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Abstract

Graphite-like hexagonal AIN (h-AIN) multilayers have been experimentally manifested and
theoretically modeled. The development of any functional electronics applications of h-AIN
would most certainly require its integration with other layered materials, particularly graphene.
Here, by employing vdW-corrected density functional theory calculations, we investigate
structure, interaction energy, and electronic properties of van der Waals stacking sequences of
few-layer h-AIN with graphene. We find that the presence of a substrate such as graphene
induces enough interlayer charge separation in h-AIN, favoring a graphite-like stacking
formation. We also find that the interface dipole, calculated per unit cell of the stacks, tends to

increase with the number of stacked layers of h-AIN and graphene.

1. Introduction

Since the start of its intense research in the late 1980’s [1], group III nitrides, including AIN,
GaN, InN, and their alloys, has become one of the most extensively studied and most widely
applied classes of semiconductor materials for the development of short wavelengths light
emitting diodes (LEDs) and lasers (2014 Nobel Prize in Physics). Group III nitrides naturally
crystalize in the wurtzite (wz) structure represented by two interpenetrating hexagonal sub-
lattices of group III atoms and nitrogen atoms, respectively. Each group III atom forms four-

fold coordination with nitrogen atoms and vice versa, adopting sp*-hybridization of the bonds.
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The wurtzite structure is referred to for bulk crystals of AIN and GaN grown for example by
physical vapor transport (PVT) [2]; and thin films of group III nitrides grown for example by
metal organic chemical vapor deposition (MOCVD) [3] and molecular beam epitaxy (MBE) on
various substrates including sapphire, SiC, and Si as part of respective device heterostructures
[4]. Group III nitrides naturally grow along the <0001> direction in the wurtzite structure. The
wurtzite crystal structure of AIN (wz-AlN, respectively, wz-GaN and wz-InN) is commonly
represented as stacking of bilayers along this direction. Each bilayer consists of two closely

spaced hexagonal layers, one with Al (respectively, Ga or In) atoms and the other with N atoms

[4].

For the first time experimental evidence for “graphite-like” hexagonal AIN (h-AIN) has been
reported [5]. The ultrathin h-AIN (up to 12 layers in the stack) was prepared by MBE on
substrates of single crystal Ag(111). Most recently, the initial formation of few-layer h-AIN on
(111)Si surface by ammonia assisted MBE was investigated indicating transformation to the
wz-AIN at a maximum thickness of 5-6 monolayers [6]. h-AIN refers to the prototype structure
of h-BN [7], whereby each layer can be represented as a regular network of AIN hexagons. The
alternating Al and N atoms in the AIN hexagons adopt three-fold coordination with sp*-
hybridization of the bonds. It has been demonstrated, by ab-initio density functional
calculations, that the h-AIN structure can be preserved for up to about 24 layers; and that the
relaxation to the wurtzite structure for larger number of layers is associated with a certain charge
transfer [8]. Just recently, theoretical investigation of the number-of-layer-dependent structural,
electronic and vibrational properties of h-AIN have been reported [9], whereby it has been
predicted that an indirect-to-direct band gap transition occurs for stacks containing ten layers

of h-AIN, which certainly has implications for any prospective device applications.

We have previously carried out modeling of a perfect single layer of h-AIN. Our theoretical
study on the structural and electronic properties of single layers of h-AIN further involved the
incorporation of selected point defects (e.g., vacancies, as well as substitutional atoms of silicon
and carbon) providing the prospect for deliberate tailoring of its electronic properties [10].
Aspects of the structural and electronic properties of functionalized layers of h-AIN have also
been calculated, indicating its potential for carbon dioxide capture and storage [11], and

realization of “ferromagnetic order” towards application in room-temperature spintronics [12].



