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g of nitrogen formed by
nitridation of crystalline and amorphous aluminum
oxide studied by X-ray photoelectron spectroscopy

K. Lawniczak-Jablonska, * Z. R. Zytkiewicz, * S. Gieraltowska, M. Sobanska,
P. Kuzmiuk and K. Klosek

Numerous efforts have already been made to optimize nitridation of crystalline sapphire (c-Al2O3)

substrates whereas very little attention has been paid to nitridation of amorphous aluminum oxide layers

(a-AlOx). An extensive analysis of the reaction of amorphous aluminum oxide films with nitrogen species

is thus needed to clarify the mechanisms of nitrogen incorporation into such layers and to control their

properties. In this work X-ray photoelectron spectroscopy was used to determine the chemical state of

nitrogen formed by nitrogen plasma treatment of c-Al2O3 and 15 nm thick a-AlOx layers grown by

atomic layer deposition on Si and sapphire substrates. The results show that the nitridation proceeds

significantly different for c-Al2O3 and a-AlOx samples, which we correlate with the initial stoichiometry

of both materials. At the surface of sapphire O vacancies were found, which are necessary for the

formation of AlN-type bonding via diffusion limited replacement of oxygen by nitrogen. This process was

slow and involved formation of oxinitride AlN–O. After 80 min of nitridation only �3.4 at% of N was

incorporated. In contrast, in a-AlOx layers Al vacancies were present before nitridation. This opened

a new, more effective path for nitrogen incorporation via accumulation of N in the cation-deficient

lattice and creation of the Al(NOy)x phase, followed by AlN and AlN–O formation. This scenario predicts

more effective nitrogen incorporation into a-AlOx than c-Al2O3, as indeed observed. It also explains our

finding that more N was incorporated into a-AlOx on Si than on sapphire due to supply of oxygen from

the sapphire substrate.
Introduction

Nitridation of aluminum oxide (Al2O3) lms either during or
aer their deposition has attracted extensive attention in the
context of electronic and photovoltaic applications,1–4 since it
provides superior characteristics of devices containing such
lms, including lower density of interface electronic states,
higher reliability, as well as increased chemical and structural
stability in further processing steps. In electric eld, Al2O3 gate
dielectric containing nitrogen provides higher breakdown
voltage, lower leakage current,2,4 and more stable threshold
voltage.1 This allows application of a thinner interfacial layer2,3

as compared to the pure Al2O3 gate dielectric. In photovoltaics,
Al2O3 lms with nitrogen provide better antireection ability
due to a higher index of refraction than that of pure Al2O3.2,7 In
particular, Al2O3 lms grown by the atomic layer deposition
(ALD) technique are widely used as they exhibit very good
dielectric and surface passivation performances.1–3,5 Nitridation
of ALD grown aluminum oxide lms by nitrogen and ammonia
plasma has oen been employed in manufacturing of
ces, Al. Lotnikow 32/46, 02-668 Warsaw,

ifpan.edu.pl

27939
semiconductor devices leading to signicant improvements of
their characteristics.4,6,7

Recently there is an increasing interest in application of
amorphous AlOx lms grown by ALD as nucleation layers for
plasma-assisted molecular beam epitaxy (PAMBE) of GaN
nanostructures. Such buffers effectively induce catalyst-free
nucleation of GaN nanowires on sapphire8 and GaN9

substrates. As shown in previous studies,10–13 AlOx buffer layers
signicantly enhance the nucleation rate of GaN with respect to
nitridated Si (the most common substrate for growing GaN
nanowires), without loss of structural and optical properties.10

Additionally, AlOx buffers prevent diffusion of silicon from the
substrate10 facilitating growth of GaN nanostructures at high
temperatures without incorporating any impurities,14 thus
potentially leading to exceptional optical properties. Since AlOx

layers can be produced by ALD at temperatures below 100 �C on
various surfaces,15 this technique can be used for growing high-
quality GaN nanostructures on a large variety of bulk substrates
and hence substantially widen the range of their applications.

