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The exfoliation of graphene triggers dramatic interest to explore other two-dimensional materials for functionalizing future

nanoelectronic devices. In this study, via first-principles calculations, we predict a stable planar Y2O3 (111) monolayer with a

direct band gap of 3.96 eV. This high-κ dielectric monolayer can be further stabilized by graphene substrate. The interaction

between the planar Y2O3 (111) monolayer and graphene is found to be weak and dominated by van der Waals interaction, while

the electronic properties are determined by orbital hybridization and electrostatic interaction. Our results indicate that high-κ

dielectric monolayer can be formed on a substrate with weak interfacial interaction via physical deposition process, and shed

light on engineering extremely thin high-κ dielectrics on graphene based electronics with desired properties.
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1 Introduction

In the past decades, the performance of silicon (Si) based field-effect transistors (FETs) has been improved

dramatically by scaling technology. Due to the relative small dielectric constant of SiO2, the thickness of

this gate dielectric is now approaching its physical limit. In order to further improve the performance of

FETs, high-κ dielectrics such as HfO2 have replaced conventional gate dielectric SiO2, due to its much

larger dielectric constant.1,2 On the other hand, tremendous effects have also been made to find a channel

material with high carrier mobility to substitute Si, in which graphene, a monolayer of carbon atoms with

honeycomb lattices, has been a focus in recent years.3–5 Graphene has many fascinating mechanical, optical,

and electronic properties. One of the interesting properties of graphene is the high intrinsic carrier mobil-

ity as it is highly desired for future high speed electronic devices.6 It has been reported that the electron

mobility of free standing graphene is up to 200,000 cm2·V−1·s−1 at room temperature.7 Integrating high-κ

dielectrics into graphene based electric devices takes advantages of both materials. The interface between

graphene and high-κ oxide is expected to play a crucial role in the performance of such devices.8 However,

the graphene/high-κ dielectrics interface is different from that of Si/high-κ dielectrics interface, resulting

from the inert surface of graphene. Extensive studies have been carried out to understand interfacial interac-

tion between graphene and high-κ dielectrics. It is found that the interaction between graphene and high-κ

dielectrics strongly depends on the surface chemical environment of the dielectrics.9–14 Experimentally,

various high-κ dielectrics have been grown on graphene, including HfO2
15, Al2O3

8, ZrO2
16, Si3N4

17–19,

and Y2O3
20,21 thin films or nanoribbons. The electric properties of these graphene/high-κ dielectric devices

have been improved much compared to SiO2 because high-κ dielectrics can increase capacitance density

significantly and also screen the scattering of interfacial charged impurities effectively.

Following graphene, many other two-dimensional materials have been found, which include graphene

like silicene,22 h-BN,3 transition metal dichalcogenides such as MoS2
3, black phosphorene23,24, as well

as III-V and II-VI materials.25–30 More recently, crystalline double-layer SiO2 sheet has been deposited on

Ru(0001) substrate.31 It is noted that when the thickness of dielectric thin films is reduced, the interaction

between graphene and the dielectric might be changed accordingly. For example, for graphene adsorbed

on the Al2O3 (0001) surface, the interaction between them is found strong12, while in contrast, weak in-

teraction is found at the interface between graphene and Y2O3 (111) monolayer32. In addition, graphene

has been assembled on single layer of h-BN, and the interaction between them is dominated by van der

Waals (vdW) force.33 These results indicate that both surface chemical environment and the thickness of
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dielectrics might play an important role in determining the interaction between graphene and the dielectrics,

and motivate us to study the stability of high-κ oxide dielectric monolayer and its interfacial properties with

graphene. In this study, based on first-principles calculation, we find that free standing planar Y2O3 (111)

monolayer is stable, and its stability can be further enhanced when it is supported by graphene. In addition,

the interfacial interaction between them is weak, with the main contribution arising from vdW interaction,

while the electronic properties are mainly determined by electrostatic interaction and orbital hybridization

between C pz and O pz, as well as C pz and Y 4d orbitals.

