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Native Oxide Removal from InAlN Surfaces by Hydrofluoric Acid
Based Treatment

Takuma NAKANO†a), Nonmember and Masamichi AKAZAWA†, Member

SUMMARY We investigated the effects of chemical treatments for re-
moving native oxide layers on InAlN surfaces by X-ray photoelectron spec-
troscopy (XPS). The untreated surface of the air exposed InAlN layer was
covered with the native oxide layer mainly composed of hydroxides. Hy-
drochloric acid treatment and ammonium hydroxide treatment were not ef-
ficient for removing the native oxide layer even after immersion for 15 min,
while hydrofluoric acid (HF) treatment led to a removal in a short treatment
time of 1 min. After the HF treatment, the surface was prevented from re-
oxidation in air for 1 h. We also found that the 5-min buffered HF treatment
had almost the same effect as the 1-min HF treatment. Finally, an attempt
was made to apply the HF-based treatment to the metal-InAlN contact to
confirm the XPS results.
key words: InAlN, XPS, surface treatment, HF, native oxide

1. Introduction

InAlN lattice-matched to GaN has a large band gap, a large
spontaneous polarization, and a large conduction band dis-
continuity at the InAlN/GaN interface. Owing to these
features, a high density two-dimensional electron gas can
be induced at the lattice-matched InAlN/GaN heterointer-
face [1]–[3]. Therefore, it has been proposed that high-
speed, high-frequency, high-output, and high-efficiency de-
vices can be obtained by using InAlN/GaN heterostructures
[2]. Actually, field effect transistors with excellent perfor-
mance characteristics have been achieved [3]–[5]. However,
since research on InAlN has started only recently, the char-
acteristics of and the control method for the surfaces and
interfaces of InAlN have not been fully investigated.

After the epitaxial growth, it is necessary to expose
the InAlN surface to air. Consequently, the formation of
a surface native oxide layer is unavoidable, which possi-
bly results in the generation of surface or interface states
that affect the performance of electronic devices. Therefore,
understanding the properties of the native oxide and estab-
lishment of control methods are important. On the basis
of an X-ray photoelectron spectroscopy (XPS) study sup-
ported by electrical measurement, we investigated the effect
of hydrofluoric acid (HF) based treatment for removing na-
tive oxide layer of InAlN.

2. Experimental

For XPS measurement, a 15-nm-thick undoped InAlN layer
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on a GaN buffer layer grown by metal organic vapor phase
epitaxy (MOVPE) on a sapphire substrate was used for in-
vestigation. The same epitaxial wafer was cut into pieces
and used for the investigation of chemical treatments us-
ing undiluted HF at room temperature (RT), buffered HF
(BHF, HF:NH4OH=1:5) at RT, undiluted hydrochloric acid
(HCl) at RT, and undiluted ammonium hydroxide (NH4OH)
at 50◦C. The initial surface before the chemical treatments
was that of air-exposed InAlN after growth. Prior to the
chemical treatments, sample chips were cleaned with ace-
tone. The chemical treatments were carried out by dipping
the chips in each solution for 1 to 15 min. Subsequently,
the chips were rinsed with deionized (DI) water, blown with
pure nitrogen and introduced into the analysis chamber im-
mediately. DI water rinsing was necessary to prevent the
contamination of the vacuum system by residual chemicals.
XPS was performed using a monochromated Al-Kα X-ray
source (1486.6 eV). The binding energy shift induced by the
charging of the insulating substrate was calibrated by ad-
justing the peak position of the C 1s core level to 285.0 eV
for each sample surface. For electrical measurement, an
n-InAlN/n-AlN/n-GaN (11 nm/0.75 nm/2 μm; all the layer
were doped with Si up to n = 1 × 1018 cm−3) structure was
also grown by MOVPE.

