Atomic-scale observation of native oxides on ¢c- and m-faced GaN surfaces
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Abstract

Controlling the dielectric/semiconductor interfaces is essential for the development of
semiconductor power devices. Gallium nitride (GaN) has attracted significant attention as a next-generation
semiconductor owing to its superior properties; however, controlling the dielectric/GaN interface remains a
critical challenge unlike silicon (Si). In this study, we observed native oxides formed on both the c-face and
m-face GaN surfaces after simple air exposure using scanning transmission electron microscopy. Oxygen
diffusion into Si crystal was significantly suppressed by the formation of a SiOx layer; on the other hand,
gradual oxygen diffusion (Ga-N-O layer) with ~ 2.0 nm depths into the GaN crystal was observed. Remarkably,
1.5 times larger amount oxygen was incorporated in the m-face than in the c-face GaN. These findings provide
key insights into the control of dielectric/GaN interfaces and may facilitate the development of GaN-based

power devices.
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Gallium nitride (GaN) has attracted significant attention as a material for next-generation power
devices because of its excellent properties.'® Metal-oxide—semiconductor field-effect transistors (MOSFETs)
are key components in realizing GaN-based power devices, and consequently, considerable research has
focused on the properties of dielectric/GaN interfaces since the 1990s.>733 Structural analyses have revealed

that the intermediate GaOx layer at these interfaces is crystalline rather than amorphous.®!0-11:19:21.25.28,29.34.35
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In contrast to Si—whose oxide consists of a 1-3-nm-thick amorphous SiOx layer’***'—various types of oxides

have been reported for GaN, depending on oxidation conditions, which hinder the standardization of GaN

8.10,11,18,19,21,25.28,29.34.35.42.43 previous reports by mainly employing X-ray diffraction

surface cleaning processes.
(XRD), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) techniques are
as follows; the formations of monoclinic f-Ga,Os3 phase under the oxidation at 700-950 °C,%1°2! or 1.5-3.0
nm-thick Ga+2)N3xO3-3x) compound under dry oxidation at 800 °C for 1 h.'"' Some other types of oxides such
as either e-Gay03, y-Ga203 (111), or their mixture with 1.1-3.5 nm-thicknesses,?>*® or ~ 2 nm-thick Ga-N-O
layer (oxygen gradual diffusion)** at the dielectric/GaN interfaces were also reported. In addition to the
dielectric/GaN interface, studies have shown that when GaN is exposed to air, a native oxide layer forms,
characterized by less than 2 nm GaOx,'® or a polarity-inverted Ga-O arrangement similar to bulk f-Ga,03.4**
Wolfgang Pauli is credited with saying, "God made the bulk; surfaces were invented by the devil," highlighting
surface complexity. In the semiconductor industry, "the surface of Si was gifted by God for humanity" is
prevalent because Si surfaces naturally form stable SiOx layer with outstanding insulating properties. To
advance GaN-based devices, clarifying atomic-scale structures of native oxides on GaN surfaces is essential.
Since the performance of analytical TEM equipment has improved dramatically in recent years, both ¢- and
m-face GaN exposed to air were analyzed using aberration-corrected scanning transmission electron
microscopy (STEM) combined with energy-dispersive X-ray spectroscopy (EDS).

The c- and m-face GaN wafers were sequentially cleaned with an acetone, 2-propanol, and H>SOs—
H>0O; mixture, then immersed in buffered hydrofluoric acid for 20 min, and finally rinsed with ultrapure water
for 30 s. After the chemical treatment, the wafers were exposed to an air of ~ 25 °C and ~ 20% humidity for
72 h. Subsequently, Ni cap was sputtered to maintain surface conditions. To ensure quality comparisons of

STEM-EDS results, cross-sectional STEM lamellae were prepared with 25-nm-thickness using FIB-SEM

dual-beam Helios5UX (Thermo Fisher Scientific).*** Atomic-scale high-angle annular dark-field (HAADF-)



and bright-field (BF-) STEM analysis with EDS was performed at 200 kV using a Spectra Ultra S/TEM
(Thermo Fisher Scientific). The STEM-EDS data were analyzed using Velox 3.15 program (Thermo Fisher
Scientific). For comparison with natural oxide on Si surface, low boron-doped p-type (100) Si surface
unpacked from carrier and exposed to air at room temperature for half a year was observed. As described
below, the abruptness of the atomic structure between the native oxides of Si and GaN cases will be analyzed
by comparison using STEM-EDS observations.

