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ABSTRACT

Optical and surface analysis techniques such as infrared spectroscopy, ellipsometry, and Auger electron spectroscopy
(AES) and x-ray photoelectron spectroscopy (XPS) have been used to study the way in which excess Si is incorporated in
nonstoichiometric SiO, films deposited by a low pressure chemical vapor deposition technique. It has been found that for
this range of silicon content, the Si atoms in excess either cluster into a well-defined second phase embedded in a 8i0,
matrix, or form a SiO, type of material depending on the postdeposition thermal treatments given to the film. The oxides
are deposited at a substrate temperature in the range of 650 to 750°C using a mixture of N,O and SiH, gases. The excess
Si is introduced by reducing the nitrous oxide to silane gas ratio during the deposition (this ratio was in the range of 4 to
200). After deposition, a densification process consisting of a 1000°C anneal in a nitrogen ambient for 30 min was given
to some of the samples. The refractive index, as determined by ellipsometry, is sensitive to the excess of silicon in the films,
although its behavior was similar for both annealed and as-deposited samples. The volume percent of excess silicon was
estimated using spectroscopic ellipsometry for some samples. Infrared spectroscopy, on the other hand, shows a clear shift
of the stretching vibration peak of Si-0-Si bonds toward lower wave numbers as the Si excess in the film is increased in
the case of as-deposited films, while the annealed samples do not present this effect. Also, as-deposited samples show an
absorption peak, at 890 em™', that could be associated with partially oxidized silicon. AES and XPS spectra show a dis-
tinct difference in the peaks associated to Si bonded to either oxygen or another silicon atom for both types of samples
indicating that at least a considerable part of the excess Si in the as-deposited samples is in the form of SiO_, while in the

annealed samples it is mostly forming a second phase within a silicon dioxide matrix.

Introduction

Two-phase Si/SiO, materials with an atomic percent
(a/0) content of silicon in the range of 50 to 100%, generi-
cally known as polycrystalline silicon (SIPOS), has been
extensively studied because of its electronic passivation
properties on planar devices."* Considerably less optical
and structural characterization has been performed for
lower concentrations of excess silicon (nonstoichiometric
oxide), even though the electrical characteristics of Si0,
films are considerably modified when excess silicon is
introduced into them."? The proposed applications for this
material range from nonvolatile memories to electric field
enhancers at the interface with Si0,, layers depending on
the amount of excess silicon present in the film."? In par-
ticular, off-stoichiometric oxides with about 6% atom Si
in excess have been proposed as the charge-transferring
layer into a floating gate of a nonvolatile memory because
the substantial reduction in permanent charge trapping as
well as the highly nonlinear I-V characteristics shown by
this material. The deposition of nonstoichiometric oxides
is usually performed by the chemical vapor deposition
(CVD) technique at either atmospheric or low pressure
using SiH, as silicon source and N,O or CO, as oxidant
gas.>® By adjusting the ratio of these gases in the range of
200 to 3, it is possible to control the amount of excess sil-
icon in the oxide films from stoichiometric SiO, to an
oxide with about 14 a/o of Si in excess. After the deposi-
tion of oxides, an annealing treatment at high tempera-
tures (1000°C) in N, ambient is given for most of the above
mentioned applications in order to increase the oxide den-
sity and reduce the amount of hydrogen, and hydrogen-
related impurities usually present in the as-deposited
tilms. Previous characterizations of these kinds of films
have involved techniques such as Raman and IR spec-
troscopy and ellipsometry.” In particular, Raman measure-
ments have been used to determine a certain degree of
crystallization of the excess silicon clustered together
after performing the postdeposition annealing® at different

temperatures on Si-rich SiO, with an excess of Si less than
13% a/o. This work was based on the fact that crystalline
silicon shows a single strong line in the Raman spectrum
at =525 em™’ associated to scattering from the threefold
degenerate, k = 0 optical phonon of Si, while amorphous
Si shows no sharp lines for frequencies above 200 em™ but
rather a broad asymmetric peak at 480 cm™!. The excess
silicon also had been assumed to be clustered in an amor-
phous state in the as-deposited film. In the case of IR spec-
troscopy, the absorption peaks associated with the vibra-
tion modes of the Si~O-Si bonds have been used to
characterize oxides and suboxides deposited by several
techniques.®'” Specifically, the location of the peak associ-
ated with the stretching mode (1075 cm™) has been report-
ed to shift toward lower wave numbers as the amount of
Si is increased (or x decreased) in SiO, films deposited by
plasma assisted CVD." The refractive index n; measured
by ellipsometry has also been used to characterize these
types of films. The n, value measured on thermal oxides
has been used as a reference (1.46 at 630 mm); values
above this usually indicate an excess of Si in the oxide,
while values below are commonly associated with low
density oxides.”

