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Acting as electron reservoirs
Relatively flat (one monolayer height ideally)
Local-probe based methods: observation / manipulation
Keep intact the electronic properties of a molecule
Atomic control of the surface
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the atomic or molecular device. There is therefore a need for a paradigm shift to pass from standard metallic 
wiring to alternative solutions like dangling bond (DB) nanowires, doped Si nanowires made from DB, small 
gap molecules, and new combinations with metal/semi-conducting or insulating surfaces.  
 
On-surface synthesis of molecular wires and devices 
The preparation in solution of rigid, planar, polyaromatic unsubstituted, and in some cases, like polyacenes, 
chemical reactive molecules are becoming a difficult problem in synthesis since these compounds are very 
poorly soluble. This hinders purification and spectroscopies. Furthermore, transferring long, non-soluble 
polyaromatic ribbons to a surface in UHV is a major difficulty that so far cannot be solved.  
We have therefore decided to explore the bottom-up preparation of molecular wires and devices by "in-
UHV-on-surface synthesis" of small band gap organic molecular wires and devices, including "graphene 
type" nano-ribbons and molecular processors. As will be discussed in the table 1.4.d-4, this recent 
breakthrough allows preparing, directly in UHV, large molecules that could not be synthesized and purified 
in solution. So far this technique has been essentially limited to metallic surfaces and our objective is to 
extend this field to insulating and semi-conducting surfaces 
 
Development of multiscale simulation and modelling tools. Considering, on one side, the needs of support 
for the experimentalists, and on the other, the numerous theoretical questions that need to be solved to 
encompass all aspects of the project, the consortium has been designed so that the development of multiscale 
simulation and modeling tools is one of the central strength of PAMS, with four groups involved out of eight 
partners: P1.2-CNRS, P3.2-TU Dresden, P6-CSIC and P7-Univ Aalto 
 
1.1.2 Objectives - work program and tasks 
 
In order to address atomic/molecular scale devices from the human scale, we have devised a general scheme 
shown on the figure below: 

 
 
On passivated semi-conducting or insulating surfaces, we will fabricate nanopads (a few tens of nm to 
micron range), that are addressed from the macro-scale in particular by 4-probe SFM/STM tips. These 
nanopads are connected to conducting nanowires made by atom manipulation (and possibly doping), or 
small gap molecular wires. These atomic or molecular nanowires are addressing an atomic device, made by 
atom manipulation, or a molecular device, synthesized directly on the surface by covalent coupling of 
smaller precursors  
 
 Our strategy to attain these objectives will rely on 7 cross-linked scientific workpackages: The four 
workpackages 1 to 4, and 7 will address the core of our experimental objectives:  

-contacting a nano-device from the meso scale (WP1),  
-transporting information at the nanoscale (WP2) 
-fabrication and addressing of atomic-scale device (WP3)  
-direct in situ in UHV-on-surface preparation of molecular devices (WP4) 
-the development of two multiprobe interconnection machines (WP7).  

 
 The experiments will be guided and analysed in a work package (WP6) in charge of simulation and 
the new developments in theory will be addressed in a specific work package (WP5). It is also worth 
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Aluminium nitride

III-V semiconductor with Eg = 6.2 eV

a = 6.22 Å 

MBE growth (NH3) ~100 nm 2H-AlN on a 4H-SiC substrate @ 990 °C

nc-AFM images @ RT
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Aluminium nitride

Polar materials

Alternation of 
positively and negatively charged planes

electrostatic divergence

Compensation
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Aluminium nitride

Polar direction

Polar materials and electrostatic divergence, compensation

First order compensation: 
lateral charge transfer

Thermodynamic
limit

J. Goniakowski et al., Rep. Prog. Phys. 71, 016501 (2008)
C. Noguera, J. Phys.: Condens. Matter 12 (2000) R367–R410 
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Aluminium nitride

Polar direction

Polar materials and electrostatic divergence, compensation

Polar direction

First order compensation: 
lateral charge transfer

Second order compensation: 
Relaxation: surface dipoles

Thermodynamic
limit

Wurtzite AlN
J. Goniakowski et al., Rep. Prog. Phys. 71, 016501 (2008)

C. Noguera, J. Phys.: Condens. Matter 12 (2000) R367–R410 
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FIG. 1. Top and side views along the [11̄00] axis of the atomic models of the three (2 × 2) reconstructions, Nad-H+Al-H, 3Al-H, and Nad

obtained by DFT. The (2 × 2) unit cell appears on the top views as a black lozenge. Al, N, and H atoms are represented as red, blue, and white
balls, respectively.

