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ABSTRACT: The oxidation of semiconductors is a fundamental building block of many modern electronic devices. The prime
example is the oxidation of silicon into silicon dioxide, which is used as a gate dielectric, waveguides, masking layer, and a device
isolation layer. The ability to form an analogous stable and insulating oxide in III-nitride semiconductors would enable a new
generation of III-nitride-based electronic and optoelectronic devices. Here we present data on the conversion of thick (>100
nm) AlInN epitaxial layers into oxides with H2O vapor in an N2 carrier gas (wet oxidation) at elevated temperatures (900 °C).
The AlxIn1−xN layers are grown on and latticed-matched (x = 0.82) to GaN layers. The oxide can be formed over its entirety or
selectively by patterning the surface. The conversion to an oxide is confirmed and characterized by atomic force microscopy,
scanning electron microscopy, X-ray photoelectron spectroscopy, X-ray diffraction, spectroscopic ellipsometry, and electrical
measurements. The oxide is smooth and crystalline, has a low index of refraction of ∼1.8 in the visible, and exhibits very high
resistivity of >1014 Ω·cm.
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■ INTRODUCTION

The oxidation of semiconductors is a powerful technique that
can be used to create new device architectures and processing
methods. The most well-known is the oxidation of Si into
SiO2

1 that is used as an insulator, protection layer, masking
layer, waveguide layer, and gate oxide. Its development into a
robust oxide was key to the proliferation of Si semiconductor
technology. Semiconductor oxidation is not limited to Si. The
thermal oxidation of AlGaAs,2 AlInP,3 and AlInAs,4 also
produces successful oxides for the III-arsenide and phosphide
semiconductors, and they have found uses for current
confinement, photon confinement, and passivation in a wide
array of optoelectronic devices.5−7 The most successful
embodiment is commercial GaAs-based vertical cavity surface
emitting lasers (VCSELs) which use the oxide of AlGaAs.
A similarly successful thick oxide with high resistivity and

interface morphology has yet to be demonstrated in III-nitrides
although there have been some reported attempts. Thermal
oxidation of GaN to form Ga2O3 is possible with reasonable
interface state densities,8,9 but there are significant drawbacks.

Ga2O3 suffers from an insufficient conduction band offset and
low bandgap compared to GaN, limiting its utility as an
insulator or gate oxide. This oxide also has a rough interface
morphology,10,11 which also contributes to poor electrical and
optical properties.12

Wet thermal oxidation of AlInN has yet to be reported in the
literature. There have been prior demonstrations on the
oxidation of AlGaN and AlInN, including the oxidation of
AlGaN13,14 and AlInN15 in dry (O2) atmospheres resulting in
thin layers < 10 nm that are primarily for passivation and
charge control in high-electron-mobility transistors (HEMTs).
On the basis of these studies the prevailing notion is that Al-
based III-nitride layers are limited in overall thickness. Another
method of oxidation of AlInN and AlGaN is using electro-
chemical or anodic oxidation techniques.16,17 This oxidation
process can proceed vertically or laterally across buried AlInN
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layers forming insulating layers over 10’s μm. Although
attractive, these electrochemical oxides are formed at low
temperatures and are far different from the elevated temper-
ature oxidation techniques successfully used in other semi-
conductors that result in crystalline and robust oxides.
This letter demonstrates a different approach to creating

oxides in III-nitrides with promising optical and electrical
characteristics. Lattice-matched AlxIn1−xN (x = 0.82) layers are
grown on and latticed-matched to GaN, and when exposed to
conventional wet thermal oxidation (H2O in N2 carrier gas) at
high temperatures (900 °C), they are converted to a stable and
robust oxide. The oxide can be formed over the entirety of the
layer or selectively by patterning the surface. The conversion to
an oxide is confirmed and characterized with atomic force
microscopy (AFM), scanning electron microscopy (SEM), X-
ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), spectroscopic ellipsometry, and electrical measure-
ments. The oxidation of Al0.82In0.18N forms an oxide with high
resistivity, a low refractive index, low extinction coefficients
(loss), and smooth surface morphology, making it an excellent
oxide to create electronic and optoelectronic devices. The
resulting oxidation rates are faster and the oxide is thicker than
thought possible, mainly based on previous reports that suggest
only surface oxides are possible with dry O2 oxidation.

