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The surface chemistry of InAlN ultra-thin layers, having undergone an oxidation procedure usually running through the HEMT
fabrication process (850◦C, O2 and O2+Ar) is studied by XPS. The suitability of XPS analysis to operate as a retro-engineering tool
for added value microelectronic devices fabrication is shown. A precise examination of the Al2p, In3d5/2, N1s, and O1s peaks directly
informs about spatial and atomic arrangement. The formation of a covering 3 nm surface oxide is evidenced after O2 annealing. Once
annealed, two specific additional N1s contributions are shown, at higher (404.0 eV) and lower binding energies (397.4 eV) compared
to the InAlN matrix one (396.5 eV). To our knowledge, such fingerprint is rather unusual for ternary III-V materials. It reveals
the formation of a nitrogen deficient interlayer, situated between the oxide overlayer and the undisturbed matrix, and the presence
of interstitial N2 molecules trapped at the interface. After Ar annealing, both oxide and interface layers are partially reorganized.
InAlN reactivity toward higher annealing temperature (950◦C) and its stability over time is finally discussed. N2 molecules are
unstable and progressively eliminated in time although nitrogen deficient interlayer still remains. Thermal treatments below 850◦C
are recommended to preserve the barrier chemical integrity.
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III-V nitride materials combine unique properties such as a direct
and tunable bandgap from N-IR (InN, 0.7 eV) to N-UV (AlN, 6.2 eV).1

They are a matter of great interest for high performance in electronic
and optoelectronic devices such as light emitting diodes,2,3 Bragg
reflectors,4,5 cladding layer in lasers,6 high efficiency solar cells7 and
also HEMT (High Electron Mobility Transistors) for power elec-
tronics and RF amplifiers from S-Band up to sub-millimeters wave
applications.8,9 Among the electronic devices, the GaN based tech-
nology is very suitable for high frequency operations such as satellite
communications. AlGaN/GaN device structures are commonly devel-
oped for HEMTs devices,10 offering high performances. The main
drawback of this technology is the lattice mismatch between the Al-
GaN and the GaN, leading to a significant stress in the barrier layer.11

Moreover, during device operation, an additional stress due to inverse
piezoelectric effect is locally induced by the high electric field.12

More recently, InAlN/GaN structures are a matter of great
interest.13 The strong advantage of InxAl1-xN is a spontaneous high
charges polarization leading to an extremely high carrier density in the
two-dimension electron gas (2DEG), up to 3.5 × 1013 cm−2, which
cannot be achieved with traditional AlGaN/GaN structures.14–17 Be-
sides, the near lattice matched composition with GaN is achieved for
x = 0.17–0.20, leading to a strain-free heterojunction which drasti-
cally reduces the structural defects.8,18,19 The main difficulty resides
in making a high crystalline quality and a good homogeneity of In-
AlN layers,20,21 InN and AlN suffering from a large difference of
covalent bond, resulting from phase separation and strong spinodal
decomposition.22,23 Nevertheless, MBE24–26 and also MOVPE27,28 are
both leading to excellent composition uniformity and good device per-
formances with thin-layer engineering around 7 nm of thickness.8,29

During the fabrication process of the HEMT, the InAlN/GaN lay-
ers have to go through different steps: (1) chemical treatments to pre-
pare the surface, (2) voluntary oxidation at high temperature under O2

oxygen and Ar, (3) Ti/Al/Ni/Au/Ti/Pt ohmic contacts stack deposition
(e-gun evaporation) followed by a thermal annealing (> 800◦C) under
N2 atmosphere, (4) oxide layer openings and Ar+ implantation for

zE-mail: yoan.bourlier@uvsq.fr

device electrical isolation before E-beam lithographed T-gates con-
tact (Ni/Pt/Au metal stack) deposition (e-gun evaporation), and (5)
passivation of the device with a 150-nm thick Si3N4 film deposited
by plasma enhanced chemical vapor deposition (PECVD). Additional
metallization steps are also realized to complete the devices.

As all nitride materials provide an efficient diffusion barrier against
oxygen, III-V nitride materials are known to be highly chemically
stable at working temperature and poorly reactive to air exposure.
InAlN/GaN HEMT structure has been shown to be stable and oper-
ate with success at high temperature until 1000◦C at the lattice match
composition with the use of suitable passivation layers.30–32 Neverthe-
less, InAlN surface modification can be observed during the thermal
annealing performed to bring a good ohmic contact.33 Such superficial
chemical variations can harm the quality of 2DEG density, decreasing
also the electron mobility and the sheet carrier density when tem-
peratures above 800◦C are employed.34–36 On the basis of previous
considerations, if we consider binary compounds separately, AlN is
known to be stable up to 1250◦C,37 whereas InN is known to be stable
up to 550◦C38–40 and decomposes above this temperature into N2 and
liquid In. Only few studies concern the chemical stability of InAlN
layers through annealing temperatures. J. Palisaitis et al. have done
deep investigations by STEM (Scanning Transmission Electron Mi-
croscopy) characterization on InAlN thin layers during in situ thermal
annealing.41,42 Their work points out the fact that In-rich layers de-
compose at 750◦C, starting from the formation of metallic In clusters
at grain boundaries, whereas Al-rich layers show few signs of decom-
position and remain chemically stable even at 950◦C. Consequently,
different approaches are considered by the community, such as oper-
ating at slower growth rate in MOVPE to increase thermal stability,43

or processing ohmic contact at a lower annealing temperature around
600◦C.44–46 Actually, the growth of a thermal oxide layer on III-V
nitrides like InAlN is still hard to control and not fully understood.

Another way to protect InAlN barrier surface from degradation is
to intentionally oxidize the surface by performing a thermal annealing
of more than 800◦C under O2 before making the ohmic contacts. In
fact, different studies show that the thermal oxidation can be employed
as a useful tool generating a nearly beneficial native Al2O3 oxide layer
serving as an insulating layer, reducing the gate leakage current and
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improving performances.47–50 Though, there is still a strong need to
deeply investigate the influence of the thermal budget in order to ori-
ent and control the fabrication process. Indeed, a precise knowledge
of the InAlN layer surface chemistry under this process of oxidation
is required to ensure the final quality and high performances of the
HEMT device. By its general escape depth of 10 nm, X-ray Photoelec-
tron Spectroscopy (XPS) an extremely well-suited analysis method to
investigate the surface and interface chemistry evolution of ultra-thin
InAlN layers.

In the present paper, the surface analysis of Al-rich and lattice
match layers of In0.2Al0.8 N, grown by MOVPE and presenting a thick-
ness of 7–8 nm is implemented by XPS. Thus, an XPS monitoring
of the surface chemistry will be performed starting from the initial
ammonia treatment, employed as a preliminary deoxidation treatment
to prepare the InAlN surface, then after a following thermal treatment
under O2-rich atmosphere at 850◦C, known as an oxidation step and
performed during the process in order to limit the leakage current, and
finally after an additional Ar atmosphere annealing at 850◦C, acting
as a stabilization step before cooling.

