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Electron-paramagnetic-resonance study of the„100…Si/Si3N4 interface
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The (100)Si/Si3N 4 interface, formed by the deposition of Si3N4 layers on bulk~100! Si by distributed
electron-cyclotron-resonance plasma-enhanced chemical vapor deposition, has been studied by electron-
paramagnetic-resonance spectroscopy. Only one interface defect, thePb0 center, characterized by trigonal
point symmetry and principal values of theg tensor,gi52.001860.0002 andg'52.008960.0002, has been
detected. Its area concentration is of the order of (2 – 5)31011 cm22. The characteristic defect of the
(100)Si/SiO2 interface, thePb1 center, is not observed. The Si3N4 layers contain one main native bulk defect,
the K center, at concentrations of 531017 cm23. @S0163-1829~99!11315-8#
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INTRODUCTION

Whereas the defects at the~100! Si/SiO2interface have
been studied in great detail by electrical techniques and
lesser extent by the electron-paramagnetic-resonance~EPR!
technique, the defects of the~100! Si/Si3N4 interface have
not yet been studied by the EPR technique up to now and
microscopic structure of the interface defects is not know
Such a study is of obvious interest for the characterization
the silicon/silicon nitride interface; but in addition it shou
also be useful as a reference for the~100! Si/SiO2 interface,
for which the defect structure is still under discussion.1–3

More recently, oxynitride interfaces~100! Si/SiOxNy and ni-
trided Si/SiO2 interfaces have also been actively studied
the search for alternative ultrathin dielectrics;1,2,4–6 the
knowledge of the interface defects at the silicon/silicon
tride interface is a necessary input for defect modeling
these more complex systems.

The previous defect studies at the silicon/dielectric int
faces have mainly been concerned with thermally gro
SiO2. The interface structure and the interface defects h
been found to depend on the crystallographic orientation
the substrate. The oxidation conditions seem to play on
minor role and modify mainly the defect concentration
Among the three main interface orientations~111!, ~100!,
and~110! most of the EPR studies have been devoted to
~111! interface, which presents the simplest experimen
case: it has only one paramagnetic interface defect—the
called Pb center—which occurs only in one defect orien
tion, normal to the interface plane. At the technologica
more important~100! interface two different paramagnet
PRB 590163-1829/99/59~16!/10677~8!/$15.00
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defects Pb0 and Pb1 coexist at comparable
concentrations.7–10 At the ~110! interface, once again only
the Pb defect has been evidenced. EPR studies of the~100!
Si/SiO2 interface are difficult due to reduced signal-to-noi
ratios and multiple overlapping spectra. This explains w
the g tensors and point symmetries of thePb0 andPb1 cen-
ters have been only recently clarified9 due to the increased
signal-to-noise ratios obtainable in oxidized porous silicon
has been shown that thePb1 center has monoclinicI point
symmetry with the principal axes of theg tensor oriented
approximately along the@1 1 1#, @22121#, and@021 1# di-
rections. The EPR parameters of thePb1 center have been
confirmed very recently on bulk Si/SiO2 samples, submitted
to extremely high-temperature~.1200 °C! vacuum anneal-
ing to increase selectively thePb1 center concentration.10

The microscopic structure of these defects has been es
lished only for thePb andPb0 centers: they have been con
vincingly attributed to a~111! oriented singly occupied sili-
con dangling-bond defect,•Si-Si3.

11–14 The microscopic
structure of thePb1 defect is still under debate15 and various
models ranging from the•-Si-Si2O Poindexter model, the
•-Si-Si-O silicon dimer model initially proposed by Ed
wards, and more recently the originalPb0 •Si-Si3 model
have been considered. It now seems that the•-Si-Si-O sili-
con dimer model is the most serious candidate forPb1. Fur-
ther confirmation for this model comes from the very rece
observation of the hyperfine structure of thePb1 center.16

The observation of thePb1 center at a different~nitride!
interface can be expected to further clarify this issue.