In the literature, however, very little attention has been paid
to nitridation of amorphous aluminum oxide layers, in contrast
to the numerous efforts made to optimize nitridation of crys-
talline sapphire (Al2O3) substrates used for growth of GaN
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra05104g&domain=pdf&date_stamp=2020-07-27
http://orcid.org/0000-0003-1042-570X
http://orcid.org/0000-0003-0240-9742
http://orcid.org/0000-0002-7225-9236
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05104g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010047


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 1
1:

00
:3

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
planar layers.16–19 Therefore, an extensive analysis of the reac-
tion of aluminum oxide lms with nitrogen plasma is needed to
clarify the mechanisms of nitrogen incorporation and fully
control the properties of such layers. It is already well estab-
lished that the process is diffusion limited17,20 and converts
Al2O3 into aluminum nitride by a continuous replacement of
oxygen atoms by nitrogen. Various aluminum-oxynitride (Alx-
OyNz) phases are formed during the transition between
sapphire with octahedrally coordinated Al and AlN with tetra-
hedrally coordinated Al.17,20–23 However, much work is still
needed to correlate the amount of these phases with the
parameters of the nitridation procedure and the crystalline
state of the aluminum oxide matrix. Therefore, in this work the
chemical state of nitrogen aer nitridation of AlOx buffers was
investigated by X-ray photoelectron spectroscopy (XPS). The
nitridation was performed on crystalline sapphire (c-Al2O3) and
on 15 nm thick amorphous a-AlOx layers formed by ALD on Si
and sapphire substrates to compare interaction of active
nitrogen with these surfaces.

Experimental

The samples used in this study were fabricated in Riber
Compact 21 PAMBE growth chamber using radio frequency
Addon nitrogen plasma source. The substrates were prepared by
etching 2 inch Si(111) wafers in diluted (2%) HF solution to
remove native oxides. C-plane sapphire wafers, with a 500 nm
thick Mo layer on the back side to increase heat absorption,
were degreased in tri-chloroethylene, acetone, and methanol,
rinsed in de-ionized water and blown dry with nitrogen. Then
the substrates were covered with a 15 nm thick amorphous AlOx

buffer layer by ALD at a temperature of 85 �C using de-ionized
water and trimethylaluminum (TMA) as oxygen and
aluminum precursors, respectively.24 The lm thickness was
determined using a spectroscopic reectometer (Nanocalc
2000) and further veried on scanning electron microscopy
cross-section images of reference ALD lms on Si substrates. In
the MBE growth chamber the samples were nitridated for 20,
40, and 80 minutes at 800 �C. Reference bare c-plane sapphire
wafers were nitridated under the same conditions. The
substrate surface temperature was measured with the LayTec
EpiCurveTT system and calibrated on bare Si(111) substrate by
observation of the 7 � 7 to 1 � 1 reection high energy electron
diffraction (RHEED) pattern transition at 830 �C.25,26 The
nitrogen cell operation was controlled by an optical light
sensor27 and the working cell parameters of 5.8 sccm nitrogen
gas ow and 263 W RF power were used. The base pressure of
the chamber was 3 � 10�11 mbar, while the working pressure
during nitridation was maintained at 4 � 10�5 mbar. During
nitridation the sample surface was monitored by RHEED, which
allowed us to conclude that even for 80 minutes of thermal
treatment the buffer remained amorphous. XPS measurements
were performed using a Scienta R4000 hemispherical analyzer
with non-monochromatic Mg Ka line (1253.6 eV) as the X-ray
source. The wide spectra were registered with 500 eV pass
energy and 0.5 eV step. Narrow scans were acquired with 200 eV
pass energy and 0.2 eV step. The full width at half maximum
This journal is © The Royal Society of Chemistry 2020
(FWHM) for the Au 4f7/2 line measured at the same experi-
mental condition was equal to 1.1 eV. The intense Ka Mg radi-
ation was chosen as the X-ray source to get sufficient signal
intensity of the N 1s line in samples with low nitrogen content.
The presence of the Mg Ka3 satellite at the distance of �8.3 eV
was observed but this satellite did not inuence signicantly
the shape of the spectra (the separation between the highest
energy part of the spectra and the lowest one was 6.8 eV).28 The
spectra were measured at different angles in the range from
0� to 55� in respect to the surface normal to get information
about the in-depth distribution of nitrogen in nitridated
samples. The core-level photoemission binding energies were
corrected for sample charging using the surface carbon C 1s
binding energy at 284.8 eV. The spectra were analyzed using the
CASA program.29 In all analyses the Shirley background was
used and the shape of the spectra was tted with Gaussian–
Lorentzian functions – GL(30). The concentration of elements
was calculated from the XPS peak area excited by the Mg source
using the average matrix relative sensitivity factor (AMRSF)
recommended by ISO 18118:2004.30–32 The applied AMRSFs
were: 0.666 for Al 2p, 1.61 for N 1s, and 2.29 for O 1s in relation
to C 1s.32

