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The gapless feature and air instability greatly hinder the applications of silicene in nanoelectronics. We
theoretically design an oxidized derivative of silicene (named silicether) assembled by disilyl ether
molecules. Silicether has an indirect band gap of 1.89 eV with a photoresponse in the ultraviolet-visible
region. In addition to excellent thermodynamic stability, it is inert towards oxygen molecules. The
material shows the hyperconjugation effect, leading to high performances of in-plane stiffness (107.8 N
m™) and electron mobility (6.4 x 10° cm? V™! s7%). Moreover, the uniaxial tensile strain can trigger an
indirect—direct—indirect band gap transition. We identify Ag(100) as a potential substrate for the
adsorption and dehydrogenation of disilyl ether. The moderate reaction barriers of dehydrogenation may
provide a good possibility of bottom-up growth of silicether. All these outstanding properties make
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1. Introduction

Silicene, a silicon analogue of graphene, has attracted intensive
attention due to its unique physical and chemical properties.>?
It has a linear energy dispersion around the Fermi level, leading
to massless Dirac Fermions with a very large Fermi velocity
(~10°> m s7").? In addition, because of its high scalability and
good compatibility with current silicon-based nanotechnology,
silicene is a promising candidate for next generation nano-
electronic devices.*®

However, some issues associated with silicene restrict its
practical applications: (1) silicene has an intrinsic zero band
gap, which limits its application in transistors and logic
devices.*” (2) free-standing silicene is unstable under ambient
conditions, leading to serious degradation of silicene-based
devices.>** Silicon atoms prefer to adopt sp® hybridization
over sp> which results in the high chemical reactivity of silicene.
Accordingly, chemical functionalization, e.g., oxidation, is an
effective way not only to open the band gap, but also to enhance
the stability of silicene."* Recently, Wang et al. have system-
atically investigated the geometrical and electronic properties of
silicene oxides (SOs)."* At the same level of theory, the range of
band gap opened in SOs (~0-5.2 eV) is even wider than that in
graphene oxide (~0-4.1 eV),” suggesting that SOs may have
a wider range of applications. Nevertheless, these SOs exhibit

College of Electronic and Optical Engineering, Nanjing University of Posts and
Telecommunications, Nanjing 210023, China. E-mail: csliu@njupt.edu.cn

T Electronic  supplementary information (ESI) available. See DOI:
10.1039/d0na00110d

1 The first two authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2020

silicether a promising candidate for silicon-based nanoelectronic devices.

very small carrier mobilities (~2-490 cm® V! s™1)** due to the
disruption of the m-conjugation network. Therefore, it is
necessary to explore new silicene-like materials with a sizeable
band gap, high carrier mobilityy, and air stability
simultaneously.

Besides m-conjugation, there exists hyperconjugation which
arises from the delocalization of o electrons.*® Inspired by the
fabrication of two-dimensional (2D) materials through molec-
ular assembly, we chose a hyperconjugated molecule, disilyl
ether (SiH;-O-SiH;),"” in which the oxygen lone electron pairs
are partially injected into the c*-antibonding orbital of the Si-H
bonds. Furthermore, it has been demonstrated that the hyper-
conjugative interaction can lead to high mechanical and elec-
trical performances in 2D oxocarbon.'® In this study, our main
concerns are as follows: (i) whether there is a stable 2D material
assembled by disilyl ether molecules, (ii) whether it possesses
a wide band gap, and (iii) whether the in-plane stiffness and
carrier mobility is affected by hyperconjugation.

Based on density functional theory (DFT) calculations, we
have designed a stable disilicon monoxide (named silicether)
assembled by disilyl ether molecules. Silicether has a wide
indirect band gap of 1.89 eV with a photoresponse in the
ultraviolet-visible region. Due to the hyperconjugation effects,
silicether has high electron mobility and in-plane stiffness. In
addition, the band gap manipulation and indirect-direct-indi-
rect band gap transition can be achieved in silicether by
uniaxial strain. However, the feature of indirect band gap is
retained for bilayer silicether systems with different stacking
orders. Finally, we investigated the dehydrogenation of disilyl
ether on Ag(100) to assess the feasibility of silicether growth.
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2. Computational details

