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' The miniaturization of future electronic devices requires the knowledge of interfacial properties
. between two-dimensional channel materials and high-« dielectrics in the limit of one atomic layer
. thickness. In this report, by combining particle-swarm optimization method with first-principles
. calculations, we present a detailed study of structural, electronic, mechanical, and dielectric properties
of Al,O; monolayer. We predict that planar Al,O; monolayer is globally stable with a direct band gap
of 5.99 eV and thermal stability up to 1100 K. The stability of this high-~ oxide monolayer can be
enhanced by substrates such as graphene, for which the interfacial interaction is found to be weak. The
band offsets between the Al,0; monolayer and graphene are large enough for electronic applications.
Our results not only predict a stable high-x oxide monolayer, but also improve the understanding of
interfacial properties between a high-« dielectric monolayer and two-dimensional material.

. Two-dimensional (2D) materials present exceptional electronic, optical, mechanical, and thermal properties, as
. well as a high surface/volume ratio, all of which make them promising for applications ranging from electronics to
. energy storage. The discovery of graphene, a single layer of carbon atoms arranged in planar honeycomb lattices,
. has stimulated dramatic research interest on other 2D materials in order to realize novel functionalization and
: also further miniaturization of electronic devices'~®. Analogously to graphene, many other 2D materials have
. been exfoliated from their corresponding constituents’ layered crystal structures, which feature strong intra-layer
. covalent bonding and weak inter-layer binding dominated by van der Waals interaction’~?, i.e. BN, transition
metal dichalcogenide monolayers'*!?, group IV and group III metal chalcogenide'*~*°, and phospherene!®'’.
Buckled 2D materials such as silicene, germanene, and stanene'®-2! have been reported to be stable, while the
interaction between layers in their parent bulk materials are dominated by the formation of sp® covalent bonds.
. Furthermore, 2D structures based on binary compounds of the group IV or group III-V elements, have been
. predicted to be stable by first-principles calculations??-?%, whose structures can be either planar, buckled, or low
. buckled, depending on the corresponding atomic radius and electronegativity. In addition, first-principles calcu-
- lations also suggest that the 2D compounds consisting of heavy atoms such as Pbl,?® and Bil;*’ are stable.
: More recently, many efforts have been made to realize oxide based crystalline 2D sheets. For example, a stoi-
: chiometric silica 2D sheet with bi-layer tetrahedral configuration has been grown using a Ru (0001) substrate as
. the support®®?, and various possible 2D structures of SiO, have been proposed by first-principles calculations®. It
. hasbeen reported that by using sputtering a 2D phase of TiO, with desirable reduced band gap can be formed on
: arutile TiO, (011) surface, for which the corresponding atomic structure has been refined by subsequent theoreti-
© cal studies®~*. Stable 2D high-x dielectric monolayers have also been found. A Y,0; monolayer with a hexagonal
© lattice has been deposited on graphene®*. MgO (111) single layer has been grown on yttrium stabilized zirconia
© (111) substrate®. Moreover, transition metal oxide nanosheets, including ZnO, TiO,, Co;0,, and WO, have been
synthesized by rationally employing lamellar reverse micelles method*. All these findings motivate us to explore
other high-x dielectrics based 2D structures. Al,O; is an excellent electrical insulator, which has been widely used
in current electronic devices. Thus, it is highly desired to explore the stability of its 2D form, and understand the
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related physical properties. In this study, via density-functional theory (DFT) based first-principles calculations,
we predict that planar Al,O; monolayer with a hexagonal lattice is stable. This oxide monolayer is found to be
an insulator with a direct gap of 5.99 eV and a dielectric constant of 2.51. It is further found that the interaction
between Al,O; monolayer and graphene is weak, which leads to band offsets larger than 1eV.

Method

The particle swarm optimization (PSO) method implemented in the CALYPSO%*® program has been used to
search the potential stable structures of Al,O; monolayer with the constrained stoichiometric formula of Al,O;.
This method has been used to predict a number of 2D materials successfully®. In this PSO simulation, the num-
ber of formula units per simulation cell, the number of generations (the number of CALYPSO steps), and the
population size (the number of configurations in each step) were set to be 4, 40, and 30, respectively. Among the
structures obtained by the PSO method, the 2D planar structure with hexagonal lattice is the most energetically
favorable.

