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Abstract

Using density functional theory, we determined that 2 x 2 and (V3 x+/3) R30° surface
reconstructions of bulk-terminated GaN (0001) are degenerate in energy but differ in their
electronic structure. Consistent with previous reports, our study of the adsorption energy of Ga ad-
atoms shows that a laterally contracted Ga bilayer is the most energetically favorable surface
arrangement under Ga-rich conditions, albeit with a different atomic arrangement of the Ga bilayer
than previously reported. We also determined the potential energy surfaces for La and Ga ad-atoms
on bulk-terminated GaN (0001) surface and for a La ad-atom on a bulk-terminated GaN (0001)
covered by a contracted Ga bilayer and discuss possible ad-atom surface migration paths. An
exchange reaction of a La ad-atom with surface Ga was found to be energetically favorable for
both the bulk-terminated and the Ga bilayer-covered surfaces indicating formation of LaN. A
careful study of the diffusion of a La ad-atom through the Ga bilayer towards the bulk terminated
GaN surface suggests that a lower energy arrangement is achieved when the La ad-atom exchanges
positions with a surface Ga atom. This indicates that LaGa2 and LaN are potential materials to
form a transition layer to facilitate epitaxial integration of oxides on GaN.

l. Introduction

Gallium nitride (GaN) is a semiconductor used in high-frequency, high-power, and high-
temperature electronics due to its large band gap, high electron mobility, and high operating
temperature [1-3]. However, GaN-based high-electron mobility transistors (HEMTS) are limited
by their relatively high gate leakage [4]. One possible solution to this issue is the addition of metal-
oxide-semiconductor (MOS) or metal-insulator-semiconductor (MIS) structures to form MOS-
HEMTs or MIS-HEMTSs that would have lower gate leakage and higher breakdown fields [4].
These would enable GaN-based transistors to have more efficient power consumption and better
power generation to make more practical and economical devices.

Rare earth oxides (REOSs) serve as good candidates for the gate dielectric in MOS-HEMTS due to
their chemical [5] and thermal [6] stability and good optical and electrical properties [7,8].
Successful growth of REOs, such as Er203 [9], Eu203 [10], La20s3 [11], , Gd203 [12], and Sc203
[13] on GaN has been reported. However, in some cases, there are fixed charge effects at the
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interface which present challenges for applications [14,15]. Additionally, wetting of REOs on GaN
can be problematic because bonding in GaN is largely covalent and, contrastingly, bonding in
REOs is mostly ionic. This stark difference in chemical behavior destabilizes the interface. To
achieve wetting, the interface energy must be lowered. Hence, it is necessary to determine a
transition layer that can accommodate covalent and ionic bonds and lower the interfacial energy.

This transition layer can be made using a metal nitride layer, such as TiN or ScN, which have been
previously integrated with GaN [16], or NbN which can facilitate high temperature annealing by
inhibiting GaN decomposition [17]. The transition can also be achieved using Zintl intermetallics,
which are a class of metal compounds with the chemical formula AB2, where A is an
electropositive group 1 or 2 metal and B is an electronegative group 13-16 metal [18]. Lanthanum
digallide (LaGaz) is one potential material to form a Zintl-Klemm transition layer. To test the
feasibility of integrating LaGaz on GaN, it is first necessary to understand the chemical behavior
of La on the GaN surface.

The GaN surface structure is sensitive to the presence of excess Ga or N during growth. Under N-
rich conditions, the GaN surface has been reported to be Ga-terminated. However, growth under
N-rich conditions yields a rough surface and poor-quality film. When grown under Ga-rich
conditions, the surface is smoother and higher quality [19]. Experimental studies suggest that
growth under Ga-rich conditions results in 2-3 monolayers (ML) of excess Ga on the surface [20].
This surface shows a fluid-like behavior, suggesting a resemblance to bulk Ga metal, with Ga
following the GaN surface corrugation as measured by scanning tunneling microscopy (STM) but
showing distinct higher order reflections in reflection high-energy electron diffraction and was
hence dubbed “1x1” (pseudo 1x1). STM on the GaN surface can only provide a time averaged
configuration of the Ga atoms at the surface [20,21] because the time scale of STM is too slow to
measure the rapid movement of the surface Ga. There have been several theoretical studies of the

surface morphology of Ga-rich GaN (0001) [21-24]. The (v/3 x v/3)R30° GaN (0001) structure
with a laterally contracted Ga bilayer is currently the most widely accepted model for the GaN
(0001) surface grown in a Ga-rich environment.

In this paper, we use supercell surface slab calculations in the framework of density functional
theory to compare relaxed (\/§ X \/§)R30° and 2x2 GaN (0001) surfaces under N-rich conditions
in order to determine if they support unique surface reconstructions. To determine the likelihood
of forming LaGaz or LaN transition layers, we consider the interaction of a La ad-atom with the
GaN surface. We also investigate the adsorption energy of Ga ad-atoms at the surface. The
adsorption of La on the laterally contracted Ga bilayer-covered GaN (0001) surface, corresponding
to Ga-rich conditions, is also studied, and we determine whether the atomic arrangement of the
laterally contracted Ga bilayer is sensitive to the choice of exchange correlation functional.

