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Summary:

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

Experimental results

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

The MBE chamber is equipped with Aluminium andl@ai effusion cells, a NH3 gaz source
with controlled flow and a Reflection High Energye&rons Diffraction (RHEED) gun with video
acquisition for in-situ monitoring of the surfaceconstructions and roughness. With this MBE
chamber it was possible to observe the RHEED clsawié 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 gwth rate between 90 nm/h and 180 nm/h

3. NH3 gaz flow between 20 to 120 sccm correspondingréssure between 416 2.4 10
Torrs in the MBE chamber.

Over all the AIN or GaN samples grown with thesaditons, we have never observed
RHEED pattern with fractional rod during growthdicating that the surfaces were not reconstructed.
However on AIN(0001) during the decrease in temjpeesof the substrate under NH3 flux and below
850°C, a diffuse (2x2) RHEED has been sometime rgbde But the NC-AFM characterization of
these (22) AIN(0001) surfaces has shown rough surface amiat scale with no real periodicity
observable. On all the other surfaces it was ngwesible to obtain atomic resolution at room
temperature. All these RHEED observations seemdizate that there are no reconstructed surfaces
during the growth. But the apparition of fractiomald in the RHEED pattern is linked to the
reconstructed surface cell and its symmetry. Fangte a (22) cell with presence of mirror plane



perpendicular to the main crystallographic axid give a (x1) RHEED pattern. This means that the
in-situ RHEED pattern cannot be used as a trueatidins of the presence of reconstructed surfaces.

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

Figure 1: AFM gPlus images of a AIN(0001) surface at 77K20®x200nm2Af=- 4Hz,
A=250pm, bias=-2V,f0=23654Hz, Q=12129; (b) rectdagwrganization, 4x2,5nmAf=-142Hz;(c)
hexagonale phase,4x1,3nmé=-75Hz; (b,c): A=250pm, bias=-4,5V, f0=23660Hz, §337.

The first ever NC-AFM images of the AIN(0001) sacé was obtained with an atomic
resolution (Fig. 5 (1-T1.4)). Two surface orderiigthe atomic scale can be observed: an hexagonal
phase with the same lattice parameter than the O8IBK) surface and an organization having a
rectangular cell. Despite our effort to analyzeltdst organization, we did not find an atomic stuoe
of the surface allowing explaining the rectangulklt.

Theoritical results

P5-Barcelona has used a thermodynamical theoryotopate the more stable phases at
different temperature and partial pressures of @aA{) and NH. We have adopted the theory and
results of the published works [1] on the experitaliy accessible reconstructions of GaN (0001) [2]
and have extended it with ample calculations toctme of AIN (0001).

The theory evaluates the minimum Gibbs free en&wgyompute the more stable phases for
the experimental temperature and partial pressafr€a (or Al) and NH. Ammonia is experimentally
used as the source of nitrogen. The presence ofdabt H, forces our modeling to have H under
consideration. The Gibbs free energy is then:

AGY = Epyy [Reconstruction] — Epo[Ideal] — najpiar — NN s AN Hs

where [ is the chemical potential and the subingéers to the molecular or atomic species.
The expression simply reflects the free energy eghifnegative value) by reconstructing the surface
with respect to having an ideal surface plus gaserAl and ammonia. Hence, the lower the change
in free energy (the morgegative it gets) the more favorable is the evaluated rstrantion.

a (A) cla u
2H-AIN 3.130 1.602 0.382
2H-GaN 3.248 1.627 0.377




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

Our calculations show big similarities between tmgstalline structure of GaN and AIN.
Indeed, the lattice parameters change less thabedeen both species (see table 1). This leadweto t
same surface reconstructions both for surfacendilthe thermodynamic phase-space. However, the
actual values of temperature and partial presdushiah the reconstructions are accessible change.

The difference between the two sets of thermodyogparameters to obtain the various
reconstructions is best seen in a phase diagramtishgpthe chemical potentials [1]. Using the fact
that the experimental technique is based on maed#ams (MBE), we can take N, H and NH
equilibrated such that:

Hnez = Mn + 3

In parallel, the chemical potentials of Ga (or at)d N equilibrated with GaN (or AIN). Using
this, the total free energy balance can now beesged in terms of the chemical potentials of Ga (or
Al) and H, and the phase space can be reduce@-D phase space, as shown in Fig. 1. An important
ingredient of the theory is the total energy offessconstructiort | Reconstruction] .

We have evaluated 23 different reconstructionsleasribed next.

