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Abstract
The structure and electronic properties of oxidized (0001) surfaces of GaN grown by
plasma-assisted molecular beam epitaxy are investigated by scanning tunneling
microscopy/spectroscopy, Auger electron spectroscopy, and first-principles theory. For
oxygen exposure at room temperature an amorphous gallium oxide layer is found to
form, resulting in a distribution of midgap electronic states extending out from the GaN
valence band edge. The influence of these states on the electron concentration in buried
AlGaN/GaN heterojunctions is discussed.

The electronic properties of oxidized GaN and AlGaN surfaces are relevant for
understanding the operation of heterojunction field-effect transistors (HFETs) with
channel layers buried ≈50 nm below the surface [1-5]. For structures grown either by
plasma-assisted molecular beam epitaxy (PAMBE) [2] or metal organic chemical vapor
deposition (MOCVD) [1,3] it has been argued that the air-exposed surface possesses
electronic states which act as donors, donating charge to the channel of the HFET. It is
observed that the efficacy of this mechanism depends on the depth of the channel below
the surface, which for studies of MOCVD-grown material leads to deduced energy level
positions of 1.65 eV below the AlxGa1-xN (x=0.34) conduction band minimum (CBM) for
an assumed single donor state [1], or 1.0–1.8 eV below the CBM for a band of such states
[3]. For PAMBE-grown material the sensitivity of the transistor characteristics to the
GaN surface properties has been employed for fabricating chemical sensors [4,5].
The (0001) surface of GaN grown by PAMBE under Ga-rich conditions is known to
be covered by slightly more than 2 monolayers (ML=1.14×1015 atoms/cm2) of excess Ga
[6-8]. Exposure of the PAMBE-grown surfaces to oxygen is thus expected to yield an
oxide of Ga. A number of prior works have dealt with the structure of oxidized GaN
surfaces for which the oxide is found to be generally of the Ga2O3 form [9], although,
with one notable exception [10], these prior works did not start with a well defined Garich PAMBE-grown surface of the type studied here. Our studies reported here deal with
surfaces that have been exposed to oxygen while held at room temperature (RT). We find
a saturated oxygen coverage of about 2 ML, with a similar value for the excess Ga
coverage. STM images reveal the formation of a disordered oxide on the surface. This
metal oxide is found to have a band gap of ≈2 eV in size, although with tails of states
extending into this gap. We find in particular that the spectrum of states extending in
from the GaN valence band, with these states being normally filled i.e. donor-like, is
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consistent with the spectra indirectly detected in the prior work [1-3]. These states donate
electrons to the channel of the HFETs, giving rise to the two-dimensional electron gas.
PAMBE is performed as previously described [6], yielding n-type Ga-polar GaN. The
as-grown (0001) surface is exposed in situ to ultra-pure (99.998%) O2, using various
oxygen partial pressures (typically in the range 1.5×10-7 to 1.5×10-5 Torr, with the ion
gauge left on during the exposures). Total exposures of 2×104 and 2×105 L (1 L = 10-6
Torr sec) O2 have been used; the former is insufficient to produce a saturation coverage
but the latter does achieve that. Auger electron spectroscopy (AES) is performed with a
double-pass cylindrical mirror analyzer at incident electron energy of 3 keV. Peak-topeak intensity ratios are converted into surface coverages using a procedure described
elsewhere [11]. Commercial Pt–Ir probe tips are used for the scanning tunneling
microscopy/spectroscopy (STM/STS) experiments. Topographic imaging is performed at
a constant current of 0.1 nA and at sample voltages specified below. For spectroscopic
measurements a large dynamic range of currents was achieved by acquiring a sequence of
current-voltage curves at varying fixed tip-sample separations. Normalization of the
conductance is done by multiplying the measured values of dI/dV by exp(2 ? ? s ) where
∆s is the relative change in separation and κ is a measured value for the exponential
dependence of the current (and conductance) on separation [12].