The development of any functional electronics applications of h-AIN would most certainly
require its integration with other layered materials, particularly graphene. Most recently, the
integration of group III nitrides with graphene involved the realization of van der Waals epitaxy
of wz-GaN on epitaxial graphene, further MOCVD of InGaN/GaN heterostructures and
demonstration of fully functional blue LEDs with application in flexible electronics by the
release of the wz-GaN film and its transfer to a plastic tape [13]. The impact of graphene
properties and the use of graphene as a potential template for the heteroepitaxy of wz-GaN and

wz-AlN is further treated by other research groups [14].

In the present work, by employing vdW-corrected density functional theory (DFT) calculations,
we investigate structure, interaction energy, and electronic properties of van der Waals stacking
sequences of few-layer h-AIN with graphene; and find certain number-of-layer-dependent
trends. We obtain the charge distribution at the h-AIN and graphene components of the stacks
thus assessing the mechanisms responsible for their formation. By analyzing the interlayer
energy interaction and difference in the electron-density charge for the corresponding stacks,

we conclude the suitability of few-layer graphene as a substrate for few-layer h-AIN.

2. Methods and computational details

The relaxed structures and electronic properties of several stacks of few-layer h-AIN with
graphene were calculated within the framework of density functional theory (DFT) including
dispersion corrections, as implemented in the SIESTA package [15]. The exchange-correlation
functional employed was based on the Perdew-Burke-Ernzerhof (PBE) approach [16]. The
Kohn-Sham orbitals were expanded within double-{ basis sets, including polarization functions,
combined with the norm-conserving Troullier-Martins pseudopotentials [17] to treat the
electron core interactions. The dispersion interactions, which play an important role in weakly
interacting systems, such as the stacks considered in the present work, were included in our
calculations by employing the DFT-D2 method as developed by Grimme [18]. For the global
scaling factor (S¢) in the dispersion energy term, we have obtained the value of S¢ = 1.0.
Employing this value in test calculations recurring to the well-studied h-BN as a reference
system, we have reproduced the experimental values for the structural features, e.g., equilibrium
inter-layer distance (do), and B-N bond length (Lg.~) for stacks of two layers of h-BN in AA’

configuration [19].



The reciprocal space was sampled by a fine grid of 10x10x1 k-points [20] in the Brillouin zone
of the unit cells. In order to ensure that the h-AIN components in all stacks of this work are
dynamically stable, the phonon spectrum of single-layer h-AIN was obtained by making use of
a fine grid of 45x45x1 k-points [15].

During the relaxation procedures of all stacks, a mesh cutoff energy of 500 Ry was applied to
determine the self-consistent charge density, which provided a precision in the total energy of
less than 0.4 meV per supercell. The stacks were considered optimized when the residual forces

on the atoms decreased below the value of 0.02 eV/A.

Stacking together few layers of h-AIN and graphene may lead to certain deviation of both h-
AIN and graphene layers from their planarity. Such deviation from planarity is usually small
(0.01 - 0.1 A). It is perceived as a result of stress accommodation in the stacks due to the
graphene and h-AIN lattice mismatch, and it is unrelated to the usual buckling parameter [21,

22] commonly defined for stacking sequences.

In all calculations, in order to avoid spurious interactions between the adjacent planes in
different cells, we have considered a distance of 30 A between such adjacent planes belonging

to different cells.

3. Results and discussion

We have first performed reference calculations of the structural and electronic properties of
single-layer h-AIN which involved obtaining the equilibrium structure (Fig. 1a), the respective
in-plane lattice constant, bond length, cohesive energy, and band gap value. These characteristic
parameters and values are listed in table 1 together with the respective values for a single-layer
graphene. For the in-plane lattice constant of single-layer h-AIN we obtained the value of 3.17
A, and an AI-N bond length of 1.83 A. Any small discrepancies with our previously calculated
values obtained at the PBE level of theory [10], are accounted for by the dispersion corrections
implemented in the present calculations. The calculated value for the in-plane lattice constant
of single-layer h-AIN agrees reasonably well with a recently reported calculated value of 3.13
A [9]. The general trend is that the in-plane lattice constant of single-layer h-AIN is slightly
larger than the in-plane lattice constant of 3.11 A for wz-AIN [23]. Experimentally, the