First-principle calculations, using DFT based VASP code***!, were carried out to optimize the structure and
to study electronic, mechanical, and optical properties of the predicted planar structure. The generalized gradient
approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) was used for the exchange-correlation
functional, and the projector augmented wave (PAW) potentials were selected to describe the interaction between
electrons and ions*>**. The electronic wave functions were expanded with a cutoff energy of 500 eV. The first
Brillouin zone of Al,O; monolayer, a-Al,O; bulk, and hybrid structures of Al,O; monolayer on the substrates
of graphene and Al (111) was sampled by I" centered 18 x 18 X 1,12 x 12 x 4,6 x 6 X 1,and 9 x 9 x 1 k-point
meshes, respectively. A vacuum layer with 15 A thickness has been inserted normal to the Al,O5 surface for all
slab structures to minimize the interaction between neighboring image surfaces. In order to get an improved
electronic structure, the Heyd-Scuseria-Ernzerhof hybrid functionals (HSE06) were used*:. The van de Waals
(vdW) effects were included for the hybrid structures using Grimme’s DFT-D3 method*. The criteria for the con-
vergence of electronic and ionic optimization for all calculations were set to 10~%eV and 0.01eV/A, respectively.
To explore thermal stability of Al,O; monolayer, ab initio molecular dynamics (MD) simulations were performed
with a time step of 1fs, canonical ensemble (NVT), and Nosé heat bath on the 5 x 5 x 1 supercell. The dynamic
stability was studied by calculating the phonon dispersion using density functional perturbation theory imple-
mented in VASP with a higher electronic convergence criterion of 10~%eV and analyzed by using the PHONOPY
code*. In addition, dipole correction was applied throughout the calculations?. It is noted that based on these
settings, the calculated lattice constant (a=5.18 A) and band gap (8.6eV) of a-ALO; bulk are in good agreement
with previous studies and experimental results*®%.

Results and Discussions

Structural Properties. The most energetically stable structure of A,O; monolayer predicted by the PSO
simulation is shown in Fig. 1(a), from which we can see that the planar 2D structure consists of honeycomb
lattices, similar to #-BN monolayer and graphene. This honeycomb structure is a global minimum in the space
of all possible 2D arrangements of Al,O;. Then, the predicted Al,O; monolayer structure was optimized using
first-principle calculations. The equilibrium configuration of Al,O; monolayer can be obtained from the energy
minimum in the equation of state curve in Fig. 1(b). There are two Al atoms and three O atoms in a unit cell of the
ALO; monolayer with the optimized lattice constant of 5.84 A and the Al-O bond length of 1.69 A (see the inset
in Fig. 1(b)). This bond length is at least 0.18 A smaller than that of a-Al,O; bulk. The shorter bond length and
variation in bond angle suggest that the in-plane bonding is enhanced in Al,O; monolayer in order to suppress
surface polarization due to the reduced coordinations, similar to that in Y,0; monolayer?®.

To investigate the bonding character of the Al,O; monolayer, we calculated the electron localization function
(ELF)*, and compared it with that of a-Al,O; bulk. The contour plot of ELFs for the Al,0; monolayer and
a-AlO; bulk are visualized along the Al-O bond plane, as shown in Fig. 1(c,d), respectively. We observe that the
electron density is more localized on the O atoms in Al,O; bulk, suggesting dominant ionic bonding character. In
contrast, the electron density in the Al,O; monolayer is slightly more delocalized. This indicates that the ionic
bonding is still dominant in the Al,O; monolayer, but it is weaker than that of a-Al,O; bulk, consistent with the
shorter bond length in the Al,O; monolayer. The enhanced in-plane covalent bonding character can be seen also
from the Bader charge analysis®', which suggests an ionic formula of Al;2*0; " for the Al,0; monolayer, less
than AL} 205 "% in bulk form.

The stability of a material is indicated by the related cohesive energy, and a structure with negative cohesive
energy is stable or metastable. For Al,0; monolayer, its cohesive energy E, can be calculated by the following
equation:

E. = (B0, — 2E4 — 3EQ)/5, (1)

where E ;  is the total energy of Al,O; monolayer, and E, and E, are the energy of isolated single Al and O
atom, respectlvely The calculated cohesive energy of Al,O; monolayer is —5.97 eV/atom, which is slightly higher
than that of the Al,O; bulk (—6.56 eV/atom), but it is lower than that of recent experimentally confirmed 2D
materials such as silicene (—5.16 eV/atom) and germanene (—4.15eV/atom)!®?*. This indicates that single layer
Al,O; is promising for an experimental realization.

