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Microscopic origins of surface states on nitride surfaces
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Materials Department, University of California, Santa Barbara, California 93106
(Dated: September 25, 2006)

Abstract

We report a systematic and comprehensive computational study of the electronic structure of
GaN and InN surfaces in various orientations, including the polar ¢ plane as well as the nonpolar
a and m planes. Surface band structures and density-of-states plots show the energetic position of
surface states, and by correlating the electronic structure with atomistic information we are able to
identify the microscopic origins of each of these states. Fermi-level pinning positions are identified,
depending on surface stoichiometry and surface polarity. For polar InN we find that all the surface
states are located above the conduction-band minimum, and explain the source of the intrinsic

electron accumulation that has been universally observed on InN surfaces.

PACS numbers: 73.20.-1,73.20.At,68.35.Bs



I. INTRODUCTION

Group III-nitrides have experienced a remarkable ascent over the past 15 years, from being
mere subjects of academic interest to materials of choice for green, blue and ultraviolet (UV)
optoelectronics as well as high-power radio-frequency electronics. Considerable efforts have
been invested in improving the performance of these devices. In many cases, the surface plays
a key role. During growth, the surface structure determines morphology and host-atom as
well as impurity incorporation and therefore ultimately the crystal quality. The position of
the Fermi level at the surface often affects the incorporation of defects and impurities during
growth.! At the same time, as demonstrated by recent x-ray photoemission experiments on
GaN (0001),% the Fermi-level position at the surface depends strongly on growth conditions.

It has also been shown that due to its proximity to the surface, the electron channel
in nitride-based high-electron mobility transistors (HEMTSs) is very sensitive to the surface
conditions; indeed, the surface has been proposed to be the main source of electrons for the
two-dimensional electron gas (2DEG).? Furthermore, the typical growth process along the
polar (0001) direction results in spontaneous and piezoelectric polarization fields,* which are
beneficial for electronic devices such as HEMTs, but detrimental to the radiative efficiency
of quantum wells for light emitters.® There has therefore been a strong recent focus on
growth of nitrides along nonpolar [m (1100) and a (1120) plane] orientations, which eliminate
the polarization fields along the quantum-well direction.>” In the case of InN, additional
motivation for our study is provided by the observation of a very high, and so far unexplained,
electron accumulation on InN surfaces.®? This high surface sheet charge density complicates
measurements of the electrical properties of the underlying bulk InN layer,® and may interfere
with the performance of InN-based devices. Efforts to eliminate this electron accumulation
have not been successful so far.

In Sec. IT we report a survey of experimental results for the surface band structure of
GaN and InN. This survey shows that although valuable information has been obtained, a
consistent interpretation has not yet been achieved. In particular, a detailed understanding
of the connection between electronic properties and microstructure of nitride surfaces is
still lacking. The dependence on crystal orientation and growth conditions is also far from
understood. Past studies for a variety of semiconductors have established that first-principles

calculations based on density functional theory (DFT) offer the most accurate description of



structural and electronic properties.'® Nevertheless, most studies to date have suffered from
the underestimation of the band gap inherent to DF'T, which severely complicates the study
of surface band structures'' 4. The case of InN is even more acute since DFT calculations
in the local density approximation (LDA) produce a negative band gap, prohibiting any
interpretation of surface electronic structure.

In the present study we have overcome this problem by applying an extensively tested
modification to the pseudopotentials within the pseudopotential-DFT method, allowing us
to evaluate the surface states within a band gap close to the experimental value, but still
based on a selfconsistent scheme and a full relaxation of the atomic structures. Using
this approach we have carried out a comparative study of the electronic properties of the
stable reconstructions on polar and nonpolar surfaces of GaN and InN, as a function of the
surface stoichiometry. Our results are presented in terms of two stoichiometry regimes: one
corresponding to moderate cation/anion (Ga/N or In/N) ratios, the other to high ratios.
Low cation/anion ratios typically result in poor-quality growth!® and will not be addressed
here.

In the next section we review experimental results that are available in the literature.

Section III describes our methodology, and Sec. IV contains the main results.

