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Abstract
In situ chemical methods for preparing atomically-clean surfaces of Si3N4 thin films in ultra-high vacuum (UHV) have been
studied using X-ray and ultraviolet photoemission, electron energy loss and Auger electron spectroscopies. Prior to the UHV
studies, the films (grown ex situ on Si(1 0 0) wafers by low-pressure chemical vapor deposition) were characterized using primarily
infrared reflection–absorption spectroscopy. A combination of annealing in NH3 to remove C and deposition of Si (followed by
thermal desorption) to remove O is found to be an effective cleaning procedure. Other potential cleaning methods, such as
annealing in UHV without in situ chemical treatment and annealing in a flux of H atoms, were also considered and found to be only
partly effective. The clean surfaces are disordered but show no evidence of Si–Si bonding (which would indicate N vacancies) in the
Si LVV Auger spectrum or in surface-sensitive Si 2p photoemission data. Evidence for surface-related features is seen in the N 1s
photoemission and in energy loss spectra in the region of valence excitations; however, no indication of occupied surface states near
the valence band maximum is seen in ultraviolet photoemission spectra. Preliminary results for O2 chemisorption show adsorbateinduced features in the Si3N4 band gap and also evidence for changes in surface potential due to adsorption.
# 2004 Elsevier B.V. All rights reserved.
PACS: 68.35.Dv; 79.20.Fv; 79.60.i; 81.05.Je; 81.65.Cf
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deposition; Thin films

1. Introduction
Silicon nitride (Si3N4) is an important material for
use in electronic devices. Dense films of this material
inhibit diffusion of water, oxygen and Naþ ions and
are widely used as passivation layers in integrated
circuits. The wear resistance and chemical inertness of
Si3N4 also make it useful as a protective coating for
magnetic thin films in disk drives. For these applica*
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tions, thin films are often grown by chemical vapor
deposition (CVD) or by sputter deposition (SD). In
contrast to the situation for most other electronic
materials, little is known about the preparation of
clean and stoichiometric surfaces of Si3N4 after
growth or about their chemisorption properties. In
this work we are concerned with developing an in
situ chemical process for obtaining atomically-clean
Si3N4 surfaces in ultra-high vacuum (UHV). The
properties of the resulting clean surfaces will be
characterized, and a preliminary evaluation of the
effects of exposure to O2 will be reported. The primary
diagnostic tools used here are Auger electron, electron
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energy loss, ultraviolet photoemission and X-ray
photoemission spectroscopies (AES, ELS, UPS and
XPS, respectively).
Various Si3N4 cleaning processes involving wetchemical treatment and/or Arþ-ion bombardment
have been evaluated [1–3] using XPS or ion scattering
spectroscopy (ISS). The wet-chemical methods considered to date [1,2] do not appear to be completely
effective in removing surface contamination. For
Si3N4 films grown by low-pressure chemical vapor
deposition (LPCVD) on Si(1 0 0), cleaning by Arþion bombardment followed by annealing in UHV was
found, using ISS [3], to leave the surface almost free of
oxygen and terminated in Si. Si3N4 films grown in situ
on Si(1 0 0) or (1 1 1) surfaces by exposure to NH3 at
high temperature were also found [4,5] to be terminated in a Si-rich layer. However, recent work [6]
using high-resolution XPS for Si(1 1 1) surfaces
nitrided with NH3 has indicated an abruptly-terminated and stoichiometric Si3N4 surface. Hence, the
surface termination of a clean Si3N4 substrate is
uncertain at this point and may depend on the methods
used for film growth and for surface preparation.
The effect of Arþ-ion bombardment on SiNx materials has been studied extensively, and preferential
removal of N is a recurring problem. Again, the results
may depend quantitatively on the method used for film
growth. Films grown by LPCVD [7–10], atmosphericpressure CVD [10], plasma-enhanced chemical vapor
deposition (PECVD) [7,11–13], thermal nitridation of
Si [14] or SD [15,16] have been investigated using
XPS, AES and other methods. Most studies conclude
that some degree of damage (e.g., Si–N bond-breaking) and preferential sputtering is unavoidable, with
the effects being more severe at lower ion energies.
Films grown by LPCVD appear to be less susceptible
to these effects than are those grown by other means
[7], possibly due to the much lower H content in
LPCVD material. However, there are exceptions in
that some studies conclude that preferential sputtering
either does not occur or else is independent of ion
energy in the 2–4 keV range [10], or that it can be
virtually eliminated by appropriate choice of Arþ-ion
energy (2 keV) [15,16].
Ions other than Arþ have also been considered. Hþ
ions in the range of about 0.2–1 keV [17] rapidly
sputter LPCVD Si3N4 with preferential removal of
N. For a sample grown by CVD on Si, Heþ ions [18]
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preferentially remove Si (N) for an ion energy of 0.5
(2.0) keV. (Analogous results were also reported for
Arþ ions.) Although other studies have not observed a
preferential removal of Si, these findings imply that
stoichiometric sputtering could be achieved with a
carefully-chosen Heþ- or Arþ-ion energy. For Si
nitride layers formed by N2þ ion implantation into
Si(1 0 0) [19], N2þ ions in the range of 0.25–5.0 keV
preferentially removed N. For LPCVD layers, Xeþ
ions in the range of 0.5–3.0 keV were seen [7] to have
essentially the same effect as Arþ ions.
In addition, some studies report that the damage and
the change in Si/N atom ratio caused by ion impact can
be reversed by electron bombardment [8,10], by standing in UHV [8,9] or by annealing [17], all of which
could result from diffusion of N from the bulk to the
surface. However, Chao et al. [12] have cautioned that
this apparent ‘‘healing’’ effect, which is deduced from
changes in the fine-structure of the Si LVV Auger
spectrum, could also arise from reaction of the
damaged surface with O-containing impurities in
the UHV background.
In the present work we seek to develop an in situ
chemical method for preparing atomically-clean
Si3N4 surfaces UHV, one that does not involve ion
bombardment. In the future this will permit, by comparison with data for ion-bombarded surfaces, a determination of the extent to which cleaning by sputtering
affects surface structure and stoichiometry. It will also
provide a method by which Si3N4 surfaces can be
prepared for subsequent UHV surface-science studies
of phenomena such as chemisorption. In situ chemical
cleaning is also expected to be useful for preparing
surfaces of very thin films, which might be destroyed
by ion bombardment, and for cleaning high-surfacearea samples such as powders, porous materials and
nanowires, which are not readily amenable to standard
ion-bombardment methods.

