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Abstract

Structures and electronic states of Mg-incorporated into InN surfaces in various orientations in-

cluding nonpolar (101̄0) and (112̄0) as well as polar (0001) and (0001̄) surfaces are systematically

investigated by performing first-principles pseudopotential calculations. Employing a thermody-

namic approach, the calculated surface energies demonstrate characteristic features in the stability

of Mg-incorporated surfaces depending on the growth condition. The calculated density of states

also predict that regardless of surface orientation, Mg acceptors at the surface are compensated by

the extra electrons originating from the surface states of In layers in bare surfaces.

PACS numbers: 68.43.Fg, 68.55.Ln, 73.20.Hb, 73.61.Ey
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Ever since the discovery of its narrow energy gap,1,2 much attention has been attracted

to InN for applications such as high-efficiency solar cells, light-emitting diodes, and high-

frequency transistors. To realize these devices, the ability to fabricate both p-type and

n-type InN through doping remains a key challenge. Especially, p-type doping in InN has

been very difficult to achieve due to its propensity for n-type carrier formation.

Recently, buried p-type conductivity has been confirmed on In-polar samples which are

grown along [0001] orientation, indicating the realization of p-type InN by Mg doping.3–6

Furthermore, the reduction of electron concentration in the electron accumulation layer of

the surface was observed by Hall measurements, indicating carrier compensation due to p-

type doping.5,6 Since these experimental results reveal donor-acceptor interactions on polar

InN surfaces, they raise interesting issues such as the stability of Mg at the surface and its

interaction with the electron accumulation layer. Although the stabilization of donors and

acceptors on InN(0001̄) surface by the compensation mechanism has been envisioned using

the highly precise full-potential linearized augmented plane-wave method,7 the formation of

Mg-incorporated surfaces considering the growth condition and its effects on the electronic

properties still remain unresolved problems.

Another important issue in InN is the growth and p-type doping along nonpolar orienta-

tion such as (101̄0) and (112̄0): These nonpolar planes are attractive because of the absence

of polarization fields,8,9 whereas the growth of InN epitaxial films along polar orientations

such as [0001] and [0001̄] may result in large polarization fields along the growth direction

reducing the radiative efficiency.10 So far, x-ray photoemission spectroscopy (XPS)11 and

scanning photoelectron microscopy and spectroscopy12 have observed electron accumula-

tion on (101̄0) planes, and calculations for the reconstructions on nonpolar InN(101̄0) and

(112̄0) surfaces have clarified that the surfaces with In adlayers are favorable under In-rich

conditions.13,14 These experimental and theoretical studies inspired us to predict the sta-

bility of Mg-incorporated surfaces taking account the growth (doping) conditions and the

compensation mechanism due to Mg-doping in nonpolar orientations.

In this paper, we report extensive first-principles pseudopotential calculations to clarify

effects of Mg atoms on the structure and electronic states for a variety of orientations includ-

ing polar (101̄0) and (112̄0) as well as nonpolar (0001) and (0001̄). The calculated surface

formation energies taking account of growth conditions reveal that atomic arrangements

depending on surface orientation play an important role in Mg incorporation: InN(112̄0)
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surfaces are expected to be most preferable for Mg-incorporation. Our analysis of density

of states also elucidates the compensation of Mg acceptors by accumulated electrons which

originate from the surface states of In layers, as proposed in a previous study.7

The calculations are performed within density-functional theory using the generalized

gradient approximation15 and ultrasoft pseudopotentials.16,17 Partial core corrections are

used for 4d electrons of In atoms.18 The surface electronic states are analyzed using modified

pseudopotentials. Atom centered repulsive potentials of Gaussian shape14,19 are included in

each of the pseudopotentials, to yield a direct band gap of 0.7 eV in bulk InN. The conjugate-

gradient technique is utilized both for the electronic structure calculations and for geometry

optimization.20 The valence wave functions are expanded by the plane-wave basis set with a

cutoff energy of 28 Ry. The surfaces are simulated using super slab models of five bilayers for

(0001) and (0001̄) surfaces, and those of eight atomic layers for (101̄0) and (112̄0) surfaces,

with ∼12 Å vacuum region. The bottom surface of the slab is passivated with artificial

hydrogen atoms and the lower four layers are fixed at ideal positions. We use a 36-k points

sampling for the 1×1 surface unit, which provides sufficient accuracy in the total energy.