1. Methods

Density functional theory (DFT), as implemented in the Vienna ab initio Simulation Package
(VASP) code, is used to perform all calculations [25]. The Perdew-Burke-Ernzerhof (PBE)



generalized-gradient approximation (GGA) and local density approximation (LDA) were used for
the exchange correlation energy functional. We use projector-augmented-wave potentials to
describe La, Ga, and N and a cut-off energy of 600 eV [26]. The valence electron configurations
considered are 5p®6s°5d! for La, 4s%3d'%p! for Ga, and 2s22p® for N. Each self-consistent
electronic calculation is converged to within 107 eV per cell, and the ionic relaxation is iterated
until the forces are less than 0.01 eV/A. For the Brillouin zone integration of bulk La (space group
P6s/mmc), a 10x10x6 I'-centered grid was used. For bulk Ga (space group Abma), a 12x12x12
Monkhorst-Pack k-point mesh is used. For ionic relaxation of the bulk structure of GaN (space

group P6smc) we use a I'-centered 8x8x8 k-point grid and for the (\/§ X \/§) R30°,
(V3 x 2v/3)R30°, and (23 x 2v/3)R30° GaN (0001) slabs, we use 8x8x1, 8x4x1, and 4x4x1
I'-centered grids, respectively. We use a 10x10x1 grid for density of states calculations of the
(v/3 x v3)R30° GaN (0001) slab.

The lattice parameters calculated using GGA for bulk wurtzite GaN are a=b = 3.22 A, ¢ = 5.24
A, and u = 0.377 and those calculated using LDA area=b=3.15A, c=5.14 A, and u = 0.376,
which compare favorably with the experimental values of a=b =319 A, ¢=519 A, andu =
0.377 [27,28] and theoretical values of a=b =3.22 A, ¢ =5.23 A, and u = 0.380 for GGA [29]
anda=b=3.143 A c=5.11 A, and u = 0.377 for LDA [30]. The band gap of GaN calculated
using the GGA and LDA functionals were found to be 1.8 eV and 2.5 eV, respectively. Both are
comparable to previous calculations which are 1.8 eV for GGA [29] and 2.26 eV for LDA [24].
Both underestimate the experimental band gap of 3.4 eV [19], as is typical of both LDA and GGA.
To investigate the surface properties and the effects of ad-atoms on the GaN surface, we employ a
(V3 x +/3)R30° GaN (0001) slab consisting of 8 GaN bilayers and 15 A of vacuum, as shown in
Fig. 1a and Fig. 1b. The GaN (0001) top surface is Ga-terminated and the bottom surface is
terminated with N. At the bottom surface, the N dangling bonds are passivated with pseudo-
hydrogen atoms with charge of 0.75 e to restore the bulk-like behavior in the slab. Due to the polar
nature of GaN the resulting electric field would violate the periodic boundary condition in the
direction normal to the surface, to avoid this problem we implement a dipole correction in our
calculations [cite Scheffler].

I11. Results and Discussion

Atomic Relaxation

Two cells commonly used to model the GaN (0001) surface are the (\/§ X \/§)R30° and 2x2 cells
[21-23,29,31,32]. A 2x2 reconstruction is observed when GaN is grown using MBE and has been
theoretically demonstrated to be a distinct surface reconstruction [19]. A (\/§ X \/§)R30° cell is

typically employed for models that include a Ga bilayer on the surface, which is energetically
similar to the 1x6 Ga bilayer which supports the LEED pattern observed in experiment [33]. We

compared the surface reconstructions of the (v3 x v/3)R30° and 2x2 structures to determine the
possible differences in surface morphology. The (v3 x v3)R30° GaN (0001) cell has three Ga



atoms in the surface layer, as shown in Fig. 2a. In this cell, one monolayer (ML) consists of three
Ga atoms.

We begin our analysis by comparing the surface reconstruction of bulk-terminated (\/§><

\/§)R30° GaN (0001) using GGA and LDA to determine the sensitivity of the surface relaxation
to the exchange correlation functional. For the surface reconstruction found using the GGA
functional, one of the three Ga atoms in the surface layer is displaced upwards by 0.61 A and the
other two Ga atoms are displaced downwards by 0.29 A. Similarly, in the surface reconstruction
found using the LDA functional, one of the surface Ga atoms is displaced upwards by 0.5 A and
the other two Ga atoms are displaced downwards by 0.2 A. For both LDA and GGA, we found
that any one of the three surface Ga atoms may be displaced upwards as the three surface Ga atoms
are equivalent. The atomic and electronic properties of the GaN (0001) surface are independent of
which Ga atom is displaced upwards and overall, the surface reconstruction is independent of
whether the LDA or GGA functional is used. This gives us confidence that the surface properties
under investigation are not a strong function of the choice of exchange correlation functional. The
surface layer of the 2x2 GaN (0001) cell contains four Ga atoms, as shown in Fig. 2b. In this cell,
one ML consists of four Ga atoms. Using GGA for ionic relaxation, the surface reconstruction is
characterized by two atoms displaced upwards by 0.42 A and two atoms displaced downwards by
0.24 A, which is comparable to previously reported results for the 2x2 GaN surface reconstruction
[29]. The displacement of surface Ga atoms is similar in the 2x2 and (V3 x +/3) R30°
reconstructions. To properly compare the total energy of the two reconstructions, we must employ
a larger supercell.