Dynamical and Thermal Stability. The structural stability of the Al,O; monolayer can also be exam-
ined from the calculated phonon spectra. As shown in Fig. 2(a), no negative vibration frequency is found in the
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Figure 1. (a) Top view of the most stable configuration of Al,O; monolayer from the PSO prediction.
(b) Equation of states of the Al,O; monolayer, in which the inset is the top view of a unit cell for the AL,O;
monolayer. Contour plot of the ELF along Al-O bonding plane for (¢) Al,O; monolayer and (d) «-AlL,O; bulk.
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Figure 2. (a) Phonon dispersion of the planar Al,O; monolayer. (b) The energy evolution and (c) the evolution
of Al-O bond during the 10 ps MD simulation at room temperature, in which the bond variation is defined as
the difference between the Al-O bond length in MD simulations and its equilibrium bond length. (d) The side
view for the Al,O; monolayer with the maximum bond displacement during 10 ps the MD simulation.
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phonon dispersion curve in the whole Brillouin zone, indicating that Al,O; monolayer is dynamically stable and
can exist as a free standing 2D structure.

To further confirm the stability of the Al,O; monolayer, ab initio molecular dynamics simulation has been
conducted at the temperature of 300 K with a time length of 10 ps. A (5 x 5 x 1) supercell of the Al,O; monolayer
is used to minimize constraints induced by periodic boundary condition. The averaged total energy of the mon-
olayer is nearly constant, and the variation of the Al-O bond length is within 0.1 A with respect to the average
value at 300K during the simulated time period, as shown in Fig. 2(b,c). Furthermore, even though there is small
distortion, the structure remains essentially 2D form after 10 ps (Fig. 2(d)). All these results obtained from the
MD simulations suggest that the Al,O; monolayer is thermally stable at room temperature. Ab initio MD simula-
tions were also carried out at higher temperatures of 800 and 1100K, respectively, which show that this monolayer
is still stable at the temperature of 1100 K (see Fig. S1 in supplementary information).

Mechanical Properties. Next, we studied mechanical properties such as elastic constant, Young’s modulus,
and Poissons ratio of the Al,O; monolayer. The elastic constant of the Al,O; monolayer is calculated by applying
the Lagrangian strain (varying the surface area from —3% to 3% deviation in steps of 0.5%). For the deformed
state of Al,O; monolayer, it is assumed that the contribution of bending to the strain energy density is insignifi-
cant, thus the vertical weight of elastic constants is zero. For all the deformed configurations, the positions of all
atoms were optimized and the related energies were calculated. In this way, for each type of distortion, we could
obtain the strain dependent energy. Then, the in-plane Young’s modulus Y; and Poison’s ratio v were calculated
from the following relationship: Y,= (clz1 — clzz)/ ¢y and v=c,/cy;, respectively. For a comparison, the mechanical
properties of graphene, h-BN monolayer and ZnO monolayer were calculated and summarized in Table 1. The
mechanical parameters of graphene, BN and ZnO monolayer obtained in the present study are in good agreement
with results of previous studies. The Young’s modulus of the Al,O; monolayer is 47.6 N/m, very close to that of
ZnO monolayer (~47 N/m), but much smaller than that of graphene (~342N/m), BN monolayer (~274 N/m), and
Al O; bulk (~230 GPa). This clearly shows the relative softness of the Al,O; monolayer. The softness of the Al,O;
monolayer is also reflected by the flat slope of the acoustic branch at the I" point in the phonon dispersion®, as
shown in Fig. 2(a). These indicate that A1,O; monolayer is susceptible to external influence, with greater tendency
to form ripples or out-of-plane deformations, as supported by the above MD simulation results (see Fig. 2(d)).

Electronic Properties. Al,O, bulk is an excellent dielectric material, which has been widely applied in cur-
rent electronic devices. One natural question is whether it is a promising dielectric if its thickness is reduced to
its physical limit, one monolayer. One of the most important criteria for a dielectric material is the size of the
band gap. A dielectric material with large band gap is desired as it can reduce the probability of thermal carrier
tunneling. The HSE06 hybrid functionals calculated band structure and projected density of states of the AL,O;
monolayer are shown in Fig. 3(a,b), which suggest a direct band gap of 5.99 eV at the I" point. For comparison,
the band structure of a-Al,0; was calculated also and presented in Fig. S2 of the supplementary information, in
which a direct band gap of 8.6 eV is found. Due to the change of bonding character from the bulk to monolayer
and also quantum confinement effect, the band gap of the Al,O; monolayer is much reduced, but comparable to
that of HfO, (~5.7eV), one of the most promising high-« dielectrics. Thus, we believe that the band gap of the
Al,O; monolayer is large enough to be used as a dielectric material. From the PDOS and partial charge density
(see Fig. 3(c,d)), we find that the main contributions to the valence band maximum come from the p, and p,
orbitals of the O atoms, and the conduction band minimum is derived from the hybridization between O and Al
2 p orbitals. This further confirms dominant ionic bonding character in Al,O; monolayer, in line with the above
ionic formula obtained by the Bader charge analysis. At the energy range from —3 eV to —1 eV, the formation
of ™ bonds is found as the p, orbitals of O atoms and Al atoms hybridize with each other, as well as o bonds (the
hybridization of p, or p, orbitals between O and Al atoms). The formation of 7 bonds is believed favorable to sta-
bilize the 2D planar structure, as shown in other 2D structures™.