The only Si/Si3N4 interface studied previously by the EP
technique is the~111! Si/Si3N4 one, formed by nitration in
10 677 ©1999 The American Physical Society
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10 678 PRB 59P. AUBERTet al.
NH 3 at T'1050 °C.17–19 Paramagnetic interface defec
were not observed in these samples directly after the n
tion but only after post-growth high-temperature anneal
~*1050 °C! in N2. Only one paramagnetic defect, with EP
parameters similar to those of thePb center, was observed
The main modification as compared to the oxide case
the increase in the EPR linewidth—5.5 G as compared to
G ~first derivative peak-peak width atX band forBi@001#).
Unfortunately the impact of the high-temperature annea
on the interface quality remains unclear: it is just eith
simple depassivation of existing Pb centers or does it lea
structural modifications of the interface.

We present here the results of an EPR study of interf
and bulk defects in (100)Si/Si3N4 formed by the deposition
of thin ~;100 Å! Si3N4 layers on bulk~100! Si by the dis-
tributed electron-cyclotron-resonance plasma-enhan
chemical vapor deposition~DECR-PECVD! technique. The
composition of the Si3N4 layer has equally been characte
ized by photoelectron spectroscopy~XPS!.

EXPERIMENT

The silicon nitrides films have been deposited by DEC
PECVD technique from ultrapure SiH4 and N2 gas mixtures
on both n- and p-type doped~100! Si substrates. Before
deposition the substrates received a standard RCA clean
The deposition conditions had been optimized previousl20

they correspond to a gas flow ratio N2/SiH4 of 19, a total
flow rate of 20 sccm, a pressure to 0.3 Pa, and a microw
power of 1500 W. The deposition temperature was estima
to 100 °C. For these conditions the deposition rate is;20
Å/min. Films with thickness between 20 and 600 Å ha
been grown. After the film deposition the samples were th
mally annealed at 450 °C for 30 min in an argon gas atm
sphere. As shown in Ref. 20, this annealing leads to
formation of a high-quality interface with midgap interfac
state densities in the 631010 eV21 cm22 range and a fixed
charge density of 131012 cm22.

The film composition has been analyzed by nuclear
croanalysis: it corresponds to total concentrations of@N#
5(5.260.2)31022 at/cm3, @Si#5(3.660.1)31022 at/cm3,
@H#5(160.5)31022 at/cm3, @O#5(0.260.06)31022

at/cm3. This corresponds to a nominal stoichiometry
@N#/@Si#51.44, i.e., the films are slightly nitrogen-rich.

The XPS measurements have been performed with a
monochromatic MgKa source and the photoelectrons we
detected for two different~14° and 64° from normal! escape
angles. The Si 2p, N 1s, and O 1s spectra were analyzed
The two spin-orbit components of the Si 2p spectra were
decomposed assuming a spin-orbit coupling constant of 0
eV and a ratio ofI Si2p1/2/I Si2p3/250.5.

For the EPR measurements, samples with a typical siz
2320 mm2 were prepared. TheX-band ~9.4 GHz! EPR
measurements were performed both at low temperatur~4
and 32 K! as well as at room temperature. For the deter
nation of theg values the microwave frequency was me
sured by a frequency counter and the magnetic field
determined by a microprocessor controlled Hall pro
~Bruker BH15!. The g factors were in addition calibrated a
low temperature relative to a Si:P standard sample~g
51.9985! and at room temperature relative to a MgO:M
a-
g
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sample. The error is estimated toDg560.0002. The mag-
netic field was modulated at 100 kHz with amplitudes
typically 2 G. The EPR spectra were taken under slow ad
batic passage conditions to exclude line-shape distort
generally encountered when working under rapid pass
conditions or in second-harmonic detection. The spec
were typically iterated;10 times to improve the signal-to
noise ratio. The total angular-dependent EPR spectra w
then analyzed by a computer-assisted decomposition in t
different components. For each component of the spect
the line shapes~Gauss, Lorentz, and Voigt!, the position,
width, and amplitude were determined. The absolute s
concentrations were obtained by comparison with
Al2O3:Cr spin standard sample purchased from the Natio
Bureau of Standards.