3. Results and Discussion

Figure 1 shows the core level spectral intensity ratio of O 1s
to N 1s, [O 1s]/[N 1s], for each treatment versus treatment
time, with the result of the untreated sample for compari-

Fig. 1 [O 1s]/[N 1s] vs treatment time or exposure time.
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Fig. 2 O1s spectra obtained for (a) untreated sample and samples treated
with (b) HF for 1 min, (c) 1-h air exposure after 1-min HF treatment, (d)
BHF for 5 min, and (e) 1-h air exposure after 5-min BHF treatment.

son. The HF treatment achieved the lowest intensity ratio
among the three treatments, which was almost independent
of treatment time. On the other hand, the HCl and NH4OH
treatments exhibited higher intensity ratios even after a long
treatment time of 15 min. It can be seen that the HF treat-
ment achieved the most efficient oxide removal within a
treatment time as short as 1 min.

To clarify the native oxide composition, O 1s spectra
were investigated. The XPS result on the untreated surface
is shown in Fig. 2(a). The component at 530.0 eV was as-
signed to be the In-O-In bond [6], whereas the energy sepa-
ration between the In-O-In and In-O-H bonds of 1.6 eV was
consistent with the reported value between the main com-
ponents of In2O3 and In(OH)3 [7], [8]. The component at
531.0 eV was attributed to the Al-O-Al bond according to
the measurement on sapphire substrates in good agreement
with previously reported values [9], whereas the energy sep-
aration between the Al-O-Al and Al-O-H bonds of 1.4 eV
was in accordance with the previous report [9]. The com-
ponent at 532.9 eV was attributedd to the absorbed water
component [7]. Oxynitride components are reported to be
produced at temperatures of as high as 700◦C [10]. Actu-
ally, there were no signs of oxidation in N 1s spectra for the
present sample.

XPS result indicated that the native oxide layer was
mainly composed of Al(OH)3 and In(OH)3, which is con-
sistent with the previously reported results for AlN [10] and
InN [7]. The existence of a hydroxide layer on the surface of
InAlN is unfavorable for device fabrication involving inter-
face formation with other materials because the hydroxide is
chemically and thermally unstable [7], [9]–[11]. Therefore,

this layer should be removed prior to interface formation.
We found that all native oxide components were re-

moved after the HF treatment for 1 min as shown in
Fig. 2(b). The O 1s spectrum for the HF-treated sample
was a single symmetry peak at 532.9 eV. In addition, the
shape, intensity, and energy position of the O 1s spectra after
the same HF treatment were almost identical for the InAlN
layer and a gold foil. Therefore, the O 1s spectrum of the
HF-treated InAlN was mainly assigned to the absorbed wa-
ter molecules, although the absorbed organic molecules may
have partially contributed to the spectrum. Consequently, a
treatment time as short as 1 min was sufficient for removing
the native oxide layer.

Even though the native oxide layer is removed by HF
treatment, air exposure after the chemical treatment is un-
avoidable during a device fabrication process. If the HF-
treated surface is reoxidized during the subsequent air ex-
posure in a short time period, the treatment is meaningless.
Considering the actual device fabrication process, the pre-
vention of surface oxidation in air for 1 h after chemical
treatment is sought. We checked this for the 1-min-HF-
treated sample and found that the [O 1s]/[N 1s] ratio did not
increase with air exposure for 1 h as shown in Fig. 1. The O
1s spectrum of the sample exposed to air for 1 h after the 1-
min HF treatment is shown in Fig. 2(c). No marked change
was observed between this spectrum and that obtained im-
mediately after the HF treatment shown in Fig. 2(b) includ-
ing only the absorbed water component. Indeed, no sign of
oxidation was observed in the In 3d, N 1s, and Al 2p core
level spectra as summarized in Fig. 3, where each spectrum
obtained immediately after the HF treatment is also over-
lapped to clarify the congruity of the spectral shape. Conse-
quently, the oxidation in air was prevented for 1 h after the
HF treatment. Thus, we can conclude that the HF treatment
for a short time of 1 min removes the InAlN native oxide
layer and prevents reoxidation in air for a time period suffi-
cient for a device fabrication process.

