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Noncontact atomic force microscopy images show that gold grows on the (2 x 2)-N,4 reconstructed

polar (0001) surface of AIN insulating films, in the form of large monatomic islands. High-resolution

images and in situ reflection high-energy electron diffraction spectra reveal two moiré patterns from which

an atomic model can be built. Density functional theory calculations confirm this model and give insight

into the mechanisms that lead to the stabilization of the monolayer. Gold adsorption is accompanied, first,
by a global vertical charge transfer from the AIN substrate that fulfills the electrostatic stability criterion for
a polar material, and second, by lateral charge transfers that are driven by the local chemical properties of

the (2 x 2)-N,q reconstruction. These results present alternative strategies to grow metal electrodes onto

nitride compounds with a better controlled interface, a crucial issue for applications.

DOI: 10.1103/PhysRevApplied.8.044002

I. INTRODUCTION

Heterostructures made with AIN and GaN nitride com-
pounds are at the basis of numerous devices in optoelec-
tronics such as deep ultraviolet (~210 nm) light-emitting or
laser diodes [1,2], in high-power and high-frequency elec-
tronics with high electron mobility transistors (HEMT)
[3.4], in solid-state quantum information [5,6], and in micro-
and nanoelectromechanical systems owing to their piezo-
electric properties for bulk acoustic wave devices [7,8]. An
important prerequisite is that these devices must be powered
in an optimal way with good electrical contacts. It is known
that usual technological processes such as growing metallic
electrodes after NO, pretreatment, create a lot of defects at
the interface between the nitride layers and the metallic
electrodes. These defects deteriorate dramatically the charge
injection with apparition of transient effects [9-11]. For
HEMTs these defects can also induce trap charges at the
metal-semiconductor interface that degrade the conduction
of the source and drain ohmic contacts (see Ref. [12] and
references within). The control of these interfaces is thus
important to gain in reproducibility and in reliability of the
active devices.

The AIN compound is also a good candidate in the
molecular electronics research frame. Indeed, its large direct
band gap of 6.2 eV [13,14] combined with the possibility to
control its surface at the atomic level by molecular beam
epitaxy (MBE) make it a good insulating substrate to
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fabricate molecular devices based on single molecules.
However, such single molecules have to be contacted to
metallic nanoelectrodes, which should be two-dimensional
(2D) islands with less than two monatomic layers in height
to allow imaging the connected object with an atomic force
microscope (AFM). These 2D islands are able to play the
role of charge reservoirs or intermediate electrodes to be
contacted by the tips of a multiprobe ultrahigh vacuum
(UHV) instrument [15-17].

For these two applications, the actual challenge is thus to
grow epitaxially 2D metallic electrodes at the surface of
AIN or GaN. Pezzagna et al. showed in 2008 that Mg
can grow layer by layer at the surface of GaN(0001) [18]. We
reproduce this growth at the surface of AIN(0001), butdue to
the reactivity of the Mg atoms, the layer does not stay
metallic after a few days in UHV [19]. Nevertheless, this
result shows that the metal growth mechanisms are quite
comparable between the GaN(0001) and the AIN(0001)
surfaces, which present reconstructions with the same
atomic structure [20,21]. Because of the large gap of
AIN, the physics of metal growth is related to the growth
of a metallic structure on an insulating substrate. Most
metals grow in the form of three-dimensional (3D) clusters
at the early stages of their deposition on insulating substrates
[22]. This situation generally results from the unfavorable
surface and interface free-energy balance involved in the
formation of two-dimensional (2D) islands.

It was reported recently that the charge state of a metallic
aggregate on an insulating substrate can have a determining
influence on the morphology of the metal clusters. For Au
nanoclusters on MgO(001) films supported by a metallic
substrate, a dimensionality crossover from 2D growth for

© 2017 American Physical Society
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thin-enough MgO films to 3D growth for thicker films was
predicted [23] and observed [24]. The calculation shows
that for thin MgO films a negative charge is transferred
from the metal substrate towards the interface between the
Au clusters and the oxide. The electrostatic contribution of
this extra-charge layer increases the adhesion energy, hence
favoring the 2D growth. The amount of charge transfer is
determined by the efficiency of electron tunneling through
the insulating film, which is strongly suppressed for large
thicknesses. Another possibility to promote the growth of
2D clusters with the same electrostatic mechanism is to use
a suitably doped bulk insulating material to provide the
necessary extra charges. This strategy was proposed for Au
on MgO(001) [25] and confirmed experimentally for Au on
CaO thick films doped with Mo ions [26].

