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Abstract

The oxygen content and the surface composition of pure AIN and Siz;N,4 powders, synthesized by SHS reactions and commercial
routes, have been studied using X-ray photoelectron spectroscopy (XPS) and hot gas extraction techniques. Surface stoichiometry is
identified and discussed for each powder. The AIN and Si;N4 powders synthesized by SHS technology were subjected to a sputtering
process with rare gas bombardment (Ar™) in order to progressively remove the uppermost layers. A gradient in the oxygen distribu-
tion between the particle surface and the interior was measured. Differences in the oxygen distribution for the AIN and Si;N4 powders
depending on the route of synthesis have been observed. © 2000 Elsevier Science Ltd and Techna S.r.I. All rights reserved.
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1. Introduction

The AIN and the Si;N4 materials are currently used in
a number of industrial and technological applications.
These materials are competitive candidates to substitute
the more traditional materials due to their intrinsic
properties: the good mechanical performance in the case
of Si3Ny, and high thermal conductivity for the AIN
materials.

Specifically, aluminum nitride (AIN) is a very attrac-
tive substrate for applications in electronic packaging
due to its high thermal conductivity (320 W/mK), close
to thermal conductivity of metals [1,2], high electrical
resistivity (10''-10'* © c¢m) and a thermal expansion
coefficient (4.3-4.5x107%/°C) matched to that of semi-
conductor silicon. The existence of bulk oxygen within
the AIN grains influences its thermal conductivity [3],
and furthermore the stoichiometry of the oxygen com-
pounds on the powder surface will affect the bonding
between the AIN used as substrate and the metal tradi-
tionally used in the fabrication of electronic devices [4].
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On the other hand, silicon nitride (Si3N4) due to the
strength of its highly covalent bond has an excellent set
of intrinsic properties such as: mechanical strength at
room and high temperatures [5,6], high toughness [7]
and low coefficient of thermal expansion. These prop-
erties and its low density encourages the use of SizNy
materials in areas where the metals have been used lar-
gely [8], since the performance of metal components is
highly limited by the temperature of work. Generally,
an important amount (~10% by weight) of additives,
usually oxides, are required to promote sintering in sili-
con nitride [9]. In fact, the brilliant properties associated
to the Si;N4 materials are conditioned by the composi-
tion of the secondary phase and the final micro-
structure. The composition of this secondary phase will
depend on the presence of oxygen on the surface of the
powders as well as the amount and type of additives
used for sintering [10]. Some studies have pointed out
the relationship between the oxygen content in the SizNy
powders and the strength of the final material [11].

In spite of the better properties associated with the
use of AIN and Si;N4 materials, some problems have to
be overcome before massive use in industrial applica-
tions. One of the main problems to implement the use of
both materials is the high production cost associated to
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the use of SisN4 and AIN components compared to the
cost of metals and the alumina substrates, respectively.
Self-propagating high-temperature synthesis (SHS) uses
the energy obtained from high exothermic reactions,
and therefore reduces costs in the synthesis of AIN and
SizNy4, powders [12,13]. Nevertheless, validation of the
SHS technology as a competitive route will depend not
only on the economic results but also on the physical
and chemical properties of the products obtained using
this route.

In the present research, powders of AIN and SizNy
synthesized by SHS reactions have been compared to
commercially available powders, in order to elucidate
possible differences in the surface chemistry depending
on the route of synthesis. Accordingly X-ray photoelec-
tron spectroscopy (XPS) was selected as the most ade-
quate technique to analyze these differences.

2. Experimental

The powders employed have been obtained from dif-
ferent sources. The reference powders were: AIN (grade
B), and SizN,4 (LC 12-SX), both of Hermann C. Starck
(Germany). The powders synthesized by the SHS tech-
nology have been developed by SHS-Espaifia, and will
be labeled as AIN-SHS and Siz;N4,—SHS. As reported in
a previous work [14], metallic contaminants were less
than 0.1 wt% in all the powders except the Si;N4~SHS
which showed a relatively high level of Fe (0.1 wt%).