Electron-counting rule.- Assuming tetrahedral coordination, a Ga (ordslhgling bond (DB)
contributes 3 electron, and a N DB contributes égttrons. Hence, the total number of surface
electrons for a given unit cell of a reconstructigin

_ 3 5
Nelectrons = 3 TVAI + 1N +NH

whereny is the number of Al atoms in the unit cell, etbeTformation of Al—N, Al—H and
N—H bonds requires two electrons per bond. Theggnisr minimized when no DB is left empty for
N atoms (since the valence band is of N charabterce N DB's prefer to be occupied) and no DB is
left occupied for Al (the conduction band is formeyl Al states, hence Al DB's prefer to be empty).
Hence, the total energy is minimized when the serfaresents dosed-shell structure, which means
that there is no DB with single or fractional efect occupation. A necessary condition is then that
Naectrons IS @N €ven number. From the above equation werotitat the number of surface atoms must
be 4 or multiple of 4. In the following we will usseveral unit cells, to find out that only the
reconstructions with a number of atoms multiplel afre the lower-energy ones, except in the case of
metallic adlayers where the above electron counsmpt valid anymore.

There are different unit cells that can lead téedént reconstructions. In the present work we have
considered (11), (2x1), (2x2), (¥3x\3) and (41). The first case is a simplex) cell. We have
considered 6 reconstructions formed by adding om=¢oh, one Al, one NH group, a Nigroup and a
NHs; molecule. Figure 1 shows the unit cell in the eahbf the surface plus the 6 reconstructions.



Figure 2 : The 6 reconstructions of thex)
cell.
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Figure 3 : Reconstructions using ax2) cell.
These structures are all of high free energy sinc
they violate the electron-counting rule.

Legend of atoms (blue) N atoms surface underlaygink) Al atoms surface layer ; (green) N atoms

ad-layer ; (white) H atoms ad-layer

Reconstructions including a X2) cell, have also been considered. The chosenns&cations
correspond to a-priori likely chemical stable stawes. In reality, they violate th&ectron-counting
rule. Nevertheless, we have considered them. Asatgd, they are of high Gibbs free energy, and
hence cannot be accessed by physical parameters.
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Figure4: the (%2) reconstructions
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Figure 5
considered in this work. The monolay
(LCM) and the bilayer (LCB) are metall
layers, where the electron counting rule is
applicable since electrons are shared bety
several atoms

the @3x\3) reconstructions
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Legend of atoms (blue) N atoms surface underlay@nk) Al atoms surface layer ; (green) N ato
ad-layer ; (white) H atoms ad-layer ; (red) Al atoad-layer ; (orange) Al atoms in second ad-laye
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The first complex reconstruction that abides by é¢hectron-counting rule is based on the
(2x2) cell. As was explicated in the description af #lectron-counting rule, the number of atoms of
the cell must be a multiple of 4. Besides the latimbering, we have also added and identification
based in the common labeling in the literature Fthm a RHEED pattern point of view, the H atoms
should not be considered as they don't particigatehe electrons diffractions. Thus, taking into
account only the N atoms ad-layer and the Al atomthe surface, these X2) reconstructions cell
except Il have mirror planes perpendicular torian crystallographic axis and thus they will gave
(1x1) RHEED pattern. The reconstruction Il will gieg(1x1) pattern along the [100] axis and &Z?
along the [120] axis.

Seven out of the eight minimum Gibbs free energpmstructions are &2) cells. The eigth
one is a{3xV3) structure, that actually also violates the etectounting rule. However, this cases is
an exception because it corresponds to a full Ahateyer. In the case of GaN (0001) a Ga bilayer
was found to minimize the Gibbs energy [1]. Howeer the present case, we find the monolayer
more stable than the bilayer. As a consequencehave also evaluated the free energy for the
structures of Fig. 5.

Finally, we have also consideredx{d structures, since they abide by the electromtog
rule and can lead to very different reconstructidrigy are, however, not minimizing the Gibbs free
energy.
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Figure 6. The (41) reconstructions considered in this work. Despigeeeing with the electron-
counting rule, they are not structures minimizing Gibbs free energy.