Assuming the surface in equilibrium with bulk InN, the relative stability among various

Mg-incorporated surfaces is assessed using the formation energy Ef given by

Ef =Etot−Eideal−nMgµMg−(nIn−nN)µIn−nNµbulk
InN , (1)

where Etot and Eideal are the total energy of the surface under consideration and of the

reference (ideal) surface, respectively, µi is the chemical potential of the ith species, µbulk
InN is

the chemical potential of bulk InN, and ni is the number of excess or deficit ith atoms with

respect to the reference. µIn can vary in the thermodynamically allowed range µbulk
In +∆Hf ≤

µIn ≤ µbulk
In , where ∆Hf is the heat of formation of bulk InN (µbulk

In is the chemical potential

of bulk In). The lower and upper limits correspond to N-rich and In-rich conditions, respec-

tively. The calculated value of ∆Hf is −0.37 eV, which agrees with previous calculations13,21

and experiments.22 For the chemical potential of Mg, the temperature and pressure depen-

dence of reservoirs is taken into account using µMg = EMg +kBT ln(pVQ/kBT ), where EMg is

the total energy of isolated Mg atom, kB is the Boltzmann constant, T is the temperature,

and p is the pressure, and VQ=(h2/2πmkBT )3/2 is the quantum volume:23,24 The contribu-

tion of the second term varies from −3.0 to −2.5 eV depending on the pressure (10−12 ≤ p

≤ 10−7 Torr) at T=725 K (typical molecular-beam epitaxy (MBE) growth conditions).
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Polar planes. — Figure 1 shows the calculated formation energies of Mg-incorporated

surfaces on (0001) and (0001̄) planes (T=725 and 825 K in µMg, respectively) as a function

of µIn using the slab models with 2×2 and
√

3×
√

3 periodicity along with those for bare

surfaces.25 In the absence of Mg, the surface with an In adatom (Inad) on the T4 site

and a laterally contracted In bilayer (Inbilayer) are stabilized for moderately and extreme

In-rich conditions on the (0001) surface, respectively, while the surface with an In adlayer

(Inadlayer) is favorable over the entire µIn range on the (0001̄) surface.13,21 In addition to these

reconstructions, we find that the reconstructions with In bilayer and In trilayer structures

proposed by the XPS26 for InN(0001) and (0001̄) surfaces, respectively, are stabilized only

for extremely In-rich conditions satisfying µIn ≥ 0.1 eV.

As shown in Fig. 1(a), in the presence of Mg on the InN(0001) surface, the 2×2 surface

with three substitutional Mg atoms at the topmost In sites, MgIn(3/4), is found to be

favorable over a wide range of µIn among various surface reconstructions including bare

surfaces. Besides, for low p in µMg (∼10−12 Torr), the surface with two substitutional Mg

atoms, MgIn(1/2), is found to be stabilized (not shown here). This implies that Mg atoms

can be easily incorporated on the surface and the fraction of substitutional Mg atoms at

the topmost In sites increases with higher p, qualitatively consistent with the high Mg

concentration obtained from secondary-ion-mass spectroscopy.6 The atomic configuration of

MgIn(3/4) is identical to the most stable one in Mg-incorporated GaN(0001) surfaces,27,28

indicating that its stabilization can be interpreted in terms of the electron counting rule.29

From total energy differences among various structures, we estimate that the energy deficit

due to excess electrons on In dangling bonds31 and the bond-energy difference between In-N

and Mg-N are ∼ 0.65 eV/electron and ∼ −0.1 eV (In-N bonds are stable), respectively.

These values clearly show that excess electrons on In dangling bonds crucially affect the

structural stability of (0001) surface.