2. Experimental
Thin (45 nm) Si3N4 films were grown1 by LPCVD
on Si(1 0 0) wafers. The growth temperature of
750 8C, using SiH2C12 and NH3 as reagents, is known
1
Silicon Sense Inc., 110 Daniel Webster Highway, Nashua, NH
03060.
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[20] to result in stoichiometric Si3N4. Films grown by
this means were characterized using external-reflection infrared reflection–absorption spectroscopy
(IRRAS), which gives access to the Si3N4 phonon
modes. Samples to be used for this purpose were
grown by depositing a 200 nm thick layer of either
TiSi2 or PtSi on the Si(1 0 0) substrate prior to Si3N4
growth. The silicide layer serves as a buried metal
layer (BML) for IRRAS (see below). For comparison
of the IRRAS data, some Si3N4 films were also formed
by SD. In this case, prior to nitride growth, 200 nm
of Al was sputter-deposited onto the Si wafer to form
the BML. About 2 nm of Co was deposited prior to the
Al to enhance adhesion. It is noted that these special
BML samples, for which the Si3N4 film was also
thicker (see below) than for typical samples, were
used only in the external-reflection IRRAS experiments. The bulk of the work reported here, including
some IR internal-reflection measurements, was performed on thin films grown on bare Si substrates.
Prior to the UHV experiments, the sample was
subjected to a wet-chemical cleaning procedure to
reduce the level of surface contamination. The sample
was immersed for 5 min in a 4:1:1 mixture of deionized (DI) H2O:H2O2:NH4OH at 80 8C, followed by
rinsing under flowing DI H2O. The sample was then
immersed for 3 min in 7:1 buffered oxide etch solution
at room temperature and rinsed under flowing DI H2O.
The sample was then mounted in a conventional UHV
chamber with a base pressure after bake-out of
5  1011 Torr. The sample could be resistively
heated and the temperature of the Si substrate measured with an IR pyrometer. For AES, a double-pass
cylindrical mirror analyzer (CMA) was used in the
first-derivative, ‘‘non-retard’’ mode with a 2 eV peakto-peak modulation amplitude (except where noted)
and a 3 keV, 6 mA primary beam incident normal to
the surface. Surface-sensitive ELS was performed
similarly to AES but with a 90 eV, 0.7 mA primary
beam and 0.5 eV modulation amplitude, giving a
resolution (full-width at half-maximum [FWHM] of
the elastic peak) of 0.8 eV.
For UPS and XPS, the CMA was used in the
‘‘retard’’ (constant-resolution) mode with pulsecounting detection. The UPS excitation source was
the He(II) (hn ¼ 40:8 eV) line of a DC discharge in He
gas. The CMA pass energy was typically 25 eV, giving
a total instrumental resolution of 0.40 eV. For XPS,

two different excitation sources were used. The
151.64 eV Mz line of a Zr anode (with a 2 mm thick
Ag foil window) was used for surface-sensitive Si 2p
spectra. After numerical processing [21] to reduce the
effect of the finite source line width, the total resolution was about 0.75 eV. Other XPS data were obtained
using the Mg Ka1,2 line (hn ¼ 1253:6 eV), with a
CMA pass energy of 50 or 100 eV, corresponding
to a total resolution (quadrature sum of CMA resolution and X-ray line width) of about 1.0 or 1.7 eV,
respectively.
For external-reflection IRRAS, polarization modulation (PM) was combined with a Fourier transform
spectrometer (see Ref. [22] and works cited) in an
external-reflection geometry with a ‘‘wide-band
MCT’’ (HgxCd1xTe) detector. A resolution of
8 cm1 was used and 1000 scans averaged in
8 min for each data set. Triangle apodization and
two-fold zero-filling were performed on the interferogram before Fourier transformation. The quantity
DR=RBðRs  Rp Þ=ðRs þ Rp Þ was recorded, where Rs
(Rp) is the s- (p-) polarized reflectance of the sample.
Due to the presence of the BML and to the high (808)
angle of incidence relative to the surface normal, only
Rp is strongly affected by thin surface layers [22]. The
s-polarized beam then serves as a reference, making
PM-IRRAS in effect a double-beam experiment. To
obtain the spectrum of the Si3N4 film itself, the difference spectrum, d(DR/R), was obtained from DR/R
recorded for a BML with and without a Si3N4 film.
Infrared attenuated total reflection (IRATR) data
were obtained for 45 nm thick LPCVD films grown on
both sides of a Si internal-reflection element (IRE).
The IRE was 1 mm thick and 25 mm long with an
internal-reflection angle of 608, giving a total of 14
reflections. The ATR measurements were performed
similarly to the IRRAS experiments described above,
except that unpolarized light and a pyroelectric detector were used. The reference sample in this case was a
bare Si IRE.
H-atom exposure was done using a hot (1750 8C)
W filament in H2 (nominally 99.995% pure), with a
filament-to-sample distance of about 1 cm. Exposures
are given in Langmuirs (L), where 1 L ¼ 106 Torr s,
based on the H2 pressure measured with an ionization
gauge. The cracking efficiency for H2 on W at 1750 8C
is reported [23] to be 2.5%. High-purity NH3 was
transferred under vacuum to a stainless-steel sampling
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cylinder containing Na metal as a drying agent. Exposures were done using a pinhole doser [24] for which
the output flux had been calibrated. O2 (nominally
99.99% pure) was admitted through a leak valve and
the pressure measured with a cold-cathode ionization
gauge in order to avoid electronic excitation of the
molecule. All gases were checked for purity using a
quadrupole mass spectrometer mounted in the UHV
chamber.