A detailed examination of, first, the overall XPS survey spectra,
and second, the high energy resolution XPS spectral regions with
complete peak fitting of N1s, Al2p, In3d5/2, and O1s core-levels, will
be presented. Evolution of atomic concentrations and chemical en-
vironment differentiations between the covering oxide layer and the
matrix below will be discussed for each process step. An oxide film
growth mechanism will be proposed with respect to the specific com-
position of the oxide layer. Indeed, not only N1s contribution of the
InAlN matrix (397.4 eV) will be identified but also two uncommon
additional contributions at lower (396.5 eV) and more surprisingly at
higher (404.0 eV) binding energy. The two last contributions, referred
as secondary phases, will be precisely identified. Their proportion
evolutions will be also discussed through a higher O2 thermal anneal-
ing at 950◦C, and through ageing time (of two months and then of one
year).

We believe that a key point for high performances HEMT is to
achieve the understanding of how InAlN surface layers can react
through the oxidation procedure and how its surface chemistry evolu-
tion can be stable. The present publication, thanks to XPS expertise,
especially brings new insights on InAlN/GaN based structure chemi-
cal modifications amplified during temperature O2 and Ar annealing
(850–950◦C, step (2)).

Experimental

The samples were prepared at III-V Lab using an Aixtron
AIX200RF horizontal MOVPE reactor. The heterostructures, grown
on semi-insulating 4H-SiC substrates consist of a 1.8-μm thick insu-
lating GaN buffer layer followed by a 1.5-nm thick AlN interlayer and
an InAlN barrier with an In content of 20 %, as measured by X-Ray
diffraction analyses, and a thickness of 7 nm, as measured by X-Ray
reflectivity. Prior to the thermal oxidation step, the native ultra-thin
oxide film present at the surface of the samples were removed using
an ammonia based wet etching (NH4OH) as referred in other works
on AlGaN51 or InAlN52,53 materials. This step will be considered as
bringing the InAlN surface reference for XPS and corresponds subse-
quently to Sample 1 notation. Sample 2 has been cleaned in the same
way than Sample 1 and was then annealed under dioxygen (O2) flux
at 850◦C for 1 min with a controlled pressure of 5.0 10−1 Pa. This
step with an exceeding temperature, intend to increase the thickness
of the oxide at the InAlN surface. Sample 3 was annealed in the same
way than Sample 2 and has been additionally submitted to a thermal
annealing under Argon (Ar) flux at 850◦C for 1 min with a controlled
pressure of 2.3 10−1 Pa. These thermal treatments are implemented to
reach high performances and becoming an essential part of the HEMT
fabrication process. The three samples have been then transferred im-
mediately and at the same time into the XPS spectrometer without
specific care to air contamination.

Figure 1. XPS survey spectra representative of as-grown InAlN after NH4OH
cleaning (Sample 1), further O2 thermal annealing at 850◦C (Sample 2), and
additional Ar thermal annealing at 850◦C (Sample 3). The spectral windows of
O1s, In3d, N1s, C1s, and Al2p, are the ones considered for the quantification
and the fitting procedure presented in the next part. The “∗” typing corresponds
to a specific additional N1s feature.

The thickness of the surface oxide was measured by TEM (Trans-
mission Electron Microscope) on Sample 2 (annealed under O2 flux
at 850◦C) formerly prepared by FIB (Focus Ion Beam).

To enhance the surface modification of InAlN layers, presenting
high stability and low reactivity,16,30,32 another sample having under-
gone a higher thermal budget was prepared. This sample was cleaned
under the same procedure and annealed at 950◦C for 1 min under the
same O2 flux, noted Sample 2bis, and also additionally annealed at
950◦C for 1 min under the same Ar atmosphere, noted Sample 3bis.
Finally, to address the question of the InAlN barrier stability after an-
nealing step, the annealed samples were analyzed, after two months
air ageing at room temperature (thereby Sample 2 and Sample 3) and
one year (Sample 3bis).

The surface chemical composition and chemical environments
evolutions were accurately characterized by XPS (X-ray Photoelec-
tron Spectroscopy). XPS experiments were carried out with a Thermo
Electron K-Alpha spectrometer equipped with a monochromated Alu-
minium (Al) Kα X-ray source (1486.6 eV) and a hemispherical ana-
lyzer operating at normal acceptance in the Constant Analyze Energy
mode (survey: 200 eV and high energy resolution spectral windows:
50 eV). Spot sizes are typically 400μm. XPS mapping were performed
using multi-point detection mode. Surface charging effect was com-
pensated by using an Ar+ flood gun and the energy scale was calibrated
with reference to the C1s peak position at 284.8 eV, characteristic of
C-C bonds present in adventitious carbon. The Thermo Electron K-
Alpha spectrometer procedure was used to calibrate the spectrometer
and verified using copper (Cu) and gold (Au) samples following the
ASTM-E-902-94 standard procedure.

The Thermo Avantage software was used for quantification and
N1s, Al2p, In3d5/2, and O1s photopeaks reconstruction procedure
using a Shirley background subtraction and a convolution of Gaussian-
Lorentzian mix product function with L/G = 30%. The corresponding
atomic concentrations were calculated from corrected peak areas us-
ing relative sensitivity factors (RSF) and transmission function of the
spectrometer provided in the Thermo Avantage software. The fitting
procedure developed on standard fully deoxidized InP and AlGaAs
reference spectra, acquired in the same experimental conditions, was
implemented on present InAlN spectra to ensure an accurate differ-
entiation between oxide phases and the InAlN matrix.

Results and Discussion

Observation of the overall chemical compositions using the XPS
survey spectra.—The high homogeneity of the InAlN layers chemical
surface composition is assessed by the good correlation of the differ-
ent XPS results. Indeed, a statistical study was done with distinct
analysis points randomly scattered on the surface of each samples
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Table I. Atomic concentrations of Al, In, N, O and C, obtained from the XPS survey spectra of the Samples 1 to 3. The standard deviation is
inferior to 0.2 at.%. (∗) See explanation in caption Figure 1.

Al2p In3d5/2 N1s / N1s(∗) O1s C1s

Sample 1 InAlN as-grown + NH4OH cleaning 25.9% 5.9% 33.1%/0.0% 19.4% 15.7%
Sample 2 O2 annealing (850◦C) 29.9% 3.6% 10.8%/5.4% 44.4% 6.0%
Sample 3 Additional Ar annealing (850◦C) 30.3% 3.9% 14.3%/2.1% 43.9% 5.5%

which demonstrates, as expected, the reproducibility of XPS spectra,
and so, the uniformity of the InAlN surfaces (not presented here). The
elementary composition determined over the different areas remains
constant. Representative survey spectra of Samples 1, 2, and 3, are
presented in Figure 1 and the extracted overall XPS atomic concen-
trations of the main elements are given in Table I with a standard
deviation of less than 0.2 at.% for all data.

