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Several oxides, including those of rare-earth metals such as Gd, O3, have been used to passivate the GaN
(0001) surface and are being considered as possible gate oxides in metal-oxide-semiconductor high electron
mobility transistor applications. One of the problems in heteroepitaxy of rare-earth oxides (REOs) on GaN is
poor wetting related to the unfavorable interface and film surface energy balance. The use of Zintl and Zintl-

like intermetallic compounds can offer a solution to overcome this problem. Using density-functional theory,
we investigate the bare (0001)-oriented surface of wurtzite GaN and rare-earth Eu, Gd, and Ce adatoms on
it including surface mobility, wetting, and electronic structure. We also explore the possibility of forming a
Zintl-like transition layer, EuGa,. Our results provide a microscopic understanding of the intermetallic layer
formation and its potential role in the heteroepitaxy of REOs on GaN.
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I. INTRODUCTION

As the semiconductor industry strives to further improve
the performance of traditional silicon-based devices, other
possible channel materials are being considered. In partic-
ular, III-V compound semiconductors have received sig-
nificant attention due to their very high electron mobil-
ity [1]. After high gate leakage current ended the use of
SiO, as a gate oxide in metal-oxide-semiconductor field-
effect transistors (MOSFETs), alternative gate oxides with
high dielectric permittivity, such as HfO,, have been de-
veloped to improve device performance [2,3]. Once SiO;
was replaced with high-permittivity (high-k) dielectrics, sil-
icon itself no longer had to be used as the channel ma-
terial. GaN is a material of choice for high-power, high-
temperature, and high-frequency applications due to its
large band-gap energy, high electron mobility, high satu-
ration velocity, high breakdown field, and high operating
temperature [4,5].

Many oxides have been tried in order to develop a gate
dielectric for the MOS stack in a high electron mobility
transistor. Ga, O3, a native oxide of GaN, has been proposed
as a potential gate dielectric in GaN-based devices [6]. Thin-
film growth of Al,O3 and HfO, on GaN using atomic layer
deposition has also been reported [5,7], but these structures
suffer from severe fixed charge effects [8]. Rare-earth oxides
or REOs have several very attractive features such as excellent
electrical and optical properties, thermal and chemical stabil-
ity, wide band gaps, and relatively high dielectric constant.
As a result, they have been recently studied for gate oxide
applications [9-11]. Growth of several REOs on GaN has
been reported including Gd, O3 [12-16], CeO, [17], La, O3
[18,19], YbO [20], EuO [21], Eu,0O5 [22], Er,O3 [23,24],
Y,0; [16], and Sc,03 [13,18]. There are also reports of
experimental investigations of Ce and Gd metal deposition on
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n-type GaN (0001) that suggest the formation of rare-earth
nitride layers at the interface [25,26].

Oxide-semiconductor heteroepitaxy brings a set of unique
challenges [27], in particular, when ionic films are grown on
covalently bonded semiconductor substrates as is the case
with REOs on GaN; one needs to achieve wetting to ensure
layer-by-layer growth and high crystallinity of the film. To
achieve wetting, the following condition for the interface and
surface energies should be satisfied:

Vsubstrate > Vfilm T Vinterface (D

where Vsubstrates Viilms a0d Vinerface, are the surface energies
of the substrate and film, and the energy of the interface,
respectively. For a pair of dissimilar materials like an oxide
with its ionic bonding and a largely covalent semiconductor
like GaN, the interface energy is likely to be rather high
[27]. This makes wetting difficult to achieve. Therefore, to
promote two-dimensional growth, an interlayer capable of
mediating between the two different bonding types would be
useful. It should have the capability to lower the energy of the
interface and reduce the interface defect density. Ideally, one
would need a material that can “transition” between different
types of bonding. One possible class of such materials is
the Zintl-Klemm intermetallics that straddle the divide be-
tween the purely covalent and metallic bonds [28]. A few
atomic layers of these materials have been shown to be a
promising element to engineer the wetting condition and to
reduce the density of interfacial defects [29]. A Zintl-Klemm
intermetallic consists of an electropositive metallic species
A (alkali-, alkaline-earth-, or rare-earth-metal) and a more
electronegative metallic species X (third or fourth main group
element). Due to a large difference in the electronegativity,
charge transfer occurs from the electropositive metal A to
the electronegative metal X. Structurally, species X forms a
sublattice with a covalent character typical for the isovalent el-
ement [30,31]. In the case of REO growth on GaN it is natural
to take the rare-earth element (electronegativity of 1.10to 1.29
on the Pauling scale) as the electropositive element and Ga
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(1.81 on the Pauling scale) as the electronegative element. For
example, the digallide EuGa,, which has a hexagonal crystal
structure and therefore is symmetry matched to the wurtzite
GaN (0001) growth surface, would be a possible choice.

In order to study the feasibility of such a Zintl-Klemm
interlayer based on a rare-earth metal and Ga, we investigate
rare-earth adatoms on the Ga-terminated GaN (0001) surface
using density-functional theory. We identify the preferred
adsorption sites for Eu, Gd, and Ce and investigate the nature
of charge transfer to the surface Ga. To validate our theory,
we compute the surface core-level shifts (SCLS) for the Ga
3d semicore level in the presence of a Eu adatom, which can
potentially be used to correlate the theoretical results with
x-ray photoelectron spectroscopy (XPS) data.

II. METHODOLOGY

All calculations are performed using density-functional
theory (DFT) as implemented in the Vienna Ab initio Simu-
lation Package (VASP) code [32]. We employ the generalized-
gradient approximation to the exchange-correlation energy
functional. We use projector-augmented-wave potentials [33]
to describe Ga, N, Eu, Gd, and Ce, and a cutoff energy of
600 eV is used. We employ a Hubbard U of 8.0eV for the
Eu f states, and a U of 6.0 eV for the Gd and Ce f states
[34-37]. The value for Eu is chosen based on a previous study
of EuO [34] that for Gd is consistent with the spectroscopic
data for the bulk metal [35,36], and the choice of U for Ce is
based on the recent CeO, and Ce, O3 results [37]. We consider
valence electron configurations 3d'%4s%4p' for Ga, 2s*2p°
for N, 55>5p°6s24f7 for Eu, 55>5p°6s25d'4f7 for Gd, and
5525p°6s%5d'4f! for Ce. Each self-consistent electronic cal-
culation is converged to within 107® eV per cell, and the ionic
relaxation is iterated until the forces are less than 0.01eV/A.
For the Brillouin zone integration of bulk and supercell struc-
tures, we use the 8 x 8 x 8 and 6 x 6 x 1 Monkhorst-Pack k-
point meshes, respectively. We use an 8 x 8 x 1 k-point mesh
for the density of states calculation. The calculated lattice
constants and internal parameter u for bulk wurtzite GaN are
a=322A, c=523A, and u = 0.380. These values com-
pare favorably with the experimental parameters, a = 3.19 A,
c=5.19A, and u = 0.377 [38]. The calculated band gap of
bulk GaN is 1.8 eV, which underestimates the experimental
band gap of 3.4 eV [39]. To investigate the surface properties
and adatoms on the GaN surface, we use a 14-layer-thick
(2 x 2) GaN (0001) slab as shown in Fig. 1. Figure 1(a) shows
a (0001)-oriented GaN slab. Since the (0001) orientation is
polar, the top layer is Ga terminated and the bottom layer is
N terminated. The N atoms in the bottom layer are saturated
by pseudohydrogen atoms. Figure 1(b) shows sites available
for the adatoms to bond on the GaN surface. T1 represents the
site over the Ga atom and T4 represents the site over the N
atom. We distinguish T4 and T4* (alongside the a axis) and
deal with these as different sites in a (2 x 2) lateral cell. H3
represents the hollow site at the center of the cell.

