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Abstract

The surface characteristics of nitrides and oxyni-
trides of groups IIl, and 1V 4 are reviewed, paying
attention to the information that can be obtained from
the combined use of X-ray photoelectron spectro-
scopy (XPS) and infrared spectroscopy. Discussion
focuses particularly on the hydrolysis mechanism of
aluminium nitride and the behaviour of the metal-
hydrogen bonds present in hydrogenated silico
nitride films, and claimed to be present in aluminium
nitride films. © 1997 Elsevier Science Limited.

1 Introduction

Nitrides and oxynitrides of groups IIl, and IV, of
the Periodic Table are of enormous interest from
the technological point of view. So, much work has
been devoted to characterize their surface structure
and reactivity.

Boron, aluminium and silicon nitrides and
oxynitrides ceramics are normally used in sintered
forms. Nitride powders, like all powders, contain
surface impurities as a result of their contact with
atmospheric air. These impurities may affect
the sintering behaviour of such materials, since the
behaviour of powder suspensions is largely con-
trolled by the surface chemistry of the solid.

Stability and rheology of fine-powder slurries is
controlled by the chemistry of the solid-solution
interface. The particle—particle interactions in a
suspension are related to the physico-chemical
properties of the solid liquid interface which is
mainly dominated in aqueous suspensions by elec-
trical surface charge effects. The interfacial elec-
trochemical properties can be significantly affected
by the presence of surface impurities or secondary
components added to the suspensions. For non-
oxide materials, such as nitrides, the presence of
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oxygen in the surface region drastically modifies
the electrical double-layer properties, e.g. electro-
kinetic measurements show that the isoelectric
points of Si3N, decrease linearly with increasing
surface oxide thickness.! Moreover, in the case
of AIN the oxygen content also influences the
heat conductivity of the dense material,>? and in
silicon oxynitride films the amount of oxygen
affects the number of electron traps in the nitrided
film used in ultra-large-scale integration devices
such as DRAMs (dynamic random access mem-
ories).4

The oxidation resistance of nitride materials is an
important factor in applications at high tempera-
ture in oxidizing environments or in the presence of
water. SizNy is thermodynamically unstable in an
oxidizing atmosphere at high temperatures and will
react with oxygen.’> The chemical stability of AIN
powders is low and in water hydrolysis takes
place.®® The phase composition and microstruc-
ture of these ceramics change during oxidation,
resulting in changes in the mechanical properties of
the materials.!®12

Hydrogenated silicon nitride films, SiNx:H, have
attracted increased interest with respect to wide
applications as gate insulators in thin film transis-
tors (TFTs). It has been reported that an increase
in the incorporated H content leads to deteriorat-
ing characteristics of the TFTs having nitride pas-
sivation layers.!> On the other hand, the presence
of hydrogen in AIN films is known to passivate
dangling bonds affecting the electrical properties of
the material.!4

Most of the problems arising from the formation
of passive layers can be clearly understood by
means of photoelectron and Auger spectroscopies
(XPS and AES) and/or infrared spectroscopy (IR).
Moreover, methods based on IR may provide easy
access to the determination of structural para-
meters of interest in the synthesis or preparation of
structural materials, e.g. the high temperature
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nitriding processes normally used in the manufac-
ture of crystalline silicon nitride, Si;N4, ceramic
yield materials in which the ratio of the a- and g-
Si3N,4 polymorphic, crystalline modifications varies
considerably depending on the actual synthetic
conditions employed.!’

More recently the surface properties of these
materials have started to be explored and oppor-
tunities in catalytic and sensing technologies are
now envisaged. Some time ago the basic properties
of silicon oxynitride surfaces and their ability to
catalise the Knoevenagel condensation in liquid
media were reported.!®!7 Similar behaviour has
been reported for a new family of aluminium
phosphate oxynitride, A1PON.!¥2! Also the sur-
face properties of germanium-based oxynitrides
have been shown to be of technological importance
as chemical sensors.?>23

As stated above, most of the applications or
processing characteristics of these materials are
determined by the surface properties, and in con-
sequence extensive studies on them have been
undertaken. In this communication a non-exhaus-
tive survey of infrared and X-ray photoelectron
spectroscopy studies are reviewed with the aim
of ilustrating the different capabilities of these
techniques. Special attention will be paid to the in
situ studies of the surface transformation under
realistic conditions which in some way may illus-
trate the dynamic behaviour of the surfaces under
study.