Measurements of the total oxygen content were done
using a commercial hot gas extraction equipment (Leco,
EF-400). The specific surface area of the powders was
measured at the liquid nitrogen temperature, using the
BET method (Monosorb MS-13) and the particle size
distribution was determined by laser scattering using a
particle size analyzer (Coulter LS 130). Metal impurities
in each powder were determined by inductively coupled
plasma spectrometry (Jobin Ivon 38 P).

The amount of surface oxygen in the powders was
measured by X-ray photoelectron spectroscopy (XPS).
Spectra were acquired with a ESCALAB 200 R electron
spectrometer provided with a hemispherical electron
analyzer and a Al K, (hv=1486.6 ¢V) X-ray exciting
source working at 120 W. C;g, Oys, N;s and Al or Siy,
peaks were recorded for each sample. The pass energy
was fixed at 10 eV, which enables good resolution at
reasonable acquisition times. Each spectral region was
signal-averaged for 50-100 scans, depending on the
intensity of the signal, in order to obtain good signal to
noise ratios. Atomic ratios were computed from the
intensity ratios and published atomic sensitivity factors.
The intensity of the peaks was calculated by integration
of peak areas after subtraction of an S-shaped back-
ground and fitting the experimental curve to a sum of
Gaussian and Lorentzian curves of a G/L proportion

15-35%. The binding energies (BE) were calculated
relative to C;g peaks at 284.9 eV.

In addition, the powders synthesized by SHS were
subjected to a sputtering process under Ar* (3 keV)
bombardment for 10 min, in order to remove the first
atomic layers. Then XPS was performed again after
these times, in order to quantify the normalized oxygen
content and the atomic ratios (O/Al, O/Si) in the inner
parts of the grains. These conditions allowed the
removal of 810 A per min on the surface of the pow-
ders [16].

3. Results and discussion
3.1. AIN powders

The characteristic metal impurities, average particle
size, specific surface area and oxygen content of the as
synthesized SHS powders (SisNy4, AIN), and the refer-
ence commercial powders are detailed in Table 1.

The commercial powders have larger oxygen content,
showing at the same time lower grain size and higher
specific surface area than the respective SHS powders.
As oxygen impurities come mainly from oxidation of
the particles in contact with the atmosphere, they have
to be related to the specific surface area of the powders.

Binding energies (BE) calculated for the O;g, Al,, and
Ng core levels in the two AIN powders are shown in
Table 2. The BE and the atomic rates on the surface
were calculated by deconvolution of the spectral peaks
for each orbital [16,17] as represented in Fig. 1. The
corresponding stoichiometry, also indicated in the table,
was determined according to the tabulated values for
the atomic sensitivity factors of the orbitals O;g, Aly,
and Nis [17]

Observation of one or two O;5 components in the XP
spectra is conclusive of the presence of oxidic species. It
should be noticed that binding energies associated to the
Al, and O,g orbitals increase when the number of
oxygen atoms in the surrounding aluminum atoms
increases. This situation can be explained by the
decrease in the electronic density around the aluminum

Table 1
Physical and chemical characteristics: metal contaminants, total
oxygen content, grain size (dso) and Sggr (m?/g)

(0] C Metals d50 SBET

wt%)  (wt%) (%) (um)  (m*/g)
AIN grade B* 1.7 0.06 <0.1 0.5 3.6
AIN-SHSP 0.9 0.2 <0.1 16 0.7
SizNg HC-L12?2 2.0 0.1 <0.1 0.7 21
SisN,~SHSP 1.2 0.1 <0.2 10 3.5

4 Starck.
® SHS-Espaiia.
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Table 2
BE for the orbitals (O;s, Alyp, N;s) and chemical species on the surfaces of the AIN powders
BE Oy (eV) Species BE Al (eV) Species BE Ny, (eV) Species
AIN (grade B) 530.9 (73%) AIO\N,, 73.8 (58%) AIN 397.3 (91%) AIN
Al,O3 AIO.N,, Al,04 AION
532.2 (27%) 74.6 (42%) 398.3 (9%)
AIN-SHS 531.8 AlLO; 73.6 (75%) AIN 396.7 AIN
Al,O3

74.6 (25%)

atom, due to the higher electronegativity of the oxygen
atoms. This enhances electrostatic interactions between
the aluminum nuclei and the electrons [22], which
produces the higher BE detected in the O and Al
orbitals.