XPS STUDY OF THE Si/Si3N 4 INTERFACE

The (100)Si/Si3N4 interfaces and the composition of th
Si3 /N4 layer were first characterized by a series of XPS m
surements. The core-level spectra of Si 2p, N 1s, and O 1s
were measured in samples with thin~20 Å! or thick ~200 Å!
nitride films. To probe the localization of the small oxyge
contamination in the 20 Å thin Si3N4 layers, XPS measure
ments for two different escape angles were taken.

A typical Si 2p XPS spectrum for a 20-Å-thick nitride is
shown in Fig. 1~a!. It is composed of two main spectra at 9
and 101.6 eV, which are decomposed in the usual spin-o
doublets~Table I!. From their energy positions they are a
tributed to Si in silicon~Si0) and Si in Si3N4 ~Si41), respec-
tively. The chemical shift of 2.7 eV is characteristic of Si

FIG. 1. XPS spectra of (100)Si/Si3N4 for normal ~a! and 40°
photoelectron escape angles; layer thickness of 20 Å.
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PRB 59 10 679ELECTRON-PARAMAGNETIC-RESONANCE STUDY OF . . .
Si3N4. In the case of a SiO2 oxide layer, the correspondin
shift is 3.9 eV and if the layer were of the SiOxNy oxynitride
type intermediate shifts should be found.21,22

The fit reveals an additional small intensity~2.8%! peak at
103 eV, which we attribute to Si41 in SiO2. Its low intensity
does not allow a decomposition into the two spin-orbit co
ponents. To probe the depth localization of this oxide,
have measured the intensity of this peak equally for a de
tion angle of 64° from normal incidence. As seen in F
1~b!, it increases from 2.8% to 4%. This result indicates t
the oxide layer is mainly situated at the surface of the nitr
layer. It confirms ion beam analysis, which had already
vealed that a thin oxide layer is formed at the outer surfac
the nitride, when the layer is exposed to ambient conditio
The absence of an oxide layer at the interface is due to
action of H2 in the ECR plasma, which is known to take o
any residual native oxide surface layer.23

In the previous XPS and EPR study of the (111)Si/Si3N4

interface,19 obtained by thermal nitration in NH3, in addition
to the surface oxide layer a thin oxide layer at the interfa
had been observed. Its presence is certainly of importanc
the nature and concentration of the interface defects. It
been attributed to an insufficient substrate preparation
which the native oxide layer had not been fully remove
Under our DECR PECVD deposition conditions only 2
at. % of oxygen are incorporated in the layer and the in
face does not contain a residual native silicon oxide laye

EPR RESULTS

Typical EPR spectra of ap-type (100)/Si3N4 sample for
different orientations of the magnetic field betweenBi@001#
Bi@110# are shown in Fig. 2; they were taken at a tempe
ture of 4 K and a microwave power of 2mW. The spectra
show a strong angular dependence. A detailed analysis o
angular variation of the spectrum measured at different
crowave powers, temperatures, and for different dielec
layer thickness demonstrates that the total EPR spectrum
be modeled as the superposition of two isotropic one-
spectra and one anisotropic spectrum of trigonal symm
~Fig. 3!. Based on theirg factors, linewidths, and line shape
the spectra are attributed to theK center in the nitride layer
the silicon dangling-bond defect, and thePb0 interface de-
fect, respectively~Fig. 3!. The total spectrum is quantita
tively decomposed for all orientations in the sum of the E
spectra of these three different defects. Figures 4 and 5 s
this decomposition for the three principal orientations of
magnetic field~Fig. 4! and as a function of microwave powe

TABLE I. Parameters of the Si 2p XPS spectra of
(100) Si/Si3N4; layer thickness 20 Å, detection angle 14° from no
mal.

Transition E ~eV! FWHM ~eV! L/G ~%! I ~%!