of the sample [12,13]. Goniakowski et al. have shown that
this electrostatic divergence is removed when the following
electrostatic stability condition is fulfilled [32]:

σS(zS) = µB(zS)
S"z

, (1)

with σS(zS) =
∫ zS

0 dz ρ̄(z), µB(zS) = S
∫ zS+"z

zS
dz zρ̄(z), and

ρ̄(z) = 1
S

∫
dx

∫
dy ρ(x,y,z). (x,y,z) is defined such that the

z axis is perpendicular to and pointing toward the surface
[see Fig. 1(a)]. zS defines the transition between the surface
layer and the bulk, S is the area of the two-dimensional unit
cell parallel to the surface, and "z is the crystal periodicity
perpendicular to the surface. µB(zS) is the dipole moment of
the bulk unit cell along the z axis, ρ̄(z) is the lateral average
of the total charge density ρ(x,y,z), and σS(zS) is the surface
charge density of the surface region defined by 0 < z < zS.
The application of these equations to the wurtzite structure
leads to σS(zS) = −σ/4 where σ is the surface charge density
of the top atomic plane of a bulk bilayer as defined in Fig. 1(a).
This can be checked for the particular case of AlN(0001): here
µB(zS) = 2(−δ) × c/8, "z = c, and S =

√
3a2/2, leading

to σS(zS) = −σ/4 where σ = δ/S = 2δ/
√

3a2 is the surface
charge density of an Al plane.

As shown in the next section, the three reconstructions
that are accessible in our MBE growth conditions are the
(2 × 2) reconstructions called IV(Nad-H + Al-H), V(3Al-H),
and VI(Nad). Additionally, the atomic structures obtained from
DFT calculations are presented in Fig. 1 [33]. Here, we
focus on the VI(Nad) which corresponds to our experimental
observations. This reconstruction has an additional N atom
(Ns) linked to three Al atoms of the surface plane Al0 [see
Fig. 1(c)]. Table I shows the Bader charges [34] for the Al
and N atoms of the VI(Nad) reconstruction. The positions of
the atoms labeled 1 to 4 are indicated in Fig. 1(c) for the two
kinds of bilayer. Due to the symmetry of the reconstruction,
the Bader charges of the atoms labeled 1 to 3 are identical,
while it is slightly different for the fourth atom. From the third

bilayer, the Bader charges retrieve their bulk value, which is
2.388 ± 0.001 |e| per Al atom. Therefore, the electrostatic
stability condition states that σS = −0.597 |e|/S.

The additional Ns atom on the surface has a Bader charge of
−2.2 |e| leading to a surface charge density of −0.550 |e|/S,
which is 8% larger than the value given by the electrostatic
stability condition. Adding the first AlN bilayer leads to a value
of −0.587 |e|/S and decreases the difference to 1.5%. Finally,
with the second AlN bilayer, the surface charge density is
equal to −0.595 |e|/S showing very good agreement with the
theoretical prediction. This behavior is also observable for the
two other reconstructions Nad-H+Al-H and 3Al-H [33]. This
calculation confirms that the crystal is stabilized by its surface
reconstructions. It also shows that an analysis based on partial
atomic charges such as Bader charges is efficient to recover
the electrostatic stability condition.

By combining total energy calculations based on DFT with
thermodynamical considerations we can predict the surface
reconstruction under given experimental conditions [35]. DFT
calculations are performed using the VASP code [36–38], with
a plane-wave basis set expanded with a cutoff of 500 eV using
projector augmented-wave potentials [39]. The Perdew-Burke-
Ernzerhof exchange and correlation functional is used thanks

TABLE I. Bader charges of Al and N atoms for the reconstruction
VI(Nad). The numbering of atoms is indicated in Fig. 1(c). σS is the
surface charge density in |e|/S.