3. Results and discussion
3.1. Characterization of Si3N4 films
Due to the complexity of the Si3N4 growth process
and to the variability of material characteristics noted
above and in the literature, it is necessary to investigate the bulk properties of the present samples before
undertaking the surface studies.
Fig. 1 shows external-reflection PM-IRRAS data
(recorded in a dry N2 ambient) for typical SD and
LPCVD films. These data provide access to the Si3N4
phonon modes, which are valuable in assessing film
quality. The apparent rise in absorption below
700 cm1 is due to the decreasing transmission of
the ZnSe optical element of the polarization modulator. Fig. 1 also shows numerical simulations
obtained using the matrix formulation [25]2 for the
polarized reflectance of a multilayer material, together
with IR optical constants [26] for Si3N4 grown on
Si(1 0 0) by PECVD. To the best of our knowledge,
these are the most extensive such IR data available for
Si3N4. The simulation allows comparison of the SD,
LPCVD and PECVD results on an equal basis. In
Fig. 1a, tabulated [27] IR optical constants were used
for the Al BML. In Fig. 1b the TiSi2 BML, for which
IR data [28] are available only above 1000 cm1,
was modeled as metallic W which has similar IR
properties [27]. The calculation is qualitatively independent of the exact nature of the BML. The model
assumes isotropic and homogeneous materials with
ideal interfaces.

2

Note that there is a typographical error in this edition that
affects calculations of multilayer transmission (but not reflection).
Equation (4.170) should read ‘‘T ¼ 1=S11 ’’.

Fig. 1. PM-IRRAS data (‘‘obs.’’) for: (a) thin SD and (b) thick
LPCVD Si3N4 films. The calculations (‘‘calc.’’) employ optical
constants [26] for PECVD Si3N4. Note the different vertical scales
for the two panels. The model film thicknesses of: (a) 60 nm and
(b) 500 nm have been arbitrarily adjusted to bring the calculated
intensities into approximate agreement with experiment.

The dominant feature in the experimental spectra is
the Si3N4 longitudinal-optic (LO) phonon at
1130 cm1, and data for the thick film also show
a transverse-optic (TO) mode at 804 cm1. Transmission spectra of PECVD Si3N4 films show TO modes
[26] at 805 and 936 cm1 corresponding to Si–N
stretching vibrations for N bonded to three and to
two Si atoms, respectively. The presence of both
species in PECVD Si3N4 is responsible for the broadening seen in the TO region of the simulation, Fig. 1b.
H-free LPCVD films [29] show only an 811 cm1 TO
mode in this region, in agreement with the present
results. For LPCVD films containing H [30], a TO
mode asymmetrically broadened to higher energy is
seen at about 835 cm1. Thus, the present LPCVD
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films, with a relatively low bulk-H content, show N(–
Si–)3 as the dominant species. The LPCVD film
(Fig. 1b) also shows a shoulder at 1250 cm1 due
to SiO2 at the film surface and at the Si3N4/BML
interface, as found in XPS sputter-profiling (see below).
Fig. 1 shows the LO mode lying 85 cm1 higher
for both SD and LPCVD Si3N4 than for PECVD
material. It is known [31] that the N/Si ratio in PECVD
Si3N4 can deviate substantially from 1.33 and that this
leads to a reduction [32] in the LO frequency from the
‘‘ideal’’ value [32,33] of 1124–1130 cm1. Structural inhomogeneity [34] or the presence of H [35]
could also cause a red shift of the LO mode in PECVD
Si3N4. Previous work [5] has reported high-resolution
electron energy loss data for the vibrational spectra of
Si3N4 films grown on Si(1 1 1) surfaces by reaction
with NH3 at elevated temperature. Modes were found
at 480, 710 and 970 cm1, none of which correspond
well to LO or TO modes in either PECVD or LPCVD
Si3N4 which suggests that surfaces of films grown by
nitriding a Si(1 1 1) surface may be fundamentally
different from those of bulk Si3N4.
Fig. 2 shows ATR data (recorded in a dry N2
ambient) which are useful for observing weak absorptions due to trace amounts of H remaining from
LPCVD growth. As a result of the long path length
through the absorbing Si IRE, the region below
1200 cm1 is inaccessible, and the Si3N4 phonons
(Fig. 1) are not detectable here. The Si–H and N–H
stretching modes occur at 2200 and 3335 cm1,
respectively. The high Si–H frequency is consistent
with a stoichiometric Si3N4 film [36] in which (–N–
)3Si–H is the dominant silane species. However, a
simple interpretation is complicated by the fact that
the mode frequency for (–N–)3Si–H in an oxygen-free
film is reported [26,36] to be 2170 cm1, significantly
lower than the present value of 2200 cm1. This could
indicate that the Si–H bonds are associated with a
small level of O impurity (in the form of a species such
as (–N–)2(–O–)Si–H) where the higher electronegativity of O versus N would give rise to a higher Si–H
frequency [36]. Alternatively, the H could be bound at
Si sites at the Si3N4 surface or at the buried interface
with the Si IRE, where higher concentrations of O are
expected. The N–H frequency, on the other hand, is
characteristic of NH in oxygen-free Si3N4 [26]. Adding O to the film shifts this mode to higher values [26],
and –NH2 in Si3N4 would exhibit a stretching mode at