2 Methodology

All calculations were carried out by using density-functional theory (DFT) as implemented in VASP code.34,35

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.36 The cutoff energy for the plane wave expansion

was set to 500 eV. Γ centered 18×18×1 and 4×4×4 κ-point meshes were used to sample the first Bril-

louin zone of pristine graphene and Y2O3 bulk, and 9×9×1 κ-point meshes were applied for Y2O3 (111)

monolayer, Y2O3 (111) monolayer on graphene, and Y2O3 (111) monolayer on Y (0001) surface, respec-

tively. To minimize the interaction between image surfaces, 15 Å vacuum was applied normal to Y2O3

surface for all interface structures. Corrections for vdW effects were included in the calculations by using

Grimme’s DFT-D2 method with C6 (1.75, 0.70, and 24.67) and R0 (1.452, 1.342, and 1.639) for C, O,

and Y atoms, respectively. The DFT-D2 calculation results were partially compared with the results by

the self-consistent ab initio van der Waals density-functional (vdW-DF) method.37,38 All structures were

optimized until residual force on each atom is smaller than 0.01 eV/Å. For the electronic structure of Y2O3

monolayer, Heyd-Scuseria-Ernzerhof hybrid functionals (HSE06) have been used.39 To examine thermal

stability of Y2O3 (111) monolayer, ab initio molecular dynamics simulations were performed with a time

step of 1 fs, canonical ensemble (NVT), and Nosé heat bath. In addition, phonon dispersion was calculated

using density functional perturbation theory implemented in VASP with higher electronic convergence cri-

terion of 10−8 eV and analyzed by using the PHONOPY code.40 Based on these settings, the calculated

lattice constant and PBE band gap of Y2O3 bulk are 10.51 Å and 4.5 eV, respectively, in good agreement

with previous results.41
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3 Results and Discussions

Clean Y2O3 (111) surface is polar, terminated by O atoms, which is unstable and structural relaxation or

even reconstruction is needed to suppress surface polarization.44 Especially when the thickness of Y2O3

(111) thin films approaches its physical limit one monolayer, the Y2O3 (111) single layer may undergo

structural reconstruction. The reconstructed Y2O3 (111) monolayer shown in Fig. 1(a) is a hexagonal

planar structure with 3 O atoms and 2 Y atoms in the unit cell with lattice constant of 7.22 Å. It is noted

that the planar form is energetically most stable for Y2O3 (111) and its total energy is about 0.6 eV/atom

lower than that of a buckled structure. The Y-O bond length in Y2O3 (111) monolayer is 2.08 Å, about

0.2 Å smaller than that in bulk Y2O3, indicating stronger in-plane bonding in monolayer Y2O3 due to

reduced coordinations.43 The suppression of surface polarization in this planar Y2O3 (111) monolayer also

leads to enhanced in-plane covalent bonding character, because the calculated Bader charges suggest an

ionic formula of Y+1.95
2 O−1.3

3 , less than Y+2.16
2 O−1.44

3 in bulk form.42 Figure. 1(b) is the calculated phonon

spectra of the planar Y2O3 (111) monolayer. No imaginary frequency has been found, indicating that the

planar Y2O3 (111) monolayer is dynamically stable. The stability of this monolayer is further confirmed by

the MD simulation results, as shown in Fig. 1(c) and (d). The Y-O bond displacement is within 0.18 Å at

the simulated temperature of 300 K during the 10 ps MD simulation. The configuration of Y2O3 monolayer

supercell at the maximum bond displacement (about 0.18 Å) is shown in Fig. 1(e) and (f). It can be seen

that only slight distortion is found in Y2O3 monolayer at room temperature.

The electronic and dielectric properties of the planar Y2O3 (111) monolayer are shown in Fig. 2. From

the calculated HSE06 band structure (Fig. 2(a)), both valence band maximum and conduction band mini-

mum are located at the Γ point, suggesting a direct band gap of 3.96 eV. This band gap is smaller than that

of bulk Y2O3 due to different bonding characters. The corresponding total and projected density of states

(DOS) are presented in Fig. 2(b), in which the flat valence band maximum is mainly derived from the 2p

orbital of O atoms, weakly hybridized with 5d orbital of Y atoms, forming σ bonds. For the lower valence

bands (-1.4 eV∼-0.8 eV), the formation of π bonds is found as pz orbitals of O atoms and t2g orbitals of

Y atoms hybridize to each other, which favors the formation of planar two-dimensional structure.26 The

calculated dielectric function of this planar Y2O3 (111) monolayer is presented in Fig. 2(c). The static di-

electric constant of the Y2O3 (111) monolayer is 1.5. It is noted that only the electronic contributions were

included in the calculations. Even taking into account other effects such as ionic and dipolar contributions,

the calculated dielectric constant of Y2O3 (111) monolayer is still smaller than that of Y2O3 bulk due to the
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reduced thickness and dimensionality.41

One possible way for the growth of the Y2O3 (111) monolayer is to deposit Y2O3 thin films on substrate.