Atom 1 2 3 4 σS

Ns −2.201 −0.550
Al0 2.322 2.322 2.322 2.348
N0 −2.386 −2.385 −2.385 −2.305 −0.587
Al1 2.388 2.388 2.388 2.354
N1 −2.381 −2.381 −2.381 −2.405 −0.595
Al2 2.387 2.387 2.387 2.386
N2 −2.387 −2.387 −2.387 −2.388 −0.595
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to its superiority to predict surface geometries [40]. The back
side of the slab is passivated by pseudohydrogen atoms with
a 0.75 |e| charge [41,42]. Our results confirm quantitatively
those obtained by Akiyama et al. [10], with only very small
differences originating from a different parameter set in the
DFT codes [33]. The stability of these three reconstructions
depends on the substrate temperature Tsubstrate and on the
partial pressures pAl and pNH3 . The modification from partial
pressures into chemical potentials is performed by using the
partition function of a molecular gas with its different degrees
of freedom [33,43]. We will use these calculations to determine
which reconstructions are observed experimentally.

The growth of AlN samples was carried out in a MBE
chamber equipped with a RHEED gun working at 15 keV. The
AlN layer is grown on a 4H-SiC(0001) substrate following
a recipe described elsewhere [33,44]. Two kinds of samples
were considered with growth speeds of 100 and 10 nm/h,
corresponding to a measured beam equivalent pressure (BEP)
for Al of 3 × 10−8 and 3 × 10−9 Torr, respectively. After
the growth under NH3 at 2 × 10−6 Torr of a layer with
a thickness of several tens of nanometers to 100 nm, the
samples are cooled down under NH3 with a pressure of
5 × 10−7 Torr until 800◦ C, and then the NH3 exposition
is interrupted allowing one to reach a base pressure of
10−9 Torr when the substrate is at 300◦ C. All the obtained
surfaces were characterized by NC-AFM, using a commercial
room-temperature ultrahigh vacuum STM/AFM (Omicron
NanoTechnology GmbH, Taunusstein, Germany). Silicon can-
tilevers provided by NanoSensors (PPP-QNCHR, Neuchâtel,
Switzerland) were used, with no special preparation except a
moderate heating (150◦ C) in vacuum.

During the growth of the AlN(0001) sample at 100 nm/h,
the RHEED measurement exhibits a clear (1 × 1) pattern
indicating that the surface is not reconstructed or highly
disordered. This is confirmed by the NC-AFM topography
image presented in Fig. 2(a). Despite the observation of fixed
features (bright spots) in the image that should correspond
to individual atoms, it is not possible to see an apparent
periodicity on this surface, whatever the probed area. The
disorder observed on this surface can have two origins: (1) the
surface is not at equilibrium due to kinetic effects, or (2) the
surface is at equilibrium but composed of various reconstructed
cells. We will focus in this paper on the second case since the
first one is less likely due to a low growth rate compared with
the standard one in MBE close to 1 µm/h.

When the growth rate is now reduced to 10 nm/h, the
RHEED pattern shows a twofold symmetry in the ⟨100⟩
and ⟨210⟩ directions indicating the presence of a (2 × 2)
reconstruction. This is confirmed by the NC-AFM topography
image in Fig. 2(b). The cross section along the dashed line
shows a corrugation of 20–30 pm with a noise around 5 pm.
The measured periodicity is 6 ± 0.5 Å close to the value
2 × aAlN = 6.22 Å.

To discriminate the reconstruction we are dealing with in
Fig. 2(b), we calculated the Gibbs free energy of formation
!Gf for the three reconstructions IV(Nad-H+Al-H), V(3Al-
H), and VI(Nad) taking the experimental values for the growth
conditions G1 (pAl = 3 × 10−8 Torr, pNH3 = 2 × 10−6 Torr)
and G2 (pAl = 3 × 10−9 Torr, pNH3 = 2 × 10−6 Torr) [33].
Figure 3(a) shows the evolution of !Gf as a function

FIG. 2. NC-AFM topography image of AlN(0001) surface after
growth of a 200-nm-thick sample at Tsubstrate = 950◦ C, BEPNH3 =
10−5 Torr and a growth rate of 100 nm/h (a), and 5 nm thick at
10 nm/h (b). (c) Cross section along the dashed line in (b). NC-
AFM parameters: (a) A = 5 nm, !f = −65 Hz, f0 = 278.4 kHz,
Q = 35 255, Usample = −4.7 V; (b) A = 8 nm, !f = −25 Hz, f0 =
274.8 kHz, Q = 42 780, Usample = −1 V.

of the substrate temperature from 940◦ C to 1040◦ C. This
range corresponds to the experimental temperature window of
960◦ C–1020◦ C extended by ±20◦ C to reflect the 0.1 eV error
bar of the DFT calculations [33]. One transition is predicted
for each of the two growth conditions: from reconstruction
IV to VI at 1013◦ C for G1, and at 985◦ C for G2. However,
the substrate is at finite temperature and the surface is at its
thermodynamic equilibrium where the concentration ci of a
reconstruction i is ci = Zi/Z, i ∈ A, with Z the partition
function and A covers all the possible surface reconstructions
[45]. The partition function is