2 Photoelectron Spectroscopy — A Few Basics

Photoelectron spectroscopy (XPS) is an important
analytical technique for surface and thin film char-
acterization of solid materials. It provides qualita-
tive and quantitative information relating to the
outermost atom or molecule layers. The depth of
information or the thickness of the analyzed sur-
face layers ranges from 1 to 3nm. This mainly
depends on the kinetic energy of the photoelec-
trons. Sputter depth profiling is applied if concen-
tration variations within a thick surface layer are
of interest. The XPS spectra are commonly initi-
ated by Mg K, or Al K, radiation. The resulting
photoelectron lines can be correlated with the
binding energy of the core level states of the atoms.
That energy can respond sensitively to a charge
transfer between neighbouring atoms. It provides a
direct insight into chemical bonding parameters.
XPS is therefore a powerful tool for the identifica-
tion of chemical compounds and the modification
of the electronic structure. A limitation, however,
is the overlapping of several bonding states of dif-
ferent compounds.

3 Infrared Spectroscopy — A Few Basics

In general, when incident radiation interacts with a
solid surface, both absorption and reflection occur,
with the relative proportions dependent upon the
optical properties of the material. The transmis-
sivity of a solid specimen of thickness d depends
upon both absorption and reflection effects
according to the following expression

(v) = e *PMp(v, d)

where the first term represents absorption losses,
and the second term those due to single and multi-
ple reflection. The problems associated with the
estimation of the reflection losses are severe.
Moreover, for intense absorbing solids, d may be
as little as a few micrometers, thus creating gener-
ally insuperable difficulties in the way of transmis-
sion work with single crystals, thin films deposited
onto strong absorbing supports or strong absor-
bers. Clearly, for powdered specimens dispersed,
usually in KBr, the experiment is essentially that of
determining the transmission spectrum, although
even in this case reflectance and particle size effects
can cause major disturbances.

The transmission IR spectra of an aluminium-
phosphate oynitride sample (AIPON) self-suppor-
ted pellet become opaque to IR light below
1000 cm~!; the absorption intensity is so high that
the transmissivity drops down to zero. If the
transmission spectrum is recorded for KBr diluted
samples, it reveals the existence of modifications of
the intensity and position of the IR bands in the
Al-O, P-O, AI-N and P-N regions. These modifi-
cations have to be related to changes on the scat-
tering coefficient of the powdered samples related
to the presence of the diluent.?*

The development of Reflectance Infrared Spec-
troscopy, due to the availability of the Fourier
Transform equipment, has dramatically expanded
the variety of samples that can be analyzed by IR.
Many biological, natural, inorganic and opaque
specimens can now be easily studied by a nondes-
tructive method and in their original form.?
Reflectance Spectroscopy allowed the study of the
interaction of liquid- or gas-phase molecules with
the surface of the solids providing information
concerning darkened areas of strong absorbers,
generally below 1000cm—!,

The main problem in the study of Reflectance
Spectroscopy is the presence of the reststrahl
region which leads to the apparison of first deriva-
tive-like peaks whose maxima do not coincide with
the maxima of the absorption coefficients. This
phenomenon comes from the nature of the refrac-
tion index, n, that is suddenly modified in the
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proximity of the absorption maximum. However,
by application of the Fresnel formula for the
reflectance, R, at normal incidence:

-l
n+1
it is possible to establish a formula for the fre-
quency-dependent complex dielectric function

s(w):1+ w%—wzrl
€0 w? — &? — iyw

that is directly related to the refractive index
through the expressions

A(B) = n(B)(1 — k(D)) = n(5) — k(%) = /2D)
n

E=¢—ie" &=n—k & =2k

An alternative approach to analysis of reflec-
tance spectra makes use of the Kramers—Kronig
relation for determining the dielectric function that
is built-in software in most modern Fourier Trans-
form Infrared Spectroscopy (FTIR) equipment.
Eremets et al.?® by using this approach found fun-
damental LO and TO modes of cubic boron nitride
at 1310 and 1050 cm™, respectively.

Figure 1 presents the Specular Reflectance (SR)
spectrum of an AIN specimen taken at 85° off
normal incidence angle. It can be seen as the first
derivative-like peak that after Kramers—Kronig
transforming it peaks at 989 cm—!. This transfor-
mation, however, presents more difficulties in the
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Fig. 1. (A) Specular reflectance spectrum at 85° off normal of
AIN powder; (B) Kramers—Kronig transformation of reflec-
tance spectrum.

case of systems with more than a single Lorentz
oscillator since the election of gy and ¢, is not so
evident.

For the in situ study of the reactivity of pow-
dered materials, diffuse reflectance spectroscopy,
DRIFT, is becoming a popular technique. In dif-
fuse reflectance the incoming electromagnetic beam
undergoes reflection, refraction and absorption
processes before reaching the detector. In this way
the reflectivity of the sample not only depends
upon the refractive index but also upon the
absorptivity of the material

(A1 R
A+ 1) + k2

where & is the absorption coefficient. At infinite
depth, experimentally observed to be of a few mm,
and collecting the spectrum over all possible inci-
dence angles, the so-called Kubelka-Munk-Schus-
ter expression holds
k, 1-R:,

S(Roo) = s 2-Ry
where s is the scattering coefficient and R, is the
reflectivity at infinite depth. One of the advantages
of this experimental procedure is the possibility of
relating the reflectance to the concentration of
the absorbing species, although, in this case, the
reflectance is proportional to the square root of the
concentration of the absorbing species.