15 The
ability to form oxide layers in III-nitrides creates the possibility
for new device applications such as gate oxides and optical
confinement structures for waveguides.
The AlInN samples are formed by metal−organic chemical

vapor deposition (MOCVD), as previously detailed,18−20 and
consist of 100 and 250 nm thick Al0.82In0.18N layers grown on 4
μm thick unintentionally doped or n-type GaN (n ∼ 5 × 1018

cm−3) on sapphire substrates. The AlxIn1−xN layers are lattice-
matched to GaN (x = 0.82) as verified by X-ray diffraction
(XRD) ω−2θ scans, and layer thicknesses are verified by
spectroscopic ellipsometry. Hall measurement using the van
der Pauw method shows the Al0.82In0.18N layers are n-type with
an electron concentration of ∼2 × 1017 cm−3. Oxidation

consists of first cleaning with acetone and isopropyl alcohol
and then placing the samples into a quartz tube furnace at a
temperature of ∼900 °C with N2 flowing through an H2O
bubbler heated to 95 °C for up to 3 h. A subset of the oxidized
samples with 100 nm thick Al0.82In0.18N layers on n-type GaN
layers are created to perform electrical characterization. Here
the oxide is removed from a portion of the sample by a
polishing process using a fine diamond grit polishing pad from
opposite ends of the sample. Aluminum contacts are
evaporated by electron beam evaporation both on AlInN and
the oxide to compare resistivities. On the oxidized sample the
resistivity between the contacts created over the polished
regions was first verified to be low (<2 kΩ·cm).
Figure 1 shows images of the AlInN and oxidized AlInN

layers by various microscopy techniques. Top-view microscope
images are shown in Figure 1a of the as-grown and oxidized
AlInN. Before oxidation, the AlInN layer is nearly transparent,
typical of wide bandgap semiconductors layers of GaN and
AlInN. After oxidation, AlInN is converted to an oxide that is
shiny and blue in color. This deep color is due to thin film
interference between the thick oxide layer and surrounding air
and GaN interfaces and suggests a thick (>100 nm) oxide film
forms. A simple calculation assuming a reflected peak at 470
nm confirms an oxide layer is formed with an index of ∼1.8.
This color change is a common observation of thin film oxide
formation in other semiconductors such as Si and AlGaAs.
This oxidation process is also selective as shown in the top-
view microscope image in the lower left panel of Figure 1b.
Here the surface is masked and patterned with SiO2 leaving
circular openings. These openings are exposed to the wet
atmosphere and oxidize the surface selectively. The result is
circular oxidized areas surrounded by the as-grown AlInN.
Panels c and d of Figure 2 show AFM images of the as-

grown and oxidized AlInN layers, respectively. The morphol-
ogy of the as-grown film is typical of lattice-matched films on
GaN. It shows small circular mounds that decorate the atomic
step terraces of the underlying GaN and smaller pits that are

Figure 1. Top-view microscope image of (a) an as-grown, 250 nm thick AlxIn1−xN layer (x = 0.82 lattice-matched to GaN) and a similar sample
after wet oxidation at 900 °C for 1 h. The oxidized surface appears blue and is caused by an optical interference of the thick AlInO layer. (b)
Demonstration of selective oxidation by creating circular openings in a SiO2 mask, oxidizing the AlInN through the mask openings, and removing
the SiO2. The lower left panel shows a top-view image of the selectively oxidized circle. AFMs of the (c) as-grown AlInN layer and (d) the same
layer after oxidation.
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openings to the threading dislocations in the GaN.21 The root
mean square (RMS) roughness for these as-grown and
oxidized layers are 0.5 and 4.4 nm, respectively. AFM shows
that the surface of the formed oxide is relatively smooth.
Spectroscopic ellipsometry is used to estimate the thickness

and optical constants of the layers before and after oxidation,
and also to verify the complete conversion of the AlInN layer
into an oxide. Panels a and b of Figure 2 show the amplitude
ratio and phase difference of the ellipsometric spectra at three
different angles. The oscillations versus wavelength are due to
the thin film interferences of the oxide, AlInN, and GaN films.
The thicknesses, the refractive index, n, and the extinction
coefficient, k, were found by fitting the measured waveforms to
the Tauc−Lorentz oscillator model. Figure 2c shows n and k
for the oxide layer resulting from this fit. Across visible
wavelengths, the refractive index varies from 1.77 to 1.83 and
the extinction coefficient ranges from 0.01 to 0.12 for the oxide
layer. Both properties increase with decreasing wavelength.
The refractive index is lower than AlInN,22 which further
confirms oxidation of the layer. The low refractive index and