In the present work, nonstoichiometric SiO, films with
different excess Si concentrations have been studied by
optical and surface analysis techniques to determine the
way the excess silicon is incorporated and how it is affect-
ed by thermal treatments. It has been found that ellipso-
metric measurements are sensitive to the amount of excess
silicon in the SiO, films,”? but it is unable to sort out
whether the silicon is clustered in a separate phase or
bonded to oxygen in an SiO, form. IR spectroscopy on the
other hand, clearly distinguishes between these two possi-
bilities, since a shift of the stretching vibration mode peak
is observed with the excess silicon content when it is pre-
sent in a suboxide form. Annealed films do not show such
a shift on this peak even though they also contain an
excess of Si. AES and XPS measurements show that the
excess silicon is present in both cases; in one case it is
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mostly bonded to oxygen, and in the other, in a second
phase as indicated by the increase observed in the pres-
ence of Si-Si bonds for the annealed oxides.

Experimental

The deposition system used to obtain the oxide films is
a low pressure, CVD hot wall reacior. The reactant gases
were SiH, and N,O and the SiH, was introduced as a 5 vol-
ume percent (v/0) mixture in nitrogen. The ratio of nitrous
oxide to silane, R,, was varied from 175 to 1 in order to
introduce different amounts of excess silicon in the oxide
films. The pressure during deposition was kept at 1.2 Torr.
Films were deposited on n-type crystalline Si wafers with
(100) orientation and 200 () ¢cm resistivity. The thickness of
the films studied was in the range of 750 to 1200 A. The
deposition temperature was in the range from 700 to
750°C. Wafers were cleaned before deposition by the stan-
dard RCA procedure, consisting of a degreasing step with
trichloroethylene followed by a step based in a solution of
H,0:H,0,,NH,OH to remove organic traces, a step for
removal of metallic impurities based on boiling aqua regia
solution and the removal of the native oxide with HF solu-
tion in water. Two sets of samples were deposited under
similar conditions for the different R, values studied and
one of the sets was annealed at 1000°C for 30 min in N,
ambient. The IR percent transmission spectra were meas-
ured in the range of 400 to 4000 cm™* with a commercial
Fourier transform infrared (FTIR) spectrometer (Nicolet
Model. Magna IR 750, with 4 cm ™ resolution in the range
considered) using a clean Si wafer as reference. A KBr
detector was used in this wave number range. A total of 64
scans were taken for each spectrum, requiring about 1.2
min. The refractive index at 630 nm was determined with
a fixed-angle (70°) {fixed-wavelength ellipsometer
(Gaertner Model L117), while a variable wavelength ellip-
someter (UVISEL by Jobin Yvon) also at 70° incidence
angle, was used to estimate the excess silicon present in
some of the samples studied. A scanning Auger micro-
probe (Perkin Elmer PHI-595) equipped for AES and
scanning electron microscopy (SEM) was used to acquire
the Auger spectra. The background pressure was 2 X 107
Torr, The electron beam energy was 3 keV, and a current of
100 nA was used to measure the spectra. These parameters
were chosen to avoid, as much as possible, any radiation
damage such as reduction of the silicon oxide film. The
Auger electrons were collected with a cylindrical mirror
analyzer with an energy resolution of 0.5% and were
recorded digitally in the E*N(E) mode. The energy incre-
ment was 0.5 eV per step, and the signal was a averaged
over many scans. The E*N(E) spectra were sequentially
smoothed and differentiated with respect to energy using
11-point and 3-point spline routines, respectively. XPS
measurements were performed in an ultrahigh vacuum
system equipped with a MAC-3 electron energy analyzer
from ISA Riber with a resolution of 2.0 eV. A Cameca
Model CX-700 Al x-ray source (energy of 1486.6 eV),
excited with 15000 V and 25 mA, was used. The samples
were positioned in such a way that the angle between the
surface normal and the analyzer was 20°. The spectra were
acquired digitally using Kernel 3 software,”® 200 cycles
were added in order to improve the signal to noise ratio,
and an energy increment of 0.2 eV per step during 20 ms
was utilized.