Regarding from these spectra, Silicon (Si) signals are also found
on the samples with a maximum total amount around 4 at.%. Such
Si residual content corresponds to a cleavage artefact, the samples
being cut from the same wafer onto approximatively 1 × 1 cm2 pieces
for XPS analysis convenience and some SiC back-side residues being
redeposited on the front surface. We choose, to be conform to the orig-
inal fabrication process and to preserve the InAlN as-grown surface
composition, to directly immerse the samples in NH4OH after cutting,
without mechano-chemical cleaning which would have eliminated the
Si residues.

The comparison of the XPS surface composition of Samples 1, 2
and 3 (Table I) evidences a modification after the annealing steps of
InAlN. The carbon contamination is drastically decreased from 15.7
at.% on the as-grown (Sample 1) to unconventional low carbon content
for samples transferred without special care to atmosphere exposure,
around 6.0 at.% (Sample 2) and even less (Sample 3). These very
weak values are consistent with the results of King et al.54 concern-
ing the thermal oxidation of similar III-V nitride surfaces (AlN and
GaN). It reveals very specific surface properties concerning its poor
adventitious carbon sticking, and leading to a high surface stability
with regard to air atmosphere contact and associated contamination.

For the main chemical elements Aluminium (Al), Indium (In), Ni-
trogen (N) and Oxygen (O), a clear modification of the atomic balances
is also observed before and after the oxidation process. Comparing
Sample 2 to Sample 1, a strong increase in O content, from 19.4%
up to 44.4%, is measured and evidences the growth of an oxide film
at the InAlN surface. This O enrichment is well visible on the survey
spectra (Figure 1) when comparing the evolution of the O1s peak and
the Auger O-KLL bands. This increase of O content is also correlated
to a decrease in the N one, from 33.1% down to 10.8%, this element
being not involved in the oxide film network, and also in In whose
content varies from 5.9 % down to 3.6%. Moreover, the Al content
increases, from 25.9% up to 29.9%. This indicates that the oxide film
is Al-rich, what is consistent with the high oxygen affinity of this
element. Minor composition changes are observed after Ar annealing
(Sample 3), the final thermal treatment having practically no effect
on the chemical composition of the oxide layer grown in the previous
step.

To get more precise insight on the surface composition modifi-
cations, characteristic ratios are presented in Table II. It reveals a
high increase of the III/V element balance: “(Al+In)/N” after an-
nealing (Sample 2 and 3), reaching 3.1 on Sample 2, compared to
the one measured on the reference metal-nitride matrix (Sample 1),

Figure 2. High energy resolution XPS spectrum of C1s region on Sample
1: (C-C), (C-O), (C=O) and (RCOOH) bonds are well-distinct inside the
adventitious carbon content. �(C-O) is related to the addition of all carbon
attributions associated to at least one oxygen atom (see Tables III and IV).

as expected close to 1. This increase of the III/V balance indicates
a consequent change at the surface of the InAlN layer. Moreover,
an additional feature, pointed “∗” in Figure 1, appears in the N1s
region of the two samples annealed at higher binding energy than
usual N1s photopeak position for nitride compounds (at 397.4 eV).
This peak observed at 404.0 eV is not taken into account in all the
characteristic ratio determination, as it cannot be attributed to N in
the InAlN matrix network (Table II). One should note that its con-
tent is reduced after the Ar annealing (Table I). This specific XPS
signature of the N1s photopeak will be investigated in more details
below.

The O involved in the oxide film network, noted “Oox”, can be
estimated after deduction of O linked to the carbon contamination from
the total O content. The fit of the C1s spectrum (Figure 2) enables to
determine this corrective value, and leads to an equivalent proportion
between the “C-C” and “C-O” environments, so the estimation can be
provided using “[Oox] = [O]-[C]/2”. Considering the very low carbon
content in the present case, especially for Sample 2 and Sample 3, this
approximation only has a low effect on O value.

The ratio between the overall III-elements content and “Oox”,
“(Al+In)/Oox”, is drastically decreased from 2.05 (Sample 1) to 0.81
(Sample 2), in accordance with the increase of O content and then
remains stable at 0.83 (Sample 3) after Ar annealing. The matrix
is still visible (N presence) and this ratio also takes into account
the Al and In proportion associated to the matrix below. The oxide

Table II. Characteristic ratios evolution obtained from the XPS survey spectra of the Samples 1 to 3. The standard deviation is assumed at ± 0.02.
“Oox” is the oxygen content corrected from associated carbon contamination.

(Al+In)/N (Al+In)/Oox In/(Al+In) (Al+In)/(N+Oox)

Sample 1 InAlN as-grown + NH4OH cleaning 0.96 2.75 0.19 0.71
Sample 2 O2 annealing (850◦C) 3.10 0.81 0.11 0.64
Sample 3 Additional Ar annealing (850◦C) 2.39 0.83 0.11 0.62
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Figure 3. Reconstruction of the high energy resolution XPS spectra of a. Al2p, b. In3d5/2, and c. O1s regions for as-grown InAlN after NH4OH cleaning (Sample
1), further O2 thermal annealing at 850◦C (Sample 2), and additional Ar thermal annealing at 850◦C (Sample 3). InAlN matrix contribution named “(mat)”, oxide
top layer contribution named “(ox)”, and superficial contamination named “(conta)” for oxygen content assigned to carbon contamination.

composition will be refined after proceeding to the reconstruction of
the high energy resolution spectra, enabling to separate oxide and
matrix contributions, detailed in the next paragraph.

Furthermore, the substitution rate of In, “x = In/(Al+In)”, obtained
by XPS is 19% and is in good accordance with the XRR value of
20% measured on the InAlN as-grown film (Sample 1), attesting
of the good lattice match with GaN.8 This ratio then declines to
11% after thermal annealing (Sample 2 and Sample 3) revealing an
In depletion within the depth probed by XPS. Finally, the overall
ratio, “(Al+In)/(N+Oox)” shows practically no evolution and remains
relatively constant between 0.6 to 0.7, showing that the overall content
of elements is conserved. The study of high energy resolution spectra
will emphasize these preliminary results.