A third proposition to induce 2D growth stabilized by
charge transfer is to use a polar substrate with a stoichio-
metric surface. Indeed, polar materials have a natively
charged surface to fulfill the electrostatic stability criterion
[27,28]. The use of these charged surfaces in the presence
of metals to stabilize polar-oxide substrates has been
suggested by calculations for a long time [23,29-32].
But some recent experimental works show only 3D growth
of metal islands on polar MgO(111) nanosheets [33].

Here, we show that the use of the polar 2H-AIN(0001)
(2 x 2)-N,q reconstructed surface allows the growth of an
epitaxially gold monatomic layer, following a fourth
stabilization route. In contrast to the previous charging
routes, this one has the advantage for highlighting the
specific application mentioned previously of preserving the
insulating character of the substrate.

Compared with polar oxides, nitride compounds are
ionocovalent and offer the possibility to incorporate atoms
to stabilize reconstructed surfaces. We recently elaborated
and characterized AIN(0001) thick films, whose surface is
polar. We identified the mechanism of charge compensation
for one of its (2 x 2) reconstructions [34]: According to the
(2 x 2)-N,q, the surface charge is mostly localized on one
extra N adatom per (2 x 2) surface unit cell, satisfying
quantitatively the electrostatic stability criterion predicted
by classical electrostatic theory [27]. Other recent calcu-
lations confirmed the stability of the AIN(0001)(2 x 2)-Nq
reconstruction [35]. This nonstoichiometric surface also
presents donor and acceptor sites that are prone to create new
bonds with metallic atoms [36].

In the following, we first present the experimental
methods and the results obtained using reflection high-
energy electron diffraction (RHEED) and noncontact (NC)
atomic force microscopy (AFM). Structural models of the
system based on the (2 x 2)-N,q4 reconstructed and on the
bulk-truncated AIN(0001) surface are then proposed as
starting points for density functional theory (DFT) calcu-
lations. The DFT energies indicate that the Au layer is
preferably adsorbed on the (2 x 2)-N,4 reconstructed sur-
face, which is confirmed by comparing the Au atomic
positions extracted from experimental NC AFM images at

low temperature (4 K) and those from DFT calculations. As
expected, some Au atoms create bonds with the donor and
acceptor sites of the (2 x 2) Ny, inducing inhomogeneous
charge transfer on the gold layer and in the gold layer. It is
then discussed how these new bonds and charge transfer
can explain the stabilization mechanism of the Au mon-
atomic layer.

II. EXPERIMENTS

The growth of AIN samples is carried out in a MBE
chamber equipped with a RHEED gun working at 15 keV.
AIN films with a thickness between 100 and 150 nm are
grown on 4H-SiC(0001) substrates in the presence of
2 x 107 Torr of NH; and under an Al flux at a substrate
temperature of 990 + 30°C [37]. The experimental con-
ditions needed to stabilize the (2 x2)N,y reconstruc-
tion are discussed in Ref. [34]. After the formation of
the (2 x 2) N,q reconstructed surface, the substrate temper-
ature is decreased to 500 °C and gold is deposited with a
beam equivalent pressure of 5 x 10~ Torr during one to
two minutes. The RHEED diagram acquired during the Au
growth in Fig. 1(a) displays one of the AIN[2 13 0] streaks
(in blue), characteristic of the AIN(0001) surface, as well as
new streaks associated with the gold deposit, which will be
discussed later. When the AIN (2 x 2)-N,q reconstructed
surface is covered with at least 1 monolayer (ML) of gold,
twofold streaks are no more visible in the RHEED pattern,
meaning that the (2 x 2) periodicity disappears. NC AFM
experiments are conducted with a room temperature (RT)
UHV NC AFM (Scienta Omicron Nanotechnology GmbH,

(@)

e

Aul[9

H
(o8]

1

FIG. 1. (a) Reconstructed RHEED pattern obtained during the
growth of Au (see text for explanations). (b) Room temperature
NC AFM image of ~0.5-ML Au deposit. (c) Au island on which
(d) is obtained. (d) High-resolution NC AFM image of the Au
monolayer.
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Taunusstein, Germany) belonging to the same UHV setup
as the MBE chamber [15,16]. We used silicon cantilevers
(NanoSensors PPP-QNCHR) with resonance frequencies
between 280 and 300 kHz and quality factors between
32000 and 40 000. The oscillation amplitude is stabilized
at 5 nm.