Dielectric Properties. A dielectric material with high dielectric constant is preferred in order to achieve
larger capacitance density. The dielectric constant decreases with the decrease of thickness, and thus it is impor-
tant to study dielectric properties for a dielectric material with one atomic thickness. The calculated dielectric
function of the Al,O; monolayer is shown in Fig. 4(a,b). Due to hexagonal symmetry of the structure, the imagi-
nary and real parts of the dielectric function are degenerate along the x and y axes. Thus, for these two independ-
ent sets of dielectric tensors, €, and ¢, the total dielectric constant € can be determined by e = %5 o T+ %gu.

The electronic contribution of the static dielectric constant for the Al,O; monolayer is determined by the zero
energy limit from the real dielectric function, which is about 1.27. With the inclusion of the ionic vibration contri-
bution (~1.24), the overall dielectric constant is about 2.51. This value is much smaller than that of a-AL,O; bulk
(~10.5) due to the reduced thickness, changed bonding character, and also decreased band gap, but comparable
to that of SiO, bulk (~3.9). It is noted that the calculated dielectric constant of a-Al,O; bulk is consistent with the
experiment value (~9.0). From the imaginary part the dielectric function (Fig. 4(b)), we can see that the main
adsorption peak locates at 10 eV, which is mainly contributed by the inter-band transition from O p, orbitals to Al
p. orbitals. Moreover, the adsorption edge is at the energy of around 6 eV, in good agreement with the calculated
band gap.

The Interface between Graphene and Al,0; Monolayer. Experimentally, various substrates have been
proposed for growing oxide monolayer such as SiO, and Y,0; monolayer, in which substrates with inert surface
are desired®**. It is noted that Y,0O; monolayer has been deposited on graphene substrate*, which motivated us
to study the feasibility of using graphene as a substrate to grow Al,O; monolayer. Therefore, the interfacial prop-
erties of graphene and Al,O; monolayer are studied also. We find that (4 x 4) graphene supercell matches
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Figure 3. (a) The HSE06 hybrid functionals calculated band structure and (b) the projected density of states of
the AL,O; (111) monolayer. The Fermi level is shifted to 0eV. The contour plot of partial charge density (c) near
the conduction band minimum and (d) near the valence band maximum for the Al,O; (111) monolayer.

(+/3 x +/3) ALLO, monolayer well. Since the Al,0; monolayer is relatively soft, it was compressed by about 2.88%
and placed on graphene supercell. This small strain on the Al,O; monolayer yields a 0.18 eV increase in the band
gap, but does not alter the electronic properties significantly, as shown in the Fig. S3 in the supplementary infor-
mation. It is also noted that with the presence of graphene substrate, the A1,O; monolayer still favors planar
structure, and becomes more stable as its energy is lowered by 0.19 €V per unit cell, compared with free standing
AL O; monolayer.

The most stable configuration of the Al,O; monolayer on graphene is shown in Fig. 5(a), where the Al atoms
are located near the top sites of C atoms in graphene in order to form maximized potential local bonding. This is
similar to that of Y,0; monolayer, 3-Si;N,, and g-C;Nj; on graphene, and HfO, on MoS, monolayer?>*>7. After
relaxation, both graphene and the Al,O; monolayer planes remain planar. The shortest distance between Al,O,
monolayer and graphene is 3.26 A, indicating weak interaction between them. The calculated adsorption energy
is 13.62 meV/A2, smaller than that of graphene on Al,O; (0001) surface®, which confirms the weak interfacial
interaction. Bader charge analysis suggests that there is no interfacial charge transfer between the Al,O; mon-
olayer and graphene.