XPS peak fitting of high energy resolution spectra and inter-
pretation of InAlN thin film oxidation after O2 thermal anneal-
ing and additional ar thermal annealing.—The spectral regions of
interest: Al2p, In3d5/2, and O1s are presented in Figure 3. Evolu-
tions of the high energy resolution XPS spectra shapes are corre-
lated to strong modifications previously suggested from survey ex-
amination. Firstly, it can be settled that binding energy (BE) of the
overall envelopes of Al2p and In3d5/2 (observed at Figures 3a and
3b.) are modified after O2 annealing (Sample 2) showing an increase
of the full width at half maximum (FWHM) of the peaks. This is
due to the rise of another contributions at higher energy (named
“(mat)”) compared to the matrix ones (named “(mat)”), and con-
sistent with the surface oxidation previously presented with the cor-
responding survey spectra analysis. At the same time, the shoulder
of the O1s photopeak observed on the reference (Sample 1) changes
after O2 annealing by shifting the global position to lower energies
(Sample 2) indicating a reversal between the contamination (named
“(conta)”) and oxide (named “(ox)”) contributions preponderance
(Figure 3c).

The N1s spectra windows of the three samples are gathered in
Figure 4. A very specific XPS response is shown after the annealing
steps (on Samples 2 and 3), with the appearance of a new and unusual
contribution at 404.0 eV, thereafter named “(inter)”, in addition to the
expected “(mat)” one around 397.3 eV, representative of the matrix.

The spectroscopic parameters, calibrated binding energy (BE) and
peak’s width (FWHM), employed for the reconstruction procedure of
the different spectral windows are gathered in Tables IIIa. and IIIb. re-

spectively. Corresponding atomic concentrations for the differentiated
components are gathered in Table IV.

First of all, the fitting procedure of Sample 1 is detailed as it will
be representative of the initial reference configuration. As obtained
with the reference standard AlGaAs for Al2p (previously introduced
in the experimental part), a slight asymmetry of the peak envelope
is considered to take into account the Al2p spin orbit coupling of
0.44 ± 0.01 eV. Indeed, Al2p3/2 and Al2p1/2 peaks are fitted with the
same line shapes, the same FWHMs (assumed at 1.10 ± 0.02 eV), and
with a 2:1 area ratio, as constraints. The optimized value of the spin
orbit splitting is also in perfect agreement with other works related
to AlN.55,56 The main “Al2p3/2 (mat)” contribution is positioned at
74.0 ± 0.2 eV. A similar value was previously reported for AlN57,58

environment and attributed to Al atoms in InAlN bulk material. The

Figure 4. High energy resolution XPS spectra for N1s region of Sample 1,
2, and 3: “(mat)” peak is associated to the InAlN matrix and “(inter)” to the
additional peak monitored for Sample 2 and 3.
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Table III. a. Calibrated values of Binding Energy (BE) and b. Simulated values of Full Width at Half Maximum (FWHM) during the fitting
procedure of Al2p, In3d5/2, N1s, O1s, and C1s spectral windows, for Samples 1, 2 and 3, associated to Figures 2, 3, and 4. The standard deviation
is assumed at ± 0.2 eV for the BE, and at ± 0.05 eV for the FWHM.

BE /eV FWHM /eV

a. Sample 1 Sample 2 Sample 3 b. Sample 1 Sample 2 Sample 3

Al2p1/2 (mat) 74.5 74.4 74.2 Al2p1/2 (mat) 1.10 1.12 1.11
Al2p3/2 (mat) 74.1 74.0 73.8 Al2p3/2 (mat) 1.10 1.12 1.11

Al2p (ox) / 75.1 74.8 Al2p (ox) / 1.60 1.51
In3d5/2 (mat) 445.1 444.8 445.0 In3d5/2 (mat) 1.20 1.25 1.23
In3d5/2 (ox) 446.0 445.7 445.8 In3d5/2 (ox) 1.46 1.50 1.49
N1s (mat) 397.4 397.3 397.2 N1s (mat) 1.20 1.20 1.20
N1s (inter) / 404.0 403.9 N1s (inter) / 1.40 1.44
O1s (ox) 531.2 531.6 531.7 O1s (ox) 1.90 1.90 1.90

O1s (conta) 532.5 532.7 532.7 O1s (conta) 2.10 2.10 2.10
C1s (C-C) 284.8 284.8 284.9 C1s (C-C) 1.30 1.30 1.30

C1s �(C-O) 285.7-289.3 285.7-289.3 285.7-289.3 C1s �(C-O) 1.70 1.70 1.70

peak reconstruction procedure of Al2p, well satisfactorily fit the ex-
perimental envelope. It suggests that the residual oxide remaining on
surface is principally or only constituted of In oxide, although the
possibility of a minor “Al2p (ox)” contribution can be comprised
within the error bar of the fit. The “In3d5/2 (mat)” contribution is
positioned at 445.0 ± 0.2 eV. This chemical shift is close to the one
observed on InN.59-61 A “In3d5/2 (ox)” contribution, settled with a pos-
itive shift of 0.9 ± 0.1 eV from the “In3d5/2 (mat)” energy position, is
found in a very low proportion on Sample 1 (only 0.2 at.% of In).

Indeed, owing to its low O content, Sample 1 appears as an almost
fully deoxidized layer. The most part of the O1s signal, positioned
at 532.5 ± 0.2 eV, is assigned to superficial carbon contamination
“O1s (conta)”,62 and clearly shows that the residual oxide cannot be
totally covering. By the way, the O content related to the oxide, “O1s
(ox)” appears clearly overestimated for the Sample 1 (at 4.2 at.% in
Table IV). Regarding from the low atomic content of In and Al oxide,
we assume that this discordance is due to side silicon oxide present at
the surface as already explained in the previous part.

The N1s region of Sample 1 presents only one component, “N1s
(mat)” (Figure 4), positioned at 397.4 ± 0.2 eV. This value is in
good agreement with tabulated ones for InAlN63 and AlN57,58 ni-
trides, enabling us to attribute this contribution to N atoms implied
in the InAlN matrix. Finally, “Al2p3/2 (mat)”, “In3d5/2 (mat)”, and
“N1s (mat)” can be clearly assigned to Al, In, and N atoms in-
side the InAlN matrix. Moreover, their respective FWHMs, 1.10 eV,
1.20 eV, and 1.20 eV (Table IIIb.) are consistent, suggesting a unique
and stable InAlN network for the Sample 1. Furthermore, the inter-
band energy differences of the matrix contributions presented as fol-
low: “�BE (N1s/Al2p3/2) = 323.3 eV”, “�BE (In3d5/2/N1s) = 47.7
eV”, and “�BE (In3d5/2/Al2p3/2) = 371.0 eV”, are in good agree-

Table IV. Differentiated XPS atomic concentrations obtained after
reconstruction of Al2p, In3d5/2, N1s, O1s, and C1s, photopeaks for
the three samples (cf Figures 2, 3, and 4). The standard deviation
is assumed at ± 0.1 at.%.