Figure 1(a) shows an STM image of a GaN(0001) surface that has been exposed to
2×105 L O2 while held at RT. Several steps are visible extending across the image; the
height of these is found to be 0.24±0.02 nm, corresponding to a single-bilayer step (0.26
nm) for GaN. For as-grown GaN surface terraces observed in such STM images are
nearly featureless, displaying only a weak 1×1 corrugation having typical peak-to-valley
amplitude of less than 0.01 nm [6], as shown in Fig. 1(b). In contrast, the terraces seen in
Fig. 1(a) are quite corrugated, displaying a disordered structure with corrugation
amplitude of about 0.10 nm. Low-energy electron diffraction (LEED) reveals no
additional spots beyond the 1×1 of the substrate. AES indicates an O coverages of
2.1±0.5 ML for this surface and a Ga coverage of 2.3±0.5 (i.e. over and above that of the
final GaN bilayer). The latter value is consistent with the known excess Ga coverage of
2.3 ML for an as-grown GaN surface, indicating that little or no Ga has left the surface
during the RT oxidation.
Additional information on the surface structure comes from the 55 eV AES LMM Ga
line which, having an escape depth of about 0.4 nm, is very surface sensitive. Figure 1(c)
shows an AES spectrum acquired on the bare GaN surface displaying characteristic
features of the Ga0 oxidation state of metallic gallium [13], arising from the terminating 2
ML of Ga on this surface. In contrast, the spectrum of Fig. 1(d) acquired from the RToxidized surface shows broadening and spectral shifts to lower energy, characteristic of
the formation of Ga3+ oxidation states that form in Ga2O3 [13].
In previous work we have studied the structure of oxides formed on MBE-grown GaN
when it is held at high temperature (HT) of about 550°C during oxidation. In this case
ordered structures are found to form on the surface (the same structures can be obtained
by annealing of RT-oxidized surfaces). Two different structures are found, one with
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3 3 × 3 3 − R 30 ° symmetry as seen by both STM and LEED, and the other displaying a
somewhat disordered arrangement of 2×2 features and surface domain boundaries. The
surface coverages of the HT-oxidized surface are found to be 2.0±0.5 ML for O and also
2.0±0.5 ML for Ga, i.e. nearly the same as for RT-oxidation (the quoted errors reflect the
absolute uncertainty of our coverage estimates, but the relative error between the RT- and
HT-oxidized surfaces is expected to be significantly less than this, indicating that the
stoichiometries of the surface oxides formed in each case are indeed quite close). The
AES spectrum from a HT-oxidized surface, Fig. 1(e), and is nearly identical to that from
the RT-oxidized surface. First-principles computations were performed for a variety of
O-containing structures [11], and minimum energy structures were obtained in which the
near surface Ga-atoms were six-fold coordinated to O atoms, as in bulk Ga2O3.
Importantly, for the lowest energy structure found in the computations the ratio of Ga to
O atoms in the oxide is 5:8, close to the 2:3 that occurs for bulk Ga2O3. On the basis of
these experimental and theoretical results, we conclude that our surfaces consists of an
oxide having stoichiometry and structure similar to that of Ga2O3, with the structures
obtained by RT-oxidation being more disordered (amorphous) than for HT-oxidation.

STS results for as-grown GaN(0001) surfaces and for oxidized surfaces are shown in
Fig. 2. Figure 2(a) shows the known result for an as-grown Ga-rich surface, displaying
metallic behavior in the conductance. After an exposure of 2×104 L at RT, Fig. 2(b), the
conductance measurements indicate weakly metallic behavior with reduced conductance
values around 0 V but still with nonzero conductance at 0 V. Figure 2(c) shows the result
for 2×105 L exposure at RT. A gap of width ≈2 eV is apparent in the spectrum, although
the conductance edges on either side of the gap are not particularly sharp and it is
possible that some small residual conductance (below our detection limit) persists at 0 V.