Due to the weak interaction, the charge inhomogeneity in graphene is insignificant with the presence of the
Al,O; monolayer. From the charge density difference projected on graphene plane (Fig. 5(a)), we can see that
the charge inhomogeneity is below 5 x 10~*e/A2 This indicates that the electron-hole puddles are negligible
in graphene. The electron-hole puddles on channel materials are undesired because they can reduce the carrier
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Figure 4. The HSE06 hybrid functionals calculated dielectric function of the AL,O; monolayer: (a) real part and
(b) imaginary part.

mobility*. The band structure of the Al,O; monolayer/graphene interface is shown in Fig. 5(b). It is observed that
the linear electronic dispersion in graphene is nearly intact due to the weak interfacial interaction. The valence
band edge of the Al,O; monolayer locates at the energy of —1.58 eV, which is mainly from the contribution of O 2p
orbitals. The conduction band edge of the Al,O; monolayer is at the energy of 2.43 eV, and the dominant contri-
bution is from the hybridization of O p and Al p orbitals. If we treat graphene as a semiconductor with 0 eV band
gap, the band alignment between graphene and the Al,O; monolayer can be estimated from their relative band
edge shift, which is 1.58 and 2.43 eV for valence (VBO) and conduction band offset (CBO), respectively, as shown
in Fig. 5(b). Both the VBO and CBO are larger than 1 eV, large enough for potential electronic applications. We
wish to point out that PBE functionals were used in this calculation, which leads to an underestimated band gap
of the Al,O; monolayer. Thus, the real VBO and CBO should be larger than the values in current studies.

From the above discussions, we can see that graphene has same surface symmetry, small lattice mismatch,
and weak interaction with Al,O; monolayer, thus it is a potential substrate to grow Al,O; monolayer, similar to
the growth of Y,0; monolayer on graphene®. One common way for the growth of metal oxide thin films is to
thermally oxidize the metal surface directly. In order to explore the feasibility of this growth strategy on the Al,O;
monolayer, the interface between the Al,O; monolayer and Al (111) surface has been studied also (see the details
in the supplementary information). It turns out that the interaction between Al (111) and the Al,O; monolayer is
strong. After relaxation, the most energetically favorable configuration is that the O atoms in the Al,O; monolayer
move toward the Al (111), forming interfacial Al-O bonds with bond length of 1.9 A. The strong interaction is
also confirmed by the large adsorption energy (2.2 eV per AL,O; unit) and significant charge transfer (see Fig. S4
in the supplementary information). This strong interaction leads to a buckled structure of AL,O; monolayer on Al
(111), and it can be expected that the 2D growth of Al,O; monolayer is difficult on Al (111) substrate by a direct
thermal oxidation process. Therefore, inert substrates with weak interaction, same surface symmetry, and small
lattice mismatch such as graphene are favored to realize the 2D growth of Al,O; monolayer via sputtering or other
advanced deposition techniques.

Conclusions

In conclusion, based on PSO method and first-principles calculations, we find a stable Al,O; monolayer with
a direct band gap of 5.99 eV and dielectric constant of 2.51. This Al,O; monolayer can be further stabilized by
the support of graphene. For the interface between Al,O; monolayer and graphene, we find that the interaction
between them is weak and band alignments are much larger than 1eV. Moreover, the presence of the AL,O; mon-
olayer does not introduce interface states and electron-hole puddles in graphene. Together with high thermal

SCIENTIFICREPORTS | 6:29221 | DOI: 10.1038/srep29221 6



www.nature.com/scientificreports/

Energy (eV)
o

=

-5.0e-4 0 5.0e-4 M K r M

Figure 5. (a) Top view of the most stable interface structure of the Al,O; monolayer on graphene imposed
with contour plot charge density difference projected on the graphene plane. The blue color denotes the
excess charge, and the red color denotes the depleted charge. (b) The band structure of the Al,O; monolayer
on graphene, where the black lines denote the contribution from graphene, the red solid dots denote the
contribution from O atoms, and the blue square lattices denote the contribution from Al atom. The Fermi
energy is shifted to 0 eV.

Al,O; monolayer 87.75 59.35 47.6 0.676 this work
Graphene 353.675 62.195 342.7 0.176 this work
352 62.6 340.8 0.178 ref. 60
353 61 342 0.17 ref. 61
358.1 60.4 348 0.17 ref. 62
BN-monolayer 288.26 63.54 274.3 0.22 this work
293.2 66.1 278.3 0.225 ref. 60
290 64 276 0.22 ref. 61
ZnO monolayer 85.34 56.54 47.88 0.663 this work
86 57.3 47.8 0.667 ref. 61

Table 1. The elastic constant, Young’s modulus, and Poisson’s ratio of Al,0; monolayer, graphene, BN
monolayer, and ZnO monolayer.

stability, the Al,O5; monolayer might be a potential dielectric for future electronic applications. Due to similar
surface chemistry between graphene and other 2D channel materials such as transposition metal dichalcogenide
or phosphene, these results might be applicable to the interface between the Al,O; monolayer and other 2D
materials.