Results and discussion

The element content was determined from XPS spectra of
samples not exposed to the nitrogen ux and those nitridated
for different times. In all samples only four elements were
detected, namely Al, O, N, and residual surface C. No trace of Si
was found, which indicates that the Si substrate was homoge-
neously covered by the a-AlOx layer without any pits and the
thickness of the buffer layer was larger than the probing depth.
Table 1 collects the concentrations of elements detected in the
samples at three different angles. Due to the small amount of
nitrogen up-taken by crystalline sapphire the in-depth distri-
bution of elements was analyzed only in the c-Al2O3 sample
nitridated for 80 min. Table 1 shows signicant differences in
stoichiometry of the samples. In a stoichiometric Al2O3

compound the O/Al ratio should be 1.5 (AlO1.5). As seen, the
surface of c-plane sapphire was enriched in aluminum. The O/
Al ratio equals to 1.27 before nitridation and then the Al excess
relative to O slightly increases leading to the O/Al ratio of 1.22 in
the bulk and 1.38 at the surface as the nitridation time reaches
80 min. As will be discussed later, this indicates signicant out
diffusion of oxygen from the sample as nitridation proceeds. In
as-deposited a-AlOx buffers the O/Al ratio equals to 1.99 and
2.13 for layers on Si and sapphire substrates, respectively,
indicating oxygen excess relative to Al. For longer nitridation of
a-AlOx/Si samples the Al deciency relative to oxygen decreases
and nally the O/Al ratio becomes equal to 1.21 that corre-
sponds to Al excess relative to oxygen. On the contrary, aer
80 min long nitridation of a-AlOx/sapphire structures the O/Al
ratio reaches a nearly stoichiometric value. As shown in Table
1 the O/Al ratio does not change signicantly with depth for
both substrates.

Fig. 1 shows the concentration of N incorporated into the
solid at the temperature of 800 �C as a function of nitridation
RSC Adv., 2020, 10, 27932–27939 | 27933
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Table 1 Concentrations (at%) of elements in the samples before (denoted as N-0) and after 20, 40, and 80 minutes of nitridation (N-20, N-40
and N-80, respectively) measured at 0�, 30�, and 55� incident angles. O/Al is the ratio of oxygen to aluminum concentrations

Line

c-Al2O3 a-AlOx/Si a-AlOx/Al2O3

N-0 N-20 N-40 N-80 N-0 N-20 N-40 N-80 N-0 N-20 N-40 N-80

0�

N 1s 0 0.8 0.9 3.4 0 7.0 10.9 15.2 0 3.3 3.0 6.0
Al 2p 44.1 44.0 44.1 43.4 33.4 37.4 38.5 38.3 31.9 37.0 41.4 38.2
O 1s 55.9 55.2 55.0 53.2 66.6 55.6 50.7 46.5 68.1 59.7 55.9 55.8
O/Al 1.27 1.25 1.25 1.22 1.99 1.49 1.32 1.21 2.13 1.61 1.35 1.46

30�

N 1s 3.0 6.6 10.4 14.2 3.1 3.0 5.8
Al 2p 40.5 40.0 39.2 39.4 38.1 40.0 38.5
O 1s 56.5 53.4 50.4 46.4 58.8 57.0 55.7
O/Al 1.40 1.33 1.29 1.18 1.54 1.42 1.45

