOSs) of Si(111) from 1 to 12 layers

are shown in (Figure S2a−l), and the 3 layers (Figure S2c), 6
layers (Figure S2f), 9 layers (Figure S2i), and 12 layers (Figure
S2l) of Si(111) have the standard band gap as 1.17 eV. The
contiguous states between the upper conduction band and the
lower valence band are apparent within the 1 layer (Figure S2a),
2 layers (Figure S2b), 4 layers (Figure S2d), 5 layers (Figure
S2e), 7 layers (Figure S2g), 8 layers (Figure S2h), 10 layers
(Figure S2j), and 11 layers (Figure S2k) of Si(111). The
electronic structures, band structures, and DOSs of Si(111)
layers show semiconductor band gap properties with a three-
layer periodicity. More calculation results need to discuss the
three-layer periodicity of Si(111).
Furthermore, the structure stabilities of the Si(111) 1−12

layers are calculated by GGA−PBE in DFT for the phonon
dispersion in Figure 3a−l and phonon DOSs in Figure S3a−l.
The 3 layers (Figure 3c), 6 layers (Figure 3f), 9 layers (Figure
3i), and 12 layers (Figure S3l) of Si(111) are dynamic stable
structures, according to the phonon dispersion diagrams.
However, the 1 layer (Figure 3a), 2 layers (Figure 3b), 4 layers
(Figure 3d), 5 layers (Figure 3e), 7 layers (Figure 3g), 8 layers
(Figure 3h), 10 layers (Figure 3j), and 11 layers (Figure 3k) of
Si(111) show dynamically unstable structures and properties by
the negative phonon frequency vibrations in the phonon
dispersion diagrams. Normally, the fact that more phonons
vibrate with a negative frequency means that the structure is
more dynamically unstable and indicates that this is not a stable
phase.19,20 For the detailed comparison of the structure stability,
the phonon DOSs are shown in Figures S3a,b,d,e,g,h,j,k, and the
contribution of imaginary (negative) frequency phonon DOSs
the total phonon DOSs could be an index for dynamic stability.
The fact that the structure has higher imaginary (negative)
frequency phononDOSsmeans lower dynamic stability. Indeed,
the contributions of imaginary (negative) frequency phonon
DOSs for Si(111) 1−12 layers are 15.70% (1 layer), 8.95% (2
layers), 0% (3 layers), 8.85% (4 layers), 3.53% (5 layers), 0% (6
layers), 5.21% (7 layers), 2.20% (8 layers), 0% (9 layers), 3.85%
(10 layers), 1.60% (11 layers), and 0% (12 layers).
From the lower to higher layers of Si(111), the contribution of

imaginary phonon DOSs is getting lower and lower. This
indicates that the Si(111) one-layer and two-layer dynamic
instability will be diluted when the dynamically stable three-layer
periodic layer is added. Therefore, the 4 layers (as 3 layers plus 1
layer), 5 layers (as 3 layers plus 2 layers), 7 layers (as 6 layers plus
1 layer), 8 layers (as 6 layers plus 2 layers), 10 layers (as 9 layers
plus 1 layer), and 11 layers (as 9 layers plus 2 layers) have lower
imaginary phonon DOS parts. The periodic changes in the
physical properties of the (111) plane caused by the three
atomic layers do not exist. The one layer and two layers of
Si(111) have metallic properties. Therefore, 3 times the number
of layers plus 1 layer or 2 layers and 4, 5, 7, 8, 10, and 11 layers
will gradually dilute the dynamic instability in Figure 3a−l. In
addition, the metallicity may be diluted progressively as well.
The dynamically unstable structure of 1, 2, 4, 5, 7, 8, 10, and 11

Figure 1.Original Si(111) plane slabs of 1−12 layers: (a) 1 layer, (b) 2
layers, (c) 3 layers, (d) 4 layers, (e) 5 layers, (f) 6 layers, (g) 7 layers, (h)
8 layers, (i) 9 layers, (j) 10 layers, (k) 11 layers, and (l) 12 layers.
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layers of Si(111) structures might still exist in nature with a short
phase existing timing, but they are easy to transform. If the
dynamically unstable structure grows on the bulk material and
forms the surface, their dynamic stability might be improved and
influence the semiconductor properties. Therefore, it is
important to investigate them.
The Si−Si bonding distortion on the Si(111) surface is the