III. RESULTS AND DISCUSSION

We start our investigation by computing the electronic
structure of a bare Ga-terminated and Ga-polar GaN (0001)

(b)

O— *
\ 4
M
‘W’
FIG. 1. (a) Side view of ideal slab of GaN (0001). (b) Top view

of the GaN (0001) surface. T1, T4, and H3 are site on Ga atom, site
on N atom, and hollow site, respectively.

surface. First, we calculate the electronic structure without
atomic relaxation. From the layer-by-layer orbital-projected
density of states (pDOS) shown in Fig. 2(a), we note that
in-gap surface states are induced and the Fermi level crosses
the surface band, indicating a metallic surface. Deeper in the
bulklike layers of the slab, the surface states disappear. These
surface states have predominantly s- and p-like character in
the Ga surface layer. In the next N surface layer, the surface
states are derived from the p orbital. This is consistent with
previously reported DFT calculations [40]. If we allow for
atomic relaxation, both the electronic and atomic structures
are found to be different. In Fig. 2(b), the pDOS of a (2 x 2)
fully relaxed GaN (0001) slab is shown. Now the surface band
is split into two: the lower subband containing the Fermi level
and the upper subband about 1.0 eV above the Fermi level.
The pDOS suggests that the states around the Fermi level are
mainly derived from the s orbitals, whereas the states above
the Fermi level are mainly composed of the p orbitals. We also
see a geometric change in the atomic structure [Fig. 2(c)]. As
the surface layers relax, two Ga atoms of the (2 x 2) surface
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FIG. 2. (a) Layer-by-layer orbital-projected DOS (pDOS) of the
bare (2 x 2) GaN (0001) surface without relaxation and (b) after
relaxation. Only top six layers are shown. (c) Atomic structure of
GaN (0001) after relaxation.

cell are pushed down, while the other two Ga atoms move
vertically to a higher position. Looking at the pDOS, we note
that the metallic states around the Fermi level originate from
the “up Ga” atoms. In contrast, the empty states above the
Fermi level are related to the “down-Ga” atoms. The surface
band splits into two and charge transfers to a low-energy
s-like band from a high-energy p-like band, similar to what
happens on (2 x 1)-reconstructed Si and Ge (001) surfaces
[41]. However, due to the electron count specific to a III-V
semiconductor, there is no true Peierls transition and the sur-
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face remains metallic, although the emergence of pseudogap
is clearly seen 0.4 eV above the Fermi level.

We now look at what happens as rare-earth (RE) adatoms
are placed on the GaN (0001) surface First, we compute the
potential energy surface (PES) for each of the three rare-earth
adatoms considered, which is shown in Fig. 3. To compute
the PES, we consider a (6 x 6) grid over the surface cell,
and calculate the total energy placing rare-earth adatoms
on that grid, fixing their lateral movement (all other atomic
coordinates are optimized). The spatial resolution is 1.29 A
and the energy values between the grid points are obtained
by spline interpolation. The PES for a Eu adatom [Fig. 3(a)]
suggests that Eu binds preferentially to N (site T4), while Ga
repels it. The potential energy difference between the T4 (over
N) and T1 (over Ga) sites is 0.6 eV. We also see that the hollow
site H3 provides a deep potential well comparable in stability
with the lowest-energy site T4. From the PES for a Gd adatom
[Fig. 3(b)], we can see behavior very similar to that of Eu, in
which the Ga atoms repel Gd, while N offers a stable bonding
site. The potential-energy difference between the T4 (over N)
and T1 (over Ga) sites is larger, 1.5 eV, in the Gd case. The
potential energy is also low at the hollow site H3, but is higher
than at T4. The PES for a Ce adatom [Fig. 3(c)] is similar to
that of Eu and Gd adatoms. The potential energy is lowest at
T4* (above N) site, while the energy of the site above the Ga
atoms is about 1.4 eV higher than the energy of T4*. It is worth
noting that Gd and Ce adatoms have a larger energy difference
between the T4 and T1 sites than a Eu adatom. To estimate the
timescale of adatom surface diffusion, one can use a simple
Arrhenius formula for kinetics, 1/7 = ve E/kT where 1 is a
time interval between adatom hops, E is the energy barrier,
and v is an attempt frequency (v & 10'2s~!). We performed
a transition-state analysis using the climbing nudged elastic
band (cNEB) method [42,43] to find the migration barriers
for the diffusion path from T4 to H3 (Fig. 4). For a path taking
Eu from T4 (over nitrogen) to H3 (hollow site), the barrier is
estimated to be only 0.3 eV and the timescales are on the order
of 1077 s and 10~!! s at room temperature and 750 °C, respec-
tively [Figs. 4(a) and 4(b)]. On the other hand, for Gd and
Ce atoms, along the path from T4 to H3 the barrier is 0.6 eV
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FIG. 3. Potential energy surface (PES) plot for (a) Eu adatom on GaN(0001), (b) Gd adatom on GaN (0001), and (c) Ce adatom on GaN
(0001). The energy of the lowest-energy configuration sets zero of the energy scale.