However, as previously stated, in a conventional
experiment both diffuse and specular reflections
occur. These are clearly seen in the diffuse reflec-
tance spectrum of AIN samples. A strong absorp-
tion is evident at frequencies around 1000cm™!
with a bandshape similar to that found in SR
spectroscopy.’

Quantitative aspects of DRIFT has been clearly
demonstrated. It has been stated that DRIFT
spectroscopy may provide information on the
apparent activation energy of catalytic reactions by
quantifying either the gas-phase products®> or by
analyzing the concentration of adsorbed species.?’
Butler and Huang?® have successfully applied
quantification methods to quantifying the relative
proportion of «- and B-SizN, crystalline poly-
morphs as a function of the external pressure
applied. Both polymorphs crystallize with hexagonal
structures in which the basic unit is a tetrahedron.
The chief difference between the two modifications
is that the B-tetrahedra are slightly more distorted
resulting in the presence of characteristic IR bands
for both polymorphs, 685, 600, 511,496 and 460 cm ™!
for the a-phase and 578 cm~! for the B-phase. The
method is based on determining the ratio of the
absorbances (Igg5/I575) of two characteristic marker
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bands which appear at 685cm~! (a-Si3N,) and
578 cm (B-Si3Ny). Table 1 shows the percentage of
the a-/B8-SizN,4 ratio on modifying external pressure.

Rozenberg et al.?® propose a slightly different
method for quantifying different phases in pyroly-
tic boron nitride. The vibrational spectra of h-BN,
having tridimensional order, show a band at
817cm™! that reflects out-of-plane vibrations. The
turbostratic modification, t-BN, shows a shift of
this band to lower wavenumbers (800cm~') and
complete absence of tridimensional ordering.
Rozenberg et al?® demonstrate that the shift is
mainly determined by the increase in the interlayer
distance on going from the hexagonal to the turbo-
stratic structure. This shift allowed identification of
five BN structure modifications from IR band shape
analysis: hexagonal graphite-like; partially ordered;
turbostratic; dense amorphous and highly dis-
persed amorphous, whose relative content, calcu-
lated using calibration samples, can be determined.

The absorption intensity not only depends on the
sample concentration but also on the particle size
and shape of the samples. Infrared absorption
intensity increases with the diminishing of the par-
ticle size and reaches constant value with further
diminishment. In the examination of DRIFT spec-
tra, if one component has more than two peaks
with different intensities, it is expected from theo-
retical equations that the intensity ratio between
those peaks will depend on the particle size of the
components. Therefore, the particle size of one
component can be determined by using the peak
intensity ratio, and the concentration can be deter-
mined by comparing the peak intensity to that of a
standard material.

In the measurement of diluted samples, the var-
iation of particle size of the sample relates to %,
(the absorption coefficient in reflection) and not to
K, (the absorption coefficient in transmission),®
according to'’

2 —kid

1 Toay? [1—(1+kyd)e ]
—_2 - —kyd
1 Bl (1 = (1 + kad)e %]

Since k; and k, are the intrinsic absorption
coefficients of the component, R depends only on d
and independently on the concentration of the
component. Therefore, the particle size of the

Table 1. Variation of the a-/8-Si3N, ratio with increasing

pressure?®
Pressure (kbar) Isss/Iszs wt % a-SisNg
1 atm. 2-63 86
31 1-41 76
17-2 1-02 71
18-4 098 69

component can be determined by measuring R,
even if its concentration is unknown. Tsuge et al.!3
applied this method to assess the average particle
size of «-Si;N,4 samples from different manufactur-
ers. As reported by Tsuge et al.'> and Butler and
Huang® powdered «-SisN4 specimens present
relatively intense bands at 685-690 and 500cm™!
whose absorption coefficients, k; and k,, can be
measured from the intensity of such bands. The
comparison of the obtained values for the particle
size as a function of the ones measured using a
particle size analyzer are shown in Table 2 and the
percentage of the a-phase in Table 3. A good cor-
relation exists, except for two samples. The authors!>
suggest that they are in the measured range of
particle sizes and that the whole particle size range
correponds to the a- and B-phases. However, by
close inspection of the relative proportion of a- and
B-S13N4 phases it can be observed that the samples
with a greater deviation from linearity present per-
centages of the a-Si;N, phase higher than 75%.