Table 2 shows that for AIN-SHS the BE of the Al
orbital has two values: 73.6 and 74.6 eV, respectively
associated to two compounds: 75% of the atoms as AIN
and 25% of the atoms as Al,O3. In the commercial AIN,
the Al,, orbital also shows two components: 73.8 eV,
74.6 eV, whose corresponding proportion are 58% of
the Al atoms as AIN and the remaining 42% forming
oxidic components. By combining the BE values of both
O,s and Al core-levels it is evident that AIO,N;_, and
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Fig. 1. Al,, core level spectra of the aluminum nitride powders: (a)
commercial and (b) SHS.

Al,Oj species, with the former dominant, are present on
the surface of this powder.

The existence of different surface stoichiometries in
the aluminum nitrides studied seems to depend on the
route of synthesis. As above stated, the peak areas from
the spectra lines associated to each orbital can be used
to obtain quantitative data. Accordingly in Table 3 the
O/Al and N/Al atomic ratios are summarized. These
results reveal a higher oxygen concentration, and lower
N, in the surface of AIN-SHS powder than in the com-
mercial one. But according to the results of Table 1, the
total oxygen content is higher in the commercial AIN
(1.7 wt%) than in the SHS (0.9 wt%); hence commercial
powder must have a higher amount of oxygen in the
subsurface. It should be recalled that to get high con-
ductivity AIN materials the oxygen level inside the
grains must be kept at a minimum [18,19].

3.2. Si3;N4 powders

The binding energies of core-levels of both silicon
nitride powders are summarized in Table 4. Deconvo-
lution of respective spectral peaks is shown in Fig. 2.
The BE of the orbital O, in the commercial SizNy has a
value of 532.4 ¢V and considering the tabulated BE [15]
the specie associated to this energy is SiO,N,. For the
SisN,—SHS, the BE in orbital O, is 532.7 eV and the
associated [15] specie is SiO,. In this powder the
increase in the BE with a higher number of oxygen
atoms is also observed. The analysis of the BE asso-
ciated to the orbital Si,, (Table 4) identified oxidic
components for both powders, associated to SiO, and
SiO, N, species; in agreement with the components
identified from the analysis of the BE in the O, orbital
(Table 4). Similarly, the BE obtained from the orbital
Ny in both powders allows also identification of Si3Ny
and SiO,N, species, in agreement with the data

Table 3
O/Al and N/Al atomic ratios in the AIN

(O/Al) N/Al
AIN (grade B) 0.36 0.94
AIN-SHS 1.81 0.33
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Table 4
BE for the orbitals (Oys, Sip, Ns), percentage and species on the surfaces of the SisN, powders studied
Oy (eV) Species Sip (eV) Species Nis (eV) Species
SisN, (LC-12) 532.4 SiOLNy 101.6 (72%) SisN, 397.6 (80%) SisN,
SiO,N, SiO,N,
102.6 (28%) 398.6 (20%)
SizN4~SHS 532.7 SiO, 101.5 (76%) SizNy 3974 SizNy
103.1 (24%) SiO,

obtained from the previous analysis of the BE of the O,
and Siy,, orbitals.

The O/Si and N/Si atomic ratios calculated form the
deconvolution of the spectral peaks are reflected in
Table 5. A higher oxygen content on the surface of the
SizN4—SHS powders than in the commercial ones is
observed, as occurred with both AIN powders. Hence,
the total oxygen content (Table 1) for the commercial
Si3Ny (1.7 wt%) was higher and conversely the surface
oxygen seems lower (Table 5), it can be inferred that
oxygen content inside the particles should be higher in
this powder than in the SHS powders. Besides, this
higher oxygen concentration on the surface can act as a
barrier, to avoid further penetration towards the inside
of the particle.