structural characterization of ultrathin h-AIN (12 single layers) yields an in-plane lattice
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constant of 3.15 A [5]. The following relationship between the lattice constant of the primitive
cell of single-layer h-AIN (an.anv = 3.17 A) and graphene (ag = 2.49 A) can be noticed: 4xan.
AIN = 5%ag. Such a simple integer-number ratio by permitting an easy construction of super-
cell configurations for stacks of h-AIN with graphene greatly facilitates their theoretical
modeling. The phonon spectrum of the single-layer h-AIN in the whole BZ, Fig.1 (b), does not
exhibit any imaginary frequencies, and this result confirms its dynamical stability, in agreement
with the analysis of the vibrational properties of single-layer h-AIN reported by Sahin et al.
[22].

Table 1. Calculated lattice constant (a), Al-N bond length (Lain), C-C bond length (Lc-c),
cohesive energy per atom (Econ/at), and energy band gap (E,) for a single-layer h-AIN and
graphene. The cohesive energy per atom Econar 18 defined as Econar = [Ewor — (MNEN + nalEal)]
/(nn + na1), where E; is the total energy of the model system, nn and na; are the numbers of
N and Al atoms per unit cell, and Enx and E a1 are the energies of the isolated N and Al species,
respectively. Similarly, in the case of graphene, Econur = (Ewor — ncEc)/nc where Ey; is the total
energy of the model system, nc is the number of C atoms per unit cell, and Ec¢ is the energy of

the isolated C atoms.

System a (A) Laince (A) Econ/at (V) Eg (eV)
3.17 1.83 5.05 2.88
h-AIN 3.130) 1.81@ 5369 2.9@
Graphene ¥ T 7.92 0.00
@ Ref. 10,

(® Review of C-C bond lengths and cohesive energy values relevant to graphene obtained

by calculations and experiments can be found in Ref. 24.

We provide the partial density of electronic states (PDOS), figure 1(c), as well as the band
structure of a single-layer h-AIN, figure 1(d), for completeness of the reference calculations.

The PDOS, calculated with spin polarization (figure 1(c)) indicate that there is no net magnetic



moment in the system, as expected for a single h-AIN layer. Furthermore, as inferred by
analyzing the components of the calculated orbital projections, the top of valence band (TVB)
is formed by 2p;-orbitals of the N atoms, and the bottom of conduction band (BCB) is formed
by 2s-orbitals of the N atoms belonging to the h-AIN layer, which is similar, to some extent, to
the charge density distribution of a single-layer h-BN [25]. It is worth mentioning that the
characteristics of the valence band dispersion of a single-layer h-AIN (figure 1(c)) indicate its
potential as a 2D material with an indirect band gap with states localized in N atoms.
Contrastingly, in the case of graphene both TVB and BCB are formed by 2p,-orbitals of the C
atoms, thus exhibiting totally delocalized states [26]. This electronic difference between single-
layer h-AIN and graphene makes them electronically alternative single-layer building blocks
for van der Waals stacks and corresponding devices.

We obtain that a single-layer h-AIN exhibits an indirect band gap of 2.88 eV (Fig. 1d). The
good agreement of the properties of single-layer h-AIN obtained here with previous studies
dedicated to this system [9, 10], emphasizes the appropriateness of the level of theory chosen

in this work for modeling stacks of h-AIN with graphene.
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Figure 1. Single-layer h-AIN: (a) an optimized 3x3x1 atomic layer; (b) calculated phonon
dispersion; (c) partial density of electronic states (PDOS) calculated with spin polarization; and
(d) band structure (red arrow between TVB and BCB indicates the indirect band gap of single-
layer h-AIN).