Atomic concentrations/at.%

Sample 1 Sample 2 Sample 3

Al2p (mat) 27.7 9.3 11.6
Al2p (ox) 0.0 19.4 18.4

In3d5/2 (mat) 6.8 2.0 3.0
In3d5/2 (ox) 0.2 2.0 1.2
N1s (mat) 34.5 11.8 14.9
N1s (inter) 0.0 5.5 2.3
O1s (ox) 4.2 36.6 37.1

O1s (conta) 15.1 11.0 9.2
C1s (C-C) 5.2 1.0 1.0

C1s �(C-O) 6.4 1.5 1.5

ment with values published in previous works on InAlN as-grown
layer.63

After annealing (Sample 2 and 3), an increase of the O1s contribu-
tion, situated in an energy range characteristic of O present in oxide
compounds56 (“O1s (ox)”), is shown and positioned using a positive
shift of 1.2 ± 0.2 eV with a FWHM of 1.9 ± 0.02 eV. The “O1s (ox)”
contribution rises from 4.2 at.% in Sample 1 to about 37.0 at.% in
Sample 2 and 3. Precisely, we assume that these values are overes-
timated of about 4 at.% with respect to the fraction of silicon oxide
revealed by the survey spectra. Additionally, a concomitant contribu-
tion at higher binding energy is required to reconstruct the envelopes
of Al2p and In3d5/2 photopeaks and corresponds to the formation of
a covering oxide top layer (Figure 3). A unique component “Al2p
(ox)” is added to the fit, and positioned using the same positive shift
of 1.1 ± 0.1 eV (from the “Al2p3/2 (mat)” energy position) and with a
FWHM of 1.60 eV (Sample 2) and 1.50 eV (Sample 3). “Al2p (ox)”
proportion rises from almost 0.0 at.% (Sample 1), to 19.4 at.% (Sam-
ple 2), and to 18.4 at.% (Sample 3). Concerning the oxide contribution
in the In3d5/2 region, the “In3d5/2 (ox)” peak is positioned using simi-
lar condition than Sample 1 using a positive shift of 0.9 ± 0.1 eV and
with a FWHM of 1.50 ± 0.02 eV. “In3d5/2 (ox)” proportion also rises
from 0.2 at.% (Sample 1), to 2.0 at.% (Sample 2), and to 1.2 at.%
(Sample 3). Any details about the precise attributions of the chemical
bonds Al-O and In-O (hydroxides and suboxides for instance) would
be rather difficult and will not be discussed in this study. Nevertheless,
the energy positions of “Al2p (ox)” and “In3d5/2 (ox)" are consistent
with the one measured for Al2O3

56,58 and for In2O3-like oxide60,61

respectively.
In the N1s region, a main prominent “N1s (mat)” peak (Figure 4)

is still visible but an additional structure at 404.0 ± 0.2 eV emerges.
According to the literature, this additional peak can be assigned at
first sight to interstitial N containing molecules (N2 or NOx),64 prob-
ably trapped inside the structure, and thereafter named “N1s (inter)”.
The atomic concentrations of the “N1s (inter)” for Sample 2 and 3 are

Table V. Characteristic ratios of the three samples, describing the
InAlN matrix and the oxide layer composition after the thermal
annealings. The standard deviation is assumed at ± 0.01.

Characteristic ratios

Sample 1 Sample 2 Sample 3

[In (mat)+Al (mat)]/N (mat) 1.00 0.96 0.98
In (mat)/[Al (mat)+In (mat)] 0.20 0.18 0.21

[Al (ox)+In (ox)]/O (ox) 0.06 0.59 0.53
In (ox)/[Al (ox)+In (ox)] / 0.09 0.06

Al (ox)/Al (mat) 0.00 2.08 1.58
In (ox)/In (mat) 0.04 1.01 0.40

C-C/�(C-O) 0.81 0.65 0.65
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Figure 5. TEM cross section of InAlN layer annealed under O2 at 850◦C
(Sample 2). Thickness measurement of the surfacing oxide layer (In-Al-O) is
shown and ranged between 2.5 and 3.1 nm.

found to be 5.5 at.% and 2.3 at.% respectively (Table IV). Besides, an-
other contribution at lower energy and named “N1s (N<1)”, included
inside the “N1s (mat)” contribution, is evidenced in the annealed
samples. Its evolution will be detailed in the next part.

The characteristic ratios of the InAlN matrix and the Indium-
Aluminium oxide layer, “In-Al-O”, are presented in Table V. The
InAlN atomic ratio on the reference sample (Sample 1) after peak
reconstruction, “[In (mat)+Al (mat)]/N (mat) = 1.00”, is in total
agreement with the value calculated with overall contents coming
from the survey spectra: “(Al+In)/N = 0.96” (Table II), validating
the fitting procedure. In addition, the oxide content for Sample 1 is
extremely low, only 0.2 at.% of In, and confirms that almost all the
XPS signal collected is coming from the InAlN matrix. It also attests
the presence of a non-covering and ultra-thin oxide coming from a
very small remaining fraction of the native In oxide.

After annealing steps, oxidation has been clearly evidenced. Con-
sequently, the oxide ratio, “[Al (ox)+In (ox)]/O (ox)” at Table V,
increases substantially by a factor of 10, rising from 0.06 before an-
nealing, to 0.59 after O2 annealing, and to 0.53 after the subsequent
Ar annealing. This characteristic ratio of the oxide over layer is lower
than the 0.67 one expected for a mixed oxide of Al2O3 and In2O3.
Despite the slightly overestimated “Oox” contribution (as previously
explained), we can also assume the existence of a proper and covering
mixed “In-Al-O” oxide structure, particularly Al rich.

The thickness of the oxide overlayer is evaluated on a TEM (Trans-
mission Electron Microscopy) cross section image. A conformal ox-
ide layer presenting a thickness comprised between 2.5 and 3.1 nm is
measured for oxidized samples (Figure 5).

This thickness can also be estimated from XPS data. As the oxide
layer is composed of more than 90 % of Al oxide, the thickness cal-
culation is done by simplifying the model considering only an Al2O3

superficial layer covering the barrier layer. A rigorous approach would
also consider the attenuation of Al2p signals by superficial adventi-
tious carbon contamination, considered equivalent for all the samples
here (low C contents) and then neglected in the present calculation.
First, the TPP-2 M equation65,66 is used to calculate the theoretical
IMFP (Inelastic Mean Free Paths of photoelectrons) parameter “λox”
and is found around 3.0 ± 0.1 nm. Then, the oxide layer thickness
“dox” is determined using the following relation based on XPS signal
attenuation: “dox = λox.ln(I0/I)”, with “I0” the relative intensity of

“Al2p (mat)” measured on the reference (Sample 1) and “I” the rela-
tive intensity of “Al2p (ox)” measured on oxidized samples (Sample
2 and 3). Finally, the estimated thicknesses are found between 2.6 and
2.8 nm for Sample 2, and between 1.9 and 2.0 nm for Sample 3. These
values are in good agreement with the TEM measurement. It can also
confirm that the oxide layer is thinner after the Ar thermal treatment
leading to a possible re-arrangement inside the oxide layer and the
interface.