Fig. 2. Unpolarized IRATR data in the Si–H and N–H stretching
regions for 45 nm thick LPCVD Si3N4 films grown on both faces of
a Si IRE. The inset shows a schematic of the light path through the
IRE, with the aspect ratio of the IRE shown to scale and the
thickness of the Si3N4 films (filled-in bands) greatly exaggerated.

3460 cm1 [37]. It should be noted that the surface
cleaning process described below involves annealing
in UHV at 1100 8C and that most of the Si–H and N–H
groups are expected [38] to decompose at or below this
temperature.
The as-received LPCVD films were also characterized using XPS sputter-profiling and ellipsometry. The
former results (not shown) indicate a thin surface layer
of impurity O and C. For some samples, a thin oxide
layer was found at the interface between the Si3N4 film
and the substrate. Ellipsometric measurements were
done at l ¼ 632:8 nm to determine the index of refraction of the Si3N4 which is a useful indicator of material
quality. A value of n ¼ 1:93 was obtained which is in
reasonable agreement with the result (n ¼ 2:02) for Hfree pyrolytic Si3N4 (see Ref. [39] and works cited). The
slightly lower value obtained here could indicate a
correspondingly small reduction in the density of the
LPCVD film versus a pyrolytic sample.
3.2. Surface cleaning
The first approach was simply to anneal the sample
in UHV for periods of 3 or 5 min at temperatures as

V.M. Bermudez, F.K. Perkins / Applied Surface Science 235 (2004) 406–419

high as 1100 8C. Bulk Si3N4 is known [40] to be stable
at temperatures well in excess of 1000 8C. However,
CVD films can exhibit thermally-induced changes at
lower temperatures [41–44], due either to loss of H (in
the case of PECVD material) or to reaction with the
substrate.
After insertion of a new sample, the UHV chamber
was first baked at 150 8C after which the sample was
held at 700 8C for several hours until the sample,
sample holder, etc. were outgassed and the pressure
decreased to <5  1010 Torr. Auger data (Fig. 3a)
indicated C and O as the only detectable impurities. A
previous study [2] of Si3N4 found little or no effect on
the level of C and O contamination for a 350 8C anneal
in UHV. In the present work, annealing at 1100 8C
caused some reduction in the impurity concentration,
possibly via desorption of SiO or diffusion into the
bulk, but it was not possible to eliminate fully the C
and O AES signatures.

Fig. 3. AES data for: (a) an as-inserted sample after baking the
UHV chamber and outgassing the sample and (b) after cleaning.
Relative intensities are approximately quantitative. Both spectra
have been subjected to a fifth-order, nine-point polynomial
smoothing.
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Exposure to H atoms is known (e.g., Ref. [45] and
works cited) to be useful in cleaning the surfaces of
III–V semiconductors without requiring the high-temperature anneal that follows cleaning by ion bombardment. The H atoms are generated either by cracking H2
on a hot W filament or by a plasma source. Similar
results have been reported for Si (see Refs. [46,47] and
works cited). For the column-III nitrides, H-atom
cleaning was found to eliminate carbon contamination
[48] but to be less effective in removing oxides
[48,49]. Attention must also be given to the possibility
of etching reactions (as have been reported [50] for
Si3N4 exposed to an H plasma) which could alter the
surface stoichiometry.
In the present work, Si3N4 films were exposed to H
atoms at sample temperatures as high as 950 8C and
H2 exposures as high as 105 L (i.e., 104 Torr for
103 s). It was found via AES (not shown) that such
treatment may cause some reduction in C coverage but
that it has little or no effect on the O coverage. It is
possible that the higher flux provided by an H plasma
source might be more effective in surface cleaning.
Exposure to a flux of NH3 (3:5  1014 NH3/cm2 s
for 5 min at a sample temperature of 950 8C) was
found to be effective in reducing the C coverage to
below the AES detection limit. However, there was
little or no effect on the O coverage. This parallels
results [48,51] for GaN(0 0 0 1) surfaces which were
explained [51] in terms of the different heats of
reaction of NH3 with C (to form CH4 þ N2 ) and with
O (to form H2 O þ N2 ). (It has recently been shown
[52] that, at a sufficiently high NH3 pressures, it is
possible to remove both C and O from GaN(0 0 0 1)
surfaces.) Having removed the C impurity it now
remains to eliminate the O.
‘‘Si flux cleaning’’ or ‘‘Si flux annealing’’ was
described by Kaplan [53] as a method for preparing
atomically-clean SiC surfaces. Here, either SiC is
annealed in the presence of a nearby resistively-heated
Si wafer or else Si is vapor-deposited in situ onto the
room-temperature SiC substrate which is subsequently
annealed in UHV to desorb excess Si. It is thought
that, during annealing, impurity O desorbs as SiO [54]
and impurity C reacts to form epitaxial SiC. It has also
been shown [48,55] that SiH4 can be used in place of a
hot Si wafer as a source of Si. Use of a gaseous Si
source should facilitate the ‘‘conformal’’ cleaning of
porous or high-surface-area substrates. It is further
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noted that the presence of a Si surface layer has been
reported [40] to impede the thermal decomposition of
a Si3N4 substrate.
Oxygen was easily removed by first depositing Si
while maintaining the Si3N4 at 950 8C. The Si wafer,
facing the sample at a distance of about 1 cm, was
resistively heated to 1070 8C for about 3 min. Following this, AES data (not shown) indicated a strong
free-Si LVV peak at 91 eV super-imposed on the
corresponding Si3N4 feature at 81 eV (see below).
The excess free-Si was desorbed by annealing in
UHV at 1100 8C for about 5 min, giving the Auger
spectrum shown in Fig. 3b. The C and O signals are
below the AES detection limits. Based on standard
peak-to-peak height (PPH) sensitivity factors and the
noise level in the data, these limits correspond to
atomic fractions of about 2 and l%, respectively, for
a model in which impurities are uniformly distributed
throughout the AES sampling depth.
The parameters given here for the NH3 and Si
treatments (e.g., total NH3 dose, annealing times
and temperatures, etc.) are only indicative, and the
effect of varying these quantities has not been studied
in detail.
3.3. Characterization of the clean surface
Fig. 4 shows in detail the Si LVV and N KLL Auger
line shapes for a clean Si3N4 surface which agree well
with results for a stoichiometric SD film [56]. The Si
LVV spectrum shows no evidence of the narrow freeSi peak at about 90 eV which is characteristic [8,9,12]
of damaged or N-deficient Si3N4 with Si–Si bonds.
The Si LVV spectrum showed no changes in shape
over the course of repeated scans of the same area of
the surface. Such an effect would indicate damage
(e.g., desorption of N or Si–N bond-breaking) by the
primary electron beam. Bulk charging of the insulating Si3N4 film was negligible since the Si LVV
spectrum exhibited no significant shift in energy when
the Auger primary beam was varied in the 2–5 keV
range. No low-energy electron diffraction pattern was
seen, not even a (1  1) pattern from the bulk of the
film, which indicates that the Si3N4 LPCVD films are
disordered. Since no ion bombardment was done, this
disorder appears to be intrinsic to the present films and
not the result of damage incurred during surface
cleaning.