Two-layer h-AIN can adopt five different stacking configurations following commonly
introduced stacking configurations and notations [9]: two stacking configurations result as the
hexagons of one layer reside on the hexagons of the other layer, e.g., Al over Al and N over N
(AA), and Al over N and N over Al (AA"); other three stacking configurations result as the
hexagons of one layer are translated with respect to the hexagons of the other layer, e.g., AB,
AB’, and A’B, Fig. 2 (a). The AA’ stacking configuration has been calculated to be the “ground-
state stacking order” out of the five possible stacking configurations [9], and confirmed in our
calculations. It can be judged by the largest value of the interlayer binding energy, Ey = 292.03
meV/at (table 2) defined as Eb = |[Evitayer — 2Emonolayer/M, where M is the total number of atoms
in the stack. As displayed in figure 2(b), the p,-orbital of the N atoms from one of the h-AIN
layers interacts with the p.-orbital of the Al atoms from the other layer. This results in a charge
localization between N and Al atoms belonging to different layers which leads to a strongly
bound stack with interlayer distance do = 2.18 A, which is smaller compared to both bilayers
of h-BN and graphene, respectively (table 2). The calculated electron density difference Ap =
Pbilayer h-AIN - (2pn-an) shown in figure 2(b) illustrates how the formation of the stack of two-
layer h-AIN (in its most stable stacking configuration AA’) perturbs the electronic structure of

the single-layers h-AIN.

The AA’ stacking configuration has been reported as the most energetically favorable for h-
GaN [27] and h-BN [19] as well. However, while the AA’ and AB configurations for two-layer
h-BN are energetically close and they may coexist at experimental conditions [19], the AA’
configuration for two-layer h-AlN is by far the most stable following the values of the interlayer

binding energy reported in table 2.
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Figure 2. (a) Stacking configurations for two-layer h-AIN; (b) the Kohn-Sham charge densities

at TVB and BCB and the corresponding electron density difference Ap resulting from the

stacking of two-layer h-AIN in the case of the most stable stacking configuration AA’.

Table 2. Calculated inter-layer distances (do) and corresponding binding energies (Ep) for two-

layer h-AIN. The calculated values for two-layer h-BN and graphene in their most stable

configurations AA’ and AB, respectively, are included for comparative purposes.

Two-layer  stacking do(A) (mf\?/at)

AA 3.76 32.14

AA' 2.18 292.03

h-AIN AB 2.63 124.73

A’B 3.43 47.75

AB’ 3.55 40.63

h-BN AA' 33.'2251) 32.21

AA 3.31 39.74

Graphene AB ;.é);b) 50.63
(a) Ref. 19.
(b) Ref. 24.



We next explore the structural, interaction and electronic properties of several different stacking
sequences of few-layer h-AIN with graphene. These are displayed in figure 3, whereby h-AIN
and graphene assumes the energetically most favorable configuration AA’, and AB,
respectively. The various stacking configurations involve up to three-layer h-AIN, and up to
three-layer graphene. Particularly, the number of graphene layers (one and up to three) can be
well-controlled for epitaxial graphene which is formed by high-temperature sublimation
process on the Si-face of SiC [28] and opens up an experimentally feasible approach for van
der Waals epitaxy of h-AIN on graphene. Certain theoretical calculations model the effect of
graphene on the structural and electronic properties of h-BN [29, 30], and in more general
context the effect of substrate on the electronic properties of silicene [31]. Here, we contribute
new knowledge considering for the first time the stacks of few-layer h-AIN with graphene, their
configuration and their van der Waals type of interaction leading to perseverance of the

electronic properties of h-AIN when part of such stacks.
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Figure 3. Different stacking configurations of few-layer h-AIN and graphene labeled here (and
further in text) as stack I (a), stack II (b), stack III (c), stack IV (d), stack V (e), and stack VI

(f). See main text for detailed description of these stacks.

The optimized stacking configuration of single-layer h-AIN on graphene is displayed in figure
4. The supercell corresponding to such van der Waals heterostructure exhibits a lattice

parameter that corresponds to 4xan-aiN = 5xag and equals to 12.52 A (reported also in table 3).