An amorphous SiOx native oxide with a thickness of a few nanometers on a Si surface is shown in
Fig. 1. Fig. 1(a) presents a BF-STEM image of the native oxide on Si, and the EDS compositional profile
reveals that the native oxide is SiOx (Fig. 1(b)), as previously reported.’®**-*! The magnified HAADF-STEM
image and the corresponding EDS map, indicated by the rectangle in Fig. 1(a), are shown in Fig. 1(c,d). The
EDS map clearly shows that the formation of stable SiOx strongly prevents the diffusion of oxygen into the Si
crystal. A detailed compositional profile is shown later in comparison with GaN (Fig. 4).

Fig. 2 shows a c-face GaN surface exposed to air. As shown in Fig. 2(b,c), oxygen diffusion (~ 2.0
nm from the c-face GaN surface was confirmed by STEM-EDS. In Fig. 2(¢), the Ga atomic plane observed
at the outermost surface is defined as “1” for the sake of convenience in explanation. The native oxide adhered
to both sides of the thin lamellae during the transfer from FIB-SEM to TEM, leading to an overestimation of
~10 at% oxygen. It should be noted that the oxygen composition error bars in Fig. 2(¢) were estimated by the
EDS analysis program used in this study. The atomic-scale EDS maps did not reveal sites occupied by oxygen
atoms. Conversely, this suggests that most oxygen atoms likely diffused into interstitial sites rather than
forming a specific Ga-O crystal structure; however, some of the N sites may be substituted with oxygen atoms,
considering previous XPS studies.*** These XPS studies compared the surface electronic states of GaN
grown in vacuum, followed by with/without air exposure. These results suggest that when the GaN surface is
exposed to air, the Fermi level shifts toward the conduction band, indicating that oxygen may substitute for N

sites within the GaN and act as a donor. While we cannot make definitive statements based solely on EDS
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maps and estimated error bars, considering previous XPS reports™ **—some oxygen may substitute with N

sites because both O and N concentrations become high (i.e. atomic planes of Ga between 1—2, 2—3, and

3—4).



For designing a GaN-based device, the oxidation state on the m-face is also an important insight; thus,
the results for m-face GaN are shown in Fig. 3. To the best of our knowledge, native oxides on m-face GaN
have not yet been reported. Oxygen diffusion from the m-face GaN surface was also confirmed, as in the case
of the c-face GaN. It is crucial that STEM lamellae are of identical quality when performing comparisons
using STEM-EDS. As already mentioned in the method, but worth reiterating due to its importance; we have
previously reported methods for controlling the thickness of STEM lamellae and investigated FIB-damage
introduced to GaN. ** Based on these techniques and findings, STEM-EDS results comparison was
conducted using STEM lamellae guaranteed to be of identical quality. Furthermore, both STEM lamellae were
observed under identical conditions within the same TEM session. Therefore, the quality of the STEM
lamellae and STEM-EDS analysis condition for c- and m-faced GaN was guaranteed to be equivalent.

Fig. 4 compares the oxygen compositional changes. In subsequent comparisons, the oxygen
background levels were subtracted. While the oxygen in Si drops to background levels within ~ 0.5 ~ nm, the
oxygen in both c- and m-face GaN decreases gradually to ~2.0 nm. This comparison shows that while Si
inhibits further oxygen diffusion by forming a stable amorphous oxide layer, oxygen diffusion progresses on
the GaN surface exposed to air at room temperature. This oxygen diffusion may be similar to the previous
study which reported 1.5-3.0-nm-thick Gax:2)N3xO3-3x).!! Remarkably, the oxygen composition of m-face
GaN was ~1.5 times higher than that of c-face GaN. This difference is significant even considering the values
of the error bars. Although the data are not shown here, similar trends in the oxygen composition on the ¢- and
m-face surfaces were confirmed in other observation regions as well. It’s still within speculation, but this
significant difference could be due to the difference in the surface atomic density between the c- and m-face
of GaN crystal structure. If only Ga atoms are considered, the c-face is the most densely packed plane
(1.136 x 10" atoms/cm?), whereas the m-face has each atom being more widely spaced (0.605 x 10%
atoms/cm?).* The m-face is thought to more readily incorporate oxygen atoms, leading to differences in the
oxygen composition between the c- and m-face GaN surfaces. Finally, we would like to discuss how the state
of native oxides changes over time, referencing previous studies. According to previous papers on Si, all
studies consistently report a 1-3 nm-thick SiOx layer. ***! While XPS study on the time-dependent changes