Fig. 4. Si LVV and N KLL Auger spectra (1 eV peak-to-peak
modulation) for a clean Si3N4 surface. Relative intensities are not
quantitative (see Fig. 3). Note the different energy ranges for the
two plots.

Fig. 5 shows the Zr Mz-excited Si 2p XPS, together
with the results of a least-squares fit. The Si 2p spin–
orbit doublet was represented by a pair of Gaussianbroadened Lorentzians (i.e., Voigt functions3) with a
splitting of 0.610 eV and a branching ratio of 0.54.
Both parameters were fixed at values found [57] for
elemental Si and are not expected to be significantly
material-dependent. Although the 2p Lorentzian width
in elemental Si [57] is very small ( 35 meV), a better
fit (as judged by the residual spectrum) was obtained
with a finite Lorentzian broadening included in the
model line shape. The energy, intensity and widths
(both Gaussian, GG, and Lorentzian, GL) were all
3

The Voigt line shape was obtained accurately, by numerical
convolution of the appropriate Gaussian and Lorentzian functions,
rather than in approximate form.
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the PPH of the substrate N KLL signal in AES,
assuming a uniform coverage. The thickness estimate
used an effective electron attenuation length (EAL) in
Si of le ¼ 10:7 Å at the N KLL energy which was
obtained from a standard semi-empirical database
[58]. The energy difference between the substrate
and overlayer XPS peaks was 2.7 eV, which corresponds well with the difference (2.74 eV [6]) between
2p binding energies for elemental Si and for the Si4þ
formal oxidation state (FOS) in Si3N4. In contrast, the
Si3þ FOS would exhibit a 2p energy shift of about
2.2 eV relative to elemental Si [6]. The Si 2p XPS
results as a whole then indicate that only one Si FOS is
detectable, up to and including the surface, and that
this is the Si4þ state.
The Mg Ka1,2-excited N 1s XPS peak (Fig. 6) could
not be fitted well with only a single line. An additional
component at lower kinetic energy (KE) was required,
the neglect of which resulted in structure above the
noise level in the residual spectrum and in an increase

Fig. 5. Zr Mz-excited Si 2p XPS data for a clean Si3N4 surface: (a)
shows the raw data. In (b), the points show the spectrum after
numerical processing [21] to reduce instrumental broadening. The
solid curve shows the result of least-squares fitting with the sum of
a Gaussian-broadened Lorentzian spin–orbit doublet and a thirdorder polynomial background. For display, the background
obtained in the fit has been subtracted. Also shown is the residual
spectrum (fit minus data) which cannot be statistically weighted
because the numerical processing removes intensity from the raw
data. The spectra in panel (b) have been displaced vertically for
clarity.

adjustable in the fitting process, as were the coefficients
of a cubic polynomial included to represent the small
background not removed by the data reduction [21].
There is no indication of satellite structure, such as a
feature due to Si–Si bonding which would appear at
lower binding (higher kinetic) energy (e.g., Ref. [16]).
The lack of Si–Si bonding is consistent with the Si LVV
spectrum discussed above. These results argue against
the presence of a surface layer resembling elemental Si,
as was seen [4] in surface-sensitive XPS for Si3N4
grown in situ on Si(1 0 0) by reaction with NH3.
A further experiment was done by depositing Si in
situ on the clean Si3N4 surface and recording the Mg
Ka1,2-excited Si 2p spectrum (not shown). The Si
thickness was 2–3 Å, based on the attenuation of

Fig. 6. Mg Ka-excited N 1s XPS data at a total resolution of about
1 eV: (a) shows the raw data (points) and the fitted components
(lines). The polynomial background function obtained in the fit has
been subtracted for display. ‘‘a3,4’’ labels the feature due to a
satellite in the Mg Ka source spectrum. (b) shows the spectrum of
statistically-weighted residuals, which gives w2 ¼ 1:14.