References
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666-669 (2004).
2. Novoselov, K. et al. Two-dimensional gas of massless dirac fermions in graphene. Nature 438, 197-200 (2005).
3. Singh, V. et al. Graphene based materials: Past, present and future. Prog. Mater. Sci. 56, 1178-1271 (2011).
4. Xu, M,, Liang, T., Shi, M. & Chen, H. Graphene-like two-dimensional materials. Chem. Rev. 113, 3766-3798 (2013).

SCIENTIFIC REPORTS | 6:29221 | DOI: 10.1038/srep29221 7



www.nature.com/scientificreports/

10.
11.
12.
13.

14.
15.

16.

17.
18.

19.

23.

24.
25.

26.
27.

28.
. Yang, B. et al. Thin silica films on Ru(0001): monolayer, bilayer and three-dimensional networks of [SiO,] tetrahedra. Phys. Chem.

30.
31.

32.
33.

34,
35.
36.

37.

45.

46.
47.

48.
. Mo, S.-D. & Ching, W. Y. Electronic and optical properties of §-Al,O; and comparison to «-Al,Os. Phys. Rev. B 57, 15219-15228

50.
51.
52.

53.
54.

. Roy, T. et al. Field-effect transistors built from all two-dimensional material components. ACS Nano 8, 6259-6264 (2014).

. Miro, P, Audiffred, M. & Heine, T. An atlas of two-dimensional materials. Chem. Soc. Rev. 43, 6537-6554 (2014).

. Coleman, J. N. et al. Two-dimensional nanosheets produced by liquid exfoliation of layered materials. Science 331, 568-571 (2011).
. Dai, J. & Zeng, X. C. Titanium trisulfide monolayer: Theoretical prediction of a new direct-Gap semiconductor with high and

anisotropic carrier mobility. Angew. Chem. Int. Ed. 54, 7572-7576 (2015).

. Yang, L. M. et al. Two-dimensional Cu,Si monolayer with planar hexacoordinate copper and silicon bonding. . Am. Chem. Soc. 137,

2757-2762 (2015).

Kubota, Y., Watanabe, K., Tsuda, O. & Taniguchi, T. Deep ultraviolet light-emitting hexagonal boron nitride synthesized at
atmospheric pressure. Science 317, 932-934 (2007).

Mak, K. E, Lee, C., Hone, J., Shan, ]. & Heinz, T. F. Atomically thin MoS,: A new direct-gap semiconductor. Phys. Rev. Lett. 105,
136805 (2010).

Kug, A., Zibouche, N. & Heine, T. Influence of quantum confinement on the electronic structure of the transition metal sulfide TS,.
Phys. Rev. B 83, 245213 (2011).

Zhuang, H. L. & Hennig, R. G. Single-layer group-III monochalcogenide photocatalysts for water splitting. Chem. Mater. 25,
3232-3238 (2013).

Zheng, J. et al. High yield exfoliation of two-dimensional chalcogenides using sodium naphthalenide. Nature Commun. 5 (2014).
Cunningham, G. et al. Solvent exfoliation of transition metal dichalcogenides: Dispersibility of exfoliated nanosheets varies only
weakly between compounds. ACS Nano 6, 3468-3480 (2012).

Rodin, A. S, Carvalho, A. & Castro Neto, A. H. Strain-induced gap modification in black phosphorus. Phys. Rev. Lett. 112, 176801
(2014).

Liu, H. et al. Phosphorene: an unexplored 2d semiconductor with a high hole mobility. ACS Nano 8, 4033-4041 (2014).
Balendhran, S., Walia, S., Nili, H., Sriram, S. & Bhaskaran, M. Elemental analogues of graphene: silicene, germanene, stanene, and
phosphorene. Small 11, 640-652 (2015).

Vogt, P. et al. Silicene: Compelling experimental evidence for graphenelike two-dimensional silicon. Phys. Rev. Lett. 108, 155501
(2012).

. Li, L. et al. Buckled germanene formation on Pt (111). Adv. Mater. 26, 4820-4824 (2014).
. Zhu, E-f. et al. Epitaxial growth of two-dimensional stanene. Nature Mater. 14, 1020-1025 (2015).
. Sahin, H. et al. Monolayer honeycomb structures of group-IV elements and III-V binary compounds: First-principles calculations.

Phys. Rev. B 80, 155453 (2009).

Cahangirov, S., Topsakal, M., Aktiirk, E., $ahin, H. & Ciraci, S. Two-and one-dimensional honeycomb structures of silicon and
germanium. Phys. Rev. Lett. 102, 236804 (2009).