reason for the electronic structure and phononDOS variation, as
shown in Figures 2 and 3, and the mechanism within three layers
of Si(111). For more structure information in detail, this
research calculated the electron and X-ray diffraction (XRD)
patterns of Si(111) 1−3 layers, as shown in Figure 4. The
electron diffraction patterns of Si(111) for 1, 2, and 3 layers are
shown in Figure 4a−c, and the zone axis is set as [111]. The
electron diffraction patterns are different due to the Si−Si
bonding distortion and could be observed from the Si(111) 1−
3-layer structures by transmission electron microscopy,
reflection high-energy electron diffraction, and low-energy
electron diffraction. Therefore, the calculated electron diffrac-

tion patterns, by using the wavelength as 2.51 pm, of Si(111) in
Figure 4a−c as 1−3 layers could be the reference for the surface
suture distortion research of Si(111) and further identify the
surface mechanism of the Si−Si bonding distortion on the
Si(111) surface. The calculated XRD patterns, by using the
wavelength as 1.54 Å, of Si(111) 1−3 layers are shown in Figure
4d−f, and the construction diffraction peaks are different due to
the Si−Si bonding distortion.
The data indicate that the conduction band and valance band

will connect in Si(111) one-layer and two-layer structures, as
shown in Figure 2a,b. In addition, the detailed partial DOSs, by
the contribution from Si 3s and 3p orbitals, of the Si unit cell,
Si(111) one-layer structure, and Si(111) two-layer structure are
shown in Figure 5a−c. For the Si unit cell in Figure 5a, the band
gap is 1.17 eV, and the DOS in the valance band region is mainly
contributed by the Si 3p orbital. Still, the contributions of 3s and
3p orbitals are equal in the conduction band region for the DOS.
There is no band gap between the conduction band and valance
band region for the Si(111) one-layer structure in Figure 5b. In

Figure 2. Band structure of the Si(111) plane slabs from 1−12 layers: (a) 1 layer, (b) 2 layers, (c) 3 layers, (d) 4 layers, (e) 5 layers, (f) 6 layers, (g) 7
layers, (h) 8 layers, (i) 9 layers, (j) 10 layers, (k) 11 layers, and (l) 12 layers.
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the valance band and conduction band, the density of the state is
mainly contributed by the Si 3p orbital. The conduction band
region with the 3p domination condition in the Si(111) one-
layer structure differs from that in the Si unit cell. The previous
research found that the zero band gap phenomenon is due to the
uncommon Si−Si bonding distortion, from 2.34 to 2.253 Å.14

The odd bonding distortion increases the 3p orbital
contribution to the DOS, especially in the conduction band
region. For the Si(111) two-layer structure in Figure 5c, the 3p
orbital dominates the valance band DOS and is slightly higher
than the 3s orbital in the conduction band region, with Si−Si
bonding distorting to 2.331 Å.14

The ultrasmall device design could have a reference by DFT
calculated from the electrical conductivity, carrier mobility, and
carrier density about the Si(111) surface. Indeed, it will be
helpful to understand the nano issue caused by the (111) surface

layer by layer. Here, the calculated electrical conductivities, from
270 to 400 K, of the Si unit cell, Si(111) one-layer structure, and
Si(111) two-layer structure are shown in Figure 5d, and the
values are listed in Table 1. In Figure 5d, the Si(111) two-layer
structure has higher electrical conductivities than the Si(111)
one-layer structure and Si unit cell, and the Si(111) one-layer
structure is more elevated than the Si unit cell for the
temperature-dependent electrical conductivity. The calculated
electrical conductivity of the Si unit cell at 300 K is 4.01 × 10−6

(Ω−1 cm−1) in Table 1, and it is the same as the experimental
result. Therefore, this research used a proper calculation method
by DFT for Si and Si(111) surface estimation. In Table 1, the
electrical conductivities of the Si(111) one-layer structure and
two-layers structure are 129.68 (Ω−1 cm−1) and 547.80 (Ω−1

cm−1) at 300 K, respectively. Normally, the electrical
conductivity of the metal at 300 K should be within 1 to 108

Figure 3. Phonon dispersions of Si(111) plane slabs from 1−12 layers: (a) 1 layer, (b) 2 layers, (c) 3 layers, (d) 4 layers, (e) 5 layers, (f) 6 layers, (g) 7
layers, (h) 8 layers, (i) 9 layers, (j) 10 layers, (k) 11 layers, and (l) 12 layers.
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(Ω−1 cm−1). This research identifies that the Si(111) one-layer
structure and two-layer structure are metals with metallic
electrical conductivity. The (111) surface effect will influence
the conductivity of Si and enhance the electrical conductivity by
about 3.23 × 107 and 1.36 × 108 times for the Si(111) one-layer
structure and two-layer structure, respectively.
For the temperature-dependent carrier mobility and carrier