Although the superiority of the HF treatment in remov-
ing InAlN surface native oxide is evident, HF is character-
ized by a strong reactivity, to peel off the photoresist layer,
and a high risk as a chemical solution. Therefore, BHF is
usually used in actual device processing. Although the BHF
treatment for 1 min resulted in a slightly higher [O1s]/[N1s]
ratio than the HF treatment, the BHF treatment for 5 min
achieved an intensity ratio almost equal to that of the HF
treatment as shown in Fig. 1. The O 1s spectrum for the
BHF treatment is also shown in Fig. 2(d); this spectrum is
almost identical to that of the HF-treated sample. This situ-
ation was maintained even after 1-h air exposure as shown
Fig. 2(e). Thus, the BHF treatment can achieve the same ef-
fect as the HF treatment, though the suitable treatment time
for oxide removal should be changed depending on the mix-
ture ratio between HF and NH4F.

To confirm the effect of the oxide removal, HF-
based treatment was applied to the fabrication pro-
cess of metal-semiconductor junction diodes. The test
diode structures were fabricated by forming Ti/Al/Ti/Au
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Fig. 3 (a) In 3d, (b) N 1s, and (c) Al 2p spectra. Solid lines indicate the spectra obtained after air ex-
posure for 1 h after 1 min of HF treatment, while broken lines indicate the spectra obtained immediately
after the HF treatment.

Fig. 4 I-V characteristics for the test diodes with the HF-based treat-
ment, with the HCl treatment and without treatment. Though the bias volt-
age was applied from −3 V to 3 V for solid lines and from 3 V to −3 V for
broken lines, this is enlarged plot to clarify the hysteresis.

(20 nm/50 nm/20 nm/100 nm) electrodes onto untreated and
chemically treated surfaces of the n-InAlN/n-AlN/n-GaN
structures. The electrode pattern consisted of a 260-μm-
diameter circle in a sufficiently large surrounding electrode
via a 20-μm-width annular gap. Here, HF-based treatment
consisted of HF treatment before the photolithography pro-
cess and BHF treatment prior to metal deposition after pho-
tolithography. For comparison, untreated and HCl treated
samples were also prepared. HCl treatment was applied
before and after photolithography. The current-voltage (I-
V) characteristics were measured laterally between circular
and surrounding Ti/Al/Ti/Au electrodes on the InAlN sur-
face. Unlike the AlGaN/GaN structures with the similar
doping density [12], complete nonalloyed ohmic contacts
were not obtained presumably owing to the higher barrier of
InAlN. Still, as shown in Fig. 4, the I-V characteristic for the
HF-treated sample indicated the largest current, while un-
treated and HCl-treated samples showed higher resistance.
It should be noted that the HCl-treated sample showed in-
termediate characteristic between HF-treated and untreated
samples. In addition, hysteresis was minimized by the HF-

based treatment, and was the largest for the untreated sam-
ple. HCl treatment led to an intermediate magnitude, again.
Therefore, it was highly likely that the native oxide layer at
the metal-semiconductor interface dominated the hysteresis.
These results supported the XPS results.

4. Conclusion

The effects of chemical treatments for removing native ox-
ide layers on InAlN surfaces were investigated by XPS. The
untreated surface of the air exposed InAlN layer was cov-
ered with the native oxide layer mainly composed of hy-
droxides. The HCl and NH4OH treatments were not effi-
cient for removing the native oxide layer even after immer-
sion for 15 min, while the HF treatment led to a removal
in a short treatment time of 1 min. After the HF treatment,
the surface was prevented from reoxidation in air for 1 h.
We also found that the 5-min BHF treatment had almost the
same effect as the 1-min HF treatment. Finally, the HF-
based treatment was applied to the metal-InAlN contact to
confirm the XPS results.
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