Thus, it is crucial to understand the interaction between the planar Y2O3 monolayer and the substrate. Next,

we examine the stability and interfacial properties of the planar Y2O3 (111) monolayer supported on sub-

strates. In this study, graphene is selected as the substrate as Y2O3 (111) monolayer has been deposited on

graphene.32 To model the planar Y2O3 (111) monolayer/graphene hybrid interface structure, 2.2% tensile

strain is applied on the planar Y2O3 (111) monolayer to match 3×3×1 graphene supercell, as shown in

Fig. 3(a). The small strain reduces the band gap of the planar Y2O3 (111) monolayer by about 0.04 eV, but

does not change the orbital characters of the valence band and conduction band. The most stable interfacial

configuration (see Fig. 3(a)) is such that the Y atom of the planar Y2O3 monolayer is directly above the C

ring center and O atom is at the bridge site of C-C bond, similar to interfacial configurations of graphene

on SiO2 and Si3N4.9,18 The interface formation energy is minimized through maximizing the potential lo-

cal bonding. When supported on graphene, the planar Y2O3 (111) monolayer becomes more stable and

its energy is lowered by 0.46 eV/atom. In the relaxed structure, Y atoms slightly moved out of the Y2O3

plane by about 0.05 Å, toward to the graphene plane slightly, resulting in a longer Y-O bond length of

2.11 Å and slightly buckled Y2O3 layer, compared with that of free standing planar Y2O3 (111) monolayer.

The calculated Y-O bond length is close to the experimental result (2.25 Å), but the Y-Y distance (4.17 Å)

is much larger.32 We also study the structural stability of the planar Y2O3 (111) monolayer/graphene at

high temperature. From the results of our MD simulation of Y2O3 (111) monolayer/graphene carried out

at 850 K shown in Fig. 3(d) and (e), we can see that the Y2O3 monolayer remains stable on graphene at

this temperature, but its structural distortion is much more pronounced. The maximum displacement of

Y-Y distance is about 0.8 Å. This indicates that Y2O3 monolayer tends to buckle at high temperature as

observed in a recent experiment.32

The DFT-D2 optimized distance between graphene and the planar Y2O3 (111) monolayer is found to be

2.96 Å, which is at the boundary between chemical adsorption and physical adsorption (∼3 Å), but far be-

yond the covalent bonding range of 1.44 Å for C-O bond and 2.4 Å for C-Y bond, respectively. To further

investigate the nature of interfacial bonding, electron localization function (ELF) was calculated.45 Fig-

ure. 3(c) shows the ELF in the (110) plane of this stable interfacial configuration. No covalent bonding can

be found at the interface between graphene and the planar Y2O3 (111) monolayer. To estimate interfacial

interaction strength, we calculated the binding energy which is defined as:

5
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Eb = EG +EY2O3 −EG+Y2O3, (1)

where EG, EY2O3 , and EG+Y2O3 are total energies of the isolated graphene, isolated Y2O3 slab, and com-

bined graphene and Y2O3 (111) monolayer hybrid structure, respectively. The calculated binding energy for

this interface is 42 meV per C atom, which is within the range of physical adsorption (10 meV∼100 meV),

and suggests a weak interaction between graphene and the planar Y2O3 (111) monolayer. This weak inter-

action is also confirmed by a slight interfacial charge transfer. As shown in Fig. 3(b), due to the presence of

the planar Y2O3 (111) monolayer, inhomogeneous charge redistribution is found within the graphene layer,

but the contribution from Y2O3 is very small. Bader charge analysis46 shows only 0.003 excess electrons

per C atom in graphene.

The electronic properties of the planar Y2O3 monolayer on graphene are shown in Fig. 4. From the

DFT-D2 calculated band structure (Fig. 4(a)), it is noted that the conduction band minimum that is derived

from C pz orbital is about 0.015 eV below the Fermi energy, indicating that graphene is slightly n-doped.