density of the Si unit cell, Si(111) one-layer structure, and
Si(111) two-layer structure, the calculation results are shown in
Figure 5e,f and listed in Tables 2 and 3 from 270 to 400 K. The Si
unit cell structure has a low carrier mobility value in Figure 5e,
which is mainly contributed by electrons from the positive value
in the temperature-dependent carrier density diagram (Figure
5f). The Si(111) one-layer structure has higher carrier mobility
than the other two structures, mainly contributed by holes from
the negative value in the temperature-dependent carrier density
diagram (Figure 5f). For the Si(111) two-layer structure, the
carrier mobility value is highly negative and mainly contributed
by electrons. In Table 2, the room-temperature carrier mobilities
of the Si unit cell, Si(111) one-layer structure, and Si(111) two-
layer structure are 10.78 (cm2 V−1 s−1), 0.54 (cm2 V−1 s−1), and
−7.78 (cm2 V−1 s−1), respectively. Moreover, the room-
temperature carrier densities of the Si unit cell, Si(111) one-
layer structure, and Si(111) two-layer structure are−2.48× 1019

(electron/cm3), 2.60 × 1019 (electron/cm3), and 2.32 × 1020

(electron/cm3), respectively. For the carrier densities, the carrier
of the Si unit cell is mainly contributed by the holes, and the
electrons mainly contribute to the Si(111) one-layer and two-
layer structures. Furthermore, the room temperature of
molecular dynamics is calculated and shown in Figure S6a,b

with the total potential energy variation of Si(111) 1−12 layer
structures during the 6000 fs. The Si(111) 3-, 6-, 9-, and 12-layer
structures have the same total potential energy, around −4100
kJ/mol. All the 12 structures could exist without sudden total
potential energy drop within 6000 fs.
From 0 to 3000 K, the whole temperature range, temperature-

dependent electrical conductivity, carrier mobility, and carrier
density of the Si unit cell, Si(111) one-layer structure, and
Si(111) two-layer structure are shown in Figure 5g−i. Different
from the 270−400 K range in Figure 5d−f, the whole
temperature range electrical conductivity, carrier mobility, and
carrier density could offer a more comprehensive understanding
of the fundamental properties within the Si unit cell, Si(111)
one-layer structure, and Si(111) two-layer structure. For the
whole temperature range electrical conductivity in Figure 5g, the
Si unit cell has a value of nearly 0 at 0 K. Still, the Si(111) one-
layer structure and Si(111) two-layer structure have electrical
conductivities of a few hundreds at 0 K. This is another
demonstration that the Si(111) one-layer structure and Si(111)
two-layer structure have the metallic properties due to the fact
that the semiconductor should have zero electrical conductivity
at 0 K. In Figure 5h, the Si unit cell could not conduct at 0 K. The
carrier mobility is 0 at 0 K. The metallic Si(111) one-layer
structure and Si(111) two-layer structure have a higher and
lower value than 0 at 0 K. For the cure profile of the Si unit cell in
Figure 5h, it is consistent with general carrier mobility in the
semiconductor material and convinces that the curves of the
Si(111) one-layer structure and Si(111) two-layer structure are
metallic carrier mobility curves.

Figure 4. Calculated electron and XRD patterns of Si(111) plane slabs with different layers: (a−c) electron diffraction patterns of the Si(111) plane
with one, two, and three layers and (d−f) XRD patterns of the Si(111) plane with one, two, and three layers.
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Figure 5. Partial DOSs (PDOSs), electrical conductivity, carrier mobility, and carrier density of the Si unit cell, the one-layer slab of (111), and two
layers of (111). (a) PDOSs of the Si unit cell. (b) PDOSs of the Si(111) 1 layer. (c) PDOSs of Si(111) 2 layers. (d) Temperature-dependent electrical
conductivity of the Si unit cell, one layer of (111), and two layers of (111) from 270 to 400K. (e) Temperature-dependent carrier mobility of the Si unit
cell, one layer of (111), and two layers of (111) from 270 to 400K. (f) Temperature-dependent carrier density of the Si unit cell, one layer of (111), and
two layers of (111) from 270 to 400K. (g) Temperature-dependent electrical conductivity of the Si unit cell, one layer of (111), and two layers of (111)
from 0 to 3000 K. (h) Temperature-dependent carrier mobility of the Si unit cell, one layer of (111), and two layers of (111) from 0 to 3000 K. (i)
Temperature-dependent carrier density of the Si unit cell, one layer of (111), and two layers of (111) from 0 to 3000 K.

