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Summary: 

This deliverable is dedicated to the determination of the reconstructed surfaces on AlN(0001) 
and GaN(0001). There is two partners involved : P1-Toulouse was in charge of the experimental 
growth and characterization of the nitrides surfaces and P5-Barcelona was in charge of performing 
calculations to explore the stability of the different possible AlN surface reconstruction observed 
depending on the experimental growth conditions. 

Experimental results 

 The growth of the nitride layers is performed in the Molecular Beam Epitaxy (MBE) chamber 
with an NH3 gaz precursor. Characterisation of the samples was done in the interconnected UHV-
STM/AFM microscope. Both chambers belong to the UHV factory of  P1-Toulouse specially designed 
for this purpose and installed in the new P1-Toulouse Pico-Lab clean room since May 2012. 

 The MBE chamber is equipped with Aluminium and Gallium effusion cells, a NH3 gaz source 
with controlled flow and a Reflection High Energy Electrons Diffraction (RHEED) gun with video 
acquisition for in-situ monitoring of the surface reconstructions and roughness. With this MBE 
chamber it was possible to observe the RHEED changes with different growth conditions. The growth 
parameters used for this study on 25 samples are : 

1. Substrate temperature between 850°C and 1000°C 
2. Aluminium or Gallium flux directly linked to the growth rate between 90 nm/h and 180 nm/h 
3. NH3 gaz flow between 20 to 120 sccm corresponding to pressure between 4 10-5 to 2.4 10-4 

Torrs in the MBE chamber. 

Over all the AlN or GaN samples grown with these conditions, we have never observed 
RHEED pattern with fractional rod during growth, indicating that the surfaces were not reconstructed. 
However on AlN(0001) during the decrease in temperature of the substrate under NH3 flux and below 
850°C, a diffuse (2x2) RHEED has been sometime observed. But the NC-AFM characterization of 
these (2×2) AlN(0001) surfaces has shown rough surface at atomic scale with no real periodicity 
observable. On all the other surfaces it was never possible to obtain atomic resolution at room 
temperature. All these RHEED observations seem to indicate that there are no reconstructed surfaces 
during the growth. But the apparition of fractional rod in the RHEED pattern is linked to the 
reconstructed surface cell and its symmetry. For example a (2×2) cell with presence of mirror plane 



perpendicular to the main crystallographic axis will give a (1×1) RHEED pattern. This means that the 
in-situ RHEED pattern cannot be used as a true indications of the presence of reconstructed surfaces. 

Using an ultra-high vacuum mobile transfer, the same sample was transferred into an LT-
UHV-STM/Qplus microscope.   

  

 

Figure 1 : AFM qPlus images of a AlN(0001) surface at 77K, (a)200x200nm², ∆f=- 4Hz, 
A=250pm, bias=-2V,f0=23654Hz, Q=12129; (b) rectangular organization, 4x2,5nm², ∆f=-142Hz;(c) 
hexagonale phase,4x1,3nm², ∆f=-75Hz; (b,c): A=250pm, bias=-4,5V, f0=23660Hz, Q=8937.  

 The first ever NC-AFM images of the AlN(0001) surface was obtained with an atomic 
resolution (Fig. 5 (1-T1.4)). Two surface ordering at the atomic scale can be observed: an hexagonal 
phase with the same lattice parameter than the AlN(0001) surface and an organization having a 
rectangular cell. Despite our effort to analyze the last organization, we did not find an atomic structure 
of the surface allowing explaining the rectangular cell. 

Theoritical results 

P5-Barcelona has used a thermodynamical theory to compute the more stable phases at 
different temperature and partial pressures of Ga (or Al) and NH3. We have adopted the theory and 
results of the published works [1] on the experimentally accessible reconstructions of GaN (0001) [2] 
and have extended it with ample calculations to the case of AlN (0001). 

The theory evaluates the minimum Gibbs free energy to compute the more stable phases for 
the experimental temperature and partial pressures of Ga (or Al) and NH3. Ammonia is experimentally 
used as the source of nitrogen. The presence of abundant H, forces our modeling to have H under 
consideration. The Gibbs free energy is then: 

 

where µ is the chemical potential and the subindex refers to the molecular or atomic species. 
The expression simply reflects the free energy gained (negative value) by reconstructing the surface 
with respect to having an ideal surface plus gas-phase Al and ammonia. Hence, the lower the change 
in free energy (the more negative it gets) the more favorable is the evaluated reconstruction.  

 a (Å) c/a u 
2H-AlN 3.130 1.602 0.382 
2H-GaN 3.248 1.627 0.377 



Table 1: Lattice parameters for the Wurtzite unite cell of AlN and GaN. “a” is the hexagonal side in 
Ångströms, “c” is the vertical parameter and “u” is the deviation of the actual cell from the ideal 
Wurtzite cell. 

Our calculations show big similarities between the crystalline structure of GaN and AlN. 
Indeed, the lattice parameters change less than 3% between both species (see table 1). This leads to the 
same surface reconstructions both for surface filling the thermodynamic phase-space. However, the 
actual values of temperature and partial pressure at which the reconstructions are accessible change. 