414

V.M. Bermudez, F.K. Perkins / Applied Surface Science 235 (2004) 406–419

in w2 (to 1.4–1.6). The fit places this feature 1.7 eV
below the main peak with a relative area of about 4%.
The fit shown in Fig. 6 took into account the finestructure of the Mg Ka1,2 doublet [59], which is
replicated in the N 1s peak shape. Lorentzian broadening of the main peak was allowed in order to
account for the finite Lorentzian width [59] of the
source line. For all three components (i.e., the main
peak, the weak satellite and the Ka3,4 feature), the
Gaussian FWHMs were similar (1.6–2.1 eV) for different fits and data sets. This increases confidence in
the results since spurious fits often return very different Gaussian widths for various components of the
same XPS peak.
The presence of this weak feature was entirely
reproducible for repeated surface preparations and
XPS measurements. On the other hand, the N 1s
spectrum (not shown) for a clean surface with a
6–7 Å thick layer of Si deposited in situ showed
no indication of such a feature. In this case, a fit of
comparable quality (w2 ¼ 1:19) was obtained with
only the main component (and the a3,4 feature).
Annealing in UHV to desorb the Si led to a return
of the satellite. It is unknown whether the effect of the
adsorbed Si is to decrease the intensity of the satellite
or to shift it to higher KE such that it can no longer be
separated from the main peak. Furthermore, fitting the
Mg Ka1,2-excited Si 2s and 2p lines (not shown) did
not reveal any form of satellite. These results indicate
that the slight asymmetry in the N 1s peak, which
necessitates including the satellite in the fit, is not an
artifact arising from, e.g., an asymmetric CMA transmission function or an inhomogeneous surface potential. The effect of depositing Si further suggests that
this feature is surface-related. The data were also
checked for the absence of an effect due to re-adsorption of NH3 from the UHV background (a remnant of
the surface preparation) by briefly annealing the sample at 900 8C to desorb any NH3, after the chamber
pressure had dropped below 5  1010 Torr, and
recording a spectrum.
Inelastic scattering and shake-up processes can be
ruled out as the source of the satellite since ELS
data (see below) reveal no significant loss features
below about 4 eV. Previously a shake-up feature was
reported [60] to lie 12 eV below the main N 1s peak
for Si(1 0 0) surfaces exposed to NO and nitrided with
NH3. This was assigned to a p ! p excitation at a

planar Si(–N–)3 site. In a high-resolution, surfacesensitive XPS study [6] of Si(1 1 1) surfaces nitrided
with NH3, a satellite was observed at 0.66 eV lower
KE than the main N 1s peak and tentatively assigned to
N–N bonds at the surface. The present resolution and
surface sensitivity are not such that this particular
feature would be detectable. Previous results [61]
for an LPCVD sample, after heating to 1200 8C in
N2, showed a satellite at 4.6 eV lower KE than the
main N 1s line which was also assigned to N–N bonds.
The fraction of the total signal originating from
surface atoms can be estimated as ds/(le cos j),
where le ¼ 19:9 Å is the N 1s photoelectron effective
EAL [58] in Si3N4, and j ¼ 42 is the CMA collection angle. The ‘‘thickness’’ of the surface layer is
estimated as ds 1 Å, approximately half the Si–N
bond length. This gives 6.8% for the surface contribution which is in reasonable agreement with the
4% relative area of the satellite peak. No conclusive
assignment of this feature is possible at this time;
although, it appears possible that a surface species
involving bonds between N atoms may be important.
Fig. 7 shows surface-sensitive ELS data. The
peak energies correspond to inflection points in the
first-derivative spectrum and were determined more
precisely by numerically differentiating to obtain