Table 1. Temperature-Dependent Electrical Conductivity
Value List of the Si Unit Cell, One Layer of (111), and Two
Layers of (111) from 270 to 400 K

T (K)
Si unit cell
(Ω−1 cm−1)

Si(111) 1 layer
(Ω−1 cm−1)

Si(111) 2 layer
(Ω−1 cm−1)

270 7.04 × 10−7 127.31 542.60
280 1.31 × 10−6 128.13 544.30
290 2.33 × 10−6 128.92 546.04
300 4.01 × 10−6 129.68 547.80
310 6.68 × 10−6 130.43 549.60
320 1.08 × 10−5 131.15 551.42
330 1.70 × 10−5 131.86 553.27
340 2.62 × 10−5 132.55 555.15
350 3.94 × 10−5 133.23 557.05
360 5.81 × 10−5 133.90 558.97
370 8.40 × 10−5 134.56 560.92
380 1.19 × 10−4 135.22 562.89
390 1.67 × 10−4 135.87 564.88
400 2.30 × 10−4 136.52 566.89

Table 2. Temperature-Dependent Carrier Mobility Value
List of the Si Unit Cell, One Layer of (111), and Two Layers
of (111) from 270 to 400 K

T (K)
Si unit cell

(cm2 V−1 s−1)
Si(111) 1 layer
(cm2 V−1 s−1)

Si(111) 2 layer
(cm2 V−1 s−1)

270 10.90 0.79 −7.85
280 10.86 0.70 −7.82
290 10.82 0.62 −7.80
300 10.78 0.54 −7.78
310 10.74 0.47 −7.76
320 10.71 0.40 −7.73
330 10.68 0.34 −7.71
340 10.64 0.28 −7.69
350 10.61 0.22 −7.66
360 10.58 0.17 −7.64
370 10.55 0.12 −7.62
380 10.53 0.07 −7.59
390 10.50 0.03 −7.57
400 10.47 −0.02 −7.55
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■ CONCLUSIONS
In summary, the DFT calculation shows that the Si(111) one-
layer structure and Si(111) two-layer structure have no band
gap, and the conduction band and valance band connect toward
the ⟨111⟩ direction. Thus, the 3p orbitals mainly contribute to
the zero band gap of the Si(111) one layer and two layers in Si.
Furthermore, this research found that the three-layer periodic
variation on Si(111) in band gap variation is due to the Si(111)
one-layer and two-layer addition on multiple layers from the
stability realization in phonon dispersion diagrams of three.
Moreover, the Si(111) one-layer structure and Si(111) two-
layer structure belong to metallic properties with the electrical
conductivities as 129.68 (Ω−1 cm−1) and 547.80 (Ω−1 cm−1) at
300 K, respectively. This research reveals the metallic silicon
(111) plane structures in detail by using plenty of precise DFT
results and making a breakthrough in nanosemiconductor
research.

■ METHOD
The calculations were processed by VASP (Vienna ab initio
Simulation Package)21−23 with different exchange−correlation
functionals for various purposes. GGA-PBEsol24 processed the
calculations for structure optimization with the default plane-
wave cutoff energy set as 500 eV. A positive pressure would
cause expansion during complete geometry optimization, and
the maximum pressure setting of the process is −28.79 MPa.
The electronic iteration convergence is 1 × 10−5 eV, the
Gaussian smearing has a width of 0.05 eV, and the requested k-
spacing for non-local exchange is 4 × 4 × 3 mesh.
GGA−PBE25,26 processed the calculations for phonon

dispersion, phonon DOSs, molecular dynamics, and thermody-
namic properties. For the detail setting of GGA−PBE, there is a
default plane-wave cutoff energy set as 500 eV, the electronic
iteration convergence is 1× 10−5 eV using the blocked Davidson
algorithm, the first-order Methfessel−Paxton smearing has a
width of 0.2 eV, the linear-tetrahedron method with Blöchl
corrections to the energy is used, and the requested k-spacing for
non-local exchange is 8 × 8 × 9 mesh. The molecular dynamics
calculation is set as the micro canonical ensemble (nVE) at 298
K.
HSE0627 processed the calculations for the band structure

and the DOSs. For the detail setting of HSE06, there is a default

plane-wave cutoff energy set as 500 eV. The electronic iteration
convergence is 1 × 10−5 eV, the first-order Methfessel−Paxton
smearing has a width of 0.2 eV, and the requested k-spacing for
non-local exchange is 5 × 5 × 6 mesh.
The semiconductor properties (electrical conductivity, carrier

mobility, and carrier density, with the chemical potential set as
24 mu within 45 functions) were calculated within Boltzmann’s
transport theory, processed by HSE06, applying BoltzTraP
based on the k-mesh and bands used for the Fermi surface above.
The XRD and electron diffraction pattern calculations use the
software Mercury and PTClab.
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