The NC AFM image presented in Fig. 1(b) is obtained on
a 100-nm-thick AIN film, on which approximately 0.5 ML
of gold is deposited. Under these conditions no tunneling
current can be detected through the sample in the [-10 V,
10 V] accessible bias range, confirming the truly insulating
character of the AIN substrate. The AIN surface is
characterized by triangular terraces limited by (1010)-
oriented step edges [34,37]. The Au deposit appears as
large disconnected islands around 3-A high, indicating a
monatomic thickness. They are limited by rounded corners
and linear borders aligned on the AIN(0001) step edges.
A higher-resolution image obtained on the Au island of
Fig. 1(c) is displayed in Fig. 1(d). It shows a hexagonal
structure with a periodicity of 13 1 A rotated by 7° + 1°
from the AIN[1010] direction. It is not possible to get a
better resolution at RT. For this reason, the sample is
transferred to a low temperature (LT) UHV NC AFM
(T =5K) (Scienta Omicron Nanotechnology GmbH,
Taunusstein, Germany), using a UHV transfer chariot with
a base pressure in the low 107!° Torr range. A tuning fork
in the gPlus configuration is used with a glued Pt-Ir tip.
The quality factor is Q = 78000 and the amplitude is
A =1 nm. As shown in Fig. 2(a), a quasihexagonal array
of black dots can be observed at 5 K with an average nearest-
neighbor (NN) distance of 2.8 0.1 A. This distance is
close to the NN distance of 2.88 A in bulk gold, indicating
that this array corresponds to a Au monolayer. Here, gold
atoms appear as depressions on the image. Such a contrast
inversion is common in NC AFM images [38,39]. It results
from an interplay between short- and long-range tip-
substrate forces that makes the frequency shift vs distance
curves crossing at different altitudes depending on the
tip position above the surface unit cell [40]. The image in
Fig. 2(a) also exhibits a larger-scale periodic height modu-
lation with an amplitude of approximately 0.2 A that can be
associated with a moiré pattern (M 1). The maxima observed
in the topography are positioned on a hexagonal lattice of
parameter 12.6 + 0.5 A, rotated relative to the AIN[1010]
direction by an angle of 8.8 + 1°. These values are consistent
with the apparent moiré observed at RT in Fig. 1(d),
indicating that the same structure M1 is imaged in both
cases. Moreover, a closer look at the image in Fig. 2(a) shows
that the unit cell describing the Au monolayer structure is in
fact larger than the apparent moiré observed at RT: The
atomic arrangement is different from one maximum to the
other. There are in fact three different atomic structures
(hexagon, triangle pointing up, and triangle pointing down),
as illustrated in the green color in Fig. 2(a). Positioning its
origin at the center of a hexagon gives the unit cell drawn
with green lines in Fig. 2(a).
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FIG. 2. (a) Low-temperature (5 K) NC AFM image of
Au/AIN(0001). (b) Corresponding unrelaxed model with red
and blue hexagonal lattices representing the Au layer and the
Al atoms of the AIN(0001) surface, respectively. The [1010]
direction of AIN and Au are colored in blue and red, respectively.
The supercell of the moiré pattern is represented by green lines.
The shaded area in (b) corresponds to the angular domain covered
by the reconstructed RHEED pattern. The position of the cell
(called dft1t) used for calculations is depicted with red and green
triangles.

The structural model shown in Fig. 2(b) is built by
(a) Orienting the image in Fig 2(a) relative to the AIN
substrate using the (1010) oriented steps of the bare
surface. The angle of the Au hexagonal layer relative to the
Al hexagonal lattice of the AIN surface, which corre-
sponds in Fig. 2(a) to the angle between the red line
(Au[1010] direction) and the blue line (AIN[1010]
direction) is measured at 12.8 &= 1.5° in the counterclock-
wise direction.