Due to the difference in the number of Ga atoms in one monolayer (ML) in (\/§ X \/§)R30° and
2x2 GaN (0001), we cannot directly compare the energy of the two surface reconstructions. To do
this without needing to use the chemical potential, we use the (2\/§ X 2\/§)R30° [Fig. 3a] and
GaN (0001) (v3 x 2+/3) R30° GaN (0001) [Fig. 3b] slabs, both of which would allow one to
observe both the (V3 x v/3)R30° and 2x2 GaN (0001) surface reconstructions. The (v3 x 2v3)
R30° GaN (0001) and (2v3 x 2v/3)R30° GaN (0001) slabs have six and twelve Ga atoms
comprising the surface Ga layer, respectively. We performed two ionic relaxations for each
structure with the initial structures oriented as either the (v/3 x v3)R30° or 2x2 GaN (0001)
surface reconstructions, for a total of four calculations.

For both the (V3 x 2v/3)R30° and (23 x 2v/3)R30° cells, the final arrangements resembled the
initial arrangements and remain in either the 2x2 or (v/3 x v/3)R30° reconstructions. We found
that the(\/§ X \/§)R30° arrangement is very slightly lower in energy than the 2x2 arrangement by
5.02 102 eV/ A% Hence, we conclude that, based on our calculations, the surface reconstruction
of bulk-terminated GaN (0001) can resemble that of either the 2x2 or (v3 xv/3) R30°

arrangements, where the exact experimental realization likely depends on surface preparation
conditions.



Electronic structure

We now consider the electronic structure of the (+/3 x v3)R30° reconstruction and compare it
with that of 2x2 reconstruction, previously calculated with similar methods by Shin et al. [29]. The
density of states (DOS) for the top three layers of unrelaxed and relaxed (\/§ X \/§) R30° structure
are shown in Fig. 4a and Fig. 4b, respectively. The partial DOS below the third GaN layer
resembles that of bulk GaN, hence, we have omitted the lower layers in Fig. 4a and Fig. 4b. The
DOS for the (v3 x v3)R30° and the 2x2 reconstructions both show surface states that are in the
top GaN bilayers. These states are mostly s- and p-like in the Ga layer and p-like in the N layer.
The Fermi level crosses the surface band, indicating the surface is metallic. After relaxation, the
surface band splits to form a 1.8 eV gap below the Fermi level. The partial charge density prior to
relaxation indicates the charge density is distributed among all surface Ga atoms. The
hybridization is consistent with s and p: hybridization, similar to the charge distribution of surface
Ga atoms in the 2x2 reconstruction [29]. After relaxation, the charge is mostly concentrated on the
Ga atom that is displaced upwards. The lower Ga atoms have considerably less charge, suggesting
that charge is transferred from the lower surface Ga atoms to the higher Ga atom to occupy lower
energy states. Again, this is very similar to the charge distribution of the raised Ga atoms in the
2x2 reconstruction [29]. Below the Fermi level, the surface states remain largely s- and p-like in
the Ga layer and p-like in the N layer. Above the Fermi level, the surface states for both the Ga
and N layers are p-like. The Fermi level still crosses the surface band, indicating the surface
remains metallic after relaxation.

We use Bader charge analysis to visualize the charge distribution at the surface of the

(v/3 x v/3)R30° GaN slab. Using the PBE-GGA exchange correlation functional, we find that the
bulk Ga atoms lose 1.54 e". The lower two surface Ga atoms lose 1.46 e~ and the surface Ga atom
that is displaced upwards loses only 0.57 e". Bulk N atoms gain 1.57 e and the surface N atoms
gain 1.47 e". Using the LDA exchange correlation functional, we observe bulk Ga atoms lose 1.47
e of charge while the two lower surface Ga atoms lose 1.39 e” and the Ga atom which is displaced
upward only loses 0.60 e". The surface and bulk N atoms lose 1.47 e". Regardless of the exchange
correlation functional used, our results suggest that the Ga atom that is displaced upward has
greater charge than that of bulk and other surface Ga atoms.