Prior work by Kocan et al. [10] revealed a Fermi-level position for PAMBE-grown
GaN(0001) of 1.65 eV above the surface valence band maximum (VBM); we indicate
their result for the GaN band edge locations on our spectrum of Fig. 2(a). In addition,
they found a Fermi-level position of 3.14 eV above the surface VBM for an oxidized
surface, with the oxidation done in their case by air exposure at RT. This surface is
expected to be similar to our surface with saturated oxidation. We may therefore employ
their result to indicate GaN band edge positions on the spectrum shown in Fig. 2(c),
bearing in mind that some uncertainty occurs in these band edge positions due to possible
differences between the oxidized surface of Kocan compared to ours.
The prior work on surface sensitivity of transistors revealed the presence of donor
states of unknown nature at the oxidized GaN surface [1-5]. Based on our results the
structure of this oxide appears to be an amorphous thin film phase of Ga2O3. The band
gap of bulk Ga2O3 is 4.4 eV [14], and the ordered surface oxides we have studied
previously have surface gaps as large, or nearly so, as the GaN gap (3.44 eV) [11]. We
therefore surmise that the tail of states we observe extending out from the GaN valence
band arises mainly from disorder in the oxide. Being derived from the valence band these
states are normally filled (i.e. neutral when filled), which gives them donor character. We
thus identify these states as being responsible for the surface donors observed indirectly
in the prior work [1-3] (i.e. specifically for those works with MBE-grown GaN cap layer
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terminating the heterostructure [2]). Following those models, the Fermi-level intersects
this tail of midgap states, with the states lying above the Fermi-level donating their
charge to the channel of the HFET.
A schematic band diagram for an HFET is shown in Fig. 3, following Ref. [1-3]. The
energetic location of the surface donors observed previously was made only for AlGaN
surfaces; this energy was reported to be ≈1.65 eV below the CBM [1]. If we assume the
same pinned surface Fermi-level position in the GaN-capped heterostructures, then we
would expect the relevant donor states to lie at about 1.2 eV below the CBM (i.e. 1.65 eV
minus the AlGaN/GaN conduction band offset [15]). Referring to Fig. 2(c), we find the
observed onset of the donor band to lie ≈1.5 eV below the CBM, and, as mentioned
above, this donor band likely extends up to higher voltages with conductance values
below our detection limit. We conclude that the midgap donor states of the amorphous
Ga2O3 do indeed appear to lie at an energy that would affect the electron concentration of
an underlying AlGaN/GaN heterojunction. In this scenario, the sensitivity to adsorbed
gases [4,5] arises from the relatively weak pinning of the Fermi-level that occurs for a
low density of midgap states. Significant Fermi-level shifts (and concomitant charge
transfer to/from the channel) occur depending on the electronegativity of the adsorbed
species.
Discussions with A. Rizzi are gratefully acknowledged. This work was supported by
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FIG 1. (a) and (b): STM images of GaN(0001) surfaces exposed to (a) 2×105 L oxygen
at room temperature, or (b) 0 L oxygen. Gray scale range is 0.4 nm for both images. (c)(e): Auger electron spectra of LMM Ga line for three different GaN(0001) surfaces,
indicating oxygen exposure (L) and temperature during exposure. The spectra are
displaced vertically from each other for ease of viewing.
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FIG 2. Conductance versus sample voltage for an as-grown GaN(0001) surface and for
surfaces oxidized at room temperature, with oxygen exposures (L) indicated. Each
spectrum is composed of a series of measurements at different tip-sample separations.
The spectra for the three different oxygen exposures are displaced vertically for ease of
viewing. The values on the voltage axis equal the energy of a state relative to the Fermi
level (0 V). Locations of the GaN valence and conduction band edges, EV and EC,
respectively, are shown for spectra (a) and (c), as determined in Ref. [10] (see text).
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FIG 3. Schematic band diagram for band bending near a AlGaN/GaN heterostructure
covered by a thin GaN cap layer. The electric field in the semiconductor includes
contributions from the polarization charges, the electron charge in the channel, and the
positive surface charge σ Surf from the empty surface donor states. The density of
surface states shown (DOS) is deduced from the STS spectrum of Fig. 2.
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