Si0 2p 3
2

98.81 0.95 0.3 14.9

Si0 2p 1
2

99.42 0.95 0.3 7.5

Si41 2p 3
2

101.46 1.58 48.9 50.5

Si41 2p 1
2

102.07 1.58 48.9 25.2

Si41 103.06 1.38 8.3 1.9
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~Fig. 5! in the case of ap-type substrate. The compute
assisted decomposition is straightforward, as the absolute
tensities of each line as well as the angular variation of
Pb0 center linewidth put strong constraints on this decom
sition. The slow passage conditions under which the E
spectra were recorded are essential to avoid line-shape
tortions, which would render the decomposition impossib
The Pb1 defect, the characteristic interface defect of t
(100)Si/SiO2 interface, is not observed.

The same three spectra are equally observed with
changed parameters at 32 K~Fig. 6!; due to different relax-
ation times for the three defects the apparent relative in
sities are modified. In then-type samples the phosphoru
spectrum from the substrate is in addition observed at 32

At room temperature thePb0 center and the Si db signa
are still well observed at mW microwave powers, where
theK center, which has shorter relaxation times, is no lon
observed~Fig. 7!.

FIG. 2. EPR spectra of (100)Si/Si3N4 as a function of the ori-
entation of the magnetic field;T54 K; the line ~↓! is an isotropic
reference line from the sample holder.

FIG. 3. Angular variation of the EPR spectra of thePb0 center,
Si dangling bond, and theK center; simulation~line!, experimental
points ~circles!.
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10 680 PRB 59P. AUBERTet al.
Identical EPR spectra were observed for both then-type
andp-type conducting substrates.

Pb0 INTERFACE DEFECTS

The anisotropic part of the EPR spectrum is well sim
lated by a spinS5 1

2 defect with trigonal point symmetry an
principal values of theg factor of gi52.001810.0002 and
g'52.008910.0002. The~X-band! line shape is Lorentzian
with a peak-to-peak first derivative linewidth varying b
tween 3.2 and 4.8 G forBi@111# andB'@111#, respectively
~Fig. 4!. The g tensor and theC3v symmetry identify this
defect as thePb0 center. The principal values of theg tensor

FIG. 4. Decomposition of the total EPR spectrum in thePb0, Si
db, K center, and reference lines; the experimental spectrum,
individual lines, and their sum line are shown for three magne
field orientations;T54 K.

FIG. 5. Decomposition of the EPR spectra of (100) Si/Si3N4 for
three different microwave powers;Bi@111#, T54 K; the experi-
mental spectrum, the individual lines, and their sum line are sho
-

are very close to those previously observed for thePb0 cen-
ter at the (100)Si/SiO2 interface and thePb centers at the
(111)Si/SiO2 and (111)Si/Si3N4 interfaces~Table II!. This
result is surprising as the nitride interface due to the differ
coordination of N as compared to O might be expected
contain different interface defects. This result could be u
derstood if the defect structure around the Pb defect is m
extended than generally assumed, i.e., one unbonded Si
with all nearest neighbors in the interface plane bonded

he
c

n.

FIG. 6. Decomposition of the total EPR spectrum taken aT
532 K in thePb0, Si dB,K center, and reference lines; experime
tal spectrum, sum line, and individual lines are shown for th
magnetic field orientations. As the substrate isn-type doped and we
observe in addition the two EPR lines from the phosphorus do
only the low field phosphorus line is visible in this field range.

FIG. 7. Room-temperature spectra of ann-type (100)Si/Si3N4

layer and the decomposition inPb0 and Si db lines for three field
orientations: the experimental spectrum, thePb0 and Si db lines, as
well as their sum line are shown.
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TABLE II. Comparison of principalg values of the trigonalPb ,Pb0 centers at various nitride and oxid
interfaces.