Single Ga and La ad-atom surface diffusion on (v3 x v3)R30° GaN surface

We now consider the diffusion of Ga and La ad-atoms on the GaN surface under N-rich conditions,
i.e. the bulk-terminated surface. First, we determine the potential energy surface (PES) for a single
Ga ad-atom on the GaN surface, which is shown in Fig. 5a. We construct a 6x6 grid on the
(\/§ X \/§)R30° GaN (0001) simulation surface and add high symmetry T1, T4, and H3 sites as
well. Then, a Ga ad-atom is placed at each grid point and allowed to relax along the z axis, while
the rest of the atoms are completely free. To generate the PES we plot the relative energy of such
configurations as a function of the Ga ad-atom position. We find that the N-top sites, labeled T4
in Fig. 1b, are the most energetically favorable sites for Ga adsorption and the Ga-top sites, labeled



T1, are the least energetically favorable, which has similarly been reported for Eu, Ce, and Gd
[29], Al [34], Y [35], B [31], Sc [36], and V [37]. The hollow site, labeled H3, is found to be lower
in energy than T1. Upon the addition of the Ga ad-atom, the surface layer of the GaN (0001)
surface becomes flat, as it would with an ideal bulk termination. The spacing between the surface
Ga atoms and the Ga ad-atom ranges from 2.5-2.7 A, which is comparable to the 2.4-2.8 A range
in bulk Ga metal [38].

Similarly, we calculate the PES of a La ad-atom on the GaN (0001) surface, which is shown in
Fig. 5b, using the same method described above for the Ga ad-atom PES. We find that the PES
looks similar to that of Ga. The N-top sites are the most energetically favorable for La adsorption
and the Ga-top sites are the least energetically favorable. The N atom below the La ad-atom is
displaced upward by 0.3 A and the surface Ga atom, which was originally 0.5 A above the others,
is displaced 0.36 A downwards and away from the La atom along the a and b directions, likely
due to the large size of the La ad-atom. The average distance between the La ad-atom and the three
adjacent Ga atoms is 2.9 A. This is significantly shorter than the average distance of 3.35 A
between La and Ga in bulk Zintl intermetallic LaGaz [39]. The distance between La and the
underlying N atom is 2.26 A, which is shorter than the average La-N bond length of 2.65 A in LaN
[40].

We find that both Ga and La are attracted to the underlying N and both are repelled by Ga. The
potential energy difference between the T1 and the T4 sites is 0.75 eV for Ga and 0.95 eV for La.
The diffusion rate is calculated using the formula 1/t = ve ~E/¥8T where 7 is the diffusion rate,
v is the attempt frequency (we assume v = 102 s'1, which is typically used for the frequency of
atomic vibration [41]), E is the potential energy barrier, ks is Boltzmann’s constant, and T is
temperature. At room temperature, the diffusion rates are on the order of 1 s for Ga and 108 s for
La. At 750°C, the diffusion rates are 10° s and 10 s for Ga and La, respectively. We compare
these diffusion rates to that of the rare earth atoms, Eu, Gd, and Ce [29]. For a transition from T4
to T1, the diffusion rates are on the order of 102's, 10% s, and 10*3 s at room temperature, and 10-
105,107 s, and 10° s at 750°C, for Eu, Ce, and Gd, respectively. Diffusion is relatively slow for
all ad-atoms along this path. The diffusion rates for the path from H3 to T4 are listed in Table 1.
For the Ga ad-atom, we find that there is no potential energy barrier between the H3 and T4 sites,
in contrast to a previous report which suggests the existence of a diffusion barrier of 0.4 eV and
that the two sites are energetically degenerate [42]. The diffusion barrier reported by Zywietz et
al. was calculated using LDA, however they report differences of <0.1 eV when comparing with
equivalent calculations using GGA [43]. In our case, we instead find that diffusion would occur
between T4 sites where the potential energy barrier is 0.25 eV. The diffusion rates for a Ga atom
moving from one T4 site to another are 102 s and 10'* s at room temperature and 750°C,
respectively. The results of a climbing Nudged Elastic Band (cCNEB) [44] calculation support the
results of the PES and show no barrier between the H3 and T4 sites. The barrier height for the La
ad-atom moving from H3 to T4 is 0.06 eV and the diffusion rates are on the order of 10! s and
1012 s at room temperature and 750°C, respectively. In the reverse direction when the La ad-atom
moves from T4 to H3, the PES result shows a transition barrier of 0.35 eV and the cNEB result



shows a barrier of approximately 0.4 eV. With a barrier height of 0.4 eV, the diffusion rates are on
the order of 10 and 10'%° s at room temperature and 750°C, respectively. The radius of La is
comparable to that of Ga, which could explain the relatively fast diffusion rates. It is apparent that
diffusion along H3 and T4 sites is more likely than diffusion along the T1 sites because the
diffusion rates are significantly faster. This suggests that the diffusion of Ga and rare-earth ad-
atoms on the GaN surface is directionally dependent based on the underlying surface atoms.