of SiOx thickness tended to underestimate it compared to other reports using TEM investigations, it indicated

that the thickness of SiOx reaches saturation after ~7 days. *® For GaN as well, while prior studies have reported



results under various oxidation conditions, the majority report values between 1.1-3.5 nm.
8,10,11,18,19.21,25,28.29.34,35.42.43 Therefore, the value of ~ 2 nm reported in this paper after 72 h of air exposure falls
within these range. While oxidation may slightly progress with continued air exposure, it is unlikely that a
drastic change in the native oxide will occur without any other stronger oxidization conditions. Systematically
observing the time-dependent changes in native oxide remains another challenge; and the crucial issue in this
study is that oxygen diffuses to a depth of ~ 2 nm in GaN bulk simply through air exposure.

In summary, this study clarified the native oxides on both c- and m-face GaN after air exposure for

72 h at room temperature. Atomic resolution STEM-EDS analysis revealed no specific crystal structure but

indicated that oxygen diffuses ~ 2.0 nm (Ga-N-O layer) from the surface into GaN, and some of the O atoms

may substitute N sites. Under the same observation conditions, no oxygen diffusion is observed for Si.
However, unlike Si, previous studies have suggested that the formation of native oxides on GaN may vary
depending on the oxidation conditions. A comparison of the c- and m-face GaN revealed that more than 1.5

times larger amount of oxygen incorporated into the m-face GaN.

Supplementary Material

Supplementary Material shows annular bright-field (ABF-) STEM images and EDS compositional
profile of the native oxide on c-face GaN with annealing at 200 °C for 2 h with epoxy resin cap (one of the
materials widely used as the cap on the surface in TEM lamellae preparation procedure) to cure it. Even after
relatively low-temperature annealing, different types of native oxide structures were formed. This suggests
that, unlike Si, the types of native oxides on the GaN surface are sensitive to the oxidation conditions and that

the choice of TEM lamellae preparation method is also crucial for elucidating the native oxide on most surfaces.
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Figure 1. (a) Cross-sectional BF-STEM image of amorphous SiOx layer formed on the p-Si (100) surface,

and (b) corresponding EDS compositional profile from the amorphous SiOx layer to Si crystal. (c,d) Higher-

magnification HAADF-STEM image and EDS elemental map of SiO«/Si interface indicated in (a).
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Figure 2. (a) Cross-sectional HAADF-STEM image of c-face GaN surface with air exposure at room

temperature for 72 h. (b) EDS elemental map, and (c) EDS compositional profile from the surface into the

bulk.
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Figure 3. (a) Cross-sectional HAADF-STEM image of m-face GaN surface. (b) EDS elemental map from

the same field of view as HAADF-STEM image.
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Figure 4. Comparison of oxygen compositional changes on Si, ¢- and m-face GaN surfaces by defining the
position of the topmost Ga or Si atomic plane as the surface. The depth of 0.1 nm in the graph corresponds
to the surface. To ensure a fair comparison, the oxygen values (at%) were plotted after subtracting the
background oxygen level at a sufficiently deep position (11.2 at% for Si, 12.3 at% for c-face GaN, and 8.1

at% for m-face GaN).



Supplementary Material

Annular bright-field (ABF-) STEM images and EDS compositional profile of the native oxide on c-face
GaN with epoxy resin cap (one of the materials widely used as the cap on the surface in TEM lamellae
preparation procedure) followed by annealing at 200 °C for 2 h to cure it. Even after relatively low-
temperature annealing, different types of native oxide structures were formed. The outermost few atomic

layers differ from the wurtzite structure of GaN, rather similar to B-Ga20Os.
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