Z =
∑

i

Zi =
∑

i

gi exp
( −!Gf

kBTsubstrate

)
, (2)

where kB is the Boltzmann constant and gi is the degeneracy
factor depending on the two-dimensional cell size and on the
point symmetry of the reconstruction [45]. For AlN(0001),
the reconstructions I–VII, which are mainly involved in NH3
MBE growth, have all the same (2 × 2) surface cell and the
same (p3m1) point group symmetry leading to an identical gi

factor. The concentration is thus

ci =
exp

(
−!G

f
i /kBTsubstrate

)

∑VI
j=I exp

(
−!G

f
j /kBTsubstrate

) . (3)

Figure 3(b) shows the evolution of the concentration ci for
the three reconstructions and the two growth conditions G1
and G2 over the 940◦ C–1040◦ C substrate temperature range.
The high temperature leads to a high Boltzmann energy
kBTsubstrate = 0.11 eV at 1000◦ C, which tends to create, around
the temperature of transition between two reconstructions, a
surface formed by a mixture of reconstructed cells of different
types.
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to its superiority to predict surface geometries [40]. The back
side of the slab is passivated by pseudohydrogen atoms with
a 0.75 |e| charge [41,42]. Our results confirm quantitatively
those obtained by Akiyama et al. [10], with only very small
differences originating from a different parameter set in the
DFT codes [33]. The stability of these three reconstructions
depends on the substrate temperature Tsubstrate and on the
partial pressures pAl and pNH3 . The modification from partial
pressures into chemical potentials is performed by using the
partition function of a molecular gas with its different degrees
of freedom [33,43]. We will use these calculations to determine
which reconstructions are observed experimentally.

The growth of AlN samples was carried out in a MBE
chamber equipped with a RHEED gun working at 15 keV. The
AlN layer is grown on a 4H-SiC(0001) substrate following
a recipe described elsewhere [33,44]. Two kinds of samples
were considered with growth speeds of 100 and 10 nm/h,
corresponding to a measured beam equivalent pressure (BEP)
for Al of 3 × 10−8 and 3 × 10−9 Torr, respectively. After
the growth under NH3 at 2 × 10−6 Torr of a layer with
a thickness of several tens of nanometers to 100 nm, the
samples are cooled down under NH3 with a pressure of
5 × 10−7 Torr until 800◦ C, and then the NH3 exposition
is interrupted allowing one to reach a base pressure of
10−9 Torr when the substrate is at 300◦ C. All the obtained
surfaces were characterized by NC-AFM, using a commercial
room-temperature ultrahigh vacuum STM/AFM (Omicron
NanoTechnology GmbH, Taunusstein, Germany). Silicon can-
tilevers provided by NanoSensors (PPP-QNCHR, Neuchâtel,
Switzerland) were used, with no special preparation except a
moderate heating (150◦ C) in vacuum.

During the growth of the AlN(0001) sample at 100 nm/h,
the RHEED measurement exhibits a clear (1 × 1) pattern
indicating that the surface is not reconstructed or highly
disordered. This is confirmed by the NC-AFM topography
image presented in Fig. 2(a). Despite the observation of fixed
features (bright spots) in the image that should correspond
to individual atoms, it is not possible to see an apparent
periodicity on this surface, whatever the probed area. The
disorder observed on this surface can have two origins: (1) the
surface is not at equilibrium due to kinetic effects, or (2) the
surface is at equilibrium but composed of various reconstructed
cells. We will focus in this paper on the second case since the
first one is less likely due to a low growth rate compared with
the standard one in MBE close to 1 µm/h.

When the growth rate is now reduced to 10 nm/h, the
RHEED pattern shows a twofold symmetry in the ⟨100⟩
and ⟨210⟩ directions indicating the presence of a (2 × 2)
reconstruction. This is confirmed by the NC-AFM topography
image in Fig. 2(b). The cross section along the dashed line
shows a corrugation of 20–30 pm with a noise around 5 pm.
The measured periodicity is 6 ± 0.5 Å close to the value
2 × aAlN = 6.22 Å.