Single Ga and La ad-atom surface exchange on (v/3 x v/3)R30° GaN surface

In the lowest energy configuration, the La ad-atom is equidistant from all three surface Ga atoms
[Fig. 6a]. We calculate the relative energy of a “flipped structure,” in which the position of the La
ad-atom is exchanged with each of the three surface Ga atoms [Fig. 6b]. Unsurprisingly, there is
no significant energy difference regarding which surface Ga atom participates in the exchange.
However, we find that when La is exchanged with any of the adjacent surface Ga atoms, the energy
of the system decreases by 1.73 eV, suggesting a strong preference for the flipped structure. This
is similar to the results for Eu, Ce, and Gd [29], Al [34], Y [35], B [31], Sc [36], and V [37], in
which an exchange between the metal ad-atoms with a surface Ga atom resulted in a lower energy
structure. A cNEB calculation shows a potential barrier height of 0.75 eV for the exchange. After
the exchange, the distance between the La and Ga atoms is approximately 3.2 A, which is similar
to the average La—Ga distance of 3.35 A in LaGaz. The distance between the La and N atoms in
LaN is approximately 2.65 A [40], which is slightly larger than the La-N bond distance of 2.35 A
after the exchange. Bader charge analysis shows that the La atom loses 1.66 e- of charge. The two
remaining surface Ga atoms lose 1.05 e~ and the displaced Ga atom loses 1.18 e- compared to 1.52
e lost by Ga in bulk GaN. The surface N atoms show no significant difference in charge
distribution. Based on the Bader analysis and partial charge distribution shown in Fig. 7b, these
results suggest that charge is transferred from the La atom to the adjacent N atoms, indicating the
formation of LaN on the surface. The Ga atoms which remain in the GaN layer donate charge to
the Ga atom which participated in the exchange. We also study a surface exchange reaction
between a Ga ad-atom and a surface Ga atom. The initial and final states are both the lowest energy

configuration for a Ga ad-atom on the (v3 x v3)R30° surface, the T4 site. We determine a 1.70
eV energy barrier for a Ga ad-atom to exchange positions with a surface Ga atom.

Single Ga and La ad-atom surface diffusion on (2v3 x 2v/3)R30° GaN surface

We now repeat the study of ad-atom surface diffusion on the (2\/§ X 2\/§))R30° GaN surface to
check if the (\/§ X \/§)R30° surface cell is large enough to observe ad-atom diffusion without

interaction with the images in neighboring cells. The (\/§ X \/§)R30° GaN (0001) surface flattens
and resembles the ideal bulk termination after a Ga or La ad-atom is placed on the surface (Fig.
6a). Interestingly, the (2v/3 x 2v/3)R30° surface did not flatten with the addition of a Ga or La



ad-atom, which results in two distinct Ga top sites and two distinct Ga bridge sites which differ by
whether or not adjacent Ga atoms are displaced upward after surface relaxation. Rather than
calculating the entire potential energy surface, we mapped the diffusion of the ad-atom along a
path which includes both Ga top sites and both Ga bridge sites, as shown in Fig. 8a. The T1-1 site
is a Ga top site on a Ga atom that is displaced upward in the surface reconstruction of
(\/§ X \/§)R30° GaN (0001) and T1-2 site is a Ga top site on a Ga atom that is not displaced
upward after the surface reconstruction. The Gb-1 site is a Ga bridge site between two Ga atoms
which are not displaced upward after surface reconstruction and the Gb-2 site is adjacent to a Ga
atom that is displaced upward after surface reconstruction. Lastly, the H3-1 and H3-2 sites are
hollow sites and the T4 site is a N top site.

As mentioned previously, the relative potential energies for a Ga ad-atom on (\/§ X \/§)R30° GaN
(0001) at T1, H3, and T4 are 0.75 eV, 0.25 eV, and 0 eV, respectively. The relative potential
energies for a Ga ad-atom on the (2\/§ X 2\/§)R30° GaN (0001) surface are shown in Fig. 8b.
The T1 sites remain the least stable and T4 remains the most stable site. However, we now find
that the T1-1 and T1-2 sites are energetically inequivalent and the T1-1 site is significantly less
stable than the T1-2 site. We also find that the Ga bridge sites are energetically inequivalent which
affects the diffusion barriers. The diffusion path from H3-1 to T4 has no diffusion barrier and a
potential energy difference of 0.23 eV, which corresponds to what we observed when studying Ga
ad-atom diffusion on the (\/§ X \/§)R30° surface. However, using a larger surface cell, we can
see that there is a metastable site at H3-2 and an additional path for diffusion can occur along T4
and H3-2 sites. The diffusion path from H3-2 to T4 has a diffusion barrier of 0.38 eV,
corresponding to a diffusion rate of approximately 10 s and 10"!! s at room temperature and 750
°C, respectively. Diffusion in the reverse direction has a barrier of 0.62 ¢V, corresponding to a
diffusion rate of approximately 102 s and 10 s at room temperature and 750 °C, respectively.

We found that the relative potential energies of a La ad-atom at T1, H3, and T4 on (\/§ x /3 )R30°
GaN (0001) are 0.95 eV, 0.34 eV, and 0 eV. The relative potential energies for a La ad-atom on
the (2\/§ X 2\/§)R30° GaN (0001) surface are shown in Fig. 8c. Similar to our findings using the
(\/§ X \/§)R30° GaN (0001) surface, the T1-1 site is the least stable site. However, on the larger
surface we find the Gb-1 site is the most stable whereas La is most stable on the T4 site on the
(\/§ X \/§)R30° GaN (0001) surface. Similar to what we found with the Ga ad-atom, the T1-1 and
T1-2 sites and Gb-1 and Gb-2 sites are energetically inequivalent. Diffusion from Gb-1 to H3-2
has a barrier of 0.52 eV, corresponding to a diffusion rate of approximately 10* s and 10'° s at
room temperature and 750 °C, respectively. Diffusion in the reverse direction has a barrier of 0.19
eV, corresponding to a diffusion rate of approximately 10 s and 10-'! s at room temperature and
750 °C, respectively. Similar to the Ga ad-atom, there is a metastable site at H3-2 and diffusion
can occur along Gb-1 and H3-2 sites.