044607-3



SHIN, HADAMEK, AND DEMKOV

PHYSICAL REVIEW MATERIALS 3, 044607 (2019)

(@) Eu: T4—H3

(b) Eu: T4—H3

image @
PES o

Energy (eV)
°
@

H3

T4

05 1 15 2 25
Diffusion path (A)

(d) Gd: T4—>H3

|mage R

06 .
05 *
04 -

03

02 H31

Energy (eV)

T4,

0.5 1 15 2 25
Diffusion path (A)

(f) Ce: T4—H3

image @
PES o

06
05
04 * *

03

Energy (eV)

02 f ]
H3 |

01 F

05 1 15 2 25
Diffusion path (A)

FIG. 4. Diffusion path from T4 to H3 of the rare-earth adatoms
on the GaN surface: (a) Eu, (¢) Gd, and (e) Ce. The line separation
of the contour plot is 13, 30, and 38 meV for (a), (c), and (e),
respectively. Black dots represent the initial and final points of
the path and red dots represent the images in cNEB calculations.
Migration barrier estimated by cNEB calculation for (b) Eu adatom,
(d) Gd adatom, and (f) Ce adatom. For comparison, PES data at the
image positions are plotted with blue points.

and diffusion times are on the order of 1072s and 107" at
room temperature and 750 °C, respectively [Figs. 4(c)—4(f)].
This suggests that Eu adatoms are much more mobile on
the GaN (0001) surface than Gd and Ce, which is consistent
with the aforementioned PES investigation. Overlaying the
cNEB-calculated reaction path over the contour plot of the
PES [Figs. 4(a), 4(c), and 4(e)], we see that the path from
T4 to H3 is close to a straight line between the two potential
wells. In Figs. 4(b), 4(d), and 4(f) we compare the energy
barriers along the path computed using the cNEB method and

)

o

|

estimated from the PES. Overall, the agreement is excellent.
Minor discrepancies are related to the interpolated nature of
the PES and a relatively small number of images in the cNEB
calculations.

We now analyze the geometric changes of the surface
atomic structure as we place rare-earth adatoms on GaN. From
the PES, the adatoms can be placed on either H3 (hollow) or
T4 (over N) sites [see Fig. 1(b)]. As we place the rare-earth
adatoms, three surface Ga atoms adjacent to it are displaced
upwards by 0.35 A along the (0001) direction, whereas the
Ga furthest away from the adatom moves 0.31 A down. As
an example of such relaxation, the atomic structure for the
Ce adatom adsorbed at two different sites on GaN (0001) is
shown in Figs. 5(a) and 5(b). For Ce at the H3 site, the atomic
distances between Ce and adjacent Ga atoms are 3.00, 3.03,
and 2.96 A. For Ce at the T4 site, the distances between Ce
and Ga are 2.96, 2.96, and 2.97 A. For Eu on GaN, the atomic
distances between Eu and Ga are 3.27, 3.07, and 3.12 A for
the H3 site, and 3.04, 3.05, and 3.24 A for the T4 site. For
Gd at the H3 site, the distances between Gd and adjacent
Ga atoms are estimated to be 2.88, 2.95, and 2.91 A. For
Gd at the T4 site, the distances between Gd and adjacent Ga
atoms are 2.87, 2.88, and 2.88 A. These interatomic distances
are comparable with the RE-Ga bond lengths in AlB,-type
(space group P6/mmm) rare-earth digallides [Fig. 5(c)]. The
rare-earth atom to gallium bond lengths in the digallides are
3.31 A for CeGa, [44], 3.37 A for EuGa, [45], and 3.2 A for
GdGa, [46].