Bacaksiz, C. et al. Hexagonal AIN: Dimensional-crossover-driven band-gap transition. Phys. Rev. B 91, 085430 (2015).

Song, T., Yang, M., Callsen, M., Wu, Q., Zhou, J., Wang, S., Wang, S. & Feng, Y. Graphene stabilized high-« dielectric Y,05 (111)
monolayers and their interfacial properties. RSC Adv. 5, 83588-83593 (2016).

Zhou, M. et al. Single layer lead iodide: computational exploration of structural, electronic and optical properties, strain induced
band modulation and the role of spin-orbital-coupling. Nanoscale 7, 15168 (2015).

Ma, E et al. Single layer bismuth iodide: computational exploration of structural, electrical, mechanical and optical properties. Sci.
Rep. 5, 17558 (2015).

Loftler, D. et al. Growth and structure of crystalline silica sheet on Ru(0001). Phys. Rev. B 105, 146104 (2010).

Chem. Phys. 14, 11344-11351 (2012).

Han, Y. & Hu, M. Ground state of bilayer h c-silica: mechanical and electronic properties. Nanotechnology 26, 505702 (2015).

Yan, B. et al. Engineering disorder into exotic electronic 2D TiO, nanosheets for enhanced photocatalytic performance. RSC Adv. 6,
6133-6137 (2016).

Tao, J. G., Luttrell, T. & Batzill, M. A two-dimensional phase of TiO, with a reduced bandgap. Nature Chem. 3,296-300 (2011).

Lu, Y. H,, Xu, B, Zhang, A. H., Yang, M. & Feng, Y. P. Hexagonal TiO, for photoelectrochemical applications. J. Phys. Chem. C 115,
18042-18045 (2011).

Addou, R, Dahal, A. & Batzill, M. Growth of a two-dimensional dielectric monolayer on quasi-freestanding graphene. Nature
Nanotech. 8, 41-45 (2013).

Matsuzaki, K., Hosono, H. & Susaki, T. Layer-by-layer epitaxial growth of polar MgO (111) thin films. Phys. Rev. B 82, 033408
(2010).

Sun, Z. et al. Generalized self-assembly of scalable two-dimensional transition metal oxide nanosheets. Nature Commun. 5, 3813
(2014).

Wang, Y., Lv, J., Zhu, L. & Ma, Y. Calypso: A method for crystal structure prediction. Comput. Phys. Commun. 183, 2063-2070
(2012).

. Wang, Y., Lv, J., Zhu, L. & Ma, Y. Crystal structure prediction via particle-swarm optimization. Phys. Rev. B 82, 094116 (2010).
. Wang, Y. et al. An effective structure prediction method for layered materials based on 2D particle swarm optimization algorithm.

J. Chem. Phys. 137, 224108 (2012).

. Kresse, G. & Hafner, J. Ab initio molecular dynamics for open-shell transition metals. Phys. Rev. B 48, 13115-13118 (1993).

. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47, 558-561 (1993).

. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994).

. Heyd, ]., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a screened coulomb potential. J. Chem. Phys. 118, 8207-8215

(2003).

Wu, X, Vargas, M., Nayak, S., Lotrich, V. & Scoles, G. Towards extending the applicability of density functional theory to weakly
bound systems. J. Chem. Phys. 115, 8748-8757 (2001).

Togo, A. & Tanaka, I. First principles phonon calculations in materials science. Scr. Mater. 108, 1-5 (2015).

Neugebauer, J. & Scheffler, M. Adsorbate-substrate and adsorbate-adsorbate interactions of Na and K adlayers on Al(111). Phys. Rev.
B 46, 16067-16080 (1992).

French, R. H. Electronic band structure of Al,O; with comparison to AION and AIN. J. Am. Ceram. Soc. 73, 477-489 (1990).

(1998).

Becke, A. D. & Edgecombe, K. E. A simple measure of electron localization in atomic and molecular systems. J. Chem. Phys. 92,
5397-5403 (1990).

Henkelman, G., Arnaldsson, A. & Jénsson, H. A fast and robust algorithm for Bader decomposition of charge density. Comput.
Mater. Sci. 36, 354-360 (2006).

Nag, A. et al. Graphene analogues of BN: novel synthesis and properties. ACS nano 4, 1539-1544 (2010).

Zhuang, H., Sing, A. K. & Hennig, R. G. Computational discovery of single-layer III-V materials. Phys. Rev. B 87, 165415 (2013).
Yang, M., Chai, ]. W,, Wang, Y. Z., Wang, S. J. & Feng, Y. P. Interfacial properties of silicon nitride grown on epitaxial graphene on
6H-SiC substrate J. Phys. Chem. C 116, 22315-22318 (2012).