Defect Pb Pb Pb0 Pb0 Pb ,Pb0

type of (111) Si/SiO2 (111) Si/Si3N4 (100) Si/SiO2 (100) Si/Si3N4 porous Si
interface
gi 2.0014 2.0015 2.0019 2.0018 2.0017–2.002
g' 2.0088 2.0081 2.0081 2.0089 2.0082–2.009
oxidation standard 1120 °C NH3 170 °C oxide 100 °C varies with
nitridation 1000 °C 11200 °C deposited1 porosity,
conditions oxide annealN2 450 °C oxidation

anneal conditions
Reference 7 17–19 10 this work 9 and 24
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oxygen atoms. Indeed the electron nuclear double reson
~ENDOR! studies of the Pb centers24,25 in oxidized porous
silicon had shown a distribution of hydrogen passivated
interface atoms surrounding the paramagnetic Pb cen
Such a structure could explain that we observe in all ca
the same basically ‘‘isolated’’ paramagnetic Si danglin
bond defect.

Whereas this explanation is easy to conceive for~111!
oriented interfaces, the case of~100! interfaces is certainly
more complex: rigorously, at a nonreconstructed~100! Si
surface, Si dangling-bond defects of the form Si3-Si• ~i.e.,
Pb0 centers! with exactly trigonal point symmetry should no
occur due to the nonequivalence of the three Si bond
atoms ~Fig. 8!. Even in the original Poindexter model fo
Pb0,11 which places thePb0 center in a transition layer be
tween Si and SiO2, the three Si nearest-neighbor atoms a
not equivalent. Further, in this model an oxygen atom
situated at a nearest-neighbor distance from the Pb ce
which is difficult to reconcile with the weak17O hyperfine
interaction observed for this defect.14,24 As concerns the ori-
entation of the symmetry axis of thePb0 center, only two
directions are possible in a given~100! plane, whereas fou
orientations are in general experimentally observed. Thus

FIG. 8. ~100! Si interface plane with two possible Si danglin
bond configurations, the center one corresponding to the Poind
model; the small black circles represent nitrogen or oxygen ato
both configurations lead to nonequivalent first-nearest-neighbo
oms for the Pb center; only two orientations for the nonbondedsp3

orbitals of the interface atom are possible.
ce
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presence of thePb0 defect at the~100! interface with, in
particular, nearly unchanged spin Hamiltonian parameter
compared to (111)Si/SiO2 interfaces—including the silicon
central hyperfine and super hyperfine tensors—is difficul
conceive. We have recently argued3,14 that a local~111! facet
formation at (100)Si/SiO2 interfaces is a probable explana
tion ~see Fig. 9!, which should be considered in the interfa
modeling.26 We will come back to this point in the Discus
sion.

The linewidth of thePb0 center and its variation with the
magnetic field orientation reflect in addition a distribution
the microscopic configurations of this defect. It has be
shown previously in the oxide case by EPR measuremen
different microwave frequencies that the linewidth increa
proportionally to the microwave frequency; it is thus due to
nonresolvedg-tensor distribution. The observed anisotro
with Dgi,g' has been explained by first- and second-or
effects of variations in bond length and angles on theg' and
gi values, respectively. In the case of Si3N4 the superhyper-
fine ~SHF! interaction with the nuclear spins of14N, 15N can
give rise to an additional isotropic broadening. The linewid
of DBi53.2 G measured here must be compared to the t
cal value of 1.6 G observed in the case of silicon oxi
interfaces. The linewidth shows only a very weak tempe
ture dependence: we have compared the linewidths for
same sample at 4, 32, and 293 K. ForBi@111# we find,
respectively, values of 3.4, 3.2, and 3.0 G. To distinguish
contributions to the linewidth by the SHF interaction wi
14N, 15N nuclei from that of increased interface roughness
the nitride interface~g-tensor distribution!, additional EPR
measurements at higher frequencies are required.

ter
s;
t-

FIG. 9. ~100! Si interface plane with a~111! facet plane at a
two-atomic-layer step.
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10 682 PRB 59P. AUBERTet al.
The concentrations of thePb0 centers in the 450 °C an
nealed samples are between (5 – 7)31011 cm2. This concen-
tration can be compared with those determined by electr
measurements if we take into account that the Pb centers
to variation in their local environments gives rise to an;0.2
eV wide distribution of the electrical levels. As in EPR, th
total Pb center concentration irrespective of the particu
position of the electrical2/0 level in the gap is seen, and th
EPR concentration of Pb centers is of course higher than
minimum value ofDit at midgap generally cited in electrica
characterizations. The value of (5 – 7)31011 cm2 is thus in
agreement with the one deduced from the electricalC(V)
measurements were the minimum interface defect densi
midgap was measured as 631010 eV21 cm22.20