As rare-earth metal deposition during REO growth typi-
cally occurs at relatively high temperature, especially using
molecular-beam epitaxy (>750°C) [22,25,26], surface reac-
tions are a strong possibility. To get some idea of the surface
reactivity of rare-earth metals, we consider the exchange of
the rare-earth metal atom with a surface Ga resulting in a
“flip” structure. To build the flip structure, we exchange the
positions of the RE adatoms and one Ga atom at the surface,
then we relax the atomic positions. After atomic relaxation,
we compare the total energy of the flip structure with that
of the normal structure (without exchange of positions). In-
terestingly, there is an energy gain for all three rare-earth
metals considered here. The energies of the flip structures
are lowered by 1.02, 2.15, and 1.62 eV for Eu, Gd, and
Ce adatoms, respectively, with respect to the initial adatom
configurations. When placing rare-earth metals in the second
subsurface Ga layer we find no further energy gain compared
with the flip structures. We calculate the migration barrier
between the normal and flip structures for the Ce adatom
using the cNEB method. The barrier is estimated to be 1.7 eV
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FIG. 5. (a) Atomic structure of Ce adatom on H3 site at GaN (0001). (b) Atomic structure of Ce adatom on T4 site at GaN (0001). (c)
Crystal structure of AlB,-type hexagonal EuGa,. Blue, light green, and magenta represent Ce, Ga, and Eu, respectively.
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and the diffusion time is on the order of 10'®s and 10~*s at
room temperature and 750 °C, respectively. This suggests that
rare-earth metals are likely to react with the surface if they
are deposited on GaN (0001) at high temperature. Our results
are consistent with previous DFT investigations of the GaN
surface with replacement by other rare-earth atoms [47,48].
The simulation cell size is generally a concern as the larger
the area of the simulation cell, the more configurations are
possible. To examine dependence of simulation cell size, we
have performed the same calculations using a larger (3 x 3)
GaN surface. As we compare the total energy of Eu adatom
placed above N and the flip configuration, the total energy of
the flip configuration is lower than that of Eu adatom atop N.
So in this respect, the results do not depend on the size of the
surface simulation cell.

XPS is a commonly used tool in analyzing the physics and
chemistry of a surface. It is a very surface-sensitive technique
due to the small (few nanometer) escape depths of the pho-
toelectrons. XPS core-level positions can reveal information
about chemical bonding. On the very surface the chemical and
structural bonding environment is slightly different from the
bulk and often surface core-level shifts can be observed. The
interpretation of the magnitude and direction of the SCLS can
be facilitated by ab initio theory. In a photoemission process
one core hole is created at a particular atom. In response to the
created core hole the system screens this positive charge and
the relaxation energy due to screening can be captured using
the final-state theory. A particular core-level binding energy
in the final state theory is calculated by taking the total energy
difference between the ground-state energy and energy of the
system with a core hole [49,50]:

Ep™ =E'(n. — 1) — E(n), 2)

where E (n.) is the total energy of ground state and E'(n. — 1)
is the total energy of the system with a core hole. In the
DFT calculation, the single electron is removed from the
core level and is placed into a valence level by generating a
pseudopotential with a core hole. An extra electron is added
to the calculation to ensure the overall charge neutrality of the
system [51]. Taking the difference between the binding energy
of surface and bulk atoms, the SCLS can be estimated. To
gain further insight into the electronic structure and provide
validation of our models, we calculate the SCLS of the Ga
3d core level and valence charge density corresponding to
occupied states with and without atomic relaxation. In the
geometrically optimized structure of bare GaN (0001), the
SCLS is estimated to be —2.17 and —0.46eV for the up-
and down Ga atoms, respectively. This indicates that the 3d
core-level binding energy of the Ga atoms at the surface is
lower than the atoms in the bulk, with a 1.71 eV difference in
the binding energies between the two kinds of surface atoms.
This is consistent with angle resolved XPS measurements
which shows lower binding energies for atoms closer to the
surface [52]. Initially, without atomic relaxation, the charge is
mostly distributed around the Ga and N atoms at the surface
[Fig. 6(a)]. The shape of the charge distribution is consistent
with hybridization of s and p, orbitals and this is confirmed
by our pDOS analysis. After atomic relaxation, however, the
charge distribution is found to be different [Fig. 6(b)]. The

/R ) TA

FIG. 6. Partial charge density corresponding to the occupied
states in bare GaN slab (a) before relaxation and (b) after relaxation.
Saturation level is set to (a) 0.0026 ¢/A” and (b) 0.004 ¢/A”.

charge is only distributed around the upper Ga atoms at the
surface and the lower Ga atoms do not show a significant
contribution. This suggests that a charge transfer from the
lower to the upper Ga atoms occurs in order to occupy low-
energy states. The binding energy of the 3d core level at the
higher charge density atoms (upper Ga) is shifted more in
binding energy towards vacuum due to Coulomb repulsion.
We also investigate the effect of Eu on the electronic
structure of the GaN (0001) surface. In Fig. 7(a), the cal-
culated SCLS of the Ga 3d core level with a Eu adatom is
shown. Here the Ga atoms closer to Eu (Gal and 2) have
lower binding energy than the Ga atom far from Eu (Ga3).
The binding energy shift is around —2eV for these atoms.
The binding energy of Ga3 is lower than that of Ga in the

(a) Bulk Ga3 Galy ,Ga2

00 -0.66 199” Na03
Relative binding energy shift (eV)

FIG. 7. (a) Ga 3d chemical shifts for different Ga surface atoms
with respect to that in bulk Ga calculated using final-state theory.
Insets are the atomic structure of 3 Ga atoms in the GaN surface.
(b) Partial charge density corresponding to occupied states in the
GaN surface with Eu adatom. Saturation level is set to 0.005 e/A3.
Magenta, light green, and light gray represent Eu, Ga, and N atoms,
respectively.

044607-5



SHIN, HADAMEK, AND DEMKOV

PHYSICAL REVIEW MATERIALS 3, 044607 (2019)

bulk, which is similar to the results obtained for the bare GaN
surface. The binding energy reduction of 0.66 eV is also com-
parable with that of the bare surface (0.45 eV). To clarify this
difference, we calculate the corresponding charge density of
the GaN surface with a Eu adatom which is shown in Fig. 7(b).
Charge is distributed between the Eu atom and three adjacent
Ga atoms, which indicates that there is chemical bonding
between Eu and Ga. There is no significant charge present
around the Ga atom far away from Eu. As there is charge
transfer to the Ga atoms bonded with the Eu atom, the Ga
3d core level has lower binding energy in the presence of RE.