Situations on the (0001̄) surface are different from those on the (0001) surface. The 2×2

surface with a substitutional Mg atom at the topmost In layer of Inadlayer (Inadlayer+MgIn) is

the most stable among Mg-incorporated surfaces over the entire µIn range, consistent with

x-ray absorption fine structure measurements.30 However, its formation energy is higher than

that of Inadlayer, especially for In-rich conditions, as shown in Fig. 1(b). Since the formation

energy difference between Inadlayer and Inadlayer+MgIn is small under N-rich conditions, this

indicates that the Mg-incorporated (0001̄) surfaces are always metastable under In-rich
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conditions and appear occasionally under N-rich conditions.32 The stability of the Inadlayer

can be qualitatively understood by the preference of metallic In-In bonds compared to In-Mg

bonds in the adlayer.

Figure 2 shows the calculated density of states (DOS) of Mg-incorporated surfaces, along

with those of bare surfaces. The absence of electronic states around the Fermi energy is

found in the DOS of MgIn(3/4) (solid line in Fig. 2(a)), exhibiting semiconducting character

satisfying the electron counting rule.29 Comparison with the DOS of Inbilayer (dashed line

in Fig. 2(a)) also clarifies that the electronic states, which could be responsible for the

electron accumulation, are reduced by Mg-incorporation, leading to the reduction of electron

concentration reported in the experiments3,4,6 In contrast, around the Fermi energy the DOS

of Inadlayer+MgIn is similar to that of Inadlayer, as shown in Fig. 2(b). This is because the

states near the Fermi energy correspond to metallic In-In bonds in the In adlayer and there

are little changes even after substitution by one Mg atom. We note that the local DOS

for N atoms near Mg at the surface for MgIn(3/4) and for Inadlayer+MgIn shown in Figs.

2(a) and 2(b), respectively, are virtually occupied by electrons: Mg acceptors at the surface

are neutralized/compensated by electrons from the surfaces, supporting the experimental

data.3,4,6

Nonpolar planes. — Since both In and N atoms appear on ideal nonpolar planes, Mg-

incorporated structures on InN(101̄0) and (112̄0) surfaces inherit the structural charac-

teristics of both polar (0001) and (0001̄) planes together. Figure 3 shows the calculated

formation energies of InN(101̄0) and (112̄0) planes as a function of µIn (at p=1.0×10−7

Torr and T=725 K in µMg) using slab models with 1×2 and 1×1 periodicity for (101̄0)

and (112̄0), respectively.25 In the absence of Mg, the surfaces with a laterally contracted In

bilayer (Inbilayer) and with an In adlayer (Inadlayer) shown in Figs. 4(a) and 4(c) are favorable

for the (101̄0) and (112̄0) surfaces, respectively. For InN(112̄0) surface, the calculated for-

mation energy of Inbilayer is higher than that of Inadlayer. Since the surface area per topmost

atom on (112̄0) surface is small, the distances between In adatoms in Inbilayer on the (112̄0)

surface (∼3.02Å) become smaller than the In-In bond length (3.28 Å) in bulk In. The energy

profit by forming Inbilayer on the (112̄0) surface seems to be smaller than that on the (101̄0)

surface due to stronger Coulomb repulsion.

Unlike the results for GaN(101̄0) surfaces,33 we find stable Mg-incorporated surfaces

whose formation energies are lower than those for bare surfaces over the entire µIn range.
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Indeed, the structural features of top In and N atoms in these Mg-incorporated reconstruc-

tions are similar to those on InN(0001) and InN(0001̄) surfaces, respectively: All In adatoms

at the top layer of the ideal surface are substituted by Mg atoms (the fraction of substitu-

tional Mg at the topmost In site is 1) and topmost N atoms are attached to In adatoms

forming an In adlayer with In-In bonds as shown in Figs. 4(b) and 4(d) (Inadlayer+2MgIn,

hereafter). The stabilization of these structures results from the formation of covalent In-In

and In-N bonds.34 Since the energy gain for Mg-incorporation in InN(112̄0) surface (0.16-

0.60 eV per Mg atom) is the largest over a wide µIn range, it is expected that the (112̄0)

plane is most preferred for Mg-incorporation.