Consequently, in stack I, the lattice constant of the graphene layer undergoes a slight stretching
of ca. 0.05 A, while the lattice constant of the single-layer h-AIN contracts by ca. 0.15 A.
However, after full relaxation there is no obvious buckling either of the single-layer h-AIN or
graphene layer. The calculated binding energy per atom of stack I is of 70 meV/at and the
corresponding equilibrium interlayer distance is 3.13 A. This binding energy is larger than the
corresponding value for a two-layer graphene (E, = 50.63 eV/at) in its most favorable AB
configuration, albeit it is smaller than the binding energy per atom we calculated in the present
work for two-layer h-AIN (E, = 292.03 eV/at) in its most favorable AA’ configuration (table
2).

A
313A
0-60-60-0—

Figure 4. Optimized stacking configuration for stack I (single-layer h-AIN on a graphene
layer): (a) top and (b) side view.

The structural, energetic, and dipolar properties of all vdW heterostructures (stacks I-VI) are
summarized in table 3. Reviewing structural features such as supercell parameters and bond
lengths for stacks I-III (table 3), suggests that the three-layer h-AIN preserves to a significant
extent the structural properties of single-layer h-AIN. In general, those stacks comprising larger
number of h-AIN layers than graphene layers, e.g., stack III, have lattice constant value of about
4xan-aIN. Stacks comprising larger number of graphene layers, e.g., stacks V and VI, are found
to have lattice constant of about 5xac. Since the particular sandwich-like stacking sequence IV
is, to a large extent, defined by the (external) graphene layers, it naturally exhibits structural
parameters very similar to those of single-layer graphene. In general, stress/extension of the h-
AIN layers resulting from their interplay with the graphene layers influences the supercell
parameter a in the stacks. However, these variations are quite moderate (varying between 12.52

A and 12.67 A) reaching saturation (at a = 12.67 A) for the case three h-AIN layers on a
10



graphene layer. Consequently, the structural variations between different stacks of few-layer h-

AIN with graphene may be experimentally undetectable.

Table 3. Bond length (L), supercell lattice parameter (a), interlayer equilibrium distance (do),
interaction energy (Ep,; and E;,,) and net electric dipole moment in the z-direction (u) for all

stacks I-VI (as displayed in figure 3).

stacks Order Lawp e ) ad) a0 Eint (D)
A) “C JE"md(eVayer) "
h-AIN 1.81 —
| 12.52 . -2.65/-2.82 .
Graphene - 145 5 3.13 65 /-2.82/ 3.60
h-AIN (1)
II h-AIN (2) 1.83 12.66 5(2)8 =7.77 1-8.36/ 3.69
graphene — 1.46 )
h-AIN (1)
h-AIN(@2)  1.83 — 2.21
11T 12.67 2.20 -9.88 /-11.37/  4.07
h-AIN (3) 210
graphene — 1.47 '
graphene — 1.44 315
v h-AIN 1.80 — 12.49 3' 15 -3.74 /-5.08/ 0.00
graphene — 1.44 '
h-AIN 1.80 — 311
A" graphene (1) . | .44 12.49 3.08 -3.59/-3.71/ 4.17
graphene (2) ' '
h-AIN 1.80 —
graphene (1) 3.11
VI 12.48 3.07 —4.07 /-4.18/ 4.38
graphene (2) — 1.44 307
graphene (3) .

For all stacks (I-VI), the value of the h-AlN—graphene inter-layer distance varies in the
relatively narrow range between 3.09-3.15 A. The h-AIN layer is located closer (3.09-3.10 A)
to the graphene layer in the stack containing two-layer h-AIN (stack II) and three-layer h-AIN
(stack III), while the corresponding equilibrium inter-layer distance is larger in stacks
containing more graphene layers (stack VI), as well as in the sandwich-like stack IV. On the
other hand, the value of the graphene—graphene inter-layer distance in the stacks containing
more than one graphene layer (stacks V and VI) keeps fairly constant as of 3.07-3.08 A; and
the value of the h-AIN-h-AIN inter-layer distance in the stacks containing more than one h-

AIN layer (stacks II and IIT) keeps fairly constant as of 2.20-2.21 A. However, the h-AIN — h-
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AIN distances are much smaller than h-AIN — graphene and graphene — graphene inter-layer
distances, which is an expression of the different chemical nature of the h-AIN layers (in

comparison to graphene) tolerating closely packed stacks.