The quantitative power of DRIFT has also been
applied to the study of water corrosion of AIN.
Highfield and Bowen® have shown that after mix-
ing commercial powdered AIN samples with deio-
nized water at room temperature, the area of the
OH stretching bands between 3800 and 2400 cm~!
follows a linear trend with time, indicating that the
hydrolysis degree increases continuously with time
as a result of the reaction

AIN + 2H,0 — AIO(OH) + NH,

By choosing the AI-N stretching overtone at
1330cm~! these authors confirm the utility of

Table 2. Analytical results of particle size (um) of commercial
silicon nitride powders

DRIFT method Particle size analyzer
Mean Std. dev. Mean Range
1.4 03 1.7 3-50-5
2-8 02 2.3 5:1-0-5
2.9 01 1-9 4.0-0-5
11 0-1 1-3 2704
1-1 0-1 1-1 2.8-04
3.0 0-2 1.9 3.70-5
1.2 0.2 1-4 2.0-0-4

Table 3. Analytical results of concentration of the & compo-
nent of commercial silicon nitride powders

DRIFT method XRD analysis

Mean Std. dev.

22.7 1.2 228
68-2 2:1 67-9
737 2:2 747
74.5 29 719
83.5 2:2 83-3
892 4.9 86-4

92.3 30 94.2
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DRIFT as a quantitative tool founding a linear
correlation between the area of this later band and
the amount of AIN present after the hydrolysis
treatment.

Furthermore, the capability of controlling the
temperature, the pressure and the composition of
the reacting atmosphere has converted this techni-
que into a very useful tool in surface chemistry
analysis.>'33 Nowadays the number of DRIFT
studies devoted to sample characterization, cataly-
sis and corrosion, for instance, is considerable. It
has been reported that the sensitivity advantage for
the detection of a surface-deposited species is
roughly 4 times that for the same amount distrib-
uted evenly through the bulk.® This has been
interpreted in terms of an effective multipassing of
the exciting light due to external, and possibly
internal, reflection phenomena. The corollary of
this picture is that the core material may become
progressively ‘hidden’ due to specular reflection at
the solid—solid interface.

The possibility of studying other sample proper-
ties in parallel and simultaneously with the IR
analysis is a very interesting aspect that has been
recently applied for studying chemical sensor pro-
totypes?>23 and catalytical properties.20-21-34

4 The Combined Use of IR and XPS for
Approaching the Structure of Surface Layers

The fundamental Al-N modes have been studied,
both theoretically and experimentally. Miwa and
Fukumoto® performed first-principles pseudopo-
tential calculations on GaN and AIN in the wurzite
and zinc-blende structures. In their calculations they
found for the optical phonon frequencies active
modes, A(TO) and E(TO), values of 601 and
667 cm™!, respectively. By using the Lyddane—Sachs—
Teller relation (g9 =£,,0,%/®¢?), £0=8-50 and &, =
4-68, it is possible to deduce the frequencies of the LO
modes at 810 and 899 cm~!. More recently, Ruiz et
al3® using periodical Hartree—Fock calculations
reported a slightly different value, as shownin Table4.

McMillan et al.*” measured the room tempera-
ture reflectance spectra at near normal incidence
of thin AIN films deposited by metalorganic chem-
ical vapor deposition. Their results show two
absorptions at 650 and 894-5cm~! in good agree-

Table 4. Active infrared modes of AIN3¢

Mode Frequency (cm™!)
A,(TO) 668
A(LO) 899
E{(TO) 734
E,(LO) 989

ment with the calculations of Miwa and Fuku-
moto.3’ Mazur,3® studying AIN films of different
thicknesses, by sputtering an aluminium target in
the presence of H,-N, mixtures, found a set of
bands whose frequencies and ascriptions are pre-
sented in Table 5.

However, when the powdered samples are ana-
lyzed using diffuse reflectance instead of specular
reflectance a down-shift of 115c¢cm™! is reported.
To explain such a shift it is argued that DRIFT
spectroscopy provides transmission-like spectra of
powders and rough samples while with the specular
reflectance method the sensitivity depends on the
polarization of the incident radiation with selective
excitation of vibrations with dipole transition per-
pendicular to the film surface.

Benitez et al.” in a DRIFT study of AIN pow-
dered samples found a band derivative-like at
around 1000cm™!, being the position of the band
independent of the preparation method of the AIN
samples. In this case, the peak shape indicates the
existence of specular reflectance effects that may
alter the peak position.

The apparent discrepancies between all of these
studies may arise from the nature of the surface
layers formed as a result of the hydrolysis under-
gone by the materials. So, Highfield and Bowen®
proposed the formation of a bayerite, Al(OH),,
layer on top of an AIN core as a result of the
hydrolysis process and Benitez et al.” found the
presence of a surface layer with a very high oxygen
content. The formation of coating layers seems to
be the most adequate explanation since Ansart and
Bernard,*® in a theoretical and experimental study
of AION materials, found a displacement to lower
wavenumbers by increasing the number of oxygen
atoms in the co-ordination polyhedra of aluminium.