All calculations are carried out using the Cambridge Sequential
Total Energy Package (CASTEP)" under the generalized
gradient approximation (GGA)* expressed by the Perdew-
Burke-Ernzerhof (PBE) functional. The Tkatchenko and Schef-
fler (DFT-TS)** approach is adopted to account for the long-
range van der Waals (vdW) interactions. A vacuum thickness
of 20 A is used to eliminate the interaction between adjacent
layers. All structures are fully optimized without any symmetry
constrains until the atomic forces and energy tolerances are less
than 0.005 eV A™* and 5 x 10’ eV per atom, respectively. A
cutoff energy of 1430 eV of the plane-wave basis set for norm-
conserving pseudopotentials®® is used. The Brillouin zone is
sampled using k-points with 0.01 A" spacing in the Mon-
khorst-pack scheme for all calculations. The linear response
method* is applied to calculate the phonon dispersion curves.
To get more accurate electronic structures, the Heyd-Scuseria-
Ernzerhof (HSE06)** hybrid functional is used. We choose the
positive screening parameter » = 0.25 with the mixing param-
eter of 0.5 for the short-range exchange.”®

The ab initio molecular dynamics (AIMD) simulations in the
NVT ensemble last for 10 ps with a time step of 1 fs. The Nosé-
Hoover thermostat scheme is used.>**” The activation barriers
in the dehydrogenation network for disilyl ether on Ag(100) are
calculated by the complete linear synchronous transit/quadratic
synchronous transit method.”® The variation of the Gibbs free
energy (AG) of each dehydrogenation step is defined as AG = AE
+ AZPE — TAS, where AEppr, AZPE and AS are the changes of
the total energy obtained from DFT calculations, zero-point
energy, and entropy of the reactant and product, respectively.
T is set to 298 K.

3. Results and discussion

3.1. Structure and stability

The material design of 2D silicether is on the basis of the disilyl
ether molecule (Fig. 1a). Each disilyl ether molecule is con-
nected to the six neighbouring molecules after being fully
dehydrogenated. The optimized crystal lattice of silicether is
shown in Fig. 1b, which consists of a buckled honeycomb layer
of silicene with all Si atoms bonded to O atoms in a 1,4-epoxide
group. For comparison, we also plotted the structure of P6mm-
Si,O (Fig. 1c), an allotrope of silicether proposed by Wang
et al.,** in which the overbridging O atoms are located at a single
side of the silicene plane. The Si-Si bond lengths of silicether
are 2.325 A (2.421 A) along the armchair (zigzag) direction,
slightly longer than that in P6mm-Si,O (2.269-2.372 A). More-
over, the O-Si-Si angles (100°-137°) in silicether are close to
109.47°, indicating the strong sp® hybridization of Si atoms in
silicether.

To assess the relative stability of silicether, the cohesive
energy is calculated as Ecop, = (MEs; + NEg — Eoral)/(m + 1), where
Es; (Eo) and Eyq are the total energies of an isolated Si (O) atom
and a primitive cell, respectively. m (n) is the number of Si (O)
atoms in the primitive cell. The cohesive energy of silicether is
6.19 eV per atom, much greater than that of silicene (~3.4-
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Fig.1 (a) The molecular structure of disilyl ether. Top and side views of
the optimized structure of (b) silicether and (c) P6mm-Si,O. The
dashed lines represent the corresponding primitive cells.

4.0 eV per atom).> P6mm-Si,O has been identified as the most
likely structure for the oxidation of silicene in an atmosphere of
oxygen gas.'* However, its cohesive energy (5.91 eV per atom) is
much smaller than that of silicether computed at the same level
of theory, suggesting that silicether may be the most favourable
structure for oxidized silicene with a Si: O ratio of 2 : 1.

Next, we studied the phonon dispersion curves to assess the
dynamical stability of silicether. The absence of imaginary
frequencies in the phonon spectrum confirms the dynamic
stability (Fig. 2a). The highest optical frequency reaches up to
800 cm ™, which is much larger than that in pristine silicene
(~550 em™"),* implying the strong covalent Si-O bonding.
Furthermore, the thermal stability of silicether is tested by
performing AIMD simulations on a relatively large 4 x 4 x 1
supercell. The time-dependent evolution of total energies
oscillates within a very narrow range, indicating that silicether
can maintain its structural integrity at 750 K (Fig. 2b). In
addition, the structure is disrupted after ~0.3 ps at 1000 K
(Fig. S17), which reveals that the melting point of silicether may
be between 750 and 1000 K.

As is well known, the instability of silicene, mainly because
of its reaction with O,, greatly hinders the development of
practical silicene-based devices. Thus, it is critical to examine
the stability of silicether under ambient conditions. We carry
out the AIMD simulation at 300 K for silicether exposed in O,
molecules. As shown in Fig. S2,f the structural integrity is
perfectly maintained after 10 ps, and O, molecules keep away
from the surface of silicether without dissociating into oxygen
atoms.