To get into more details about the oxidation mechanism, we can
first observe that the overall In content decreases (Tables II and IV) by
almost a factor of 2 from Sample 1 to Sample 2. Indeed, pure InN can
start to decompose above 600◦C39,67 and the present thermal budget
is sufficient to cause In loss inside the ternary alloy. Additionally,
both “In3d5/2 (ox)” and “In3d5/2 (mat)” contributions are impacted.
Both oxide formation and In loss are observed during the thermal
annealing, and N is not involved in the oxide network, so, an asso-
ciated N loss is observed as well as a modification of its distribution
in depth. Indeed, the overall N content “N1s (mat)+N1s (inter)” de-
creases from 34.5 ± 0.1 at.% (Sample 1) to about 17.2 ± 0.1 at.%
(Sample 2 and 3). Nevertheless, the atomic balance in the matrix be-
yond the oxidation film is not significantly modified. The global ratio
“[In (mat)+Al (mat)]/N (mat)” only slightly decreases from 1.00 on
the reference surface practically oxide free (Sample 1) to 0.96 (Sample
2) and 0.98 (Sample 3) after their respective annealings. These results
point out the existence of an ultra-thin perturbed layer on top of the
InAlN matrix, just beyond the oxide top layer, noted “InyAl1-yN(<1)”,
caused by the thermal oxidation treatment. This interlayer is assumed
to be deficient in In and N.

As for In and Al, the total N quantity remains practically unchanged
after Ar annealing. For Al, the “Al (ox)/Al (mat)” ratio slightly de-
clines from 2.08 (Sample 2) to 1.58 (Sample 3), with the Al oxide
contribution remaining clearly predominant (Table V). Concerning In,
a more notable decrease of the “In (ox)/In (mat)” ratio is observed,
varying from 1.01 (Sample 2) to 0.40 (Sample 3), and showing an
inversion of predominance of the contributions after Ar annealing.
Thus, a slight decrease of the In content in the oxide, going from 9%
to 6% for the “In (ox)/[Al (ox) + In (ox)]” ratio, is associated to an
increase of the In content inside the matrix, from 18% to 21% for the
“In (mat)/[Al (mat) + In (mat)]” ratio, recovering the initial In content
(Sample 1). As the In contents remain roughly constant for Sample 2
and 3, the Ar annealing seems to act as a reducing agent for In oxide,
probably causing a structure rearrangement at the interface between
the oxide and the matrix. Finally, the N associated to the InAlN matrix,
“N1s (mat)”, is found to increase from 11.8 at.% to 14.9 at.% after the
Ar annealing (Table V); and conversely, the N1s proportion related
to the interstitial N content, “N1s (inter)”, decreases from 5.5 at.%
to 2.3 at.%. We can also assume that Ar thermal treatment not only
reduces the oxide layer thickness, but also leads to a restructuration
of the interlayer inside the InAlN matrix.

To summarize, a simple and direct oxidation mechanism of InAlN
surface is excluded for which the initial metallic ratio of the InAlN
with a substitution rate of In around “x = 0.20” would be conserved
inside the oxide layer. In our case, a layer by layer growth of the
oxide is supposed by inducing three things: (1) oxidation of Al, more
oxidizable, coming from InAlN top layers, (2) substitution of N and
part of In by O atoms leading to the loss of In and N, and (3) oxidation
of the remaining part of In at surface and entrapment of a N part
onto interstitial N molecules. This qualitative model requires further
investigations to propose a complete reactional mechanism scheme
and evaluate the annealed InAlN barrier layers stability. To this end, a
focus on the evolution of the N1s region with the thermal budget and
ageing time is presented in the next section.

XPS investigation of the N1s spectral regions: influence of the
thermal budget and ageing time.—The N chemical nature and spe-
cific position in the film organization is an important point directly
related to the high temperature oxidation process of InAlN. First of
all, the particular feature called “N1s (inter)” concerns the specificity
of the N response with the new contribution at 404.0 eV resulting
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Figure 6. High energy resolution XPS spectra presenting the N1s region of, a. the annealed samples (Sample 2, 3, and 2bis), and b. the aged samples (Sample 2,
3, and 3bis).

from the O2 annealing and appearing in Sample 2 and Sample 3
(Figure 3).

To our knowledge, such N1s XPS signature, presenting a chemical
shift of 6.7 eV with respect to the “N1s (mat)” energy position, has not
been reported in the literature for InAlN surfaces. A similar high bind-
ing energy contribution has been observed on InN as-deposited thin
films with N excess and attributed to interstitial N2,68 i.e. molecular
N2 embedded in the atomic lattice close to the surface. Other stud-
ies about N2

+ implantation in InP, InAs, or InSb III-V compounds,64

but also in Al2O3 and SiO2,69,70 or SiON71 report similar XPS evi-
dences of interstitial N2 presence and propose a pattern in which N2

molecules are trapped in the cation deficiency sites and surrounded
by O atoms bonded to metal cations.69 Another possible attribution
mentioned in the literature would be N atoms bond to O ones (N-O2)
inside the matrix. But in this case, suboxides, for example compounds
containing Al-O-N bonds, are systematically detected in addition to
the N1s features at 401 or 402 eV72–76 which are not observed in the
present study.

Besides this additional N1s peak at 404.0 eV, another contribu-
tion at lower energy has to be considered. As presented in Figure
4, a change of the “N1s (mat)” peak is observed after O2 anneal-
ing and conserved after Ar annealing, with the appearance of a
shoulder at lower energy, approximately at 396.5 eV. Thus, before
annealing (on Sample 1), the N1s peak shape is fairly symmetric
with a width (FWMH) of 1.2 eV. Therefore, a third contribution is
added to adequately fit the N1s spectral envelope of the “(mat)” peak
for all the other samples after the annealing and ageing steps. This
contribution, characterized by a FWMH ranged between 2.2 and
2.3 eV, is visible on all annealed samples and its proportion grows
with the annealing temperature (Figure 6a). Somehow, this shape
could have been attributed to Ga-L2M45M45 Auger bands, originating
from Ga as reported in many papers.77-80 However, no Ga2p core-level
(∼1110–1130 eV) is detected from the XPS survey spectra, excluding
here this possibility. The most probable attribution, by analogy with a
similar contribution found on AlN (and in the same proportion than the
one observed for Sample 2 and 3), will be the presence of N atoms in

defect position in the InAlN matrix, namely “AlN(x<1)”,58,81 extended
here to “InAlN(x<1)” under-stoichiometric species in our case. This
also evidences the absence of such defects (or in a very insignificant
proportion) on the as-grown and deoxidized sample (Sample 1), for
which this low energy contribution is not visible. Also, in Figure 6
and Table VI, two distinct “N1s (mat)” contributions are considered
and denoted as followed: “N1s (N = 1)” for the undisturbed and stoi-
chiometric part of “InAlN(x = 1)”, and “N1s (N<1)” for the structural
defects and the sub-stoichiometric fraction of “InAlN(N<1)” previously
introduced.