(b) Positioning the Au layer such that the central atom of
a green hexagon coincides with an Al atom of the AIN
surface to respect the local hexagonal symmetry.

The parameters describing the Au layer unit cell are
refined by applying the geometrical relations between the
Au hexagonal layer and the Al hexagonal network of
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TABLE I. Epitaxial relations and cell parameters for the M1 superstructure. The dftlt and dftlh models have the same dimensions as
the apparent moiré.
o A]N(l X 1) Au dAu-ig plane
Name Epitaxial relation a=bA) a(deg) unit cell atoms A
Ml Supercell Au[94T30][|AIN[85T30] 21.8 11.88 49 61 2.79
Apparent moiré 1 (Au[131120])||1(AIN[132150]) 125 8.21 1633 20.33
12.52 10.89 16 21 2.73

dftlt and dftlh models Au[413 0]||AIN[4040]

the AIN surface [36]. The results are presented in Table 1.
The cell parameter and angle are now 21.8 A and 11.88°,
very close to the experimental values of 21.9 4= 1 A and
12.8°+ 1.5°. The mean NN Au in-plane distance in the
layer is 2.79 A. But, as observed in the image in Fig. 2(a),
the layer is slightly distorted meaning that the NN distance
fluctuates around this value. This model is in full agreement
with the RHEED diagram displayed in Fig. 1(a). This
diagram is built by summation of RHEED images within
the angular domain represented by the shaded area in
Fig. 2(b), that includes the Au[2130] direction of the
hexagonal Au atomic structure (in red) and the Au[94 13 0]
direction of the moiré (in green). Considering that the
distance from the origin of the AIN[2130] streak
in the RHEED diagram is inversely proportional to
aanV3, the real-space periodicity in the corresponding
direction, it is straightforward to calculate the mean NN
distance in the Au layer a,, from a ANY3 /a Au\/§ =
1.14 £ 0.03, giving ax, = 2.73 £ 0.1 A and d,,, the lattice
parameter of the moiré from aanV3 /dxy =024 +£0.01,
giving dy, = 22.4 + 1 A. These values are fully compatible
with the experimental and calculated values reported in the
preceding paragraphs.

Another moiré pattern (M?2) is identified by LT NC AFM
imaging on the same sample. The images display local Au
hexagonal and triangular configurations that are very
similar to what is observed with M1 [36]. They are
associated, in the models presented in Fig. 2(b) in this
work and Fig. 2(b) in the Supplemental Material [36], with
local in-plane matching between Au and Al atoms. M2 is
analyzed using the same method as discussed here and the
corresponding data are presented in Ref. [36]. This obser-
vation suggests that the moiré patterns could be built with
three (nine) of these atomic arrangements in M1 (M?2).

The structural model in Fig. 2(b) is built by considering
only the hexagonal network constituted by the surface Al
atoms of the AIN substrate. The latter should cover an
integer number of AIN(2 x 2) unit cells and there are 49
AIN(1 x 1) units in M1 (Table I). Thus, the actual supercell
should be at least four times larger than the green cell in
Fig. 2. However, as suggested by the RHEED observations
and confirmed by the calculations that will be presented
in the next part, the initial structure of the (2 x 2)-Ny

reconstruction of the AIN substrate is strongly modified
under the Au adlayer, leading to the disappearance of the
(2 x 2) periodicity.

III. FIRST-PRINCIPLES CALCULATIONS

To unravel the origin of the stabilization of the gold
monolayer on AIN(0001), we perform DFT calculations
using the Vienna ab initio simulation package (VASP)
[41-43], with the plane-wave basis set expanded with a
cutoff of 500 eV using the projector-augmented wave
method (PAW) [44]. A k-point mesh of 3 x3x 1) is
set for the electronic convergence. The Perdew-Burke-
Ernzerhof exchange and correlation functional is used
thanks to its efficiency to predict surface geometries
[45]. The unit cell of the Au monolayer in the M1
configuration determined previously is too large to tackle
DFT calculations. It is then necessary to choose a reduced
unit cell, which can, nevertheless, grasp the essential
physics governing the adsorption of the Au monolayer
on AIN(0001)(2 x 2)-Ny.