3.2. Electronic structures

After confirming the stabilities of silicether, we wonder whether
it has a high band gap as well as high carrier mobility. Fig. 3a
illustrates the band structure and the corresponding projected
density of states (PDOS). Clearly, both the PBE and HSE06
results show that silicether is an indirect band gap semi-
conductor with both the conduction band minimum (CBM) and
valence band maximum (VBM) locating between the I'" and X

This journal is © The Royal Society of Chemistry 2020
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points. The indirect band gap (1.89 eV) is very close in energy
with respect to the direct one (1.99 eV) at the HSE06 level. This
weakly indirect band gap feature might be beneficial for light-
emitting devices because of a very small change of electron
momentum during the transition. The band gap is evidently
wider than that of P6mm-Si,O (0.3 eV) but narrower than that of
the fully oxidized silicene (2.1-5.1 eV from the PBE calcula-
tions)." The moderate band gap is comparable to the ideal band
gap for solar cell materials (~1.4 eV),* indicating that silicether
has great potential for photovoltaic applications.

Moreover, the PDOS display the valence band mainly derived
from the Si-3s3p and O-2p orbitals. The strongly overlapping of
these orbitals in a broad energy range suggests the robust
covalent bonding nature of the Si-Si and Si-O bonds. Moreover,
from the charge densities of the VBM (Fig. S31), we can see that
the VBM state is mostly derived from the Si-3p and O-2p
orbitals. The neighbouring Si-Si ¢ bonds are obviously over-
lapped. The delocalization of ¢ electrons originates from the
charge transfer from oxygen lone electron pairs to c*-anti-
bonding orbitals of the Si-Si bonds, which is referred to as the
hyperconjugation effect.

One of the most common methods to modulate the elec-
tronic properties of 2D materials is strain engineering.**>* In
addition, the structural deformations inevitably arise in
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(a) Phonon dispersion of silicether. (b) Evolution of the total energies and snapshots for silicether at 750 K.

material growth due to the lattice mismatch between the 2D
layer and the substrate. As presented in Fig. 3b, the band gap of
silicether shows a parabolic behaviour when applying uniaxial
or biaxial strain. Under the uniaxial strain along the zigzag
(armchair) direction, the band gap increases first and then
decreases rapidly with increasing strain. This trend is similar to
that of silicane with the application of uniaxial strain.*>*® On the
other hand, the band gap of silicether exhibits a decreasing
trend under the biaxial strain. It decreases to 0.41 eV at 10% of
biaxial strain, which is of the same order of magnitude as that of
the partially hydrogenated silicene (0.12 eV) under the biaxial
strain of 12%.%” Moreover, the uniaxial tensile strain along the
armchair direction can trigger an indirect-direct-indirect band
gap transition (Fig. S4t). The potential direct band gap feature
may be of interest in silicon-based light emitting devices.

To obtain insight into the nature of the indirect-direct-
indirect band gap transition, we analyze the variation of the
VBM and CBM states under uniaxial strain. The VBM located
between the X and I" points is mainly composed of Si (O)-p,
orbitals, but the CBM predominantly consists of Si-p,p, orbitals.
The more p, orbitals suggest that the CBM is more sensitive to
the strain along the x (armchair) direction. Thus, the CBM
experiences a faster change rate than the VBM. Both the VBM
and CBM are situated at the same k-point under the 4% strain.

(b)2,2

20r

—®— uniaxial strain along armchair 4
—A— uniaxial strain along zigzag
—— biaxial strain

-10-8 -6 -4 2 0 2 4 6 8 10
Strain (%)

(a) Band structure and PDOS of silicether. (b) Band gap of silicether under the uniaxial and biaxial strain calculated by the HSEO6 functional.

The star indicates the direct band gap feature, and others represent the indirect band gap features.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Calculated in-plane stiffness (Cop), DP constant (Epp), effec-
tive mass (m*), and carrier mobility (u) along armchair and zigzag
directions for silicether at room temperature (300 K). mg represents
the mass of electron

Carrier type Cop(Nm™) Epp (V) m* (mp) u(em?>V 's™
Electron (armchair) 107.8 1.42 1.39 1.2 x 10°

Hole (armchair) 0.75 2.96 70

Electron (zigzag) 57.4 0.56 0.34 6.4 x 10°

Hole (zigzag) 5.58 0.26 345

As the strain continues to increase, the locations of VBM and
CBM become different again. The sensitivities of different states
to the uniaxial strain play a dominating role in the indirect-
direct-indirect band gap transition.