Single Ga and La ad-atom surface exchange on (23 x 2/3)R30° GaN surface

We also test if the energy barrier for exchanging a Ga or La ad-atom with a Ga atom from the
surface layer of GaN would change if we increase the surface area of the GaN slab. When using a

(2\/§ X 2\/§)R30° GaN slab, the exchange energy barrier for a Ga ad-atom increases to 2.14 eV



and for a La ad-atom it increases to 1.71 eV. We also find that when the La ad-atom exchanges
with any of the adjacent surface Ga atoms, the energy decreases by 0.89 eV on the
(2\/§ X 2\/§)R30° slab compared to 1.73 eV on the (\/§ X \/§)R30° periodic cell. To determine
what causes the energy barriers to increase, we compare the energies of the Ga and La ad-atoms

on the (\/§ x /3 )R30o and (2\/§ X 2\/§)R30° GaN surfaces by subtracting the energy of the bare
GaN slab from the slab with an ad-atom. We found that the Ga and La ad-atoms on the
(2\/§ X 2\/§)R30° GaN slab are lower in energy by 0.51 eV and 1.00 eV, respectively. This

indicates that both ad-atoms are more is more stable on the (2\/§ X 2\/§)R30° surface, which
increases the exchange energy barriers.

Ga adsorption

Until now, we have considered the surface reconstruction corresponding to GaN grown under N-
rich conditions. However, the surface of GaN grown under N-rich conditions is typically rough,
whereas GaN grown in Ga-rich conditions is smooth and yields a higher-quality film [19]. Hence,
we consider what happens if we increase the Ga coverage to gain insight into the structure of the
Ga-rich GaN surface. We use the (v/3 x v/3)R30° supercell and incrementally increase the number
of Ga ad-atoms on a bulk-terminated GaN (0001) surface one atom at a time, up to eight Ga atoms.
Each ML is made up of three Ga atoms and, for example, we denote six Ga ad-atoms as 2 ML and
eight Ga ad-atoms as 2.7 ML. We calculate the reaction energy using the following equation,

— r'slab bare
Eadsorption - EGaN - EGaN - NGa (EGa + .uGa)v

where Eqgsorption 1S the adsorption energy of a Ga ad-atom, EZlab s the energy of the GaN slab

with the Ga ad-atoms, E2%%¢ is the energy of the bare GaN slab, N, is the number of Ga ad-atoms,
E¢, is the energy of a bulk Ga atom, and yg, is the chemical potential of orthorhombic bulk Ga
(space group Abma). We calculate the formation energy of GaN to be 0.97 eV, which is lower than
the experimental value of 1.15 eV [45]. The plot of the adsorption energy as function of the Ga
chemical potential is shown in Fig. 9a. In the N-rich regime, when g, is -1.0 to -0.6 eV, we find
that the bare GaN surface is the most stable surface arrangement and that the adsorption energy
increases with each additional Ga ad-atom. Hence, in the N-rich regime, the bare GaN surface is
the most stable surface arrangement. A closer look at the Ga-rich regime is shown in Fig. 9b. In
the Ga-rich regime, we find that the energy of adding one Ga atom increases until we add 4 Ga
atoms. Once we add a fifth Ga atom, the energy increases once again until we add seven Ga atoms.
The pattern repeats when the energy increases after we add an eighth Ga atom, suggesting that
simply adding Ga atoms does not lower the energy of the surface. Instead, the energy is lowered
until a low-energy arrangement is formed and once an additional Ga is added, the surface energy



increases. We found that the adsorption energy is degenerate when 4/3 ML, 2 ML, and 7/3 ML of
Ga is on the GaN surface because the difference in energy between configurations is within KT.
However, experimental evidence suggests that when GaN is grown under Ga-rich conditions, 2-3
ML of fluid-like Ga is present at the surface. There is also experimental evidence showing a “1x1”
reconstruction on the GaN surface [20], which is only present in the 4/3 ML and 7/3 ML
arrangements. Additionally, it has been previously reported that a 2.3 ML coverage is the lowest
energy arrangement, so we take a closer look at this arrangement [20,21]. The arrangement of 2.3
ML of Ga ad-atoms is also known as the laterally contracted Ga bilayer [21]. In the laterally
contracted Ga bilayer, the Ga adlayer directly above the GaN surface is composed of three Ga
atoms which are directly above the Ga atoms composing the GaN surface. The topmost layer of
the Ga bilayer is composed of four Ga atoms. In the structure we determined, one of these Ga
atoms is lower than the others by approximately 1 A [Fig. 10]. Our structure differs from those
found in previous studies [21,22], where one of the topmost Ga atoms is raised above the others
by 0.17 A. In our case, instead of one Ga atom being displaced upward toward the vacuum region,
one Ga atom sinks into the bilayer.