THE K CENTER

The EPR spectrum of theK center is characterized by a
isotropicg factor ofg52.003710.0002, a linewidth of~12.0
10.5! G, and a Gaussian line shape. TheK centers, which
are bulk defects, have been previously identified as
threefold-coordinated Si dangling-bond center, where the
atom is bonded with one, two, or three N atom
respectively.27,28TheK centers were mainly studied in thick
amorphous hydrogenated Si3N4 layers deposited by CVD
techniques from SiH4 and NH3 or N2O gases. In CVD de-
posited layers this center is not observable by EPR in
as-deposited state, but only after uv illumination. Photoex
tation with energies above 5 eV generates free electrons
holes, the capture of which transforms theK center in a
paramagnetic charge state. The situation is different
PECVD prepared layers, where they are observed with
any post-deposition uv illumination. It is supposed that
uv light emitted by the plasma generates paramagnetiK
centers during the entire deposition process. This situatio
analogous to the one of the PECVD deposited SiO2 layers,
where the paramagnetic positively chargedE8 center is
equally observed in the as-deposited dielectric layer.29

The g factor of theK center is dependent on the loc
bonding configuration Si-X3 and can thus be used as a pro
for the composition of the nitride layer: indeed, studies
this defect in silicon nitride layers of different compositio
SixNy have shown30 that for theK centers in stoichiometric
Si3N4 layers where the nearest-neighbor configuration of
K center is* Si-N3, theg factor is 2.0030. Substitution of on
of the N neighbors by a silicon atom (* Si-N2Si) increases
the g factor to 2.0033; further substitution leads to theg
factors of 2.0040 (* Si-NSi2) and the * Si-Si3Si dangling-
bond defect has itsg factor of 2.0055. The linewidth depend
also on the configuration due to the~generally nonresolved!
hyperfine interaction with the14N (I 51) and 15N (I 2 1

2 )
nuclei: whereas the Si-Si3 center has a linewidth of typically
~661! G, this width increases to;13 G for Si-N3. These
assignments based on experimental results were confir
by the modeling of theg tensor for the different defec
complexes.28 Theg factor of 2.0039 demonstrates that theK
centers observed in our layers have a configuratio
•Si-Si2N; the occurrence of such defects in N-rich films
certainly related to the low deposition temperature.

In the previous EPR study on thermally nitride
(111)Si/Si3N4 ~Refs. 17–19! a quite different EPR spectrum
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characterized by ag value ofg52.0028 and a peak-to-pea
linewidth of 2.4 G, observed without any uv illumination
had been attributed to theK center. However, given the mul
tiple results for theK centers now available, this attributio
seems to be erroneous. Indeed, the small linewidth and
frequency dependence seem more to be in favor of a 19
center, often observed in samples with rough interfaces.

The concentration of theK centers in the 100-Å-thick
Si3N4 layer not submitted to post growth uv excitation
(3 – 5)31017 cm23.

Si DANGLING-BOND DEFECT

In addition to theK center we observe equally a seco
isotropic EPR spectrum, characterized by ag factor of
2.0055, a linewidth of~5.560.5! G, and a Gaussian line
shape. These parameters clearly identify this defect as
•Si-Si3 defect in an amorphous matrix. Two probably coe
isting sources for this defect can be considered:~i! Si db
defects at the amorphous surface of the cleavage plane
the EPR samples as well as~ii ! •Si-Si3 volume defects in the
Si3N4 layer. This defect is well known to be formed o
cleaved silicon surfaces and can be eliminated by a treatm
in boiling hydrazine. We did not want to apply this treatme
to our thin Si3N4 layers to avoid any structural modification
We have found that an additional 450 °C annealing, wh
oxidizes these cleavage surfaces, strongly reduces the
centration of the Si db centers. It cannot be excluded that
remaining Si db defects are intrinsic defects of the Si3N4
layer but further separate studies are necessary to as
these defects.