55�

N 1s 3.8 5.9 9.7 12.4 2.6 3.1 5.8
Al 2p 40.4 40.8 39.6 39.4 40.5 42.4 36.6
O 1s 55.8 53.3 50.7 48.3 56.9 54.5 57.6
O/Al 1.38 1.31 1.28 1.22 1.40 1.29 1.57

Fig. 1 The content of incorporated N as a function of nitridation time
measured at 0�, 30� and 55� angles in respect to the surface normal for
a-AlOx buffer layers on Si (red symbols) and sapphire (green symbols)
substrates, and for bare crystalline sapphire (navy symbols). Squares
denote 0�, triangles 30�, and circles 55� incident angles.
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time for various detection angles. The lowest amount of incor-
porated nitrogen is found for c-plane sapphire samples. Aer 20
and 40 minutes of nitridation only 0.9 at% of N was accumu-
lated in the crystal. Then the N concentration reached 3.4 at%
in the sample nitridated for 80 minutes. Incorporation of N into
a-AlOx buffer layers is much more efficient than into c-plane
sapphire. The N content systematically increased with nitrida-
tion time reaching 6 at% and 15.2 at% for a-AlOx buffer layers
on sapphire and Si substrates, respectively. Interestingly, angle
resolved measurements show that the N content decreases with
increasing XPS detection angle, which corresponds to
a composition prole with the N concentration being the
highest in the volume of the sample and the lowest at its
surface. This behavior is particularly well seen for the a-AlOx
27934 | RSC Adv., 2020, 10, 27932–27939
buffer grown on the Si substrate, while it is in the error limit for
other samples. We note that a quite opposite N concentration
prole was reported in ref. 33, where remote plasma-assisted
nitridation of thin aluminum oxide lms deposited by
plasma-enhanced CVD on Si led to heavy nitridation of the near-
surface regions of the lms and rather light nitridation of the
bulk and near-interface regions. However, conditions of plasma
treatment of the lms used in that work were not fully specied
while it is well established that nitridation time,18,20,34–36

substrate temperature,34 and the nature of nitrogen species
emitted by the plasma source34,37 strongly affect incorporation
of nitrogen into aluminum oxide.

In order to determine the chemical bonding of nitrogen in
the samples the shapes of N 1s lines were analyzed. Fig. 2 shows
the results of deconvolution of the N 1s line for c-plane
sapphire, while Fig. 3 and 4 present similar data for a-AlOx

buffer layers on Si and sapphire substrates, respectively.
In the bare c-plane sapphire sample (Fig. 2) the N 1s line can

be deconvoluted into two components, with the binding energy
differing by 2.3 eV. FWHM of these components decreases from
2.8 eV to 2.2 eV with the increase of nitridation time from
20 min to 80 min, which indicates improved chemical order
around N atoms for longer annealing of the sample in nitrogen
plasma. Also the relative contributions of both components
change with the nitridation time. As shown in Fig. 2(a–c) the
magnitude of the low energy component increases while that of
the high energy component decreases for longer nitridation
times. The binding energy of the low energy component is
typical for AlN (396.7 eV).1,2,16,21,38–40 The higher energy peak is
attributed to NO molecules formed in oxygen-rich environment
aer lling vacancies around Al in octahedral coordination and
creation of the AlN–O oxinitride phase. The same chemical
bonding of nitrogen in crystalline sapphire and similar changes
with nitridation time of AlN and AlN–O phase contents have
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Analysis of chemical bonding of nitrogen in c-plane sapphire after nitridation for (a) 20 min, (b) 40 min, and (c) 80 min. The XPS spectra
were measured at the angle of 0�. Concentration of each compound is indicated in the plots. (d) Dependence of AlN and AlN–O phase
concentrations on the nitridation time for detection angles of 0� (squares), 30� (triangles), and 55� (circles).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 1
1:

00
:3

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
been observed already.1,21,40 Due to the small amount of
nitrogen up-taken by crystalline sapphire the in-depth N
distribution could be analyzed only in the sample nitridated for
80 min. As shown in Fig. 2(d) the surface concentrations of AlN
and AlN–O phases are nearly equal. However, in the bulk of the
sample more AlN than AlN–O was found. As will be explained
later when discussing the microscopic model of nitrogen
transport paths, this proves that the diffusion of N starts
through oxygen vacancies at the surface and proceeds deeper
forming rst the oxinitride phase. A similar effect has been re-
ported already in ref. 23.