Fig. 7. Surface-sensitive ELS data for: (a) a clean surface and (b)
after a 20 L O2 exposure. The elastic peak is shown, reduced in
amplitude by a factor of 400, at the zero of the energy loss. The
spectra have been displaced vertically for clarity.
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second-derivative spectra (not shown). For the clean
surface, the peak energies are in reasonable agreement
with previous results [62] for an ion-bombarded
LPCVD sample. Major loss peaks are seen in Fig. 7
at 4.1, 6.6 and 19.3 eV (versus 4.6, 6.8 and 18.6 eV in
Ref. [62]), and additional small features are found in
the 8–13 eV range in the second-derivative spectra,
in agreement with Ref. [62]. The band gap reported
[63–65] for H-free Si3N4 lies in the range of 5.1–
5.4 eV; hence, only the 4.1 eV loss falls below this
energy.
The 19.3 eV loss is due to volume plasmon excitation, as shown by the appearance of loss satellites close
to this energy (21.5 eV) in core-level XPS (see below).
It may be significant that the plasmon appears at lower
energy under more surface-sensitive conditions (Fig. 7)
than when excited by the higher-energy (1 keV)
photoelectrons. A reduction in the Si3N4 plasmon
frequency has previously [66] been ascribed to the
presence of excess Si; however, as noted above, it is
unlikely that the surfaces studied here involve such
species. In particular, exposure to O2, which would be
expected to chemisorb at excess-Si sites, had little or no
effect on the plasmon energy for exposures as large as
500 L. However, the plasmon results do suggest some
form of chemical or structural difference between the
bulk of the film and the near-surface region.
The origin of the 4.1 and 6.6 eV losses is uncertain.
Lieske and Hezel [62] assigned these to ‘‘broken Si–
N’’ bonds resulting from ion bombardment and found
that they could be removed by annealing. In contrast,
the features seen here were not eliminated by 5 min
anneals in UHV at 1100 8C. To help determine if these
losses are surface related, the sample was exposed to
O2. The main effect of a small exposure is the appearance of additional loss intensity below 4 eV and a
possible attenuation or shift in energy of the 4.1 and
6.6 eV loss features. A tentative conclusion is that the
4.1 and 6.6 eV losses might be surface-related but are
not associated with a highly reactive site such as a
singly-occupied Si dangling orbital. A possible assignment may be to an orbital involving a bond between
surface atoms. The ELS data also suggest that the
clean surface chemisorbs O2, in agreement with the
ISS results of Jo et al. [3].
Fig. 8 shows He(II)-excited UPS data for the
valence band (VB) before and after exposure to O2,
together with the theoretical density of states (DOS)
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Fig. 8. He(II)-excited UPS data for the valence band of Si3N4. Trace
(a) shows raw data for the clean surface, and (b) shows the
theoretical DOS of Roberston [67]. Binding energy is referenced to
the VBM, and the vertical scales are arbitrary. The spectra have been
displaced vertically for clarity. The straight lines in (a) illustrate the
method used to locate the VBM by linear extrapolation of the edge
to zero intensity. The horizontal arrow shows the estimated total
width of the VB. The feature labeled ‘‘sat.’’, and the emission
between it and the VBM, is due largely to excitation by the 48.4 eV
satellite of the main He(II) line at 40.8 eV. Traces (c) and (d) show
the results of applying the procedure for reducing the satellite
contribution (see text). Trace (c) is for the clean surface (same data
as in (a)), and (d) is the result of a 50 L O2 exposure. Binding
energies are referenced to the VBM of (c). The O2-induced rigid
shift of the VB is indicated at the VBM, located as in trace (a).

given by Roberston [67]. With the present excitation
source, only the upper-VB is accessible. The deeperlying states, 17 eV below the valence band maximum (VBM), are overlapped by the edge of the
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upper-VB spectrum excited by the intense He(I) line
(hn ¼ 21:2 eV) and by the secondary-electron tail of
the He(II)-excited upper-VB. The overall shape of the
spectrum differs from He(II) UPS data for samples
that were either not atomically clean [64] or else were
subjected to ion bombardment [68]. However, the
three-peaked structure and the 12 eV total width
of the VB are in agreement with these results and
with theory [67].
The method used in Fig. 8 to locate the bulk VBM
presumes the absence of significant surface-state
emission in this region, which would cause an apparent shift of the VBM to a higher KE, relative to that of
the bulk. In order to make effects near the VBM easier
to discern, a procedure was applied to reduce the
contribution of overlapping VB spectra (sometimes
termed ‘‘ghosts’’) which are excited by higher-energy
satellites in the He(II) emission spectrum. The corrected
intensity takes the form Icorr ðEÞ Iobs ðEÞ
P
k ½ak Iobs ðE  DEk Þ, where ak is the fraction of the
total He(II) intensity in the kth satellite which lies DEk
higher in energy than the 40.8 eV line. In the present
case, the correction included only the first satellite,
which lies at 48.4 eV with an intensity about 20% of
that of the main line [69].
Exposing the clean sample to O2 caused a rigid shift
of the whole spectrum by 1.4 eV to lower KE, which
was also seen in the He(I)-excited spectrum (not
shown). However, there is no significant change in
shape or width of the upper-VB. This suggests that, if
surface states are present near the VBM, they do not
involve highly-reactive sites such as Si dangling
bonds. A further observation is that the upper-VB
width (Fig. 8a) is essentially the same as that seen
in bulk-sensitive XPS data [68] obtained with Al Ka
excitation (hn ¼ 1486:6 eV). This argues against a
significant surface-state contribution above the
VBM in the surface-sensitive He(II) data, the existence of which would cause the VB width to appear to
be greater in UPS than in XPS. The present results
differ from those of Kim and Yeom [6] for a Si(1 1 1)(7  7) surface nitrided by reaction with NH3 at high
temperature. In that case, intense surface-state emission (which was sensitive to adsorbates) was seen at
1.1 eV above the VBM. This is a further indication of
the fundamental difference between Si3N4 surfaces of
the type studied here and those prepared by in situ
thermal nitridation of Si.