The Ga bilayer arrangement determined by Northrup et al. [21] used the LDA exchange correlation
functional and we have used the PBE-GGA exchange correlation functional in our study. To better
compare our results, we considered the reconstruction of the (\/§ X \/§)R30° GaN (0001) with a
laterally contracted Ga bilayer using LDA. The Ga bilayer arrangement determined using LDA is
similar to the arrangement found using GGA, with the main difference being that one Ga atom is
lower than the others by 0.85 A. Typically, the GGA functional tends to overestimate the size of
atoms, while the LDA functional underestimates them, which may explain why the displacement
is smaller for the LDA results. We conclude that the choice of functional did not result in a different
general arrangement of the laterally contracted Ga bilayer. To roughly compare the energy
difference between the two configurations, we simulated the surface arrangement that was
previously reported. We found that our arrangement was lower in energy by 4 meV when we used
either the GGA or LDA functional and conclude the two arrangements are energetically
degenerate, despite the difference in atomic arrangement, as would be expected for a fluid-like
phase.

La diffusion through Ga bilayer

The charge transfer between the La ad-atom and the surface Ga atoms suggests the possibility of
forming LaGaz on the GaN surface. This also shows that the surface Ga atoms can participate in
bonding with ad-atoms. In the (V3 x +/3)R30° structure with the Ga bilayer, there are ten Ga
atoms that can participate in bonding at the (0001) surface. This is the ideal number of Ga for
forming LaGaz on GaN. The radius of a La atom, shown in Table 1, is similar to that of Ga. Hence,
La could be small enough to diffuse through the Ga bilayer. We studied the diffusion of a La ad-
atom in the Ga bilayer to determine if an exchange with a surface Ga atom remains energetically
favorable with the presence of the Ga bilayer. In the first case [Fig. 11a], all Ga atoms from the Ga
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bilayer are included in the calculations and in the second case [Fig. 11b], we assume that one Ga
atom from the Ga bilayer has evaporated and remove it. We exchanged the La ad-atom with a Ga
atom in the topmost layer of the Ga bilayer (L1), the second layer of the Ga bilayer (L2), a Ga
atom from the top GaN layer (L3), and then a Ga atom from the second GaN layer (L4). We then
used the cNEB method to calculate the energy barriers for the transition between each layer. The
barrier from L3 to L4 could not be determined in both cases because the geometries required for
this transition were unstable. We believe this issue arose because the bulk region limits the space
available for the La and Ga atoms to move and creates an unstable structure during the transition.
Since a La atom in L4 is also the highest energy structure in both cases, we assume this transition
is unlikely.

The La exchange from LO into L1 lowers the energy by 0.20 eV with a transition energy barrier of
0.15 eV and a subsequent exchange into L2 increases the energy by 0.55 eV with a transition
energy barrier of 1.95 eV. Hence, an exchange with a top Ga atom in the Ga bilayer is energetically
favorable, but a second exchange is not. An exchange into L3 is lower by 0.87 eV with a transition
energy barrier of 0.27 eV, indicating that an exchange with a surface Ga is still favorable even
with a Ga bilayer. An exchange into L4 is higher in energy by 1.90 eV, suggesting that diffusion
of La into GaN is unlikely. In the second case, an exchange from L1 into L2 increases the energy
by 0.09 eV with a transition energy barrier of 1.20 eV. An exchange into L3 lowers the energy by
0.73 eV, also indicating a La exchange with a surface Ga atom remains favorable. Lastly, an
exchange into L4 increases the energy by 1.68 eV, suggesting this transition is unlikely.

Our results are similar to those previously reported for the Y [35]and B [31] atoms. However, for
Al it appears that diffusion further into the GaN bulk remains energetically favorable [34], whereas
in our case the diffusion past the top layer of GaN is not. We attribute this to La being a larger
atom than Al.

The energy barriers for each transition determined using the cNEB method are shown in Fig. 11a
and Fig. 11b. In both cases, the lowest energy configuration occurs when the La atom is in L3.
However, the transition from L1 to L2 contains the highest energy barrier. This energy barrier is
1.95 eV in the first case and 1.20 eV in the second case. These transition barriers are comparable
to those determined experimentally for Si and Mn in GaN which are 1.5 eV [46] and 1.8 eV [47],
respectively. As La atoms are introduced, they can diffuse through the Ga bilayer and replace the
Ga atoms in the top GaN layer to form a layer of LaN and then the La atoms can accumulate in
the Ga bilayer to form LaGao.