II. SURVEY OF EXPERIMENTAL RESULTS

Several experimental studies have addressed the electronic properties of GaN surfaces
through the determination of band bending and surface Fermi level pinning.>!%18 Band dis-
persion has also been investigated using photoemission.!? 2% Long et al.'® used photoelectron
(PES) and X-ray photoemission spectroscopy (XPS) on the clean GaN(0001) surface. In the
limit of low temperature and low doping concentration, Fr—F, was measured to be about
2.7 €V on the surface of n-type GaN, and about 1.3 eV on the surface of p-type GaN. EF is
the Fermi level and FE, the position of the valence-band maximum (VBM). Similar results
were obtained by Wu et al.,!” who measured an Er—FE, value at room temperature of about
2.6 eV, with a corresponding band bending of 0.75+ 0.1 eV for n-type GaN, while for p-type
GaN they found Er—FE,=1.0 eV and a band bending of 0.7540.1 eV. Cho et al.'® showed
that UV illumination strongly reduces the band bending on the (0001) surface of as-grown
n-type GaN, from an initial value of about 1 eV to a final value of 0.75 eV. This effect was



attributed to the presence of electrons that occupy surface states, and whose concentration
can be reduced by optical excitation.

All these experimental data were obtained by preparing the GaN surface in such a way
as to remove adsorbates that could affect the surface electronic properties. However, as
shown by Kocan et al.? using in-situ XPS, in a growth environment the growth conditions
themselves, such as the Ga/N ratio, can strongly affect the Fermi level at the GaN surface.
Er was found to vary from Fr—FE,=2.89 eV under nearly stoichiometric growth conditions
to Ep—FE,=1.65 eV under Ga-rich conditions where metallic Ga forms on the surface.?

Band-dispersion results were obtained through angle-resolved photoemission spectroscopy
(ARPES) on the GaN(0001)'2% and GaN(0001)?*?® surfaces. The reconstructions were de-
duced from low-energy electron diffraction measurements on clean surfaces, although the
presence of coexisting Ga- and N-terminated surfaces could not be excluded.'®?% Due to
uncertainties in the surface structure and stoichiometry, and the potential presence of ad-
sorbates, it is in general very difficult to unambiguously explain the origin of the surface
states based solely on ARPES. Nevertheless, the studies indicate that on the GaN(0001)
surface a non-dispersive, occupied state is present close to the VBM.!* 2! The experimen-
talists related this state to Ga dangling bonds; theoretically, Wang et al.?® attributed it to
the presence of Ga adatoms on T} sites (on top of sublayer N atoms and bonded to three
Ga surface atoms).

On the GaN(0001) surface, Kowalski et al.?* observed non-dispersive occupied surface
states in the vicinity of the VBM and at about 1.2 eV above it. After subsequent Ga
deposition a non-dispersive surface state was induced close to the VBM, and another, more
dispersive, state at about 1.8 eV above the VBM. In contrast, Ryan et al.?> observed both
dispersive and non-dispersive surface states on “clean” surfaces, which was attibuted by
Wang et al.'! to the coexistence of clean and Ga-covered regions on the GaN(0001) surface.

Studies of the electronic properties of InN surfaces are scarcer, mostly due to difficulties
in obtaining high quality material. The available studies focused on measurements of band
bending and Fermi level pinning on the InN(0001) surface.®?"? A downward band bending
of ~0.6-0.7 eV was observed, associated with donor-type surface states with a density of
about 2.5(40.2) x10™ cm™2, and a surface Fermi level of about 1.64+0.1 eV above the
VBM.%%

Our survey indicates that even though a variety of experimental results are available, a



number of conflicting results have been reported and a consistent interpretation is lacking.
First-principles calculations of the type reported in this paper can be very helpful in sorting

out these issues.

III. METHODOLOGY

We use DFT within either the local density approximation (LDA)?*3% or the generalized
gradient approximation (GGA).3! With LDA the band gap of GaN is 2.20 eV, while with

33,34 pseudopotentials

GGA it is as small as 1.67 eV. Ultrasoft®? as well as norm-conserving
were tested. Calculations performed with LDA and GGA result in different positions of sur-
face states within the respective band gap, indicating the difficulty of interpreting the results
and the need for a systematic improvement in the band structure. After testing a number of
approaches we found we could obtain very reliable results with a method based on modified
pseudopotentials. The modification is performed by including an atom-centered repulsive
potential of Gaussian shape, in the spirit of an approach proposed by Christensen in the con-
text of linearized muffin-tin orbital (LMTO) calculations.?® The potential is applied at the
all-electron stage of the pseudopotential generation, within LDA and the norm-conserving
scheme. Our modified pseudopotentials are generated to yield direct experimental band
gaps of 3.40 eV for GaN and 0.75 eV for InN, using a plane-wave cutoff of 60 Ry. They yield
theoretical lattice parameters of a=3.22 A, c/a=1.623, and u=0.377 for GaN, and a=3.58
A, ¢/a=1.617, and u=0.379 for InN, within 1% of the experimental values.