The complementary study presented in the following part of the
text aims to refine the high temperature oxidation mechanism and
especially focusing on N1s specificity. First, an oxidation step at higher
temperature (950◦C) was realized in order to intensify the oxidation
mechanism (Sample 2bis).

The comparison of the N1s regions of InAlN annealed at 850◦C
(O2 and Ar, Sample 2 and 3) and 950◦C (Sample 2bis) is presented
in Figure 6a. The corresponding atomic concentrations obtained after
N1s fitting are gathered in Table VIa. First, the “N1s (inter)” contri-
bution is even more clearly visible on Sample 2bis showing that an
increase in the O2 annealing temperature is directly associated to a
high increase of the interstitial N content. Thus, proportion of inter-
stitial N ranges from 31.7% of the total N present at 850◦C (Sample
2), up to 52.9% at 950◦C (Sample 2bis). Surprisingly, the interstitial
N molecules can become the dominant part of the N content with
enough cohesion and short time stability (at day scale) to remain at
this high level. This result was really unattended knowing that every
reference reporting the “N1s (inter)” peak described it in a low fraction
of the N content.65 A possible explanation will be to consider a frac-
tion of N physisorbed or chemisorbed inside the oxide film. Ozensoy
et al.82 have shown the high interaction of NOx species on a surface of
Al2O3 thin films, and investigated the higher stability of chemisorbed
ionic nitrite species NO2

−. The existence of a fraction of NOx species
chemisorbed inside the Al-rich oxide film formed after O2 annealing
would moreover explain the decrease of the “N1s (inter)” after the
Ar annealing (Sample 3). Thus, the additional Ar annealing leads to
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Table VI. Proportion of the different contributions “N1s (inter)”, “N1s (N = 1)”, and “N1s (N<1)” relative to the total content of N1s, and atomic
ratio of N(<1) inside the InAlN matrix. Data are associated to Figure 6. The standard deviations are assumed at ± 0.1 for proportion and at ± 0.01
for the atomic ratio.

Proportion /%

N1s (mat) Atomic ratio

a. N1s (inter) N1s (N = 1) N1s (N<1) N (<1)/N (mat)

Sample 2 - 850◦C (O2) 31.7 57.2 11.1 0.19
Sample 3 - 850◦C (Ar) 13.5 75.0 11.5 0.15
Sample 2bis - 950◦C (O2) 52.9 27.1 20.0 0.74

b. Proportion /%

N1s (mat) Atomic ratio

N1s (inter) N1s (N = 1) N1s (N<1) N (<1)/N (mat)
Sample 2 - Aging 2 months 20.1 70.5 9.4 0.13
Sample 3 - Aging 2 months 17.5 68.9 13.7 0.20
Sample 3bis - Aging 1 year 1.7 57.3 42.9 0.78

a decreased by a factor of 2 of the “N1s (inter)” intensity (Table IV).
The main explanation of this phenomenon is that a certain amount of
N molecules embedded inside the structure are relaxed with the Ar
thermal treatment. This is in good agreement with the decrease of the
oxide layer thickness after Ar annealing.

In addition, the generation of defects inside the InAlN matrix,
evidenced by the “N1s (N<1)” contribution in Figure 6a, is also
found to be related to the thermal budget, as an increasing proportion
with the annealing temperature is shown. The atomic ratio “N (<1)/N
(mat)”, which characterizes the fraction of N defects inside the InAlN
matrix (Table VI), rises from 0.19 until 0.74 at higher temperature.
Then, their generation seems to follow the same trend with temperature
than the one observe for the interstitial N2. However, such important
defects proportion means that the InAlN matrix is strongly perturbed,
and, obviously, requires adjusting the operating temperature for an
optimized HEMT fabrication process.

Then, a stability study was led, by proceeding to the XPS analysis
of the two samples annealed at 850◦C after two months (Sample 2
and 3) ageing in air atmosphere. The evolution after one year ageing
of an extreme case: a sample representative of the whole process (O2

and Ar annealings) at higher temperature of 950◦C, and presenting
initially a large amount of “N1s (inter)” is also presented.

The N1s spectral regions of the aged samples are gathered in Figure
6b, with the corresponding atomic concentrations in Table VIb and
with a specific attention paid on the “N1s (inter)” and “N1s (N<1)”
peaks evolution in time.

Firstly, for the 850◦C process, the “N1s (inter)” proportion mea-
sured after oxidation (Sample 2) is found to decrease from 32% to
20% in two months of ageing. However, after additional Ar annealing
(Sample 3), the “N1s (inter)” proportion is practically constant (pass-
ing through 13.5% to 17.5%) for a similar ageing duration. Thus,
after a two-month ageing, the partial relaxation of interstitial N is
only visible after the O2 annealing, showing a stability increase af-
ter Ar treatment. Besides this observation, a relaxation of more than
half of the interstitial N2 molecules is observed after Ar treatment,
ranging from 31.7% (Sample 2) to 13.5% (Sample 3) of the total
N content. Such relaxation was previously mentioned and attributed
to reorganization at the oxide/InAlN matrix interface where an in-
terlayer (In and N poor) was evidenced just after the oxidation step
(Table V).

Another interesting point is that, at a larger timescale (one year),
almost all the interstitial N molecules are desorbed, as illustrated in the
case of Sample 3bis presenting an estimated “N1s (inter)” proportion
of only 1.7%, and showing a progressive and slow evacuation of the
interstitial N2.

For the three samples studied, the N defects contributions, “N1s
(N<1)”, do not decrease with ageing time. In fact, they seem to stay
in a proportion around 15 ± 5% of the overall InAlN matrix whatever

the thermal budget and ageing time considered. Even in the case
where defects are present in a large majority (950◦C), their proportion
remains constant around 75 ± 5% even after ageing time of one year.

These observations are a strong evidence to finally attribute (1)
the “N1s (inter)” component as interstitial N2 molecules, appearing
as not stable in a long timescale, trapped inside the structure with
non-covalent bonds, and probably situated between the oxide layer
and the InyAl(1-y)N<1 interlayer; and (2) the “N1s (N<1)” component
as N deficiencies representative of the InyAl(1-y)N<1 interlayer, and
keeping its proportion over time.