The reduction of surface carrier concentrations and the compensation of Mg acceptors

on nonpolar planes can also be deduced from the DOS in Mg-incorporated InN(101̄0) and

(112̄0) surfaces. Figure 5 illustrates the DOS of Inadlayer+2MgIn, along with those of stable

bare surfaces such as Inbilayer and Inadlayer. Obviously, the electronic states around the Fermi

energy in bare surfaces (dashed line in Fig. 5) are reduced in Inadlayer+2MgIn (solid line in

Fig. 5), suggesting the reduction of electron concentration by Mg doping. Inspections of

wave-functions clarify that the reduction of electronic states comes from the electron transfer

from the In adlayer to Mg forming the bonding states between Mg and N atoms, and the

formation of covalent In-In bonds along the [112̄0] and [0001] directions for (101̄0) and (112̄0),

respectively. As a result, Inadlayer+2MgIn is stabilized and exhibits a semiconducting nature.

Besides, we find that the local DOS for N atoms near the surface for Inadlayer+2MgIn (dotted

lines in Fig. 5) are occupied by electrons. Similar to the case of Mg-incorporated polar

surfaces, Mg acceptors located at the nonpolar surfaces are expected to be compensated by

electrons from the surfaces.

In summary, we have investigated the structures and electronic states of Mg-incorporated

InN surfaces for various orientations. Our results provide immediate access to the atomic

structure of Mg-incorporated surfaces under realistic growth conditions. For nonpolar ori-

entations, we have proposed several Mg-incorporated reconstructions exhibiting a semicon-

ducting nature.
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FIG. 1: (Color online) Calculated formation energies of Mg-incorporated (a) InN(0001) and (b)

InN(0001̄) surfaces (solid lines) using Eq. (1) as a function of µIn, along with those for bare

surfaces (dashed lines). The value of µMg are EMg−2.5 and EMg−2.7 eV, which correspond to

Mg-rich conditions (p=1.0×10−7 Torr) at T=725 and 825 K for InN(0001) and InN(0001̄) surfaces,

respectively.
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FIG. 2: (Color online) Density of states (DOS) for (a) laterally contracted In-bilayer structure

(Inbilayer) and the 2×2 surface with three substitutional Mg atoms (MgIn(3/4)) by Mg-incorporation

on InN(0001) surface, and for (b) In-adlayer reconstruction (Inadlayer) and In-adlayer structure with

substitutional Mg (Inadlayer+MgIn) on InN(0001) surface. The local DOS of N atom near the surface

for MgIn(3/4) and Inadlayer+MgIn is also shown by blue (dotted) lines. The energy gap obtained

from bulk VBM and CBM in the band structure of Mg-incorporated InN surfaces is shown by

shaded region. The zero of energy is set at the VBM. The vertical solid and dashed lines denote

the Fermi energies of Mg-incorporated and bare surfaces, respectively.
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FIG. 3: (Color online) Calculated formation energies of Mg-incorporated (a) InN(101̄0) and (b)

InN(112̄0) surfaces (solid lines) using Eq. (1) as a function of µIn, along with those for bare

surfaces (dashed lines). The value of µMg is EMg−2.5 eV, which corresponds to Mg-rich conditions

(p=1.0×10−7 Torr) at T=725 K.
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FIG. 4: (Color online) Schematic top views of (a) InN(101̄0) with In bilayer (Inbilayer), (b) Mg-

incorporated InN(101̄0) with In adlayer (Inadlayer+2MgIn), (c) InN(112̄0) with In adlayer (Inadlayer),

and (d) Mg-incorporated InN(112̄0) with In adlayer. Large and small gray circles represent In and

N atoms, respectively. Red (black) circles denote Mg atoms and blue (light-gray) circles top-layer

In atoms. The unit cell used in this study is shown by dashed rectangle.
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FIG. 5: (Color online) Density of states (DOS) for (a) laterally contracted In-bilayer structure

(Inbilayer) and In-monolayer surface with two substitutional Mg atoms (Inadlayer+2MgIn) by Mg-

incorporation on InN(101̄0) surfaces, and for (b) InN(112̄0) surface with In adlayer (Inadlayer) and

In-adlayer surface with two substitutional Mg atoms (Inadlayer+2MgIn). Note that the gap energies

obtained by the calculations of InN(101̄0) and (112̄0) surfaces are larger than that in the bulk case

by 0.4 and 0.5 eV, respectively. The same notation as in Fig.2
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