While a single-layer h-AIN exhibits a vanishing electric dipole moment, when it forms a stack
with a graphene layer (stack I), a resulting dipole moment of u = 3.60 D per unit cell is obtained.
Stacking together an h-AIN and a graphene layer unbalances the electron density at the interface
of the stack, thus leading to a charge separation and a resulting dipole moment. The prevailing
component of the dipole moment appears pointing from the h-AIN layer to the graphene layer
(z-direction). Comparing all stacks (I-VI), the electric dipole moment in the z-direction
increases by 13% (from 3.60 D to 4.07 D), as the number of h-AlIN layers on top of graphene
increases (stacks I-III); and by 22% (from 3.60 D to 4.38 D), as the number of graphene layers
increases (stacks I, V and VI). More graphene layers lead to stronger polarization of the h-AIN
layer(s) and a larger value of the interface dipole. Naturally, in the specific case of the
sandwiched stack IV, the dipole moment vanishes. In this stack the graphene layers isolate (i.e.,

shield) the single-layer h-AIN.

It has been previously found for stacks of h-BN with graphene that the intrinsic interfacial
dipole in that stack may originate from the work function mismatch and Pauli exchange
repulsion, which leads to interface charge rearrangement [29]. The same work also suggests
that the stack-induced dipole asymmetry may be used to control the doping of the h-
BN/graphene interface without resorting to any external field, but exploiting instead the
properties intrinsic to such stacks. Additionally, similar phenomenon has been previously
employed [32] to tune the band gap of tri-layer graphene. We emphasize that a similar behavior

is also consistent for the stacks of few-layer h-AIN with graphene reported in the present study.

Table 3 lists the calculated stacks’ interaction energies, and defined as (i) the energy difference
between a stack and its constituent layers E’int = (Estack- nEn-aino — mEGo)/(n + m), where n
and m corresponds to the number of h-AIN and graphene layers in the stack, and (ii) the energy
difference between a stack and its constituent layers (exhibiting the same geometry as in the
stack) E'int = (Estack- NE'han— mE’G)/(n + m). Both quantities are complementary by
accounting, or do not accounting, respectively, for the structural modification of the layers when
assembled in the stacks. As seen in figure 5, both E%n and E'ine exhibit a clear trend: when the

number of graphene or h-AIN layers in the stack increases, the interaction energy turns more

12



negative, thus energetically favoring the stacking process. This favorable energetic trend
indicates that graphene may be an appropriate substrate for growing few-layer h-AIN in a

similar way as h-BN has been revealed as favorable substrate for growing silicene layers [31].
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Figure 5. Interaction energies: (a) E%n, and (b) the E*iy (see main text for definitions) for
stacks I-IV (following their representation in figure 3). The roman numbers correspond to the
stack’s numbering in figure 3. Displayed in red are stacks I, II, and III, for which on a single-
layer graphene, one to three h-AIN layers are stacked. Displayed in black are stacks V and VI,
for which a single-layer h-AlIN is stacked with graphene layers. Displayed in blue is the stack
IV formed by single-layer h-AIN sandwiched between two graphene layers.

The projected density of states (PDOS) for all stacks I-VI is displayed in figure 6(a)—(f). The
electronic states that most contribute to the TVB of the stacks are essentially provided by the
p--orbitals of the N atoms of the h-AIN layers, whereas the electronic states that most contribute
to the BCB are essentially given by the p.-orbitals of the C atoms of graphene. Such electronic
behavior is similar to the stacking of h-BN on graphene [30] even though the single-layer h-
AIN and the single-layer h-BN differ significantly in such an important electronic property as
the size of their band gaps. The h-AIN is a wide-band gap semiconductor with a calculated
indirect band gap of 2.88 eV (table 1) while the h-BN is a typical insulator with a band gap of
4.59 eV [30].