We also found that a gap of about 0.21 eV is opened in graphene. Figure 4(b) is the calculated projected

density of states for Y2O3 (111) monolayer on graphene. Hybridization is found between O pz and C pz

states near the Fermi energy, as well as Y t2g and C pz states. In the energy range of -1 eV to -2 eV,

the hybridization between O pz and C pz, and also between C pz and Y eg states are more profound.

These orbital hybridizations are further confirmed by the partial charge density at the lower Dirac cone of

graphene, where the dominant contribution is from C pz orbital, but minor contribution from O atoms is

noticeable also, as shown in Fig. 4(c). The origins of gap opening in graphene after integration with the

Y2O3 (111) monolayer can be ascribed to structural deformation, or interfacial interaction with Y2O3, or

both. To determine which of the above factors play a dominate role, we calculated the band structure of

the isolated deformed graphene by removing the planar Y2O3 (111) monolayer. The results show that this

deformed graphene does not affect its band structure. Thus, the gap opening in graphene is due to interfacial

interaction by the presence of the planar Y2O3 (111) monolayer.

A number of factors could affect the interfacial interaction between graphene and the planar Y2O3 mono-

layer, including the interfacial vdW interaction, charge transfer, orbital hybridization, and electrostatic po-

tential interaction. The interfacial charge transfer is not expected important for determining the interaction

because only about 0.003 electrons per C atom were transferred from Y2O3 to graphene. The effect of vdW

interactions can be estimated by comparing the structural and electronic properties of Y2O3 monolayer on

6
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graphene with and without the vdW correction. Our calculations show that without vdW correction the

GGA optimized spacing between graphene and the Y2O3 monolayer is significantly increased to 3.6 Å.

The band structure of graphene (see Fig. 4(d)) is similar to that of free standing graphene, but with a small

gap of 0.04 eV that is due to electrostatic energy difference in graphene AB lattices caused by Y2O3 at this

GGA optimized interfacial spacing distance. This shows that vdW interaction play a very important role in

determining the spacing distance between graphene and the planar Y2O3 monolayer. Moreover, the effect

of vdW interactions on the electronic properties can be seen from the difference between band structures

calculated with and without vdW correction. The band structure in Fig. 4(a) is calculated using DFT-D2

method, which is force correction that only affects the structural configuration. In comparison, the band

structure in Fig. 4(e) is calculated using vdW-DF method with optB88-vdW functional38, which is a self-

consistent vdW correction method and vdW interaction effect is included in the band structure calculation.

It is noted that these two band structures are nearly identical. These suggest that vdW interaction bounds

Y2O3 monolayer with graphene, but it does not significantly influence its electronic properties.33,47,48 In

addition, for the 0.21 eV gap in graphene, about 0.08 eV is ascribed to interfacial electrostatic potential

interaction because the electrostatic potential energy difference in graphene AB lattices is about 0.08 eV

at the presence of Y2O3 monolayer.10,12,48. The rest contribution should mainly originate from the orbital

hybridization as the interfacial charge transfer is very weak and the interfacial vdW interaction does not af-

fect electronic structure. Therefore, orbital hybridization plays an important role in determining electronic

properties at the interface of Y2O3 monolayer/graphene. It is noted that a similar phenomenon has been

found at the interface between graphene and Ni, where the adsorption is a typical physisorption, but the

electronic structure is mainly determined by orbital hybridization.49 We also studied the interfacial proper-

ties of buckled Y2O3 monolayer on (2×2×1)graphene. The optimized lattice constant is 5.14 Å, and the

calculated Y-Y and Y-O length is about 2.96 and 1.96 Å, respectively. It is also noted that when supported

on graphene, the buckled Y2O3 (111) monolayer became much more stable as its energy is dramatically

lowered (about 2.7 eV per Y2O3 unit). The Dirac cone of graphene is still preserved at the presence of

buckled Y2O3 (see Fig. 5(a) and (b)), but is shifted about 1.1 eV below Fermi energy, in agreement with

experimental observation.32

Another possible way to realize the planar Y2O3 (111) monolayer is to oxidize yttrium (Y) (0001)

surface directly. Thus, we further study the interface of the planar Y2O3 (111) monolayer on Y (0001)

substrate. In the most stable structure, the O atoms of the Y2O3 (111) monolayer are on the top of Y atoms

of yttrium (001) substrate. The interaction between the Y2O3 monolayer and Y is much stronger compared

7
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to that between the planar Y2O3 monolayer and graphene, as the interfacial binding energy is as high as

300 meV and interfacial Y-O bond is formed with a bond length of 2.25 Å, close to the Y-O bonds in bulk

Y2O3. The strong interaction also leads to a significant outward relaxation (0.4 Å) of O atoms in Y2O3

(111) monolayer towards the Y substrate, turning the planar monolayer into a buckled structure. For the

two possible methods to grow the Y2O3 monolayer, the direct oxidation method, due to strong interaction

between Y2O3 and Y substrate as mentioned above, the grown Y2O3 layers tend to be buckled. This is

also applied to the physical deposition of Y2O3 on a substrate that has strong interaction with Y2O3 layers.