Results

The infrared spectral response of the films deposited in
the range of 400 to 4000 cm™' was used to characterize
them. None of the samples studied presented absorption
peaks associated with the presence of Si-H bonds. The
characteristic absorption peaks for the vibration modes of
the Si—0-Si bonds at 1075 cm™ (stretching mode),
810 cm™* (bending mode), and 450 cm™* (rocking mode)® !
for Si0,, were present in all cases and their shifts with
respect to the expected values were used to characterize
the nonstoichiometric nature of the oxide films as a func-
tion of R, and as a function of the postdeposition thermal

treatment. Figure 1 shows the IR percent transmittance
spectra for as-deposited and annealed oxide films with
R, = 10 in the 500 to 1400 cm™ range in order to be able
1o appreciate the presence of small features that mark the
difference between the as-deposited and the annealed
films (the inset shows the spectrum for the as-deposited
sample in the range of 400 to 4000 cm™). All the peaks
mentioned above are present in these spectra, however, the
peak associated with the stretching mode is shifted to 1053
cm™ in the case of the as-deposited film. Also, the as-
deposited films show an extra peak located at 890 cm*
which is not present in the case of the annealed oxides.™
The behavior of the stretching vibration mode, as a func-
tion of R, for as-deposited and annealed films is shown in
Fig. 2. The location of this peak is always at lower wave
numbers for the as-deposited films than those for the cor-
responding annealed films. As R, is varied from 175 to 60,
this peak remains at approximately a constant value for
both types of samples, but for R, values below 60 the loca-
tion of the peak for as deposited oxides shifts to lower
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Fig. 1. IR percent transmission specira for R, = 10 oxides with
and without postdeposition H1ermn|i.e:nneu|in . These spectra pre-
sent the characteristic peaks associated with the vibrational modes
of the 5i-O-Si bonds. The spectrum for the as-deposited oxide pre-
sents an additional peak at 890 cm™" and the siretching vibration
mode is displaced toward lower wave numbers in comparison with
that for the annedled film. The inset presents the IR percent frans-
mittance data for the as-deposited oxide in the range of 400 to
4000 cm™".
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Fig. 2. Behavior of the stretching vibration mode of the Si~O-Si
bongs as a function of R, for as-deposited and annealed oxides.
There is a distinct difference in the behavior of this absorption peak
for these two types of samples, especially for R, below 60.
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wave numbers, while in the case of annealed oxides
remains constant, and eventually, at R, less than 20, starts
to increase to a value close to that measured in our system
for thermal oxides (1082 cm™). The peak at 890 cm™ is
only present in the as-deposited films for R, below 60. This
peak was not observed for larger R,, nor for annealed sam-
ples regardless of the R, value. The location of the 890 cm™!
peak did not change for the different R, in which it was
observed. The rest of the characteristic peaks for the
Si-O-Si bonds did not show any major or systematic
change in location, either with R, or thermal treatment.’
Figure 3 shows the behavior of the refractive index at
630 nm determined by ellipsometry as a function of R,. In
contrast to the IR results, the behavior of the refractive
index with R, is similar for both annealed and as-deposit-
ed oxides. The refractive index has a value close to that
observed for thermal oxides, for R, values above 30, for
both types of samples. For R, less than 30, %, starts to
increase up to a value of 1.9. Figure 4 shows the real (g,)
and imaginary (¢;) parts of the dielectric function as meas-
ured by variable wavelength ellipsometry on the photon
energy range of 2 to 4.5 eV for R, = 175 and R, = 10 oxide
films on top of a silicon substrate. It is important to keep
in mind that these data correspond to an effective dielec-
tric function given by the composed optical characteristies
of the film and the Si substrate, therefore, even if no
absorption features are expected for the oxide layer, there
is a significant absorption coming from the silicon sub-
strate. The solid lines correspond to the best fit obtained
to the experimental data assuming an effective medium'®
composed by Si and SiO, using data taken from the liter-
ature’®” for the oxide layer on top of the silicon substrate.
The fitting was performed on the ellipsometric variables ¥
and A with the thickness and the relative concentration of
Si and Si0, as parameters using an algorithm based on
Marquardt’s equations.’® The data for R, 175 was best fit-
ted (x* = 2) by assuming no content of excess Si. The best
fit (x* = 27) for the R, = 10 data was obtained assuming an
85 to 15 v/o composition of Si0,-Si. Attempts to fit the
data with extra components associated with voids or SiO
resulted in no improvement of the closeness of the fit, in
the best of the cases. When this measurement was per-
formed on samples with different thickness and with or
without annealing treatment, similar results were ob-
tained within a 1% margin of variation. Figure 5 shows
the Auger spectra measured on the original surface of both
annealed and as-deposited R, = 10 films and of an
annealed R, = 175 oxide. In all cases, the Auger spectra
present peaks at 76, 273, and 512 €V corresponding to oxi-
dized silicon, carbon, and oxygen, respectively. The pres-
ence of carbon in these spectra is related to typical surface
contamination after the deposition of the film. This peak
disappears after the first minute of sputtering of the orig-
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Fig. 3. Refractive index as a function of R, for as-deposited and
g::lhealed oxides. The behavior of the refraction index is similar in
cases.
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inal surface with an Ar ion beam. The spectrum for the
annealed R, = 10 oxide presents also a peak at 89 eV which
is associated with metallic silicon.’ Figure 6 shows XPS
results for the same samples used for AES (Fig. 5). All
spectra show the main characteristic peak associated with
Si (2p) in oxide at —104 eV of binding energy, however, a
peak at —100 eV associated with the Si (2p) in silicon is
only present in the R, = 10 oxides. This latter peak is larg-
er in the case of the annealed film than in the as-deposit-
ed one.