On the other hand, the study by Loretz et al.'4 of

Table 5. Specular reflectance data for 20 nm-thick AIN fitms3®

Frequency (cm™') Assignments

660 sh (TO) AIN

840s 8 or v(AI-N»)

910s (LO) AIN

950 § or v(Al-N,)

1288 w AIN combination band

1304m 8(NH) in NH; co-ordinated to Al

1385m 8(NH) in NH;* or v(NH) in AI-NH*

1446 w AIN combination band

1520 m 3(NH) in NH; co-ordinated to Al

1590 S8(NH) in NH; co-ordinated to Al

1612m 8(NH) in NH; co-ordinated to Al

1831-1836 vw W(AI-H)

2141-2145m/w WAINN)

2900 sh WO-H---N) in NH;-H,0

3220vw w(NH) in NH; co-ordinated to Al

3230 m v(NH) in NH; co-ordinated to Al,
NH4+, or NH3H20

3255m v(NH) in NH; co-ordinated to Al,

NH,*, or NH3-H,0
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hydrogenated aluminium nitride films was
obtained by radio frequency (r.f.) reactive sputter-
ing of aluminium in the presence of ammonia by
means of specular reflectance. They observed a
shift of the LO mode of AIN of 115¢cm~" on going
from 16 (821cm™!) to 80° (938cm™!) off normal
incidence, whereas the TO mode remains unshif-
ted. At the same time the amplitude of the TO
mode decreases continuously on approaching nor-
mal incidence conditions. It has been shown that
the extent of LO-TO splitting in glass was due to
the degree of ionicity of the materials. On this basis
Loretz et al.'* suggested that the variation of the
LO-TO splitting with the oblique incidence angle
could be due to a greater crystal size along the
longitudinal excitation when the oblique incidence
varies from normal to grazing incidence.

One of the powers of infrared spectroscopy is the
characterization of adsorbed species and/or the
nature of degraded surface layers after interaction
with reactive species.

Air-stabilized AIN powders or thin films present
a series of bands ascribed to OH and NH stretch-
ings as a result of the hydrolysis of the surface
layers,’-8:14.20,21,38,40-46 44 wel] as an increase of the
surface oxygen concentration as measured by
XPS.7#447 By reacting powdered AIN samples
with water, Highfield er al.® observed sharp fea-
tures at 3656, 3548 and 3440 cm~! that can be seen
in the OH stretching region and a new peak at
980cm~! they assign to bayerite, AI(OH)s.
Mazur,?® in the case of AIN films prepared by ion
beam deposition, found that ageing in air does not
affect either the intensity or the position of AIN
fundamental modes but results in the generation of
a new band at 3217cm~! attributed to NH
stretching as a consequence of the hydrolysis of
AIN films. Mazur3® states that this band is due to
NH; molecules present on the nitride surface co-
ordinated to Al cations. The lack of observation of
3(NH3) modes in these experiments is ascribed to
the low intensity of these modes that are hidden by
strong combination bands of the fundamental AIN
modes. However, in the case of hydrogenated AIN
films, Wang et al.*° found the presence of a band at
1670cm~! they ascribed to NH,OH species adsor-
bed onto the film surface. Loretz et al'* fail to
observe the band at 1670cm~! in hydrogenated
AIN films and the same result is obtained by Beni-
tez et al.” and Merle et al*? for powdered AIN
samples. Metselaar et al.,** characterizing by
DRIFT chemically treated AIN powders, observed
a band at around 1600cm™! that they assign to
water adsorption.

The presence of NH4OH would be enhanced by
a rapid reaction of NH; with atmospheric water.
Mazur and co-workers3®40 suggest that hydro-

genated aluminium nitride films with a high con-
centration of NHj3 are rapidly and also extensively
damaged because of high pH values. The presence
of a strong NH band at around 3250,14 3202,7
3217,3% 3212424 or 3250cm~! and NH
peaks’-14-38:40-43 between 1400 and 1600cm~! sug-
gest the presence of R-NH, + OH™ or RR’NH, +
OH~ produced by a rapid hydrolysis of NH sites
with atmospheric water. The presence of the OH~
anion would favour the formation of aluminium
oxides and/or hydroxydes.

The XPS spectra of AIN powders are character-
ized by the presence of aluminium, nitrogen and
oxygen peaks, indicating in every case the existence
of surface hydrolysis as stated by IR measure-
ments. In a careful study of AIN films grown in situ
over GaAs(100) substrates, Baier and Ménch*®
reported binding energies of 74-3 for Al(2p) and
397-2 eV for N(1s) levels. The binding energy shift
of the Al(2p) core level with respect to aluminium
metal (72-8 eV) agrees fairly well with charge
transfer calculations. In the case of AIN powders
binding energy values are reported in Table 6.

The apparent discrepancies observed in the Met-
selaar et al.** results have to be ascribed to char-
ging effects that shift the energy scale by around
3eV.