We have carried out extensive tests to ensure that, on the one hand, calculated atomic
structures are still reliable and very close to LDA or GGA results, and on the other hand the
band structure closely matches experiment. These tests®® included a systematic comparison
and analysis of atomic structures and band structures generated with LDA, with GGA,
and with the modified pseudopotentials; comparisons with the LDA+U method®"?®; and
comparisons of the electronic structure of neutral point defects with results obtained with
the self-interaction and relaxation-corrected (SIRC) pseudopotential method.?? Our tests for
both GaN and InN showed that our modified pseudopotentials result in very similar bulk as
well as surface structures, and also very similar energetics. This allows us to systematically
and consistently use these pseudopotentials for all aspects of the calculations, structural as

well as electronic.



The surfaces are simulated using slabs of up to ten double layers of GaN or InN, with a
vacuum region of up to 25 A. The bottom surface of the slab is passivated with fractionally
charged H atoms,*® and the lower four layers are kept fixed during the atomic relaxations.
An 8x8x1 Monkhorst-Pack mesh*! is used for the smaller unit cell structures, and a 4x4x1
mesh for the larger ones. Convergence with respect to k-point sampling, supercell size, slab

and vacuum thickness has been explicitly checked.

IV. RESULTS

As a check, we calculated surface reconstructions on GaN(0001) and GaN(0001) surfaces
and found structures as well as energies to be in agreement with published results.!?14:40
Ny molecules and Ga bulk act as boundaries for the chemical potentials; as the Ga chemical
potential increases, the (0001) surface undergoes a transition from a 2x2 N-adatom to a
2x2 Ga-adatom reconstruction [2x2 Gapy (0001)] for moderate Ga/N ratios, and then to
a laterally contracted Ga-bilayer structure at highly Ga-rich conditions. The (0001) surface
evolves from a 2x2 Ga-adatom reconstruction [2x2 Gagz (0001)] to a 1x1 Ga-adlayer
reconstruction [1x1 Gagp (0001)] with increasing Ga/N ratio.

For InN(0001) we find a 2x2 Inpy structure at moderate In/N ratio and a contracted

In-bilayer structure at highly In-rich conditions. On the (0001) surface of InN we find the

2x2 Ingg structure to be unstable compared to the 1x1 Ing,, (0001) structure.

A. Polar surfaces—-Moderate Ga(In)/N ratios

In the 2x2 Gary (0001) (2x2 Gags (0001)) structure, the Ga adatom binds to three sur-
face Ga (N) atoms, and one surface Ga (N) remains threefold coordinated. Band structures
for the 2x2 Gagy (0001) and 2x2 Gags (0001) reconstructions, which are stable at moderate
Ga/N ratios, are shown in Fig. 1(a) and Fig. 1(b), respectively. The 2x2 Gapy (0001) struc-
ture results in a semiconducting surface, with two sets of surface states appearing within the
band gap. By inspecting the electronic charge densities associated with the surface states
we have been able to identify their microscopic origins. The upper, empty states [at ~0.6
eV below the conduction-band minimum (CBM)] arise from the dangling bond on the Ga

adatom, with some charge density also on nearby sublayer N atoms, and from the dangling



bond on the threefold-coordinated Ga surface atom. The lower states at ~1.7 eV above
the VBM are fully occupied and are well localized on bonds between the Ga adatom and
three Ga surface atoms. The degeneracy occuring at the I' point can be attributed to a
mirror symmetry with respect to a plane perpendicular to the surface. The upper, empty
state in the 2x2 Gags (0001) structure is also mainly derived from the Ga-adatom dangling
bond, while the lower occupied state corresponds to a nitrogen dangling bond and is close
in energy to the VBM.

The 2x2 Gagy (0001) and 2x2 Gags (0001) reconstructions give rise to states with rather
small dispersion, as can be seen in Fig. 1 and from the fairly sharp peaks observed in the
density of states (DOS) plotted in Fig. 2(a). These unoccupied and occupied states have an

2 each. The unoccupied surface states can therefore readily

areal density of ~6x10™ cm™
accept electrons taken from a near-surface depletion layer, effectively acting to pin the Fermi
level at the surface of n-type GaN at ~0.6 eV below the CBM for the (0001) plane, and
~1.2 eV above the VBM for the (0001) plane. Our value for Fermi-level pinning on n-type
GaN(0001) (Er—E,=2.8 eV) compares very well with the experimental data of Long et al.'®
(Ep—FE,=2.7 €V, in the limit of low doping concentration), as well as with the results of
Kocan et al.? (2.89 eV) and of Wu et al.'” (2.6 eV).