Discussion

The characteristics of the IR spectra (Fig. 1) are indica-
tive of the effect of the postdeposition thermal treatment
on the nonstoichiometric oxides. In particular, the energy
shifts of the stretching vibrational mode of the Si-O-Si
bonds are indicative of the formation of SiO, in the case of
as-deposited films as the R, value is reduced (Fig. 2)."! Also
the peak at 890 cm™ observed in these oxides for R, values
under 60 could be either associated Si~H bonds or with sil-
icon suboxides. Since no peak related to Si-H at 2265 cm™?
is observed, then the second option seems more likely to be
the origin of the 890 cm™ peak. On the other hand, the
annealed oxides display a rather ditferent behavior, since
the location of the stretching peak is constant for almost
all R, values, with the exception of R, values under 20 in
which the location of this peak shifts toward larger wave
numbers moving closer to the location measured for ther-
mal oxides. At first, it would appear from these results as
if the annealed oxides would not have any excess silicon,
However, the refractive index at 630 nm increases for R,
values below 60, as observed in Fig. 3, indicating an excess
of Si in the annealed as well as in the as-deposited oxide
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Fig. 5. AES spectra for annealed and as-deposited R, = 10 oxides
and for an R, = 175 oxide. The presence of a peak associated with
Si I:’I silicon is present in o distinct way in the annedled R, = 10
oxide.

films. The ellipsometry measurements, in contrast to the
IR characteristics, do not show any major difference in the
observed behavior for annealed and as-deposited samples;
they seem to respond to an effective medium composition
regardless of the bonding situation of the excess silicon in
the oxide. This was also the case for variable-wavelength
ellipsometry results in which the experimental data was
similar on either annealed or as-deposited oxides. The fit
of the variable-wavelength data to a theoretical curve
adjusting the relative composition of the volume percent
of Si and SiQ, gave an estimation of the total excess sili-
con for R, = 10 oxide films (6 a/o with less than 1 a/o vari-
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fig. 6. XPS spectra of the Si (2p) energy window for as-deposit-
ed and annealed R, = 10 oxide and for an annealed R, = 127 film.
A peak associated with elemental Si is present in both the annealed
and as-deposited R, = 10 oxides, being considerably larger in the
case of the annecled sample.

ation from sample to sample regardless of the thermal
treatment).