3.3. Carrier mobilities

The carrier mobility of 2D materials has a great effect on the
performance of electronic devices. The charge transport of sil-
icether is estimated by using the acoustic-phonon-limited
scattering model (see the ESI for details).*** The calculated
deformation-potential constant, in-plane stiffness, effective
mass, and carrier mobility are summarized in Table 1. From the
band structure of silicether, the top of the valence band and the
bottom of the conduction band are more dispersive along the
I'-X direction compared to the rather flat bands along the I'-Y
direction. Therefore, the carrier effective masses in the zigzag
direction are an order of magnitude smaller than that in the
armchair direction (Table 1). Furthermore, the in-plane stiff-
ness values are anisotropic. In the zigzag direction, the in-plane
stiffness of silicether is comparable to that of silicene (50-62 N
m~ "), while it becomes double in the armchair direction,
suggesting the strong Si-O or Si-Si bond strength in silicether.
The calculated carrier mobilities show strong anisotropy.
The electron (hole) mobility along the zigzag direction is about
five times larger than that along the armchair direction. In
addition, the electron mobility is significantly larger than the
hole mobility. The marked difference between the electron and
hole mobilities is favourable for electron-hole separation.
Although the largest electron mobility (6.4 x 10> cm®> V™' s 1) is
smaller than that of silicene (2.6 x 10° cm® V™" s~ "), it is much
larger than that of black phosphorene (600-1580 cm? V™" s~ 1),%
MoS, (72-201 cm® V™' s71),** and other predicted SOs (2-490
em? V™! s71)." This suggests that the hyperconjugation effect
plays an important role in enhancing the carrier mobility.

3.4. Optical properties

The band gap of silicether (1.89 eV) is close to that of cubic a-
CsPDbl; (1.73 eV) which is a promising material for the top cell in
organic-inorganic halide perovskite solar cells.*® To assess its
light-harvesting performance, we calculate the in-plane and out-
of-plane absorption coefficients (Fig. 4). The maximum in-plane
absorption coefficient occurs at ~270 nm, corresponding to the
ultraviolet region. Moreover, in the visible light region, sili-
cether also shows sizeable absorption coefficients (10°-
10* em™ "), indicating its potential in photovoltaic applications.
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View Article Online

Paper
10 — . ; . . ;
g ; in-plane
L7 NN - out-of-plane
2
=
2
=
B 10'H
)
@]
=
.2
=
)
[72]
-D Py \
<10

0 100 200 300 400 500 600 700 800
Wavelength (nm)

Fig. 4 Calculated in-plane and out-of-plane absorption coefficients
of silicether with the HSEO6 method.

On the other hand, the out-of-plane absorption coefficients can
reach up to ~10° em™ ! around 150 nm. In contrast to MoS,,*®
the narrow absorption peak for silicether centered at 150 nm is
favourable to developing ultraviolet light sensors.

3.5. Bilayer structures

Stacking is also an effective strategy to tune the electronic
properties of 2D materials.””~* Here we consider four possible
stacking types of bilayer silicether, namely, AA-, AB-, AC-, and
AD-stacking (Fig. S51). As shown in Table 2, for the different
stacking orders, the lattice constants (a and b) differ slightly.
The most difference among the four stacking orders is the
interlayer distance, which ranges from 1.643 A in the AA-
stacking to 3.121 A in the AB-stacking. The AA-stacking is the
most energetically stable, which shows the largest binding
energy. The calculated binding energy of bilayer graphene
(—25.82 meV A~2) at the same level of theory is of the same
order of magnitude as that of bilayer silicether. In contrast to
the strong covalent interlayer bonding formed in bilayer sili-
cene, the weak interlayer interaction in silicether layers indi-
cates that the foreign O atoms effectively passivate the silicon
network.** Moreover, compared with monolayer silicether,
bilayers have narrower band gaps. However, the indirect gap
nature is preserved irrespective of the stacking order (Fig. S67).

Table2 Lattice parameter, interlayer distance (d,), binding energy (Ey),
and band gap for the four stacking types of bilayer silicether. The
binding energy (Ey,) is defined as Ey, = (Ep; — 2Emo)/S, where Ey; (Emo) is
the total energy of the bilayer (monolayer). S is the coupling area
calculated by S = a x b, in which a and b are lattice constants

Lattice

parameter (A)
Stacking - Ep, (meV Band
pattern a b d,(A) A3 gap (eV)
AA 9.858 7.626 1.643 —30.64 1.55
AB 9.873 7.625 2.355 —14.71 1.66
AC 9.878 7.604 2.191 —20.66 1.60
AD 9.874 7.610 3.121 —8.82 1.72

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Activation barriers and reaction energies of the dehydrogenation

network for disilyl ether on Ag(100). The reaction energy is defined by

the difference between the Gibbs free energies of the product and reactant. The solid arrows highlight the optimal pathway.