To analyze the influence of the number of h-AIN and graphene layers on the charge distribution
in the stacks -V, the electron density differences Ap = psiack - (pr-aiN + pg) is calculated and

displayed below the PDOS graphs in figure 6 (a)—(f). The electron density is localized

13



predominantly between the layers of each stack, which illustrates the interaction mechanism
keeping the stacks bound together. As indicated by the electron density differences, for two-
layer h-AIN, the filled p,-orbitals of the N atoms from one of the layers interact with the empty
pz-orbitals of the Al atoms from the other layer (see figure 2(b)). When a graphene layer is
stacked with single-layer h-AIN (stack I), the filled p.-orbitals of the N atoms in the h-AIN
repel the semi-occupied p,-orbitals of the graphene layer, while the empty p,-orbitals of the Al
atoms become available to interact with unpaired electrons from graphene (figure 6 (a)). A
similar charge transfer mechanism is observed for all stacks I-VI, which is related to the

formation of interface dipoles, which contributes to keeping the layers together in the stack.
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Figure 6. (a)—(f): Spin-polarized PDOS and the corresppponding electron density differences
displayed below each of the PDOS graphs for stacks I-VI, following their representation in
figure 3. In the electron density differences, the spin-up density is depicted in yellow while the

spin-down density in shown in red.
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Upon adding a second h-AIN layer on top of the first h-AIN layer thus assembling stack II, due
to the h-AIN — h-AIN inter-layer interaction (which is stronger than the interaction h-AIN-
graphene), the localization of the electron density becomes concentrated between the two h-
AIN layers (figure 6(b)). This accounts for the increment of the electric dipole moment in the
z-direction from 3.60 D to 3.69 D (table 3). Yet, if an extra h-AIN layer is added, thus
assembling stack III, the localization of the electron density difference now becomes
concentrated prevalently between two couples of h-AIN layers. This further reduces the
interaction of the h-AIN layers with the graphene substrate (figure 6(c)). A general conclusion
inferred from the analysis of the electronic structure of all stacks (I-VI) is that graphene behaves
as a suitable substrate for h-AIN stacks. In the specific case of stack III, the additional h-AIN
layer accounts for stronger polarization of the entire stack, and correspondingly for larger dipole

moment of 4.07 D.

In the specific case of the stack IV (figure 6(d)), the electron density localization is equally
distributed on both sides of the single-layer h-AIN, which naturally leads to vanishing of the

electric dipole moment of the stack.

Finally, following a similar trend, by increasing the number of graphene layers, thus assembling
stacks V and VI, we find that the electron density localization is between the h-AIN and
graphene layers that between adjacent graphene layers. In these cases, somewhat larger

components of electric dipole moments equal to 4.17 D and 4.38 D were calculated (table 3).

4. Conclusions

Our theoretical results, based on density-functional calculations combined with van der Waals
corrections indicate that the dynamically stable single-layer h-AIN forms energetically
favorable few-layer stacks with graphene. Our results point out that the interaction between two
adjacent layers of h-AIN in such stacks is stronger, and the inter-layer distance of 2.18 A is
significantly shorter than that between adjacent layers of h-AIN and graphene or two adjacent
graphene layers. Importantly, as seen from the analysis of the calculated PDOS, the electron
density of the h-AIN layers is not significantly modified by stacking them in few-layer stacking
sequences with graphene.

The specific stack comprising single-layer h-AIN sandwiched between two graphene layers
achieves reliable chemical isolation of the h-AIN layer, thus adding to its stability and chemical

inertness. Remarkably, stacks of few-layer h-AIN with graphene exhibit a significant (3.60 D —

16



4.38 D, depending on the particular stacking configuration) electric dipole moment component
in the perpendicular direction to the atomic plane, resulting in an interface dipole. This dipole
moment increases with the number of graphene or h-AIN layers in the stack and may be behind
the physical mechanism responsible for the structural relaxation of h-AIN to wz-AIN. In
addition, the interface dipole certainly has implications on both the reactivity and the adhesion

properties of the stacks.
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