We choose a unit cell that includes four AIN(2 x 2) unit
cells called dft1t model, whose size and orientation are close
to those of the apparent unit cell observed in Fig. 2(b). The
unit cell of the dft1t model presents the triangle coincidence
between Auand Al atoms. We build also another dft1h model
where the hexagonal coincidence between Au and Al atoms
is visible [36]. The characteristics of the dftlt and dftlh
models are summarized in Table 1. The DFT slab includes
233 atoms, arranged in six bilayers of (4 x 4) unit cells of
wurtzite AIN terminated by the four additional N atoms of the
(2 x 2)-N,q with 21 Au atoms on top resulting in a high Au
coverage of ® = 21/16 = 1.31. The back side of the slab is
passivated by pseudohydrogen atoms with a 0.75 |e| charge
[46,47]. The atomic structure is optimized until forces
between atoms remain below 1073 eV A~!. The evaluation
of the atomic partial charges is performed by a real-space
partitioning Bader analysis with a fine grid spacing of
0.016 A [48].

The obtained energies for the dftlt and dft1h models are
very close, with a difference of 37 meV. They present a
similar behavior regarding the interactions between Au
atoms and AIN surface [36], and in the following we will
focus on the optimized structure of the dftlt model

044002-4
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FIG. 3. (a) Top view of the optimized structure of the dftlt
model. The cell is divided into two regions depicted by a green
and a red triangle. (b) Projection along the [2 13 0] axis helps us
to visualize the different heights of gold atoms with respect to the
mean Au plane. Gold atoms are numbered as explained in the
text. (c) Comparison of the dft1t model with the unrelaxed model
in Fig. 2(b). Cross-centered circles correspond to the relaxed
positions of Au atoms in dftlt model. (d) Adjustment of the Au
atoms’ calculated positions on the NC AFM image of M1. The
white dots indicate the position of the N4 atoms.

presented in Figs. 3(a) and 3(b). Thanks to the two
threefold-symmetry axes of the hexagonal unit cell, only
7 Au atoms over 21 in the unit cell are inequivalent. They
are named Au”) with n = {1,7}. One member of each of
these seven classes is colored in yellow in Fig. 3. For the
sake of the discussion, the unit cell is divided into two parts
depicted by a red (R) and a green (G) triangle.

Table II presents the NN distances between the Au atoms
in the calculated structure. They range from 2.67 to 3.15 A
with a mean value of 2.82 A close to the 2.88 A bulk Au
value. The largest distance of 3.15 A corresponds to the
distance between the Aul® atoms that form a triangle in the

TABLE II. Bond lengths d,,i_s,» £ 0.005 A between the
seven different atoms.

Aul)

1 2 3 4 5 6 7

Aul)
1 2776 273 293 2.74
2 2.73 2.81 2.67 298
3 2.93 2.81 2776 2776  2.79
4 2.67 3.15 290 2.71
5 298 276 2.90 282 292
6 2.74 2776 271 2.82 2.79
7 2.79 292 279 2.79

green half of the unit cell [Fig. 3(a)], and is also very close
to the lattice parameter of the calculated AIN bulk unit cell.
Apart from a small rotation, the Aul® triangle matches
perfectly the aluminum lattice of the AIN surface. We use
this observation to position the calculated unit cell on the
model in Fig. 2(b) by superimposing the triangle formed by
the Aul® atoms to the left green triangle of the model. As
illustrated in Fig. 3(c), the in-plane position of the Au atoms
in the calculated structure (crossed circles) is quite close to
those of the unit cell (red circles) drawn in Fig. 2(b). Their
differences reflect the distortion of the Au layer with
respect to the perfect hexagonal lattice of the model in
Fig. 2(b). Each laterally displaced Au atom reveals a
distortion of the hexagonal layer that suggests a strong
local interaction with the substrate. The most displaced
atoms are Au®, as remarked previously, but also Au®®) and
Au® . A comparison of the calculated Au positions with the
NC AFM atomic-resolution image of the moiré in Fig. 3(d)
results, indeed, in a fair agreement [36]. These results
justify our choice for the DFT unit cell and show that it can
provide a realistic local description of the Au layer.