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

Using the patrtition function of a molecular gashwiits different degrees of freedom allows
translating the partial pressures into chemica¢piidls. For the case of Al, it is straightforward:

pai = Ea — kgTin(gkpTZ,,} )

trans



where E a1 is the total energy of an Al atom (evaluatetthe same way as the calculations for
the total energy of each structure, and in the gsse, not it the condensed phask?B, is the
Boltzmann constant/’ the temperatu9:, the eIeictrmience,Ztmns is the partition function
due to the translation of the atom in the gas phase

2

Ztrans — pAl(%miwf)/z

The chemical potential for the H atom is more inedl. We make use of the equilibration
with the ammonia gas, such that we evaluate wighathove formula the chemical potential for the
ammonia molecule. But now new degrees of freedoenirarolved and the rotation and vibration
partition functions have to be considered. In thesent work, we took them to one, since estimations
of the different partition functions for the typicaodes of the ammonia molecule lead to a corractio

of 0.1 eV, which is of the order of magnitude oé thccuracy of our DFT calculations. This is the
reason why Fig. 7 displays a green dot of 0.1-elusa
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Figure 7. Plots of the regions of minimum change in freergpas a function of the Ga (left), Al
(right) and H chemical potentials, for GaN (000&jt§ and AIN (0001) (right).

By fixing the temperature and the partial pressupésGa (or Al) and NH one can
immediately find the physical surface reconstruttidhe left pannel corresponds to GaN (0001) and
the right one to AIN (0001). Despite of finding tlsame reconstructions, the area in chemical-
potential space that each reconstruction occupidgferent as is easily seen. In GaN (0001), tts
indicate the points in chemical-potential space #ne found in the experimental work of Ref. [2heT
series of points corresponds to different Ga pgptiessures. For the experimental work performed by
P1-Toulouse, the typical thermodynamic values temperature = 1200 K, partial pressure of;NH
5 10° Torr, and the growth rate is around 100 nm/h, wigistes a partial pressure around 6’ T®rrs
using the equation of perfect gaz R¥2nxmxk,xT), where f is the incident Al atoms flow related t
the growth rates through f¥xd, with d the surface density of Al atoms. When we transihése
values into chemical potentials, we find the paatresponding to the green dot on the right panel.



Thus, the green dot shows the reconstruction thwatheory predicts. Hencéhe calculation predicts
that, at the experimental conditions, the surfatepresentreconstruction V, corresponding to three
additional H atoms over the four Al atoms of &4 Although this reconstruction involves ax}
cell, it is not possible to observe it either bysitu RHEED or NC-AFM experiments at room or low
temperature. First the light H atoms will not peigate to the diffraction pattern leading to a
unresconstructed ¥1) RHEED pattern during growth, and second theréwtitons forces between a
tip and H atoms is so light that they will not Heservable by NC-AFM, leading to a simple hexagonal
structure at the atomic scale. In conclusion therea good agreement between the theoretical
calculations and the experimental results, and ihow clear that hydrogenated Al atoms with %
coverage terminate the AIN(0001) layers.

Furthermore this theoretical approach allows algplaging the behavior of the surface
reconstructions for different growth conditionst us first change the partial pressure of Al.

Sudy with Al partial pressure.- From the above discussion it is straightforw@rgrove that
the chemical potential for H depends linearly oa tihemical potential of the Al gas for constant
ammonia partial pressure and temperature. Heneagatg the partial pressure of Al will move the
green dot along a straight line in the graph of Bigrhe linear dependence is plotted as the nediti
Fig. 7.
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As Al partial pressure is decreased, the chemiotdrpials
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of both Al and H decrease. £PAl ~ 1 x10 Torr, the green
dot crosses the V-V boundary, and reconstructidnbecomes
available.

20 10 00

My (eV) _
Reconstruction IV has a %2) surface cell and corresponds

to an additional N atom in the middle of the hexadole plus two H atoms, one on the added N
atom and one on the more distant Al atom. As ewrplhibefore, this reconstruction will not give a
RHEED pattern with fractional rod due to the preseaf mirror plane perpendicular to the main axis

[100] and [120]. This means that the transitionsesin reconstruction IV and V cannot be observed

by in-situ RHEED.

The other graphs showing the temperature or the fih#8 dependence does not change the
conclusion of the analysis made for Al partial ptes. In conclusion the nitride (0001) surfaces
presents tehoritically two reconstructed surfacelenaith hydrogen and nitrogen atoms in 2R
cell. But due to the symmetry it is not possibleotsserve them by in-situ RHEED. The NC-AFM
observations of the surface at the atomic scalealsshow obvious informations that can correlate
these results. But in our normal growth conditiomg can admit the nitride surface are mainly
terminated by a ¥ monolayer of hydrogen atoms profdhe Al surface atoms.
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