Different nitridation chemistry was found for a-AlOx buffer
layers deposited on Si and sapphire substrates (Fig. 3 and 4,
respectively). Three chemical compounds were formed already
aer 20 min of nitridation on both substrates. Two of them are
similar to those formed on sapphire, namely AlN and AlN–O,
but now with a slightly smaller difference in binding energies
(2–1.7 eV), while the third one corresponds to the line observed
at a distance of 6.4 to 6.8 eV from the AlN-related N 1s line
component. A similar line, but with a binding energy higher by
7 eV than that in AlN, was observed in sapphire aer 0.5 keV N2

+

ion bombardment.38 It was attributed to an Al(NOy)x compound,
This journal is © The Royal Society of Chemistry 2020
in which nitrogen is trapped in the cation-decient lattice of
sapphire on empty octahedral sites surrounded by oxygen
atoms which should be bonded to Al.

As seen in Fig. 3(d) the content of the Al(NOy)x phase
increases from 3.3 at% for 20 min up to 23.8 at% aer 80 min of
nitridation of the buffer on Si substrate. In the a-AlOx buffer on
sapphire substrate the Al(NOy)x line is much stronger but it
similarly increases with nitridation time starting from 24.1%
for 20 min up to 45.4% for the sample treated in nitrogen
plasma for 80 min (Fig. 4(c)). On both substrates the amount of
the AlN–O oxinitride component slightly decreases during
nitridation, similar to the dominant AlN component. The phase
content changes for various detection angles indicate no
pronounced differences in the depth distribution of the
components in the buffer layers on Si and sapphire substrates.
In both cases slightly more of the AlN–O component is found at
the surface while the content of the Al(NOy)x phase is higher in
the bulk.

Finally, the question arises as to what extent the presence of
Mg Ka3 satellite line in the excitation X-ray radiation inuences
the data presented in Fig. 3 and 4. As mentioned in the exper-
imental section the Mg Ka3 radiation generates an additional
RSC Adv., 2020, 10, 27932–27939 | 27935
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Fig. 3 Analysis of chemical bonding of nitrogen in the a-AlOx buffer layer on Si after nitridation for (a) 20 min, (b) 40min, and (c) 80min. The XPS
spectra were measured at the angle of 0�. Concentration of each compound is indicated in the plots. (d) Dependence of AlN, AlN–O, and
Al(NOy)x phase concentrations on nitridation time for detection angles of 0� (squares), 30� (triangles), and 55� (circles).
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line at a distance of �8.3 eV and with the intensity of 8% of the
main Mg Ka1,2 peak.28 In our spectra this satellite line repeats
the Al(NOy)x peak so it slightly overlaps with the low energy part
of the AlN peak, thus affecting the accuracy of the AlN content
estimation. This is negligible if the amount of the Al(NOy)x
phase is less than �10%, as in the case of short nitridation
times of a-AlOx buffer on Si (Fig. 3a–b). There the uncertainty of
AlN content determination is less than 1%. However, this does
not apply for longer nitridation times and for a-AlOx buffers on
sapphire. Then the content of Al(NOy)x phase reaches 45%
increasing the error in estimation of AlN content up to 4% for
80 min long nitridation of a-AlOx buffer on sapphire (Fig. 4(c)).
These corrections were not taken into account in the data pre-
sented in Fig. 3 and 4. Despite that, we underline that this effect
does not affect the qualitative description of the phenomena
presented in this work and its main conclusions.