The results obtained with AES and XPS confirm the
presence of excess silicon in the oxides. Although, the AES
show more pronounced Si in the oxidized state and less
metallic Si than those of XPS. Since the inelastic mean
free path (IMFP) for the electrons depends on its kinetic
energy,””' the low energy Auger electron corresponding to
the Si LVV transition in the oxidation state (kinetic ener-
gy of 76 eV), and that of the oxygen KLL transition at (at
513 eV) result in IMFPs of about 0.5 and 1.3 nm, respec-
tively. On the other hand for the XPS measurements, since
the kinetic energy of the Si (2p) transition is about 1383 eV
and that of the O (1s) is about 956 eV, the corresponding
IMFPs are about 2.8 and 2.1 nm, respectively. This means
that the depth from which the elemental information is
obtained is larger for XPS than for AES. In addition, the
analyses were performed on the bare as-deposited sur-
faces, so the effect of the oxidation from the exposure to
the ambient is expected to have an influence on the sur-
face analyses performed especially when the IMFP is
shorter as in the case of AES. This could be the reason why
the AES spectra show more pronounced Si in the oxide
state and less metallic Si than those of XPS. Due to this
environmental oxidation effect, no attempts to further
guantify the results were performed. On the other hand,
since ion sputtering is necessary for profile analysis and
since it is well known to cause an important reduction
effect that alters the composition on oxides,” any attempt
for profile compositional analysis would be misleading
and was therefore not attempted. Regarding the possibili-
ty of a reduction effect by the E-beam used for the AES,
special care was taken in setting the proper measuring
parameters as mentioned in the Experimental section, in
order to reduce this possibility. The fact that the metallic
silicon is only observed for annealed samples with low R.s,
is particularly indicative that this effect was negligible,
since all samples were measured under similar conditions.
XPS results, in particular, show a difference between
annealed and as-deposited films. Both types of films show
the presence of Si 2p XPS lines corresponding to elemen-
tal silicon in silicon and to silicon in the oxidized state,
however the area ratio of the Si in oxide peak to the sili-
con in silicon peak is 4% in the case of the as-deposited
oxides and 23% in the case of the annealed samples
(shown in Fig. 6). It is clear from these results that excess
Si is present in both cases, but in the case of as-deposited
oxides, a substantial amount of it is bonded to oxygen
atoms forming a suboxide, whereas in annealed oxides, it
is mostly present in a sharply separated second phase
within a pure Si0O, matrix (in contrast, R, = 175 oxides
show no Si in Si peak). These results are consistent with
the behavior of the IR spectra for the annealed oxides, in
which the shift of the stretching bond is toward the value
measured for thermal oxide instead of shifting toward
lower values with the increase of excess silicon as occurs
in the case of the as-deposited films. It is likely that the
segregation of excess silicon in as-deposited oxides is not
complete, forming a silicon cluster with an SiO, shell as
proposed earlier for materials with larger content of
excess silicon.* As the films are annealed at 1000°C in N,
the Si0, reorders in a more stable Si0, phase segregating
the rest of the excess Si into the cluster, forming in this
way, two well-separated phases.

Conclusions

In summary, ellipsometry and IR measurements as well
as AES and XPS analyses of nonstoichiometric silicon
dioxide films (less than 50 a/o content of Si) show that
excess silicon introduced in these oxides during the depo-
sition process clusters in a partially suboxidized segregat-
ed Si phase in the as-deposited oxides. After the densifi-
cation by thermal annealing at 1000°C in N,, a sharp
separation of a Si phase in an Si0, matrix occurs through
an - internal oxidation/reordering process. Ellipsometry
measurements of the refractive index show very little sen-
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sitivity to the bonded state of the excess silicon in the
oxide films, although clearly shows the presence of excess
silicon through an increase of the refractive index as the
amount of excess Si is increased on samples with or with-
out annealing process. IR spectroscopy, on the other hand,
detects the presence of suboxidized material in the as-
deposited films through the shifts of the stretching vibra-
tion mode of the Si-O-Si bonds and the presence of an
absorption peak at 890 cm™'. AES and XPS measurements
show the presence of elemental Si in as-deposited and
annealed oxides, although, there is a large increase of this
peak for the case of the annealed oxides, indicating a
reordering of the excess silicon in a clustered island
embedded in an Si0, matrix.
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