extinction coefficient make the oxide useful for optoelectronic
devices and can provide optical confinement.. The ellipsometry
data also reveal the completeness of the oxidation because the
sample oxidized for 1 h has an ∼240 nm thick oxide layer and
only an ∼ 10 nm thick AlInN remaining. After 3 h of oxidation,
the oxide layer has increased to the full 250 nm thickness. It is
also possible to create a thinner oxide layer with shorter
oxidation times.
XRD is used to verify the conversion of AlInN to an oxide.

Figure 3 shows the (0002) reflections of the 250 nm thick, as-

grown AlInN layers and AlInN layers oxidized for 1 and 3 h.
The oxidized layers are the same samples measured by
spectroscopic ellipsometry. The as-grown AlxInx−1N layer
shows a peak adjacent to the GaN peak at ω−2θ = 17.6°,
indicating it is lattice-matched to GaN (x = 0.82). After 1 h of
oxidation, the AlInN peak is lowered significantly showing
weaker reflectance of the AlInN layer because it is almost
completely oxidized with only ∼10 nm left, consistent with the
ellipsometry data. A new peak forms at ω−2θ = 19.7°, which
suggest the formation of a crystalline AlInO layer. After 3 h the
sample is completely oxidized as indicated by the absence of
the AlInN peak. X-ray photoelectron spectroscopy (XPS),
which probes the surface only, shows that wet oxidized AlInN
layers have an oxygen content of greater than 50% and the
remaining nitrogen is ∼1%.
Figure 4 shows current versus voltage (IV) characteristics to

compare the resistivity of the as-grown AlInN and the oxide
layers. Samples with ohmic contacts on the as-grown AlInN
and oxidized layers (inset) are prepared for the measurement.
The as-grown AlInN layer is conductive, as expected, and has a
resistivity of 3.3 × 103 Ω·cm. However, the oxide layer is
extremely insulating with resistivities > 8 × 1014 Ω·cm, which
are similar to values reported for Al2O3.

23 Voltage sweeps to
electrical breakdown (data not shown) revealed critical electric
fields > 2 MV/cm for the oxide.
The oxidation temperatures and the XRD data suggest the

oxide is crystalline. To support this hypothesis, we note the
oxide is also insoluble in water and the etching of the oxide
using a 1:1 HF:DI solution results in no appreciable etching
after 20 min. In comparison, in our studies oxides have also
been formed from AlInN by dry oxidation (O2) and

Figure 2. Ellipsometry spectra of the AlInO at three different angles
(40°, 55°, and 70°) for the (a) amplitude ratio (Psi) and (b) phase
difference (δ). The solid lines are the measured data, and the dotted
lines are fits to the data. (c) Refractive index (n) and extinction
coefficient (k) versus wavelength for the AlInO and AlInN layers
determined by fitting to ellipsometry spectra. The n for the AlInO at
600 nm is ∼1.79 and has low optical loss.

Figure 3. X-ray diffraction ω−2θ scans taken around (0002) showing
reflections from the as-grown, 250 nm thick AlInN sample and AlInN
samples measured after 1 and 3 h of oxidation.
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electrochemical methods and they both have appreciable etch
rates in HF suggesting they are amorphous. Further comparing
wet and dry oxidation, we observe faster oxidation rates with
dry oxidation. Most likely both involve the diffusion of the
oxidant through the oxide layer, and the faster dry oxidation
could be due to higher diffusion of O2 which results in a less
dense oxide. The possible phases, stoichiometry, and
crystallinity of Al-based oxides can be complex,24 and the
kinetics, transport, and atomic arrangement of this oxide of
AlInN formed by wet oxidation require further study.

■ CONCLUSION
In conclusion, AlInN can be converted to an oxide when
exposed to H2O vapor in an N2 carrier gas (wet oxidation) at
elevated temperatures (900 °C). We verified this conversion
with ellipsometry, XRD, XPS, and electrical testing. These
promising results motivate further study of the AlInN oxide
and paths toward integration in optoelectronic and electronic
devices.
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