DISCUSSION

The DECR-PECVD deposition techniques allow us to d
posit silicon nitrides films of various stoichiometries, whic
range from slightly nitrogen-rich@N#/@Si#51.44 over sto-
ichiometric composition @N#/@Si#51.33 to silicon-rich
@N#/@Si#51.2. These films contain in addition high amoun
of hydrogen in the 10–18 at. % range. The physical prop
ties of the film and the interface structure depend on
stoichiometry. Our deposition conditions were chosen to
timize the electrical properties of the nitride layer; for film
with a N/Si ratio of 1.44 we obtain minimum fixed nitrid
charges~1.6 3 1012 cm 22!, a minimum interface defec
density of 631010 eV21 cm22, and high critical fields.

The first important result obtained in this study is t
nonobservation of thePb1 center, the defect generall
thought to be characteristic of all (100)Si/SiX-type inter-
faces. As we have been able to measure the interface de
up to room temperature, it seems clear that long relaxa
times, which can render low-temperature EPR measurem
of paramagnetic defects difficult, are not the reason for
nonobservation ofPb1. It follows, therefore, thatPb1 centers
are not characteristic defects of the~100!/Si/dielectric inter-
faces, but of the (100)Si/SiO2 interface. Their presence mus
be related to the oxygen bonding configuration in the tran
tion layer close to the interface. This result is qualitative
confirmed by DLTS measurements on similarly prepa
~100!Si/silicon nitride structures, which had revealed on
one DLTS peak atEc-0.25 eV, the characteristics of whic
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TABLE III. X-band peak-to-peak linewidths atT54 K for Pb and Pb0 centers at various nitride an
oxide interfaces.

defect Pb Pb Pb Pb0 Pb0

type of interface (111) Si/SiO2 (111) Si/Si3N4 (111) Si/Si3N4 (100) Si/SiO2 (100) Si/Si3N4

DBipp(G! 1.8 5.5 5.0–6.8 2.7 3.2
DB'pp(G) 3.3 5.5 6.0–7.3 3.7 4.8
nitridation thermal O2 thermal NH3 thermal NH3 thermal O2 deposited at
conditions at 920 °C atTN51120 °C atTN51120 °C at 950 °C 100 °C1

1anneal at 1anneal at 1 anneal at
835 °C under 1anneal at 1anneal at 650 °C 450 °C

vacuum TN under N2 TN under N2 under
vacuum

Reference 19 17 and 18 19 6 this work
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correspond well to thePb0 defect at the Si/SiO2 interface.
No DLTS peak attributable toPb1 had been detected.31

The only paramagnetic interface defect observed is
Pb0 center with trigonal point symmetry with a symmet
axis parallel to@111#. Its g tensor and hyperfine interaction
~determined for the oxide case only! are in good agreemen
with the model of a paramagnetic Si atom bonded to th
equivalent first-nearest-neighbor Si atoms. This configu
tion is the natural one for nonbonded interface atoms at
~111! oriented interface and suggests the idea of a parti
~111! faceted~100! Si interface. Such a model had alrea
been proposed previously on the basis of electron mic
copy results32 and from the EPR studies in porous silicon.3,14

The experimentally determined intensity of each of the fo
Pb0 EPR lines allows us to develop this model further. A
suming thePb0 centers to be localized on~111! facets, we
can estimate the relative area of each of the four differe
oriented~111! facets from the intensity of eachPb0 line. The
experimental results show that the four facet orientations
not occur with the same probability. For the rotation of t
magnetic field in the~110! plane two of the EPR lines ar
degenerate and in the case of random distribution we sh
observe a 1:2:1 intensity distribution of the EPR lines. Ho
ever, we do observe systematically values of 2:1:1~Figs.
3–5!, which indicates that the facets are not randomly o
ented. In fact, such a distribution corresponds to an ensem
of parallel oriented facets, which outnumber the perpend
lar oriented facets by 3:1. Such a situation would arise na
rally if parallelly oriented steps had been formed at the
terface in the initial deposition stage.