SCIENTIFICREPORTS | 6:29221 | DOI: 10.1038/srep29221 8



www.nature.com/scientificreports/

55. Yang, M., Zhang, C., Wang, S. J., Feng, Y. P. & Ariando. Graphene on [3-Si;N,: An ideal system for graphene-based electronics. AIP
Adv. 1,032111 (2011).

56. Du, A. et al. Hybrid graphene and graphitic carbon nitride nanocomposite: gap opening, electron-hole puddle, interfacial charge
transfer, and enhanced visible light response. J. Am. Chem. Soc. 134, 4393 (2012).

57. Yang, M. et al. Interfacial interaction between HfO, and MoS,: from thin films to monolayer. J. Phys. Chem. C, 120, 9804-9810
(2016).

58. Huang, B., Xu, Q. & Wei, S. H. Theoretical study of corundum as an ideal gate dielectric material for graphene transistors. Phys. Rev.
B 84, 155406 (2011).

59. Martin, J., Akerman, N., Ulbricht, G., Lohmann, T., Smet, J. H., von Klitzing, K. & Yacoby, A. Observation of electron-hole puddles
in graphene using a scanning single-electron transistor. Nature Phys. 4, 144-148 (2008).

60. Peng, Q., Liang, C., Ji, W. & De, S. A first principles investigation of the mechanical properties of g-ZnO: The graphene-like
hexagonal zinc oxide monolayer. Comp. Mat. Sci. 68, 320-324 (2013).

61. Andrew, R. C., Mapasha, R. E., Ukpong, A. M. & Chetty, N. Mechanical properties of graphene and boronitrene. Phys. Rev. B 85,
125428 (2012).

62. Wei, X, Fragneaud, B., Marianetti, C. A. & Kysar, ]. W. Nonlinear elastic behavior of graphene: Ab initio calculations to continuum
description. Phys. Rev. B 80, 205407 (2009).

Acknowledgements

This work was supported by Singapore A*STAR PHAROS project-2D devices & materials for ubiquitous
electronic, sensor, and optoelectronic applications (Project No: IMRE/152C0115). All calculations were
performed at high performance computing cluster at the Centre for Advanced 2D Materials and Graphene of
NUS.

Author Contributions

S.J.W,, Y.P.E, D.Z.C. and M.Y. designed the research topic. T.T.S., ].Z., T.Y., M.Y. and M.C. performed the
calculations and wrote the manuscript. JW.C., T.Y., M.C., Z.Z. and ].S.P. assisted with the data analysis. All the
authors contributed to the manuscript improvement.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Song, T. T. et al. The stability of aluminium oxide monolayer and its interface with two-
dimensional materials. Sci. Rep. 6,29221; doi: 10.1038/srep29221 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:29221 | DOI: 10.1038/srep29221 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	The stability of aluminium oxide monolayer and its interface with two-dimensional materials

	Method

	Results and Discussions

	Structural Properties. 
	Dynamical and Thermal Stability. 
	Mechanical Properties. 
	Electronic Properties. 
	Dielectric Properties. 
	The Interface between Graphene and Al2O3 Monolayer. 

	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Top view of the most stable configuration of Al2O3 monolayer from the PSO prediction.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Phonon dispersion of the planar Al2O3 monolayer.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) The HSE06 hybrid functionals calculated band structure and (b) the projected density of states of the Al2O3 (111) monolayer.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The HSE06 hybrid functionals calculated dielectric function of the Al2O3 monolayer: (a) real part and (b) imaginary part.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Top view of the most stable interface structure of the Al2O3 monolayer on graphene imposed with contour plot charge density difference projected on the graphene plane.
	﻿Table 1﻿﻿. ﻿  The elastic constant, Young’s modulus, and Poisson’s ratio of Al2O3 monolayer, graphene, BN monolayer, and ZnO monolayer.



 
    
       
          application/pdf
          
             
                The stability of aluminium oxide monolayer and its interface with two-dimensional materials
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29221
            
         
          
             
                Ting Ting Song
                Ming Yang
                Jian Wei Chai
                Martin Callsen
                Jun Zhou
                Tong Yang
                Zheng Zhang
                Ji Sheng Pan
                Dong Zhi Chi
                Yuan Ping Feng
                Shi Jie Wang
            
         
          doi:10.1038/srep29221
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29221
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29221
            
         
      
       
          
          
          
             
                doi:10.1038/srep29221
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29221
            
         
          
          
      
       
       
          True
      
   