The anomalous length of the Au bonds in the green
triangle and their matching with the underlying Al atoms of
the surface is a clear indication of a strong Au-Al interaction.
An examination of the vertical positions and Bader charges
of the Au atoms presented in Table III confirms this
observation. In G, Au®® atoms are 0.82 A below the mean
plane of the Au layer with a charge of —0.48 |e|. They are
nearly on top of aluminum atoms named b-Al that are in a
sp? configuration on the initial (2 x 2)-N,4 reconstruction
[36]. The bond formation between Au®®) and b-Al atoms is
revealed by the switch of the b-Al hybridization from the
nearly planar sp? observed on the (2 x 2)-N,q to the nearly
tetrahedral sp> configuration after gold deposit. The Au®
atoms are 0.68 A down and have a smaller charge of —0.13
|e|. They are also on top of the Al atoms that are linked to one
N,q atom. The interaction between Au® and this N, atom is
revealed by the decrease of —0.8 |e| of its charge compared
to its initial (2 x 2)-N,4 value. This induces a weakening of
the strength of the A1—N,4 bond as shown by the increase of
its length from 1.9 to 2.17 A, resulting to an upward

TABLE IIl. Bader charges and height differences from the
mean plane of Au among the seven classes of atom.

Triangle Ayl Az (A) (le) Bond length (A)
Red 1 0.53 -0.03

2 0.04 —-0.09

3 -0.17 0.1 2.13 (N,9)
Green 4 068  —0.13 258 (Al), 2.2 (N,

5 —0.82 —0.48 2.61 (b-Al)

6 0.30 —0.05

7 0.79 —-0.08
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displacement of 0.18 A of this N. Au® is the only
positively charged atom with 0.1 |e| and is the closest to
N,q in R. Note also that the b-Al atoms represented in green
and close to this N4 stays in the s p? configuration, meaning
that it has no interaction with Au atoms. The other Au atoms
of the structure remain almost neutral.

The interactions between gold atoms and the AIN
(2 x 2)-N,q surface strongly modify the original position
of the N4 and b-Al atoms, inducing the disappearance of the
(2 x 2) periodicity in accordance with the RHEED obser-
vations. Another way to explain this disappearance would be
based on the removal of the N4 atoms. To assess this point,
we perform DFT calculations on both Au hexagonal
and triangle configurations above the unreconstructed
AIN(0001) and find that their energy is 1.5 eV per (1 x 1)
cell larger than the model based on the (2 x 2)-Ny
reconstruction [36]. Additionally, the dispersion of the
d Auiin plane bONd lengths is 0.017 A, that is 13 times lower
than the value measured from the image in Fig. 1(d) [36].
This small dispersion means that the Au layer is close to a
perfect hexagonal structure unlike what is observed exper-
imentally. These results indicate that the models based on the
(2 x 2)-N,q structure are the most relevant to explain our
experimental results.

The Bader charges in the dftlt model are averaged plane
by plane and compared with the system without Au atoms.
The values of og at the ith bilayer in Table IV is the
cumulative sum starting from the Au layer

PO A
og):pquﬂ’
=0

where n is the number of (1 x 1) unit cells. These
calculations are both performed with six bilayers of
AIN(0001).

The addition of the gold atomic layer induces an upward
transfer of the surface charge density leading to an average
charge of —0.11 |e| per Au atom or —0.1425 |e|/S, approx-
imately 24% of the compensating surface charge density oy.
We suggest that this charge explains at least partially the 2D
growth mode of Au on AIN(0001)(2 X 2)-N,q4, as for Au on
MgO thin films or on Mo-doped CaO [26]. In addition, the

TABLE IV. Average Bader charges (gj), surface charge (og)
and percentages of the theoretical surface charge calculated at Au,
Niop. and the ith AIN bilayer (AIN,) in [e|/S.

AIN (2 x 2)-Nyy Au/AIN

s os os/ol ds Os os/of
Au —-0.11 —-0.144 24.4%
Ny 218 -=0545 92.1% —-1.73 -0.577 97.4%
Al 231 233
N, -2.35 0582 983% 234 —0.588 99.3%
Al, 2.36 2.37
N, =237 —-0589 995% =237 —-0.590 99.6%

electrostatic criterion is fulfilled. Note that this criterion does
not depend on the reconstruction or the structure of the metal
deposit, thus, the surface charge o in Au/AIN(2 x 2)-N,q is
the same as the one on the AIN(2 x 2)-N,4. Only the surface
dipole differs between them.