Liao et al*’ show that the energy difference
between Al(2p) lines in AIN and A1,0; is small
enough to prevent an accurate deconvolution or
ascription of the binding energy value to any
defined phase. However, they deconvoluted the
X-ray excited Al(2p) peak with two components
peaking at around 73-2 and 74-2 eV, the latter
being much less intense than the former. Al(2p)
binding enregies for y-Al,O; have been reported at
74-0 by Benitez et al.” and 73-7 eV by Liao et al.,*’
this binding energy being hardly different from that
found in AIO(OH) and Al(OH);.4

Bremsstrahlung-excited AI(KLL) lines let Liao et
al#’ differentiate between AIN and aluminium
oxides and hydroxides leading these authors to
postulate the presence of Al(OH); surface phases.

The presence of oxygen-rich phases on the sur-
face of air-stabilized or water-treated AIN samples
is evident from the quantitations of XPS data. Al/
(N +O) ratios fall in the range 0-66 to 0-75 and
Al/O ratios are close to 1-0 for air-stabilized
samples.”-'* However, the presence of the aluminium

Table 6. Binding energies of relevant levels of AIN

Ref. 47 7 44 45
AlQ2p) * 73.3 76.7-77-4 73.95
N(ls) 3964 3964 400-0-400-3 395.9
O(ls) 5312 5309 534.7-5356 530-8
C(1s) 2846 2846 287.1-287-8 284.6
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hydroxyde is not so evident from the analysis of
the DRIFT data.” Air-stabilized AIN samples
show the same binding energies and surface com-
position independent of the preparation method. If
AIN is obtained by reacting N, with aluminium
powder mixed with 1-5% wet weight (w/w) CaCO;
at 900°C for 1 h, a calcium carbonate-coated AIN
material is obtained. In this case, the surface com-
position and binding energies remain unaltered with
respect to the uncoated samples, but there is no
evidence for the presence of hydroxyl groups on their
surface. So, an alternative approach to the forma-
tion of a bayerite- or boehmite-like outer layer
could be the formation of an AION-like phase. The
formation of such a phase would result in the pre-
sence of octahedral and tetrahedral aluminium
cations which in turn would lead to a Madelung
potential on the aluminium cation similar to that
found in spinel-like aluminium oxides or hydro-
xydes. In this way, the binding energy reported by
Merle et al.*? for N(1s) holds with this model.

The use of Bremsstrahlung-excited lines has also
been successfully studied for silicon nitride and
oxynitride ceramics. Okada et al*® use this
approach for characterizing surface-oxidized pha-
ses of silicon nitride and silicon oxynitride ceramics
due to better separation between energy lines cor-
responding to different co-ordination polyhedra of
silicon changing the O/N ratio. The crystal struc-
ture of the oxynitride is composed of SiN;O
tetrahedra having the kinetic energy of the photo-
electrons of 1611 eV, around 1 eV less than that of
SiN, polyhedra present in silicon nitride. Values of
1608 and 1616-5 ¢V were found for SiO, materials
and silicon, respectively. It has been shown! that
for silicon nitride samples having N/Si ratios ran-
ging from 092 to 1-19 and O/Si ratios ranging
from 0-21 to 0-96 the Si(2p) binding energy is
modified from 101.9 to 102-2 ¢V, demonstrating
that the use of Bremsstrahlung-excited Si(KLL)
lines provides an easier identification of the differ-
ent components present in the reacted surface of
nitride materials. This technique may also provide
a way of estimating the thickness of the oxidic
surface layer through the expression>®

R
t———-2'04lnm

where R is the ratio of the SizN,4 and SiO, Si(KLL)
intensities.

An alternative approach for distinguishing
between oxide and nitride groups on the surface
has been proposed by Dang and Gnanasekaran,’!
the surface silanol groups present in air-aged SizNy4
samples are determined by reaction of the OH
groups with tridecafluoro-1,1,2,2-tetrahydrooctyl-

1-1-tricholorosilane and further analysis of the F
signal.

As stated above, the presence of oxygen within
the surface layers of silicon nitride present in
microelectronic devices affects the number of elec-
tron trap sites, which makes them undesirable for
such devices.”> Lee et al* studied by AES the
structure of silicon nitride films after wet oxidation.
It was seen that the N/O ratio was close to 2 at the
surface even for samples for which no wet oxida-
tion was carried out. They also observed a broad
oxygen peak deeper in the film, ascribing this later
peak to the existence of a native oxide layer at the
silicon/silicon nitride interface. The combined use
of XPS or AES spectroscopies with Ar* sputtering
allowed the study of the in-depth composition of
surface layers and/or the thin film/substrate inter-
face. Xu er al.> states, by AES depth profiling,
that nitrogen and oxygen concentration are uni-
formly distributed along the depth of the deposited
silicon oxynitride film and gradually reduce
towards the Si-N-O/Si interface. These authors
also follows Bremsstrahlung-excited silicon lines
for determining the co-ordination polyhedra of
silicon, but in this case Si(LMM) lines, are selected.
As for the case of Si(KLL) lines a shift towards
higher kinetic energies is observed on going from
SiO; (76-2 eV) to Si3Ny4 (82-9 eV) with intermediate
values for silicon oxynitride phases (79-1 eV). Fol-
lowing this procedure it is possible to determine the
in-depth composition of most of the elements of
the Periodic Table. However, no information can
be obtained for hydrogen; for solving this problem
other approaches can be undertaken, one of the
most elegant procedures being the use of Nuclear
Reaction Analysis (NRA). In this technique a
resonant nuclear reaction is utilized