Finally, InAlN thin films are complex ternary alloys with inter-
mediate properties between those of AlN and InN depending directly
on the In content. Since experimental data on binary compounds are
available in the literature,67,83 a parallel can be drawn with the ternary
compound. InAlN epitaxial layers present a strong crystal cohesion
that moderate surface reactivity but O incorporation, even limited, is
possible with thermic assistance. Our XPS results demonstrate that
InAlN oxidation follows a layer by layer process. The oxidation film,
“In-Al-O”, is thin (between 2.5 nm and 3.1 nm after the O2 anneal-
ing at 850◦C), well-covering, and Al-rich. The Al surface enrichment
(with a correlated In and N loss) and an interstitial N presence be-
tween the surface oxide layer and the InyAl(1-y)N<1 interlayer show
that InAlN decomposition starts well below the growth temperature
for AlN (1100◦C),3 but well above the degradation temperature for
InN (600◦C).39,84 One should note that the temperature of 850◦C cho-
sen here is very close to the MOVPE growth temperature of InAlN
at 870◦C. The minor In content (given with 20% of incorporation)
present in the InAlN matrix may therefore enable the surface decom-
position at a temperature of 850◦C even before the O incorporation
for the thermal oxide growth.41,85

Origin of interstitial N remains an open question. First, it can result
from N atoms reorganization during oxidation. Secondly, in AlN and
InN thin films, N defects,58,68 even at the surface, are present so it
cannot be excluded that such defects could also gather, leading to
a N2 interstitial formation in the oxidation film formed on InAlN.
Although there is no such experimental evidence of this mechanism
to InAlN ternary alloy, the molecular N2 recombination mechanism
can be proposed, as a direct transposition for N loss on InN thin
films.86 The formation of interstitial N2, as well as its incorporation
inside the “In-Al-O” surface oxide layer remains a complex issue,
and it seems hazardous on the base of present results to predict with
absolute certainty its origin.

Regarding from these results, one should notice that N2 interstitial
molecules are instable and need to be avoided during the fabrication
of HEMT devices. The N deficiency evidenced inside the interlayer
seems to be less inconvenient as strong covalent bonds linked the
overall structure (oxide/interlayer/matrix). Nevertheless their relative
proportion seems to be associated to N2 content when no ageing
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time is applied. During the industrial process, long time relaxation
is not conceivable, and additional Ar annealing treatment does not
fully relaxed the N2 content. Indeed, O2 thermal annealing at low
temperature (below 850◦C) has to be considered as a solution to limit
the N evolution, Ar final treatment remains an essential step.

Conclusions

InAlN/GaN heterostructures have the asset to present a strong sta-
bility through air atmosphere. In this paper, we study by XPS the
behavior of InAlN thin layers through the three processing steps rel-
ative to the oxidation procedure in the HEMT fabrication process.
The evolution of the surface chemical composition, after ammonia
pre-cleaning, to eliminate the native sub-nanometric oxide, O2 an-
nealing, realized to reduce the leakage current, and Ar annealing,
principally acting as an healing treatment, at 850◦C is presented.
First, a practically deoxidized surface is evidenced after ammonia
treatment, considered as the XPS reference surface. Then, the forma-
tion of an oxidation film is shown by the substantial oxygen content
increase at the surface after O2 annealing, as well as an incredibly low
contamination level (< 6 at.%). But, principally the oxidation process
is accompanied by the appearance of an unusual N1s fingerprint. A
complete reconstruction of the main photopeaks Al2p, In3d5/2, N1s,
O1s, and C1s, is performed to precisely determine the surface chem-
ical environments and get a better understanding on the oxidation
mechanism.

After the oxidation step, a conformal and covering ultra-thin
aluminium-rich oxide film of almost 3 nm is formed. This important
difference in III-elements balance in the oxide film and in the InAlN
matrix enables to exclude a layer by layer oxidation mechanism. The
oxidation of the barrier is supposed to proceed by breaking the InAlN
chemical bonds at 850◦C enabling the oxygen incorporation in the
InAlN top layers. The O2 annealing is found to drastically decrease
the Indium and nitrogen contents, as already referred for InN surface
degradation at temperature above 600◦C. We also demonstrate that the
O2 annealing leads to the creation of nitrogen defects (“N1s (N<1)”
contribution at 396.5 eV), related to an under-stoichiometric InAlN
network, in association with a slight decrease of the InAlN matrix
stoichiometry: the “[In (mat)+Al (mat)]/N (mat)” ratio varying from
1.00 to 0.96, indicating that the matrix below the oxide film is super-
ficially modified. Such nitrogen defects are found to increase with the
thermal budget. These results attest also of the formation of a indium
and nitrogen deficient substructure, “InyAl1-yN(<1)”, during oxidation,
and situated between the oxide layer and the undisturbed InAlN ma-
trix. The Ar annealing treatment plays his role of healing thermal
treatment by partially re-arranging the chemistry at the interface.

One main result of this study is a characteristic XPS signature of
the N1s region presenting a rather unusual feature at 404.0 eV. This
contribution strongly shifted of + 6.7 eV compared to the nitrogen
matrix contribution (397.3 eV) is attributed to the presence of intersti-
tial N2 trapped between the surface oxide film and the InyAl(1-y)N<1

interlayer. Even if the origin of interstitial nitrogen remains an open
question, different mechanisms can be proposed for the formation
of interstitial N2 with reference to previous works published on InN
behavior, and proposing a reorganization of Nitrogen atoms during
oxidation or defects accumulation arising from the bonds breaking
during heating. By increasing the oxidation step temperature (950◦C),
a strong increase of the interstitial nitrogen contribution is observed,
becoming the predominant part of the N1s spectral region (around
53%). To our knowledge, such behavior was not yet reported for
ternary nitride materials.

This interstitial N2 is progressively released during ageing under
air and also decreased by the Ar annealing, accelerating the relaxation
at the interface, although the nitrogen defects remains practically con-
stant once they are formed even after one year ageing. It confirms
that nitrogen defects are representative of the InAlN matrix, contrar-
ily to the interstitial N2 molecules, probably localized at the interface
between the oxide and the matrix, and almost totally gone after one
year. Complementary information could be obtained with the same

approach but by varying the In content in InAlN. The discrete deter-
mination of in-depth distribution through the surface oxide and the
interlayer by AR-XPS (Angle Resolved – XPS) is also under consid-
eration.

Considering the HEMT process, interstitial N2 formation has to be
avoided due to their instability. A possible solution will be to consider a
lower operating temperature (<850◦C) for the oxidation process (O2)
including the essential Ar step or an alternative procedure such as wet
chemical oxidation for which XPS is a key technique to optimize the
solution formulations and finely orientate the surface chemistry.

To conclude, this study shows the strength of XPS for InAlN
ultra-thin layers analysis. The 10 nm escape depth of the photoelec-
trons perfectly suits the barrier layer depth dimension and enables
a non-destructive characterization within the whole layer giving the
possibility to perform retro-engineering on high added value micro-
electronic devices where a quantitative feedback on the surface and
interface chemistry modifications is mandatory.
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