Upon deposition of Au atoms on the (2 x 2)-N,4, the
space group of the system changes from p3ml to p3
allowing the two triangles G and R to be considered as
independent. In the DFT cell without Au, this separation
results in three b-Al acceptor sites in G and one in R.
Reversely, three N4 donor sites take place in R and one in G.
This difference of symmetry suggests that the charge
reorganization occurs laterally.

To verify it, charge redistribution is evaluated as the
difference between the sum of the charge densities calcu-
lated for the separated Au layer (n,,) and for the AIN
substrate (n5y) frozen in their final atomic structure and the
charge density of the final system. on represents the valence
charge-density difference and 67 is the total (valence and
core) charge-density difference. Negative (positive) values
account for a depletion (an excess) in the electronic density.
Figure 4(a) shows the total charge-density differences of
both red and green triangles along the [000 1] direction.
Integration along z over the red (green) curves indicates a
charge of —3|e| (+3|e]).

(b)
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FIG. 4. (a) Lateral average of the total electronic density
difference 671(z) along [0001] in R and G in the dftlt model.
(b) Valence charge-density differences projected along the
11 QO]. Depletion and excess in charge density with respect
to 6n(z) at (=) + 0.05]e| are colored, respectively, in blue and
yellow. (c) Valence charge displacement integrated along z from
z =16 A to the vacuum. White arrows indicate the direction of
the charge transfer. Crossed circles denote the position of Au
atoms. Au®, Au®, and Au® are indicated.
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As shown in Figs. 4(b) and 4(c), the valence charge
density is globally depleted in the red triangle and accu-
mulated in the green one. This excess charge upon Au
adsorption suggests that Au atoms benefit from reactive Al
and b-Al sites to stabilize the monolayer. As confirmed in
the valence-charge-density displacement map in Fig. 4(b),
the electron excess (yellow) is localized between Au® and
b-Al atoms, and to a lesser extent between Au® and Al
atoms. This effect is not present in R. Figure 4(c) shows that
all N,q are depleted. The depletion around the single N 4 in
G shows a Al-N,4 bond weakening. The proximity of the
depleted Au®® and the negatively charged Au® along with
their underlying b-Al atoms suggests that it is the main
lateral charge-transfer mechanism. The direction of this
transfer is depicted by a white arrow in Fig. 4(c).

The present case of a nonstoichiometric reconstructed
surface shows an inhomogeneous electronic localization
due to the Au—Al and Au—N,q bond formations that
strengthened the adhesion. This bond-formation mecha-
nism is reinforced by the calculated bond lengths:
Aub)—p-Al=2.58A, AuY—AI=2.61A, AuY—N, =
2.2A, and Au®—N, =2.13A. This effect is different
from what is observed in systems such as Au nanocluster
adsorbed on stoichiometric surfaces like MgO(111) [23,33]
and Al-doped MgO(001) [25], where only homogeneous
electronic localization at the interface is shown without
bond formation.

IV. CONCLUSION

RHEED spectra and LT NC AFM images demonstrate
that Au grows on AIN(0001) (2x2)-N,4 as large
(>100 nm) monolayer islands that form moiré patterns
under the influence of the substrate. These experimental
data allow us to build atomic models of these structures that
are used as input for first-principles DFT calculations. The
overall picture that emerges from these calculations is that
the hexagonal Au adlayer interacts locally with the sub-
strate via its acceptor and donor sites. These interactions
lead to local distortions of the hexagonal layer. Au
adsorption is accompanied (i) by a global vertical charge
transfer from the AIN substrate, that fulfills the electrostatic
stability criterion for a polar surface, and (ii) by lateral
charge transfers mediated by the reaction of Au with the
acceptor and the donor sites of the polar substrate. The
stabilization of the monolayer is the consequence of these
two mechanisms that lead to energy gains of electrostatic
and chemical origin. This study rationalizes the physico-
chemical effects associated with the adsorption of metallic
islands on a polar substrate with a nonstoichiometric
reconstructed surface and opens routes for the fabrication
of metallic pads particularly interesting in the context of
molecular electronics. These 2D metallic pads can also be
the seeds for the growth of thick 2D gold electrodes. Such
electrodes with a controlled metal-semiconductor interface
could improve the reliability of the nitride active devices.
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