To gain further insight into charge transfer between the
rare-earth adatoms and the Ga-terminated surface, we perform
Bader charge and model Hamiltonian analysis. According to
our Bader charge calculation, charge is lost by the RE adatoms
and gained by Ga atoms at the surface, which indeed suggests
Zintl-like charge transfer from the electropositive rare-earth
to the more electronegative Ga. We introduce a simple tight-
binding two-level Hamiltonian to illustrate this effect. Taking
two basis states, one from the rare-earth atom and one from
Ga: |RE) = rare-earth, |Ga) =, with corresponding energies
E4, Eg (E4 > Ep), we construct a tight-binding model:

Ey B
(IB* EB)’ (3)

where B is a hopping parameter between the two sites. To
illustrate the charge transfer, we compute the ratio of the
wave-function coefficients C3/C3 as a function of two param-
eters of the model, A = (E4 — Eg)/2 and B. The ratio of the
wave-function coefficients is given by

Cy 1
C2 1 +2x2+2x(1 +x2)

172’ @

where x is A/B. As x — 0, the ratio approaches 1, which
means no charge transfer between RE and Ga sites. For large
x, the ratio approaches zero, which means all charge in RE
site is transferred to the Ga site. This suggests that there is
more charge transfer when x is large, corresponding to a large
energy difference and a small hopping parameter. We assume
that the energy difference between the rare-earth site and Ga
site is proportional to the difference of electronegativity (8)
and the hopping parameter is related to the overlap integral
and is a function of l/dz, where d is the distance between
the two sites. Thus, x is proportional to the product 8d°.
The atomic distance can be estimated from the DFT calcu-
lation, employing experimental data, or simply as a sum of
covalent radii. We summarize parameters of the model in
Table I along with the Bader charge analysis. Bader charge
analysis suggests that the greatest amount of charge transfer
occurs for the Gd adatom while the least amount of charge
transfer occurs for Eu. In our simple model, 8d? is largest
for the Ce adatom and 8d? is smallest for the Gd adatom.
Comparing the simple model with the Bader analysis, they are
consistent when considering Ce and Eu adatoms but there is a
discrepancy in the case of Gd. Indeed, Gd is unusual among
the RE metals owing to its occupation of the 5d shell instead
of the f shell.

Another question to consider is whether there is a
specific RE coverage resulting in a more stable surface

TABLE 1. Parameters used in a model Hamiltonian analysis and
Bader charge analysis results.

Adatom Ce Eu Gd
Electronegativity (x) 1.12 1.2 1.2

8 (X6a — XrE) 069 061 061
RE-Ga distance (A) (DFT) 2.96 3.11 2.88
RE-Ga distance (A) (exp.) [44-46] 3.31 3.37 3.20
Covalent radius (A) 2.04 1.98 1.96
RE-Ga distance (A) (covalent radius) 3.26 3.2 3.18
8d* (DFT) 6.06 591 5.05
8d? (exp.) 7.54 6.95 6.25
8d? (covalent radius) 7.33 6.25 6.17

Bader analysis
Loss of charge in RE 0.86¢~ 0.83e~ 0.90e~
Gain of charge by Ga in the surface layer 0.89¢~ 0.86e¢~ 0.94¢~

configuration. To rationalize the stable coverage, one could
invoke the electron-counting argument. Since Ga has three
valence electrons and is fourfold coordinated in wurtzite
GaN, each Ga bond has a fractional number of electrons
(0.75e7). There are four Ga dangling bonds in a (2 x 2)
surface cell, thus the surface needs four electrons to have
half filling. Since the four dangling bonds already have three
electrons, the surface needs only one additional electron to
achieve this. Consider for example, Eu coverage of quarter-
and half monolayer (ML). We calculate the adsorption energy
for each coverage and perform the Bader charge analysis. The
adsorption energy is given by

o u
[adsorption _ T (E (slab) — Epare(slab) — Ngy (MEu + Egy~ ),
Q)

where A is the simulation cell area, E(slab) is the total en-
ergy of the GaN slab with Eu adatom under consideration,
Evare(slab) is the total energy of the bare GaN slab, and Ng,
is the number of Eu atoms added. The chemical potential
for Eu, ug,, is referenced to bulk energy of Eu metal. We
assume EuGa, to be the first phase to appear (it has the lowest
formation energy among the possible compounds), which
limits the chemical potentials of Eu and Ga via the following
equilibrium condition:

Pew + 2Ga = A7 (©)