In order to explain our experimental ndings the crucial role
of sample stoichiometry must be underlined, since it deter-
mines the way nitrogen from the plasma is incorporated into
sapphire. As can be seen in Table 1 the main difference between
chemical compositions of crystalline sapphire and a-AlOx

samples before nitridation is the presence of O vacancies in
27936 | RSC Adv., 2020, 10, 27932–27939
crystalline sapphire (O/Al < 1.5) while Al vacancies dominate in
the a-AlOx buffer layers (O/Al > 1.5). It has been pointed out in
several papers that formation of nitride-type tetrahedral
surroundings, starting from the octahedral one in sapphire, is
accomplished in two stages: (i) oxygen vacancies should be
present around the metal atoms, (ii) nitrogen atoms react with
the oxygen-decient metal clusters via a thermodynamically
feasible process to form nitride-type bonds.38,41 This model has
been tested for several metal oxides by studying implantation of
N2

+ ions38 and adsorption of nitrogen dioxide.41 Moreover, DFT
calculations of N 1s core electron binding energies have been
performed for a number of nitrogen-containing species in
several oxidation states.41 In the case of bare crystalline
sapphire the oxygen vacancies are present at the surface, so
during nitridation the N atoms substitute for these vacancies to
bond with aluminum forming the AlN–O phase. The binding
energy for such NO� species is�400 eV,41 in agreement with the
position of the high energy component in the N 1s spectra
presented in Fig. 2(a–c). There are reports that AlN–O was
detected as the major phase at the surface of crystalline
sapphire when the nitridation temperature was low.21 However,
almost equal amounts of AlN and AlN–O compounds were
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Analysis of chemical bonding of nitrogen in the a-AlOx buffer layer on sapphire substrate after nitridation for (a) 20 min, (b) 40 min and (c)
80 min. The XPS spectra were measured at the angle of 0�. Concentration of each compound is indicated in the plots. (d) Dependence of AlN,
AlN–O, and Al(NOy)x phase concentrations on the nitridation time for detection angles of 0� (squares), 30� (triangles), and 50� (circles).
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observed at the top of the sample aer high temperature nitri-
dation. This is exactly what we found aer 20 min of nitridation
at 800 �C (see Fig. 2(d)). For longer nitridation times the AlN
phase dominated, indicating that N diffused into the bulk of the
lm forming tetrahedrally coordinated AlN there, while the
oxygen atoms replaced by nitrogen diffused out to the surface.
The overall rate of such a process is determined by the diffusion
rate of the slower of the two moving anions. Earlier XPS studies
have shown that the chemical diffusion coefficient of nitrogen
is higher than that of oxygen.40 Therefore, the overall nitridation
rate is expected to be controlled by the out-diffusion of oxygen
to the surface.20,40 This explains well our nding that aer
80 min long nitridation the surface concentrations of AlN and
AlN–O phases were nearly equal, while more AlN than AlN–O
was detected in the bulk of the sample (see Fig. 2(d)). This
explanation also follows the one proposed in ref. 39.

The situation is quite different for a-AlOx buffer layers in
which, independently of the substrate, signicant Al deciency
is found before nitridation. This opens a new path for nitrogen
incorporation, more effective than in c-Al2O3. Specically, the N
atoms can be trapped in empty octahedral sites of Al vacancies
surrounded by oxygen atoms and form a compound similar to
This journal is © The Royal Society of Chemistry 2020
Al(NOy)x. The formation of such a compound was observed
already when the over-stoichiometric surface of crystalline
sapphire (O/Al > 1.5) was bombarded by low energy N2