The difference between the two sets of thermodynamic parameters to obtain the various 
reconstructions is best seen in a phase diagram depicting the chemical potentials [1]. Using the fact 
that the experimental technique is based on molecular beams (MBE), we can take N, H and NH3 
equilibrated such that: 

 µNH3 = µN + 3 µH 

In parallel, the chemical potentials of Ga (or Al) and N equilibrated with GaN (or AlN). Using 
this, the total free energy balance can now be expressed in terms of the chemical potentials of Ga (or 
Al) and H, and the phase space can be reduced to a 2-D phase space, as shown in Fig. 1. An important 
ingredient of the theory is the total energy of each reconstruction ETot[Reconstruction].  

We have evaluated 23 different reconstructions, as described next. 

Electron-counting rule.- Assuming tetrahedral coordination, a Ga (or Al) dangling bond (DB) 
contributes ¾ electron, and a N DB contributes 5/4 electrons. Hence, the total number of surface 
electrons for a given unit cell of a reconstruction is: 

                                      

where nAl is the number of Al atoms in the unit cell, etc. The formation of Al—N, Al—H and 
N—H bonds requires two electrons per bond. The energy is minimized when no DB is left empty for 
N atoms (since the valence band is of N character, hence N DB's prefer to be occupied) and no DB is 
left occupied for Al (the conduction band is formed by Al states, hence Al DB's prefer to be empty). 
Hence, the total energy is minimized when the surface presents a closed-shell structure, which means 
that there is no DB with single or fractional electron occupation. A necessary condition is then that 
nelectrons is an even number. From the above equation we obtain that the number of surface atoms must 
be 4 or multiple of 4. In the following we will use several unit cells, to find out that only the 
reconstructions with a number of atoms multiple of 4 are the lower-energy ones, except in the case of 
metallic adlayers where the above electron counting is not valid anymore. 

There are different unit cells that can lead to different reconstructions. In the present work we have 

considered (1×1), (2×1), (2×2), (√3×√3) and (4×1). The first case is a simple (1×1) cell. We have 
considered 6 reconstructions formed by adding one H atom, one Al, one NH group, a NH2 group and a 
NH3 molecule. Figure 1 shows the unit cell in the context of the surface plus the 6 reconstructions.  



 

Figure 3 : Reconstructions using a (2×2) cell. 
These structures are all of high free energy since 
they violate the electron-counting rule. 
 

Legend of atoms  (blue) N atoms surface underlayer ; (pink) Al atoms surface layer ; (green) N atoms 
ad-layer ; (white) H atoms ad-layer 
 

Reconstructions including a (2×1) cell, have also been considered. The chosen reconstructions 
correspond to a-priori likely chemical stable structures. In reality, they violate the electron-counting 
rule. Nevertheless, we have considered them. As expected, they are of high Gibbs free energy, and 
hence cannot be accessed by physical parameters. 

 

 

 

Figure 5 : the (√3×√3) reconstructions 
considered in this work. The monolayer 
(LCM) and the bilayer (LCB) are metallic 
layers, where the electron counting rule is not 
applicable since electrons are shared between 
several atoms 

Legend of atoms  (blue) N atoms surface underlayer ; (pink) Al atoms surface layer ; (green) N atoms 
ad-layer ; (white) H atoms ad-layer ; (red) Al atoms ad-layer ; (orange) Al atoms in second ad-layer 

 

Figure 2 : The 6 reconstructions of the (1×1)
cell. 
 

Figure 4 : the (2×2) reconstructions 



The first complex reconstruction that abides by the electron-counting rule is based on the 

(2×2) cell. As was explicated in the description of the electron-counting rule, the number of atoms of 
the cell must be a multiple of 4. Besides the latin-numbering, we have also added and identification 
based in the common labeling in the literature [1]. From a RHEED pattern point of view, the H atoms 
should not be considered as they don’t participate to the electrons diffractions. Thus, taking into 
account only the N atoms ad-layer and the Al atoms of the surface, these (2×2) reconstructions cell 
except III have mirror planes perpendicular to the main crystallographic axis and thus they will give a 
(1×1) RHEED pattern. The reconstruction III will give a (1×1) pattern along the [100] axis and a (2×2) 
along the [120] axis. 

Seven out of the eight minimum Gibbs free energy reconstructions are (2×2) cells. The eigth 

one is a (√3×√3) structure, that actually also violates the electron-counting rule. However, this cases is 
an exception because it corresponds to a full Al monolayer. In the case of GaN (0001) a Ga bilayer 
was found to minimize the Gibbs energy [1]. However, for the present case, we find the monolayer 
more stable than the bilayer. As a consequence, we have also evaluated the free energy for  the 
structures of Fig. 5. 

Finally, we have also considered (4×1) structures, since they abide by the electron-counting 
rule and can lead to very different reconstructions. They are, however, not minimizing the Gibbs free 
energy.  

 

 

 

 

 

 

 

 

 

 

Figure 6. The (4×1) reconstructions considered in this work. Despite agreeing with the electron-
counting rule, they are not structures minimizing the Gibbs free energy. 