Conclusions

Using density functional theory, we have studied the geometric and electronic properties of the
reconstructed GaN (0001) surface and compared the effects of using LDA or GGA for different
size simulation cells. We have investigated the diffusion of Ga and La atoms on the
(V3 x v/3)R30° and (23 x 2v/3)R30° GaN surfaces and compare our results with previously
reported values for the diffusion of rare-earth atoms on GaN. On both GaN surfaces, we find a low
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migration barrier for a Ga ad-atom along T4 sites, resulting in a fast diffusion rate. For a La ad-
atom on the (V3 x v/3)R30° GaN surface we find and a low migration barrier along the H3 and

T4 sites and on the (2v3 x 2+/3)R30° GaN surface we find a low barrier along the Gb-1 and H3-
2 sites. Additionally, we have found a low potential energy barrier for the surface exchange
reaction between a La ad-atom and a surface Ga atom and determined that an exchange reaction is
energetically favorable on the (v/3 x v3)R30° and (23 x 2v3)R30° GaN surfaces. Our
findings support the possibility that rare earth atoms likely spontaneously form rare-earth nitrides
at the GaN surface. We found that charge is transferred from the La ad-atom to the surface Ga
atoms, indicating a Zintl-like charge transfer. When the La atom exchanges positions with a surface
Ga atom, we still observe Zintl-like charge transfer and the average distance between the La and
Gaatoms is 3.2 A, which resembles the 3.35 A spacing present in LaGa2. We have also determined
that a contracted Ga bilayer containing 2.3 ML of Ga on GaN is the lowest energy structure under
Ga-rich conditions, which supports previous reports. However, we have found a different
arrangement of the bilayer in which a single Ga atom has a downward displacement of 0.85 A,
where previously reports show a downward displacement of three Ga atoms by 0.17 A. While the
structures are energetically equivalent, the difference in the arrangement of the Ga bilayer may
still affect results of modeling diffusion through the Ga bilayer. Lastly, we modeled the diffusion
of La through the Ga bilayer and find that it is favorable for the La ad-atom to migrate to the
surface of GaN and form a rare-earth nitride. It is apparent that surface Ga atoms can participate
in bonding with ad-atoms and the addition of a Ga bilayer presents an ideal number of Ga atoms
to form LaGaz on the surface through the diffusion of La.
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Tables

Table I. Properties of metal atoms.

Ad-atom Ga La Eu Ce Gd
Electronegativity () 1.81 1.10 1.12 1.20 1.20
Xy — Tnrerar) 0 0.70 0.69 0.61 0.61
Metal-Ga distance (DFT) (A) 2.53 [ 3.35 [ 2.96 [] 3.11 0 2.88 [l
Metal-Ga distance (exp.) (A)! 2440 3330 3376 3316 3200
Covalent radius (A) 1.22 2.07 1.98 2.04 1.96
Diffusion rate from H3 to T4 at -~ 10110 107101 102101 102101
23°C (s)

Diffusion rate from H3 to T4 at -~ 10120 101t M0l 10-0M] 10-0]
750°C (s)

[a] This work
[b] Ref. [29]
[c] Ref. [38]
[d] Ref. [39]
[e] Ref. [48]
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Figure Captions

FIG. 1. The bottom surface is passivated with pseudo-H, shown as pink spheres. The (a) side
view and (b) top view of the ideally terminated (v3 x v/3)R30° GaN (0001) slab. The large
green spheres and small gray spheres are Ga and N atoms, respectively. T1, T4, and H3 are the
Ga top-site, N top-site, and hollow site, respectively.

FIG. 2. Surface reconstructions for (a) (v3 x v3)R30° GaN (0001) (b) and 2x2 GaN (0001).
The large green spheres and small gray spheres are Ga and N atoms, respectively.

FIG. 3. Top view of (a) (2v3 x 2v/3)R30° GaN (0001) and (b) (v3 x 2v/3)R30° GaN (0001)
slabs. The 2x2 unit cell is outlined with a blue dashed line and the (v/3 x 2v3)R30° unit cell is

outlined with a red dotted line. The large green spheres and small gray spheres are Ga and N
atoms, respectively.

FIG. 4. Density of states for the top three GaN bilayers of the (\/§ X \/§)R30° GaN (0001) slab
(a) before relaxation (b) and after relaxation.

FIG. 5. Potential energy surface plot for (a) a Ga ad-atom and (b) a La ad-atom on
(v/3 x v/3)R30° GaN (0001) and contour plots and for (c) a Ga ad-atom and (d) a La ad-atom on
(v/3 x v/3)R30° GaN (0001). The lowest energy configuration is defined as 0 V.

FIG. 6. The large green spheres, small gray spheres, and large blue sphere are Ga, N, and La
atoms, respectively. The (v3 x v/3)R30° GaN (0001) surface with a La ad-atom on top of the
surface (a) and with the La ad-atom exchanging positions with a surface Ga atom (b).

FIG. 7. The large green spheres, small gray spheres, and large blue sphere are Ga, N, and La
atoms, respectively. Partial charge density of the occupied states for (a) a La ad-atom on the

(\/§ X \/§)R30° GaN (0001) slab and (b) a La ad-atom exchanged with a surface Ga atom. La is
the large blue sphere.
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