Our value of ~1.2 eV for GaN(0001) seems to be in disagreement with the data of

Kowalski et al.**

who found essentially no Fermi-level pinning on the surface of n-type
GaN(0001). However, it should be noted that Kowalski et al.?* observed non-dispersive
occupied states in the vicinity of the VBM and at about 1.2 eV above the VBM on the
surface of a 1x1 reconstructed GaN(0001) surface. These energies are very similar to those
of the two surface states observed for our 2x2 GaN(0001) reconstructed surface shown in
Fig. 1(b). The seeming disagreement between the periodicities of the surface reconstructions
may arise from disorder, attributed to the adatom occurring in different positions within
the 2x2 unit cells and thus obscuring the 2x2 reconstruction.

Conversely, the occupied surface states induced by the 2x2 Gagpy (0001) structure can
accept holes derived from a depletion layer on p-type GaN, pinning the Fermi level at ~1.7
eV above the VBM. The large difference between the pinning level of n-type GaN and p-type

16,17 albeit with somewhat smaller Fr—E, values

GaN has also been observed experimentaly,
of 1.3 eV [16] and 1.0 eV [17]. In contrast, little or no band bending is expected for the

2x2 Gags (0001) structure on p-type GaN since the N-derived occupied states are almost



resonant with the valence band. This result differs from the measured Fermi level pinning
of 1.6 eV above the VBM for p-type GaN(0001) found by Ryan et al.?> However, the results
can be reconciled if we assume a relatively high Ga coverage was present on the sample
surface in the experiments of Ref. 25, as explained in Sec. IV C.

The electronic band structures of the 2x2 Inpy (0001) and 1x 1 Ing,, (0001) reconstructed
surfaces of InN found at moderate In/N ratios are shown in Figs. 1(c) and (d). Two sets
of surface states appear for the 2x2 Inpy (0001) structure, with similar character as in the
case of GaN. However, InN has a very small band gap and large electron affinity, resulting
in a low energetic position of the CBM at the I' point. As a consequence, both sets of
surface states occur at energies above the CBM, as shown in the DOS plot in Fig. 2(b).
The presence of the occupied In-In bond states above the CBM provides an immediate
explanation for the observed electron accumulation on InN polar surfaces. Because the
number of surface states is much larger than the number of available bulk states in the near-
surface accumulation layer, the surface Fermi-level position is approximately determined by
the position of the upper portion of the occupied surface state, which is ~0.6 eV above the
CBM. This result compares well with the experimental value of ~0.8 eV.%2® The 1x1 Ingiop
(0001) reconstruction, finally, results in relatively dispersive states due to the interaction
between neighboring In adatoms. The surface is metallic, with a Fermi level at about 0.3

eV above the CBM, as shown in Fig. 1(d).

B. Nonpolar surfaces—Moderate Ga(In)/N ratios

For the nonpolar m and a surfaces, we consistently find that at moderate Ga/N ratios
the Ga-N dimer structure is most stable.!> The N atom relaxes outward (towards an s?p?
configuration) while the Ga atom relaxes inward (towards sp?), accompanied by a charge
transfer from the Ga dangling bond to the N dangling bond. Consequently, we obtain an
unoccupied Ga-dangling-bond state at ~0.7 eV below the CBM for the m plane [Fig. 3(a)],
and two unoccupied Ga-dangling-bond states at ~0.5 eV below the CBM for the a plane
[Fig. 3(b)] (the unit cell of the a plane is twice as large as that of the m plane). The energy
level of the Ga-derived dangling bond is very nearly the same as found for the polar (0001)
surface, resulting in similar Fermi-level pinning on n-type GaN [see Fig. 4(a)]. In contrast,

the occupied surface states behave quite differently on nonpolar versus polar (0001) surfaces:



on the m and a planes, these states are associated with dangling bonds on the N atom and
overlap with the valence band; i.e., they do not create levels within the band gap, as shown
in Figs. 3(a) and (b) and 4(a).

Similar results apply in the case of the InN m and a planes, i.e., the occupied surface
states are close to or below the VBM, as shown in Figs. 3(c) and (d), and 4(b). Therefore,
for moderate In/N ratios we predict an absence of electron accumulation on the nonpolar
InN(1100) and (1120) surfaces, in contrast with the polar surfaces. The unoccupied surface
states associated with In dangling bonds are well above the CBM, with no discernible effect

on the electronic properties of the surface.