In practice, we find 8 reconstructions that span all of the values of the thermodynamically 
allowed chemical potentials, Fig. 7.  

Using the partition function of a molecular gas with its different degrees of freedom allows 
translating the partial pressures into chemical potentials. For the case of Al, it is straightforward: 

                                           



where  is the total energy of an Al atom (evaluated in the same way as the calculations for 

the total energy of each structure, and in the gas phase, not it the condensed phase),  is the 

Boltzmann constant,  the temperature,  the electronic valence,  is the partition function 
due to the translation of the atom in the gas phase: 

 

The chemical potential for the H atom is more involved. We make use of the equilibration 
with the ammonia gas, such that we evaluate with the above formula the chemical potential for the 
ammonia molecule. But now new degrees of freedom are involved and the rotation and vibration 
partition functions have to be considered. In the present work, we took them to one, since estimations 
of the different partition functions for the typical modes of the ammonia molecule lead to a correction 
of 0.1 eV, which is of the order of magnitude of the accuracy of our DFT calculations. This is the 
reason why Fig. 7 displays a green dot of 0.1-eV radius. 

 

Figure 7. Plots of the regions of minimum change in free energy as a function of the Ga (left), Al 
(right) and H chemical potentials, for GaN (0001) (left) and AlN (0001) (right).  

By fixing the temperature and the partial pressures of Ga (or Al) and NH3 one can 
immediately find the physical surface reconstruction.  The left pannel corresponds to GaN (0001) and 
the right one to AlN (0001). Despite of finding the same reconstructions, the area in chemical-
potential space that each reconstruction occupies is different as is easily seen. In GaN (0001), left, dots 
indicate the points in chemical-potential space that are found in the experimental work of Ref. [2]. The 
series of points corresponds to different Ga partial pressures. For the experimental work performed by 
P1-Toulouse, the typical thermodynamic values are: temperature = 1200 K, partial pressure of NH3 is  
5 10-5 Torr, and the growth rate is around 100 nm/h, which gives a partial pressure around 6 10-7 Torrs 
using the equation of perfect gaz P=ƒ×√(2π×m×kb×T), where ƒ is the incident Al atoms flow related to 

the growth rate v through ƒ=v×d, with d the surface density of Al atoms. When we translate these 
values into chemical potentials, we find the point corresponding to the green dot on the right panel. 



Thus, the green dot shows the reconstruction that our theory predicts. Hence, the calculation predicts 
that, at the experimental conditions, the surface will present reconstruction V, corresponding to three 
additional H atoms over the four Al atoms of a (2×2). Although this reconstruction involves a (2×2) 
cell, it is not possible to observe it either by in-situ RHEED or NC-AFM experiments at room or low 
temperature. First the light H atoms will not participate to the diffraction pattern leading to a 
unresconstructed (1×1) RHEED pattern during growth, and second the interactions forces between a 
tip and H atoms is so light that they will not be observable by NC-AFM, leading to a simple hexagonal 
structure at the atomic scale. In conclusion there is a good agreement between the theoretical 
calculations and the experimental results, and it is now clear that hydrogenated Al atoms with ¾ 
coverage terminate the AlN(0001) layers. 

 

Furthermore this theoretical approach allows also exploring the behavior of the surface 
reconstructions for different growth conditions. Let us first change the partial pressure of Al. 

Study with Al partial pressure.- From the above discussion it is straightforward to prove that 
the chemical potential for H depends linearly on the chemical potential of the Al gas for constant 
ammonia partial pressure and temperature. Hence, changing the partial pressure of Al will move the 
green dot along a straight line in the graph of Fig. 6. The linear dependence is plotted as the red line in 
Fig. 7. 

Figure 8. For  Torr and 1200 K, the 
linear dependence of H chemical potential on the Al chemical 
potential is displayed. The green dot is fixed by  pAl=6 10-7 Torr. 

As Al partial pressure is decreased, the chemical potentials 

of both Al and H decrease. At  Torr, the green 
dot crosses the IV-V boundary, and reconstruction IV becomes 
available. 

Reconstruction IV has a (2×2) surface cell and corresponds 
to an additional N atom in the middle of the hexagonal hole plus two H atoms, one on the added N 
atom and one on the more distant Al atom. As explained before, this reconstruction will not give a 
RHEED pattern with fractional rod due to the presence of mirror plane perpendicular to the main axis 
[100] and [120]. This means that the transition between reconstruction IV and V cannot be observed 
by in-situ RHEED.  

The other graphs showing the temperature or the NH3 flow dependence does not change the 
conclusion of the analysis made for Al partial pressure. In conclusion the nitride (0001) surfaces 

presents tehoritically two reconstructed surface made with hydrogen and nitrogen atoms in a (2×2) 
cell. But due to the symmetry it is not possible to observe them by in-situ RHEED. The NC-AFM 
observations of the surface at the atomic scale do not show obvious informations that can correlate 
these results. But in our normal growth conditions, we can admit the nitride surface are mainly 
terminated by a ¾ monolayer of hydrogen atoms on top of the Al surface atoms. 
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