3.3. Oxygen distribution

The previous results show that in AIN and SizNy
synthesized by the SHS method oxygen concentrates
predominantly on the surface of the powders. To inves-
tigate the alteration of this concentration towards the
interior of the particles, XPS have been analyzed after
sequential removal of the uppermost surface layers by
Ar* bombardment. The atomic ratios after 5 and 10
min sputtering on the AIN-SHS are listed in Table 6,
and the results obtained after the same process per-
formed on the Si3sN,—SHS are listed in Table 7.

The results of Table 6 show a fast decrease in the
amount of oxygen present at the outer surface layers.

Table 5
O/Si and N/Si atomic ratios in the Si3N, powders

(O/Si) N/Si
SizNy (LC-12) 0.28 1.35
SisN4—SHS 0.69 1. 05

Table 6
Atomic ratio (O/Al) on the surface and after 5 and 10 min sputtering
in the AIN SHS

The (O/Al) atomic ratio changes from 1.81 to 0.04
between the surface and the lowest layer analyzed. The
(O/Al1=1.81) atomic ratio determined on the surface is
between that of Al,O; (O/Al =1.5) and AIOOH (O/Al
=2). The measured binding energies for the Al,, and O;g
orbitals (Table 2) are very close to the BE of these com-
pounds; therefore, the oxidic components covering the
surface of the powders will be a mixture of AlLO;+
AIOOH, in agreement with the description of Ponthieu
et al. [21]. The results obtained on the AIN-SHS powders
suggest that oxygen concentrates on the surface of the
aluminum nitride powder, according with the results of
Miiller et al. [20,21]. Nevertheless, these authors observed
that oxygen concentrated in a surface layer of 2 nm
thickness, while in the AIN-SHS powders investigated
this layer had 8-10 nm of thickness. The results for the
SizN4—SHS (Table 7) show the same behavior detected
for the AIN-SHS (Table 6). The O/Si atomic ratio
decreases from a value of 0.69 to 0.04 between the sur-
face and the interior of the SizN, particles. The higher
amount of oxygen in the silicon nitride powders is
located in a surface layer of ~8 nm thickness. This
result disagrees with several results published in the lit-
erature. The thickness obtained by Okada et al. [22] for
the oxidized layer was between 0.4 and 1 nm, while
Peuckert [23] considered a minimum oxygen content
located on the surface of the silicon nitride grains, and a
thickness for the external oxidized layer of =2 nm.
Raider et al. [24] deduced an external layer 3—5 nm thick
where the oxygen was located. The results obtained in
the present work indicate most of the oxygen atoms
concentrate on the surface of the silicon nitride particles,
over a layer 8-10 nm thick. One possible reason for the
dispersion in the values for the external oxidized layer
could be its dependence on the route of synthesis and on
their surface area. Aluminum nitride powders obtained
by SHS showed a notably higher oxidation degree on

Table 7
Atomic ratio (O/Si) on the surface and after 5 and 10 min sputtering in
the Si3N4 SHS

O/Al O/Si
AIN-SHS (surface) 1.81 Si3sNy4—SHS (surface) 0.69
AIN-SHS (4-5 nm deep) 0.52 SizN4—SHS (4-5 nm deep) 0.46
AIN-SHS (8-9 nm deep) 0.04 SisN4—SHS (8-9 nm deep) 0.04
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Fig. 2. Siy, core level spectra of silicon nitride powders: (a) commer-
cial and (b) SHS.

the surface when compared to the SisN4—SHS powders,
though the last had a higher specific surface area. The
important data supply by the sputtering process carried
out is the possibility to measure the real oxygen content
beneath the surface, detecting the decrease in oxygen
amount for a controlled depth inside the particles.

4. Conclusions

The oxygen content and distribution have been stu-
died beneath the surface in the aluminum nitride and
silicon nitride powders obtained by SHS routes. The
powders synthesized by SHS reactions presented a
higher oxygen concentration on the surface than the
commercial powders used as reference. The oxidized
zone was confined in a surface layer of 810 nm thick-
ness. This highly oxidized surface seems to act as passi-
vating surface, avoiding further oxidation of the particle
interior. Oxygen enrichment on the surface of the pow-
ders was always higher in the AIN powders than in the
Siz;Ny4 powders for both SHS and commercial products.
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