3.6. Potential synthesis mechanism

On the synthesis mechanism of silicether, one may wonder
whether it could be formed by the assembly of precursor
molecules. Thus, we investigated the adsorption and dehydro-
genation of disilyl ether on Ag(100) as the initial stage of sili-
cether growth.

Various sites as well as different molecular orientations have
been considered to confirm the stable adsorption site of disilyl
ether (Fig. S71). The disilyl ether adsorbed on the bridge site is
the most stable configuration with the adsorption energy of
0.71 eV, in which the O atom is located on top of an Ag atom and
two Si atoms lie above the midpoint between the two adjacent
Ag atoms. The nearest Ag—O bond length is 3.072 A, smaller
than the sum of their vdW radii (4.08 A).* Therefore, the
interaction between disilyl ether and Ag(100) is stronger than
the vdW force. Furthermore, the DOS of the disilyl ether/Ag
system could be viewed as a superposition of the ones of the
two contributing isolated systems (Fig. S8%). Since there is no
significant orbital hybridization, the covalent interaction
between disilyl ether and Ag substrate is rather weak. The
Hirshfeld charge analysis shows the charge transfer (~0.3¢)
from the bottom Ag atom to the oxygen atom, indicating that
the electrostatic interaction plays an important role in the dis-
ilyl ether adsorption.

In addition, the length of the Si-H bond is 1.492-1.503 A,
which is ~0.01 A larger than that in the free disilyl ether. In
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Fig. 6 Calculated exfoliation energy with respect to the separation

distance d—dg, where dg represents the interlayer distance in the four-
layer system.
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contrast, the Si-O bond length remains almost invariable,
suggesting that the Si-O bond is difficult to break at the initial
stage. As a result, the Ag(100) surface may be beneficial for
disilyl ether dehydrogenation rather than dissociation.

We then investigate the dehydrogenation process of disilyl
ether on Ag(100). The final product we considered is a SiOSi
radical plus six H atoms on the surface. As shown in Fig. 5, there
are eight intermediates in the reaction network. The structures
of these intermediates and transition states for each elementary
dehydrogenation step are plotted in Fig. S9.1 All dehydrogena-
tion steps are endergonic with the reaction energies in the range
of 0.23-0.78 eV. Based on the activation barriers and reaction
energies, we highlight the optimal pathway. The highest acti-
vation barrier along the optimal pathway is 1.02 eV, smaller
than that of methane (~2.0 eV)*> and coronene (1.87 eV)*® on
Cu(111). During the six dehydrogenation steps, the reaction
energy firstly increases from 0.23 eV to 0.74 eV and then
decreases to 0.56 eV. Overall, the final product is 2.95 eV higher
in energy than the initial state, suggesting that the complete
dehydrogenation for disilyl ether is energetically unfavourable.
Therefore, the partially dehydrogenated species will coalesce
before going to the final hydrogen-free product. Silicether
nucleation could be a continuous SiH,0, aggregation process
and the full dehydrogenation occurs at a very late stage.

3.7. Exfoliation

Finally, to check the feasibility of isolating the silicether
monolayer, we calculate the cleavage energy from a four-layer
slab (Fig. 6). The total energy increases with the separation
distance, reaching convergence at about 8 A. The calculated
exfoliation energy is 0.65 ] m~2, which is larger than that of
graphite (0.32 & 0.03 ] m~?) but of the same order of magnitude.
Therefore, the monolayer could be isolated from few-layer sili-
cether sheets via mechanical cleavage or liquid phase
exfoliation.

4. Conclusions

To summarize, we have designed a silicether monolayer via
assembly of disilyl ether molecules, which has an indirect band
gap (1.89 eV). An indirect-direct-indirect transition can be
triggered under uniaxial strain. With unique hyperconjugation
effects, silicether possesses high electron mobility (6.4 x 10°

Nanoscale Adv., 2020, 2, 2835-2841 | 2839
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em® V') and in-plane stiffness (107.8 N m ). Moreover, it
shows excellent light harvesting ability in the ultraviolet-visible
light region. Silicether bilayers also possess sizable band gaps
with an indirect band gap characteristic due to the weak inter-
layer interaction. The successive dehydrogenation steps of dis-
ilyl ether on Ag(100) have the activation barriers lower than
1.02 eV, thus requiring moderate temperatures for this process.
All these appealing properties make silicether a promising
candidate for nanoelectronic and photovoltaic applications. We
believe that our study will stimulate the design of 2D materials
with hyperconjugated effects.
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