To discriminate the reconstruction we are dealing with in
Fig. 2(b), we calculated the Gibbs free energy of formation
!Gf for the three reconstructions IV(Nad-H+Al-H), V(3Al-
H), and VI(Nad) taking the experimental values for the growth
conditions G1 (pAl = 3 × 10−8 Torr, pNH3 = 2 × 10−6 Torr)
and G2 (pAl = 3 × 10−9 Torr, pNH3 = 2 × 10−6 Torr) [33].
Figure 3(a) shows the evolution of !Gf as a function

FIG. 2. NC-AFM topography image of AlN(0001) surface after
growth of a 200-nm-thick sample at Tsubstrate = 950◦ C, BEPNH3 =
10−5 Torr and a growth rate of 100 nm/h (a), and 5 nm thick at
10 nm/h (b). (c) Cross section along the dashed line in (b). NC-
AFM parameters: (a) A = 5 nm, !f = −65 Hz, f0 = 278.4 kHz,
Q = 35 255, Usample = −4.7 V; (b) A = 8 nm, !f = −25 Hz, f0 =
274.8 kHz, Q = 42 780, Usample = −1 V.

of the substrate temperature from 940◦ C to 1040◦ C. This
range corresponds to the experimental temperature window of
960◦ C–1020◦ C extended by ±20◦ C to reflect the 0.1 eV error
bar of the DFT calculations [33]. One transition is predicted
for each of the two growth conditions: from reconstruction
IV to VI at 1013◦ C for G1, and at 985◦ C for G2. However,
the substrate is at finite temperature and the surface is at its
thermodynamic equilibrium where the concentration ci of a
reconstruction i is ci = Zi/Z, i ∈ A, with Z the partition
function and A covers all the possible surface reconstructions
[45]. The partition function is

Z =
∑

i

Zi =
∑

i

gi exp
( −!Gf

kBTsubstrate

)
, (2)

where kB is the Boltzmann constant and gi is the degeneracy
factor depending on the two-dimensional cell size and on the
point symmetry of the reconstruction [45]. For AlN(0001),
the reconstructions I–VII, which are mainly involved in NH3
MBE growth, have all the same (2 × 2) surface cell and the
same (p3m1) point group symmetry leading to an identical gi

factor. The concentration is thus

ci =
exp

(
−!G

f
i /kBTsubstrate

)

∑VI
j=I exp

(
−!G

f
j /kBTsubstrate

) . (3)

Figure 3(b) shows the evolution of the concentration ci for
the three reconstructions and the two growth conditions G1
and G2 over the 940◦ C–1040◦ C substrate temperature range.
The high temperature leads to a high Boltzmann energy
kBTsubstrate = 0.11 eV at 1000◦ C, which tends to create, around
the temperature of transition between two reconstructions, a
surface formed by a mixture of reconstructed cells of different
types.
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(2×2)-Nad reconstruction

Donor sites: N2- 
Acceptor sites: Al sp2

DFT 
PBE 

HSE06

Al sp3

Al sp2

N bulk

Nad

Surface states  
in the gap 

- flat bands (N pz)
- disperve bands (Al sp2)
- two bands 
(σ bonds, N px and N py)

CHAPITRE III. LA RECONSTRUCTION (2 ◊ 2) DE L’ALN(0001)

densité d’états sur la bi-couche qui reproduit les 6,2 eV du gap en volume. Pour
plus de clarté, nous avons a�ché la densité de charge partielle projetée sur chaque
bande. Le niveau de Fermi est ici défini comme l’énergie du dernier état occupé.

La reconstruction (2◊2)-Nad Une analyse de la structure de bande de la recons-
truction (2 ◊ 2)-Nad calculée avec la fonctionnelle HSE06 révèle quatre principaux
états de surface dans le gap. La Fig. III.L.a. montre cette structure de bande ainsi
que la densité de charge projetée sur les bandes situées dans le gap. De la bande de
valence vers la bande de conduction :

1. Deux bandes plates dégénérées de nature Npx et Npy impliquées dans les
trois liaisons ‡ avec les atomes d’aluminium en dessous (en noir).

2. Une bande plate de nature Npz située juste en dessous du niveau de Fermi
(en rouge).

3. Une bande plus dispersive proche de la bande de conduction principalement
portée par l’aluminium b-Al (en vert).

Une bande correspondant aux atomes d’azote situés dans la partie inférieure du
slab n’est pas à prendre en compte (en gris).

a. b.