Denisse et al.>* use this method for analyzing the
in-depth composition of wet oxidized silicon
nitride films. They found that during oxidation,
oxygen is incorporated in the upper part of the
oxynitride film. Both nitrogen and hydrogen con-
centrations have strongly decreased in this region
presenting the oxidation layer as a sharp interface
with the original unoxidized film.

One of the key problems in the preparation of
siticon nitride films is the presence of hydrogen
within the film structure. Hasegawa et al.!? studied
the behaviour of the SiH band present in films
prepared by r.f. glow discharge decomposition of
SiH,~NH; mixtures. These authors showed that
the SiH signal can be deconvoluted in two compo-
nents at around 2000 and 2100cm~!, assigned to
isolated SiH bonds with no N nearest neighbour
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and to N,,-SiH bonds (n>1), respectively. By analyz-
ing the behaviour of the SiH and NH bonds as a
function of the N/Si ratio, structural information
of the film was obtained. On ‘increasing this ratio
the intensity of the 2000 cm~—' component decreases,
disappearing for N/Si ratios around 0-6; conversely
the 2100cm™! component reaches a maximum in
intensity for N/Si ratios around 0-5. Hasegawa et
al.!* observed a shift of both components of the
SiH peak as a function of N/Si ratio that they claim
to be due to film stress. A similar shift from 2060 to
2200 cm~! was observed by Fejfar et al.>® on increas-
ing the NH; pressure during film preparation; this
shift reflects, according to them, the increasing
backbonding of Si by N with higher electronega-
tivity, as a result of the Si—H stretching frequency.

In hydrogenated aluminium nitride films,
AIN:H, an infrared band at around 2100cm™! is
generally present. Loretz et al.'# assign a band at
2150cm~! to the N-N vibration of a AI-N, com-
plex instead of the Al-H vibration claimed by
other authors.*> Mazur et al3%4%41 found a band
at 2130cm~!. They also,*® through mass spectro-
metry analysis of the gas phase during film pre-
paration, indicated a correlation between the
presence of N,H™ species and the peak amplitude
around 2130cm~!. Evidence in this line is also
provided by Loretz et al.'* by studying the anneal-
ing behaviour of AIN thin films under nitrogen. A
slight increase in peak amplitude at the expense of
a decrease in peak amplitude of NH peak was
interpreted as NH bond breaking resulting in AIN,
complex formation. Merle-Mejean et al.,*> on the
contrary, found a band at 2260cm~! that moves
down to 2160cm~! on heating under inert atmo-
sphere. These bands were attributed to Al-H bond
stretching. However, by reacting the samples with
D,, H-D exchange has to be expected, losing the
bands in the range 2300-2000cm~! and producing
new ones in the range 1690-1470cm~'. These
authors fail to observe any exchange in the films
vacuum outgassed at 770 K (band at 2160cm—1)
and a slight decrease of the 2260cm~! band on
samples outgassed at 570 K. However, in this latter
case, the corresponding Al-D stretching band at
around 1660cm™! is not observed, in which case
the amplitude decrease may be due to the interac-
tion of the D, molecule with a different surface
species. By close inspection of Fig. 4 of their
paper,* a slight decrease of the 2260cm™"! band is
observed as well as a small increase in amplitude
around 1575cm~! that they do not designate but
cannot be associated to Al-D bonds. Metselaar et
al.* found a band at 2160cm~! in powdered AIN
samples coming from one of the manufacturers.
The specimens showing such a peak contain silicon
as an impurity, between 1000 and 2000 ppm. As

determined by XPS, at least part of such silicon
species are present in the material surface.
Although noticing that the frequency is quite high
for being ascribed to A-H bond stretching, in
aluminium hydrides stretching bands appear at
around 1850cm—1; Metselaar et al** follow the
criteria reported by Merle-Mejean et al*® and
assign such a band to AI-H bond stretching. It is
worth mentioning that these latter authors used for
their ascription the stretching frequency of Si-Hs,
2000-2100cm™! in silicon nitride films as a criteria
for solving the higher-than-expected stretching fre-
quency. Much more recently, Baraton et al%
added to their study of AI-H bonds XPS measure-
ments. A main peak at 3959 eV with a minor
component at 398-3 eV is observed that, following
literature data,”!4* were ascribed to N3 and NH,
species, respectively. An important argument for
rejecting the possibility of AIN, species was the
absence of XPS lines at 400-8 eV that they attribu-
ted to the presence of adsorbed N, species. How-
ever, Shinn and Tsang>® reported N(ls) binding
energies for a-N, states and B-N atomic states at
397-5 and 396 eV, respectively, after adsorbing N,
onto Cr/W(110) surfaces, where the a-N, stands
for a nitrogen molecule having both nitrogen
atoms co-ordinated to metal atoms. Liu et al.%®
studying the surface chemistry of aluminium nitride
formed on alumina using trimethylaluminum and
ammonia as precursors, definitively ruled out the
ascription of the bands in the range 2000-
2200cm~! to Al-H species, postulating the forma-
tion of AIN, complexes perpendicular to the surface.