EuGa, _ rbulk bulk bulk ; .
where A 7 :EEuG212 — ER/* —2E3Y" is the formation

energy of EuGa, bulk metal. Assuming Ga-rich condition
(tga = 0), we have a range of ug, in Eq. (2):

AF'Y < g <0, 7

This adsorption energy calculation, dashed lines shown in
Fig. 8, suggests that a half ML of Eu on the surface is more sta-
ble under the Eu-rich conditions. The DOS indicates that the
surface is insulating with a small gap of about 10 meV. Recall
that after relaxation of the bare GaN surface, the surface band
is almost split into two subbands and there is a Peierls-like
pseudogap between them, as shown in Fig. 2(b). However,
due to the odd valence of gallium, the lower subband is not
fully occupied rendering the surface metallic. As we place Eu
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FIG. 8. Adsorption energy for Eu on GaN (0001) for different
Eu coverage as a function of Eu chemical potential, pg,. The results
are shown for a (2 x 2) and larger (3 x 3) simulation cells. The
range of the chemical potential is set by the equilibrium conditions
corresponding to forming the Eu metal (ug, = 0eV, Eu rich) or
EuGa, (ug, = —1.49eV, Eu poor) intermetallic at the surface.

adatoms on the surface, there is a Zintl-like charge transfer
and the electrons fill the lower subband. The additional surface
relaxation and the presence of Eu™® result in the surface be-
coming insulating (the pseudogap becomes a real gap). From
the DOS of the relaxed bare surface we estimate the number
of electrons that is needed to fill the lower subband to be
approximately 1.2 e~ ([for the (2 x 2) cell]. The Bader charge
analysis of the structure with only one added Eu suggests that
the transferred charge is about 0.8 e~. Therefore, to fill the
lower surface subband, we need more than one Eu atom. What
is interesting here is that the height of Eu above the surface
controls the amount of charge transferred, and for two Eu
adatoms on a (2 x 2) cell the surface receives the right amount
of charge to make it insulating. Indeed, as we place two Eu
atoms on the surface, the Bader analysis confirms that there is
charge transfer of 1.2 e~. This is surprisingly similar to what
happens for half monolayer of Sron Si (001) [29,53]. We have
also calculated the adsorption energy for several Eu coverages
on the (3 x 3) surface cell. The situation is a little bit more

complicated for a (3 x 3) cell due to the odd multiplier.
However, under the Eu-rich conditions, the Eu coverage close
to half monolayer is again the most stable (solid lines in
Fig. 8). There is a difference when comparing the energy as
a function of coverage, mostly due to the difference in the
electron count as discussed above.

IV. CONCLUSIONS

Using density-functional theory, we investigated theoreti-
cally the electronic and atomic structure of the bare Ga-polar
Ga-terminated GaN (0001) surface. We focus on the effect of
rare-earth adatoms (Ce, Eu, Gd) on the electronic structure
and geometry of the surface. The transition-state calculations
suggest that the Eu adatom is more mobile on the surface than
Gd and Ce adatoms. We also find a low migration barrier
for swapping a rare-earth adatom with a surface Ga atom,
indicating that there is a strong possibility for the reaction
between the rare-earth adatoms and the surface to form rare-
earth nitrides. From the surface core-level shift and charge-
density analysis, we find that there is Zintl-like charge transfer
from RE metal to Ga as it is placed on the GaN surface. Due
to this charge transfer, the GaN surface undergoes a geometric
and electronic relaxation. For example, the atomic and elec-
tronic structures of the GaN surface with Eu are reminiscent
of that of Zintl intermetallic EuGa,. Such Zintl-like surface
templates can potentially reduce the interface energy in the
heteroepitaxy of rare-earth oxides on GaN (0001). We find
that in the case of Eu, approximately half-monolayer coverage
is most stable resulting in an insulating surface. This can be
understood considering electron counting. What is unusual
is that the amount of charge transferred to the surface is
controlled by the height of Eu adatoms above it. For the half-
monolayer case, the height self-adjusts so the surface receives
the appropriate amount of charge to become insulating.
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