Figure III.L. a. Structure de bande projetée sur les états de surface de la reconstruction
(2 ◊ 2)-Nad de l’AlN ainsi que la densité de charge sur les bandes dans
le gap. La densité est a�chée pour des isosurfaces à 0,05 électron. La
bande en gris indique des états vides indésirables provenant les azotes
liés aux pseudo-hydrogènes. b. Densité d’états projetés sur les bicouches
d’AlN. Le diagramme encadré en bleu est celui utilisé pour superposer la
structure de bande en volume de la figure a. Le niveau de Fermi a été
ramené à zéro.
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Aluminium nitride with gold

What is the atomic structure of the gold islands? 

What is the stabilization mechanism of gold on this insulating substrate?
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Aluminium nitride with gold

Au 2D monoatomic high islands on AlN(0001)  
the experimental structure at RT

NC-AFM at RT: observation of an hexagonal 
pattern with A=2.6 ±0.1 nm and angle close to 7°

In situ RHEED after gold 
deposition in the MBE

Reconstructed RHEED pattern 
obtained by summation from 6 to 11° 

after AlN[21-30]

CHAPITRE IV. DÉPÔT DE MÉTAUX SUR LA RECONSTRUCTION
(2 ◊ 2)-NAD

IV.3 Le dépôt d’or

IV.3.1 Observations expérimentales

Le dépôt d’or se fait immédiatement après la croissance de l’AlN(0001) à une
température de 500 ¶C et une pression de 5 ◊ 10≠9 Torr pendant une à deux mi-
nutes. Pendant le dépôt, nous avons réalisé l’acquisition d’un cliché RHEED visible
en figure IV.B.a. où on distingue la raie (bleue) dans la direction [2 1 3 0] qui est
caractéristique de la surface de l’AlN(0001). Les autres raies sont caractéristiques
de l’or. Ce cliché a été pris pour un dépôt d’or de 0,5 mono-couche (ML) et pour
un autre angle, la raie de la reconstruction (2 ◊ 2) est toujours visible. Lors d’un
dépôt de 1 ML, la raie de la reconstruction (2 ◊ 2) n’est plus visible au RHEED.
Nous avons acquérit des images à température ambiante, au moyen d’un micro-
scope à force atomique en mode non contact muni d’une pointe type bras de levier
(cantilever), dont l’une est visible figure IV.B.b..

a. b.

Figure IV.B. a. Diagramme RHEED reconstruit durant la croissance d’Au/AlN. b.
Image nc-AFM obtenue à température ambiante.

L’AlN est caractérisé par ses terrasses triangulaires limité par ses bords le long
des directions È0 1 1 0Í. On distingue le dépôt d’or par de larges îlots isolés les uns des
autres. La hauteur apparente des îlots est de 3 Å correspondant à une monocouche
d’or et leur bord sont alignés avec les bords de marche de l’AlN(0001). Les îlots ne
chevauchent pas les terrasses d’AlN.

La résolution atomique sur ces îlots a été obtenue en transférant l’échantillon
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Aluminium nitride with gold
Au 2D monoatomic high islands on AlN(0001):  

atomically resolved structure at 4K
⇒ Sample was transferred under UHV for low temperature characterization with Qplus ncAFM 

⇒ Observation of two moiré with atomic resolution

Moiré M1 Moiré M2

The topography contrast is reversed which was already observed in Qplus with very small amplitude 
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Aluminium nitride with gold

EXPERIMENTAL RESULTS 

1 - Distance between nearest neighbor :  

dAu-inplane = 2.8 ± 0.1 Å 

      ( gold bulk value : 2.88 Å ) 

2 - Hexagonal modulation (moiré) : 

12.6 ± 0.5 Å, angle 8.8 ± 1° 

3 - Supercell parameters : 

a = b = 21.9 ± 0.2 Å, alpha = 12.8 ± 1° 
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Aluminium nitride with gold
EXPERIMENTAL RESULTS 

1 - Distance between nearest neighbor :  

dAu-inplane = 2.8 ± 0.1 Å 

      ( gold bulk value : 2.88 Å ) 

2 - Hexagonal modulation (moiré) : 

12.6 ± 0.5 Å, angle 8.8 ± 1° 

3 - Supercell parameters : 

a = b = 21.9 ± 0.2 Å, alpha = 12.8 ± 1° 

EPITAXY MODEL RESULTS 
1 - dAu-inplane = 2.79 Å 
2 - Hexagonal modulation (moiré) : 