+ ions.38

The ion bombardment was used to create oxygen vacancies.
However, for low ion beam energy, i.e., before O vacancies were
formed, only the N 1s line of the Al(NOy)x phase was found at the
energy of 403.6 eV. Formation of AlN and AlN–O started when
the O/Al ratio reached a value smaller than 1.5, which indicates
the crucial role of oxygen vacancies in the formation of these
phases. It is noteworthy that a similar process may well explain
the creation of the third compound in a-AlOx buffers containing
initially Al vacancies. The formation of Al(NOy)x efficiently
creates O vacancies because each N atom binds more than one
O atom. For example, in the case of y¼ 3 and x¼ 3 each Al atom
is bonded with three NO3 molecules. The N 1s line of such
a molecule occurs at a binding energy of 407.4 eV, while the
binding energy of the NO2 molecule is 403.6 eV,41 i.e., very close
to that found in our studies. The necessary condition to start
this process is the presence of Al vacancies. Then the effective
consumption of excess oxygen by the formation of the Al(NOy)x
compound introduces O vacancies, which allows further
nitrogen incorporation via creation of AlN-type bonding. This
RSC Adv., 2020, 10, 27932–27939 | 27937
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process leads to formation of AlN with much lower amount of
the oxinitride fraction than in the case of crystalline sapphire.
The above model explains also properly our nding that much
more N was incorporated into a-AlOx buffers on Si (up to 15.2
at%) than on sapphire (up to 6 at%) substrates (Fig. 1), while
much more of the Al(NOy)x compound was formed in the latter
sample (compare Fig. 3(d) and 4(d)). Indeed, this indicates that
more O vacancies were created in the a-AlOx buffer on Si
substrate since the buffer layer was the sole source of oxygen.
On the contrary, in a-AlOx/sapphire structures the sapphire
substrate itself was an unlimited reservoir of oxygen which
might diffuse to the buffer layer making the creation of O
vacancies less effective and thus limiting the up-take of nitrogen
from the plasma. Finally, it is worth mentioning that the supply
of oxygen from the sapphire substrate explains also the different
dependencies of the O/Al ratio on the detection angle shown in
Table 1 for a-AlOx lms on Si and sapphire substrates. In a-AlOx/
Si structures oxygen vacancies are formed at the surface
(detection angles of 30� and 55�) already aer 20 min of nitri-
dation while for the lms on sapphire the O/Al ratio remains
close to the stoichiometric value of 1.5 due to delivery of oxygen
from the substrate.

Conclusions

The XPS technique was used to determine the chemical state
and in-depth distribution of nitrogen aer nitridation of
sapphire in nitrogen plasma. The nitridation was performed at
800 �C on crystalline sapphire (c-Al2O3) and on 15 nm thick,
amorphous a-AlOx layers deposited by ALD on Si and sapphire
substrates to compare interaction of active nitrogen with these
surfaces. We show that under the same conditions of plasma
treatment the results of nitridation are signicantly different for
crystalline sapphire and a-AlOx samples, which we correlate
with the initial stoichiometry of bothmaterials. At the surface of
crystalline sapphire O vacancies were found before nitridation,
which are considered to be necessary for formation of AlN-type
bonding. The process proceeded via diffusion limited contin-
uous replacement of oxygen atoms by nitrogen. It was quite slow
and involved formation of the oxinitride AlN–O phase. Aer
80 min of nitridation only �3.4 at% of N was incorporated. In
contrast, in a-AlOx layers Al vacancies were present at the
surface before nitridation. Therefore, nitrogen incorporation
started with accumulation of N in the cation-decient lattice, in
empty octahedral sites surrounded by oxygen atoms, leading to
creation of NOx molecules and the Al(NOy)x phase. Since the
Al(NOy)x compound efficiently consumed the excess oxygen,
more O vacancies than occurring naturally at the crystalline
sapphire surface were introduced, which in turn enhanced AlN
and AlN–O formation. This scenario predicts more effective
nitrogen incorporation into a-AlOx than into crystalline
sapphire samples. Indeed, up to 3.3 at% and 7 at% of N was
accumulated in the a-AlOx/sapphire and a-AlOx/Si structures,
respectively, but only 0.8 at% in crystalline sapphire aer
20 min of nitridation under the same conditions. 57% and 82%
of the incorporated N ions contributed to the formation of AlN
bonds in a-AlOx/sapphire and a-AlOx/Si structures, respectively.
27938 | RSC Adv., 2020, 10, 27932–27939
Extended nitridation time did not increase the amount of
nitrogen incorporated in the AlN and AlN–O phases. Instead,
the amount of the Al(NOy)x compound increased, particularly in
a-AlOx/sapphire structures where the substrate was the unlim-
ited suppliant of oxygen.
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