In both cases, even though a distorted Y2O3 monolayer can be grown, it is difficult to be exfoliated or

transferred for further functionization as the bind energy between them is large. Thus, a more promising

method to grow Y2O3 monolayer is through physical deposition process on a substrate with weak interfacial

interaction like the planar Y2O3 monolayer on graphene.

4 Conclusions

In conclusion, the results of our first-principles calculations predict a stable Y2O3 (111) monolayer, which

has a direct band gap 3.96 eV. The Y2O3 (111) monolayer can be further stabilized by depositing it on

graphene. The weak interaction between the Y2O3 (111) monolayer and graphene indicates that the in-

ert graphene surface is an excellent substrate to grow an Y2O3 (111) two-dimensional monolayer. This

growth strategy might be applied to grow other similar high-κ dielectric monolayer on the chemical inert

surface. Due to similar surface chemical nature among graphene and other two-dimensional materials such

as MoS2, or black phosphene, our results may shed light on understanding interfacial interaction between

two-dimensional materials and other extremely thin high-k oxide films.
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6 Graphics and tables

Fig. 1 (a) Top view of the planar Y2O3 (111) monolayer. (b) Phonon dispersion of the planar Y2O3 (111) monolayer. The temperature

evolution (c) and the evolution of Y-O bond (d) during the 10 ps MD simulation at room temperature, in which the bond displacement ∆d is

defined as the difference between the Y-O bond length in MD simulations (d) and its equilibrium bond length (d0). The top view (e) and side

view (f) for the Y2O3 (111) monolayer with the maximum bond displacement during 10 ps the MD simulation.
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Fig. 2 (a) Band structure (b) Total and projected DOS of the planar Y2O3 (111) monolayer. (c) Dielectric function of the Y2O3 monolayer.

The navy dotted line denotes the Fermi level.
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Fig. 3 (a) Top view of the planar Y2O3 (111) monolayer on the (3×3×1) graphene. (b) Side view of charge density difference between the

Y2O3 (111) monolayer and graphene, where the charge density difference (∆ρ) is defined by ∆ρ=ρ(G+Y2O3)-ρG-ρY2O3 , and visualized with an

isosurface value of 1.0×1.0−3 eV/Å3. Yellow color denotes excess charge density and blue color denotes depleted charge density. (c) Contour

plot of the ELF for the planar Y2O3 (111) monolayer on the graphene along (110) plane. (d) The evolution of Y-Y distance for the Y2O3

(111) monolayer on the graphene during 10 ps MD steps at the temperature of 850 K. (e) The side view of the structural configuration with the

maximum displacement of Y-Y distance during the MD simulation.
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Fig. 4 Electronic structure of Y2O3 (111) monolayer on graphene. (a) Orbital projected band structure for the planar Y2O3 (111) monolayer

on the (3×3×1) graphene at the DFT-D2 optimized spacing distance of 2.96 Å, in which red solid dots and blue solid lattices denote the

contribution from C pz and O p orbitals, respectively. (b) Projected density of states (PDOS) of C atom in graphene, and its nearest O and Y

atom in Y2O3. The inset is zoomed PDOS of Y atoms near Fermi level. (c) Contour plot of partial charge density for the top π orbital in

graphene. (d) GGA Band structure (without vdW correction) of planar Y2O3 (111) monolayer on the graphene at the GGA optimized

interfacial spacing of 3.60 Å. (e) vdw-DF (optB88 functionals) band structure of planar Y2O3 (111) monolayer on the graphene at the

vdW-DF optimized distance of 3.06 Å.
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Fig. 5 The top (a) and side (b) view of the atomic structure for Y2O3 (111) monolayer on (2×2×1) graphene. The corresponding band

structure (c) and PDOSs (d).
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