12.5 Å, angle 8.21° 
3 - Supercell parameters : 

a = b = 21.8 Å, alpha = 11.88° 
4 - Epitaxial relation : 

Au[94130] // AlN[85130]

Model for the  
moiré M1
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Aluminium nitride with gold

E=-1797.59 eV E=-1797.63 eV E=-1772,86 eV E=-1772,86 eV

< 25 eV

DFT calculations: model on (2x2)-Nad and bare AlN(0001)
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Aluminium nitride with gold

extracting position

dAu-inplane Experiment DFT-Au-U1t DFT-Au-M1t

Minimum (Å) 2.01 2.70 2.44

Maximum (Å) 3.16 2.77 3.15

Mean (Å) 2.74 2.73 2.74

RMS 2.76 2.73 2.75

Std Deviation (Å) 0.255 0.0166 0.153

Calculate dAu-inplane values

GOODDispersion matching

CONCLUSION: the N atoms of the (2x2)-Nad stay below the Au layer

Experiment and DFT comparison for dAu-inplane
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For 2H AlN(0001) polar direction : 
σs = -σ/4 

Bader charge analysis 
(in |e|  and |e| per (1x1) unit surface for σs)

σ = 2.387⇒ σs = -σ/4 = -0.597 
The additional N atom is responsable of 90 % 

of the surface charge. 

Al sp3

Al sp2

N bulk

Nad
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F. Chaumeton et al., PHYSICAL REVIEW B 94, 165305 (2016)

1 - the surface charge on the 2H-AlN(0001) (2x2)-Nad surface 

Stabilization mechanism of the Au on AlN(2x2)-Nad
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σ = 2.387⇒ σs = -σ/4 = -0.597 
The additional N atom  is responsable of 90 % 

of the surface charge. 

Al sp3

Al sp2

N bulk

Nad

CHARGE TRANSFER to the Au layer ?
F. Chaumeton et al.,  

PHYSICAL REVIEW B 94, 165305 (2016)

1 - the surface charge on the 2H-AlN(0001) (2x2)-Nad surface 

Stabilization mechanism of the Au on AlN(2x2)-Nad
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Aluminium nitride with gold

2 - Bonds and charge  
transfer on the Au layer 

DFT cell: AlN(0001) (4x4) with 
the reconstruction (2x2)Nad 

+ 
21 Au atoms

Due to the three-fold  
symmetry:  
7 groups of  
3 Au atoms

Stabilization mechanism of the Au on AlN(2x2)-Nad

Al sp3

Al sp2 (acc)

N bulk

Nad (don)
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Due to the three-fold symmetry:  
7 groups of 3 Au atoms

Group
Bonds 

with the 
AlN 

surface

Qb 
|e|

1 Al sp2 - 0.48

2

3

4

5

6

7

Stabilization mechanism of the Au on AlN(2x2)-Nad

Al sp3

Al sp2

N bulk

Nad

2 - Bonds and charge  
transfer on the Au layer 

2.61 Å 
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Due to the three-fold symmetry:  
7 groups of 3 Au atoms

Group
Bonds 

with the 
AlN 

surface

Qb 
|e|

1 Al sp2 - 0.48

2 Al + Nad - 0.13

3

4

5

6

7

Stabilization mechanism of the Au on AlN(2x2)-Nad

Al sp3

Al sp2

N bulk

Nad

2 - Bonds and charge  
transfer on the Au layer 

Al: 2.58 Å Nad: 2.20 Å 
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Due to the three-fold symmetry:  
7 groups of 3 Au atoms

Group
Bonds 

with the 
AlN 

surface

Qb 
|e|
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2 Al + Nad - 0.13

3 Nad 0.1
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Stabilization mechanism of the Au on AlN(2x2)-Nad

Al sp3

Al sp2

N bulk

Nad

2 - Bonds and charge  
transfer on the Au layer 

2.13 Å 
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Due to the three-fold symmetry:  
7 groups of 3 Au atoms

Group
Bonds 

with the 
AlN 

surface

Qb 
|e|

1 Al sp2 - 0.48

2 Al + Nad - 0.13

3 Nad 0.1

4 no - 0.09
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Stabilization mechanism of the Au on AlN(2x2)-Nad

Al sp3

Al sp2

N bulk

Nad

2 - Bonds and charge  
transfer on the Au layer 
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Due to the three-fold symmetry:  
7 groups of 3 Au atoms