5 Surface Reactivity

Baraton et al.’-8 studied the surface reactivity of
boron nitride powders, prepared by chemical
vapour reaction between BCl; and NH; in a quartz
reactor, against different probe molecules. The
spectrum of the air-aged samples is dominated by
intense bands at 1407 and 797 cm™! that they relate
to the hexagonal form of boron nitride, ~-BN. The
reactivity studies are made over self-supported pel-
lets, so, in the region 1650-1000 and 850-700cm!
intense absorptions occur that completely darken
any band present in these regions. In addition to
these bands and other weak ones assigned to over-
tones and/or combination modes, the presence of
bands at 3690, 3435, 3565 and 520 cm~! is observed.
The band at 3690cm™! is assigned to v(OH) in B—
OH surface groups whereas the bands at 3565 and
3435cm~! are ascribed to B-NH, groups. A broad
and featureless band at 3225cm~! is assigned to
B>-NH surface groups. By reacting the air-aged
samples with D5, isotopic H-D exchange occurs
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and the expected shifts occur for these latter bands.
Their presence demonstrates the existence of a
hydrolysis mechanism of B-N-B moieties at the
surface that results in the formation of B-OH and
B-NH, species.

An interesting aspect pointed out in this paper is
the ability of IR spectroscopy to selectively deter-
mine the reactivity of different surface groups. The
addition of 1 mbar H,O on an activated sample
caused the (OH) and v(NH/NH,) to increase as a
consequence of the following reactions

> B~ NB, + H,0 -> B—-0OH+ H—- NB,
BN—-H+ H,O -> B—-OH+ B— NH,

The easy hydrolysis of B-N bonds has already
been observed in BN films formed by pyrolysis of
borazine. Conversely, other films obtained from
borane and ammonia and containing mostly NH,
are inert toward water. This behaviour is explained
by considering that the N atom in B,—NH is forced
to be in a trigonal configuration, not the most
stable, so weakening the B-N bonds. Water pro-
vides the possibility of breaking the B-N bonds
and of creating B-NH, groups in stable pyramidal
geometry.

A new family of basic catalysts, amorphous alu-
minophosphate oxynitrides (ALPON) with vari-
able nitrogen content, have been synthesized by
nitridation of amorphous AIPO, (ALPQ).!8-21,34
Samples are analysed by XPS and diffuse reflec-
tance infrared spectroscopy (DRIFTS). The com-
bined use of XPS and in situ DRIFTS indicates
that nitrogen is preferentially bonded to phos-
phorous in the AIPON framework. Residual sur-
face NH4* ions coming from the nitridation
reaction were used to evaluate the Bronsted acidity
of these new catalysts. The decrease in the Bron-
sted acidity along the series is parallel to a shift of
the (P-O) stretching to lower wavenumbers. Mal-
onitrile-benzaldehide condensation is employed as
a test reaction to estimate the basicity of (AIPON)
samples. The conversion trend observed also cor-
relates with the decrease in the frequency of the (P-
0) stretching. Consequently, the position of the
(P-O) stretching reflects both the diminishment of
the Bronsted acidity and the enhancement of the
basicity of the AIPON specimen.

The electrical response of a chemical sensor
strongly depends on its composition and the con-
centration and type of adsorbed species. Infrared
spectroscopy is considered as one of the most
powerful techniques for the characterization of
adsorbed species. Thus, the combination of the
analytical resolution of IR with the capabilities of
DRIFTS (sample versatility, temperature, pressure
and atmosphere control) and the possibility for

simultaneous monitoring of electrical properties
gives this technique a very high potential for che-
mical sensor testing. Benitez et al.?? describe a
home-made DRIFTS chamber that allows the
simultaneous observation of both the electrical
response and the DRIFTS spectrum of a cad-
mium—germanium oxynitride (CdGeON) sensor.
Experiments on a CdGeON sensor show some
results about its reversible/irreversible behaviour
versus temperature and under N, atmosphere. A
direct relationship between the conductivity and
the elimination of DRIFTS peaks at 810, 780 and
580cm~! is observed. From both DRIFTS spectra
and conductivity measurements an explanation
involving the presence and filling of vacancies in
the solid framework is proposed.?>
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