The principal values of theg tensor are rather insensitiv
to the interface orientation and chemical composition of
dielectric ~Table II!. This finding is in agreement with a
extended defect structure around the Pb defects, which
sults in basically ‘‘isolated’’ Si dangling-bond defects. Th
linewidths of the Pb0 center give additional information
about the microscopic configuration around the defects
has been established for thePb0 center at the oxide interfac
that in addition to inhomogeneous broadening due to no
solved hyperfine interaction with29Si nuclei the linewidth is
determined by a nonresolvedg-tensor distribution. The
g-tensor distribution reflects the different local environme
of the Pb0 center, in agreement with the electrical measu
ments, which have shown an;0.2 eV wide level distribution
e

e
-
e

ly

s-

r
-

ly

o

ld
-

-
le
-

u-
-

e
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e-
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around the mean value ofEc2ET andEv1ET8 for the 2/0
and 0/1 charge states. The minimumg-factor distribution is
observed forBi@111# where~X band first derivative peak-to
peak! linewidths of~1.560.2! G are found~Table III!. In our
(100) Si/Si3N4 samples this value is increased to~3.260.2!
G and for thermal nitrides at~111! Si this value is even
higher with 6 G. It has been already argued in Ref. 19 t
this increase is due to largerg-tensor distributions and not to
the additional hyperfine interaction with the14N, 15N nuclei.
We observe therefore an increase in interface roughness
SiO2 over deposited nitrides to thermally grown nitrides.

The concentration of thePb0 centers is in the mid
1011 cm 22 range after 450 °C annealing. This value is low
than the concentration ofPb centers found in the case o
thermally grown~111! Si/Si3N4 interfaces, where concentra
tions in the 1013 cm22 range have been found. The decrea
in the interface defect concentration is similar to the ox
case, where~100! oriented interfaces have about fibers tim
lower defect concentrations than~111! oriented ones. For
ECR-PECVD grown~100! Si/Si3N4 samples the minimum
interface state densityDit depends in addition on the stoich
ometry of the nitride layers: for nitrogen-rich layers a chan
in the composition from@N#/@Si#51.4 to 1.5 leads to a mo
notonous increase in the Dit from 2 to
2031011 eV21 cm22.31 This variation is correlated with the
concentration of N-H bonds, and a model which links t
presence of N-H bonds near the interface with the Pb ce
formation has been proposed.33

Whereas in LPCVD Si3N 4 layers deposited at 600 °C th
K centers have the expected coordination•Si-N 3 ~g factor
g52.0030 and linewidthDBpp513 G, their coordination in
low-temperature PECVD layers with a stoichiometric co
position or slightly N rich is•Si-N2Si.27,28 The K centers,
which are paramagnetic in the neutral charge state, can
both electrons and holes.34 The concentration observation be
fore uv illumination is thus related to the electrical compe
sation. Electron injection studies in our layers35 show a lower
limit of electron traps of 531017 cm23, which correlates
well with the concentration ofK centers measured by EPR
Thus theK centers are the dominant electron traps in th
layers.

CONCLUSIONS

The interface obtained by low-temperature deposition
Si3N4 on ~100! Si is characterized by the presence of on
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one paramagnetic interface defect, thePb0 center, at concen
trations of 531011 cm22. ThePb1 center, systematically ob
served at (100)Si/SiO2 interfaces, is absent at this interfac
The lower linewidth of thePb0 center as compared to th
one at the~111!Si/thermal nitride interface indicates a low
interface roughness. The layers, which are of average c
m

, i

. I

l.

,

p

ir

J

z

, i
m-

position@N#/@Si#51.44, contain one main electron trap, theK
center, in the configuration•Si-N2Si.
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