Group
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with the 
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surface
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|e|
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Stabilization mechanism of the Au on AlN(2x2)-Nad
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N bulk
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2 - Bonds and charge  
transfer on the Au layer 
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Due to the three-fold symmetry:  
7 groups of 3 Au atoms

Group
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with the 
AlN 

surface

Qb 
|e|

1 Al sp2 - 0.48
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Stabilization mechanism of the Au on AlN(2x2)-Nad
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2 - Bonds and charge  
transfer on the Au layer 
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Due to the three-fold symmetry:  
7 groups of 3 Au atoms

Group
Bonds 

with the 
AlN 

surface

Qb 
|e|

1 Al sp2 - 0.48

2 Al + Nad - 0.13

3 Nad 0.1

4 no - 0.09

5 no - 0.05

6 no - 0.03

7 no - 0.08

Stabilization mechanism of the Au on AlN(2x2)-Nad

Al sp3

Al sp2

N bulk

Nad

Mean charge  : -0.11 |e|/Au

2 - Bonds and charge  
transfer on the Au layer 
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Stabilization mechanism of the Au on AlN(2x2)-Nad

25 % of charge transfer from the 
(2x2)Nad to the Au layer

AlN (2x2)Nad 21Au/AlN(4x4)

atom
mean

charge 

(1x1)
mean 

charge

atom
mean 

charge

(1x1)
mean 

charge

Au — — -0.11 -0.144
Nad -2.18 -0.545 -1.73 -0.432
Al1 2.31 0.577 2.33 0.578
N1 -2.35 -0.587 -2.34 -0.585

2 - Bonds and charge  
transfer on the Au layer 



Stabilization mechanism of the Au on AlN(2x2)-Nad

IV.3. LE DÉPÔT D’OR

de réduire l’important coup computationnel due à cette fonctionnelle hybride, nous
avons réduit le nombre de bi-couches d’AlN à cinq.

a. b.

Figure IV.J. a. Structure de bande et densité de charge projetée sur les bandes in-
diquées en couleur. b. PDOS par bicouches. En vert, la densité d’états
projetée sur les atomes d’azote Nad. En orange, la densité d’états projetée
sur les atomes d’or.

La structure de bande et la densité de charge projetée sur les bandes sont ex-
posées sur les figures IV.J.a. et IV.J.b.. Les états qui apparaissent dans le gap sont
provoqués par les liaisons entre les atomes d’or et d’azote Nad. On remarque qu’il
ne s’agit pas d’un continuum mais d’une succession d’états localisés et très proches
les uns des autres. Le niveau de Fermi croise une bande dont la densité de charge
se situe dans la maille rouge (en jaune). Celles situées dans la maille verte sont plus
basses en énergie (en bleu et violet). Les états de l’or peuplent le haut de la bande
de valence mais sont peu dispersifs.

Sur la figure IV.J.b., les densités d’états projetées sur les bi-couches d’AlN
montrent un faible saut de potentiel à l’intérieur du matériau. Ceci est due à la
faible épaisseur du système. Des recouvrements orbitalaires entre les états de l’or
et les atomes d’azote situés à l’opposé du film.

La quantité de charge transférée de l’AlN vers l’or correspond au déplacement
du niveau de Fermi initialement libre vers un état partiellement rempli de l’or. A
cela s’ajoute la polarisation des atomes d’or, ce qui contribue au dipôle global de
surface et participe à l’annulation quasi-totale du saut de potentiel à l’intérieur de
l’AlN(0001) si le film était plus épais.
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Au / AlN(0001)

nc-AFM
Topo KPFM
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Au / AlN(0001)

∆z = 0.1 nm
zmin ~ 1 nm

Charge transfer occurs

Charging the islands
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Au / AlN(0001)

Discharge?

Topo

KPFM

Charge is localized
No leakage to neighboring islands
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Summary

Au 2D monoatomic high islands on AlN(0001) 

Experiments: 
• two moiré observed by NC-AFM with Qplus at 4K 
• Two models with hexagonal pattern explained the 

observed moiré 

DFT calculations : 
• models on AlN(4x4) cells with 21 atoms allow to mimic the 

moiré 
• DFT energies and dAu-inplane analysis confirm that the Nad 

atoms are still present 

Stabilization mechanisms : 
• 9 of the 21 Au atoms create bonds with Al sp2 and Nad 
• charge transfer of 25 % from the Nad atoms to the Au layer 
• AlN(0001) polar surface drives the stabilization of the Au 

layer
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