A similar O2-induced rigid shift was seen for a
smaller (20 L) O2 exposure, and briefly annealing the
sample at 900 8C reversed the shift shown in Fig. 8c
and d. It was also noted, during the Si deposition
experiments described above in connection with Si
2p and N 1s XPS, that a thin (2 Å) Si layer caused a
shift of the substrate core levels by about 1 eV to
higher KE relative to the clean surface. This was a
rigid shift without a significant change in shape or
width. Additional shifts suggesting surface charging,
relative to the bulk of the film, were observed during
XPS and UPS data collection for the clean Si3N4
surface. The X-ray source flux, which is several
orders of magnitude greater than that of the He
discharge [70], caused the N 1s peak to shift by 1
to 2 eV to lower KE within the first 2 min of
irradiation. In UPS, a rigid shift of the VB by
1.6 eV to lower KE occurred gradually during
prolonged (75 min) irradiation.
The effects of adsorbates (e.g., O2 and Si) on the
surface potential could arise from a number of factors.
These include changes in the secondary-electron emission coefficient, the surface recombination rate of
electron–hole (e–h) pairs [70] and the density or
population of surface charge traps [71]. Furthermore,
the X-ray and UV photo-induced shifts could also be
related to the rates of production, ionization and
recombination of e–h pairs or to the filling and emptying of charge traps. A more thorough investigation of
surface charge traps, energy shifts in photoemission
and the effects of adsorbates is beyond the scope of the
present work.
The near-surface stoichiometry was estimated using
the relative areas of the N 1s and Si 2s peaks (Fig. 9).
The Si 2s, rather than the Si 2p, was used in order to
avoid complications resulting from the dependence of
photoemission intensity on the angle between the Xray beam and the photoelectron path [72]. This angle
is not well defined in the present experimental configuration. However, all photoelectrons from s-states
have the same dependence on this angle; hence, the
asymmetry factor cancels when computing relative
peak areas. For a model in which Si and N are
homogeneously distributed throughout the XPS sampling depth, the atomic concentration ratio is given by
CN =CSi ¼ ðIN 1s =ISi 2s ÞðSSi 2s =SN 1s Þ, where Ix is the
integrated peak intensity and Sx the sensitivity factor.
For Sx we used the empirical results of Wagner et al.
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squares fitting (as described above) the N 1s and Si 2s
regions with a sum of Voigt functions and a low-order
polynomial background function in order to separate
the main peaks from the Ka3,4 and plasmon satellites.
For the main N 1s and Si 2s peaks, the fits used GL
values fixed at those obtained in fits to higher-resolution data for these lines. From the resulting IN 1s/ISi 2s
ratio an estimate of CN =CSi ¼ 1:21  0:04 (average of
five runs on two samples) was found,4 which is
reasonably close to the ideal value of 1.33 given the
uncertainty in the sensitivity factors [73].

4. Conclusions
The surfaces of thin films of LPCVD Si3N4 on
Si(1 0 0) have been studied, as a function of various
in situ chemical cleaning treatments, using primarily
AES, ELS, UPS and XPS. The results are as follows.

Fig. 9. XPS data for the N 1s–Si 2p region (1.7 eV total
resolution): (a) shows the raw data, and (b) shows the result of
applying the Tougaard procedure for removing the background due
to inelastically-scattered electrons. A two-parameter scattering
function was used with B ¼ 2704 eV2 and C ¼ 1634 eV2 (see
Refs. [74,75]). The data in (b) have also been corrected for the 1/E
dependence of the CMA étendue (see text) in constant-resolution
mode. The feature marked ‘‘Kb’’ is due to excitation of the N 1s by
the Kb satellite of the Mg Ka1,2 line. The weak O 1s signal is due
to contamination during the course of data collection. No C 1s
feature is detectable near 965 eV.

[73], obtained for a CMA similar to that used here,
which gave ðSSi 2s =SN 1s Þ ¼ 0:56 for Mg Ka excitation.
Fig. 9 shows the data before and after application of
the Tougaard [74,75] procedure for removing the
background due to inelastically-scattered electrons,
which is necessary for an accurate determination of
peak areas. As part of this procedure, the spectrum in
Fig. 9b has been corrected for the 1/E dependence of
the CMA étendue (the product of the CMA transmission and the surface area sampled) on photoelectron
KE [72,73]. The peak areas were obtained by least-

(1) After outgassing the sample in UHV, a combination of annealing in a flux of NH3 to remove C
and deposition and desorption of Si to remove O
is found to be effective in preparing atomicallyclean surfaces. Simple high-temperature annealing of the untreated surface in UHV or exposure
to H atoms (under the flux conditions attainable
here) were found not to be completely effective
in eliminating C and O.
(2) The clean surfaces are disordered (as is the bulk
of the film); however, there is no indication (in
either AES or XPS) of Si–Si bonding associated
with N vacancies. The Si is in the þ4 formal
oxidation state, i.e., four-fold coordinated to N.
(3) Evidence is found for surface-related features in
N 1s XPS and in ELS data for valence excitation.
It is unknown at present whether these are
intrinsic or extrinsic (i.e., defect) states. However,
no indication of occupied surface states at or
above the VBM is seen in UPS.
(4) The clean Si3N4 surface chemisorbs O2, as shown
by effects in surface-sensitive ELS data.
4
The empirical Sx factors in Ref. [73] already include the effect
of the 1/E dependence of CMA étendue. This was taken into
account when quantify the data in Fig. 9b, i.e., the data were not
‘‘double-corrected’’ for the CMA étendue. The uncertainty in CN/
CSi reflects the scatter in IN 1s/ISi 2s and does not include any
systematic error in SSi 2s/SN 1s.
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(5) Evidence is seen, in the form of KE shifts in UPS
and XPS data, for changes in surface potential
due to energetic photon irradiation, to exposure
to O2 and to deposition of Si.
It is anticipated that these results, which should be
applicable to other forms of Si3N4 such as single
crystals, will facilitate detailed studies of well-characterized Si3N4 surfaces. Such work has been difficult
to perform, to date, due to lack of a suitable method for
surface preparation. One important issue, which has
not been addressed here, is the question of whether the
surface is terminated in Si, in N or in both. Studies
employing, e.g., ISS or the vibrational spectroscopy of
chemisorbed H atoms should be helpful in this regard.
Such information would be essential in the interpretation of data for chemisorption on these surfaces.
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Note added in proof
Since the submission of this paper, several relevant
references have either appeared in print or come to the
authors’ attention. Egdell et al. [76] have studied differences between the valence plasmon spectra of cubicand b-Si3N4. Several groups [77–80] have studied
charge traps in Si3N4, and Terekhov et al. [81] have
observed a filling of charge traps in the Si3N4 gap during
3 keV electron beam irradiation. Bender and Chen [82]
have studied the damage and recovery of Si3N4 during
electron- and ion-beam irradiation.
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