C. Polar surfaces—High Ga(In)/N ratios

Under highly Ga-rich conditions, the (0001) polar surface is covered by a laterally con-
tracted double layer of Ga.'® At this high coverage, the Ga-Ga bonding and dangling-bond
states that were distinct at moderate Ga/N ratios now strongly interact, leading to a large
energy dispersion within the band gap. This is reflected in the DOS shown in Fig. 5(a). The
cations in the bilayer form relatively strong metallic bonds within the plane and between
the two adlayers, and the Fermi level is located at ~1.8 eV above the VBM, close to the
experimental value of 1.7 eV reported in Ref. [2]. Inspection of the charge density distribu-
tion for states around the Fermi level show them to be localized on Ga-Ga bonds within the
underlying Ga adlayer, with some admixture of dangling bonds on the upper adlayer. The
1x1 Gaggep (0001) structure involves a Ga adlayer that binds to the uppermost N layer of the
GaN surface, with a Fermi level at ~1.6 eV above the VBM. This compares favorably with
the measured Fermi-level pinning position of 1.6 eV above the VBM for p-type GaN(0001)

1.,%° if we assume a relatively high Ga coverage on the surface of their

found by Ryan et a
samples.

Similar physics applies in the case of the In bilayer on InN (0001) [Fig. 5(b)], where we
find the Fermi level at ~0.7 eV above the CBM, very close to the 0.6 eV found for moderate
In/N ratios. For the 1x1 Ing,, (0001) structure the Fermi level is ~0.3 eV above the CBM,

again similar to the result for moderate In/N ratios.



D. Nonpolar surfaces—High Ga(In)/N ratios

For highly Ga-rich conditions we identified a number of reconstructions that have not
previously been reported; details will be published elsewhere.*? For the purposes of the
present paper, what matters is that these surface reconstructions involve metallic adlay-
ers, and therefore the electronic structure is again characterized by highly dispersive bands
crossing the Fermi level at ~1.8 eV above the VBM.

In the case of InN, we find that the Fermi level is located about 0.6 eV above the CBM,
as for the In bilayer on the (0001) polar surface. Nonpolar surfaces of InN therefore exhibit
electron accumulation when In adlayers are present on the surface. However, it may be
possible to remove such adlayers in post-growth processing, resulting in a surface consisting

purely of In-N dimers, for which we found an absence of electron accumulation.

V. SUMMARY

We have performed a systematic and comprehensive computational study of reconstructed
GaN and InN surfaces in various orientations, including (1010) (m plane), (1120) (a plane),
as well as the polar (0001) (4¢) and (0001) (—c) planes. The calculations were based on
density-functional theory and an extensively tested approach for correcting the band-gap
error through use of modified pseudopotentials, enabling us to provide a realistic prediction
of the energetic position of surface states based on selfconsistent and fully relaxed atomic
structures. Our calculations for GaN allowed us to identify the microscopic origins of Fermi-
level pinning that lead to depletion layers on the surface of n-type and p-type material.
For InN we found that on polar surfaces all the surface states are located above the CBM.
Fermi-level pinning occurs due to occupied surface states above the CBM, for all In/N ratios,
thus explaining the observed electron accumulation. Our studies predict the absence of elec-
tron accumulation on nonpolar surfaces of InN exhibiting dimer reconstructions. Detailed

comparisons with experiment, where available, were provided.
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FIG. 1: (Color online) Electronic band structures of the (a) 2x2 Garpy (0001); (b) 2x2 Gapgs
(0001); (c) 2x2 Inpg (0001); (d) 1x1 Ingrep (0001) reconstructed surfaces. Grey lines indicate
the projected bulk band structure. The zero of energy is set at the bulk VBM. Relevant energy
differences between the VBM and surface states (in red) are indicated by arrows. For the 1x1

Ingtop (0001) structure, with highly dispersive surface states, the Fermi level E is also indicated.

FIG. 2: (Color online) Density of states for the stable surface structures found for moderate
Ga(In)/N ratios on the polar GaN(InN) (0001) surfaces. (a) GaN: 2x2 Gapy (0001) structure; (b)
InN: 2x2 Inpy (0001) structure.

FIG. 3: (Color online) Electronic band structures of the (a) GaN dimer (1100); (b) GaN dimers
(1120); (c) InN dimer (1100); and (d) InN dimer (1120) reconstructed surfaces. Grey lines indicate
the projected bulk band structure. The zero of energy is set at the bulk VBM. Relevant energy

differences between the VBM and surface states (in red) are indicated by arrows.

FIG. 4: (Color online) Density of states for the stable surface structures found for moderate
Ga(In)/N ratios on the nonpolar GaN(InN) (1100) surfaces. (a) GaN dimer structure; (b) InN

dimer structure.

FIG. 5: (Color online) Density of states for the stable surface structure (laterally contracted bilayer)

found under Ga(In)-rich conditions on the polar (0001) surfaces of (a) GaN and (b) InN.
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