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Surface and interface structures of epitaxial silicon nitride on Si„111…
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Surface and interface structures of an ultrathin silicon nitride film grown epitaxially on the Si~111! surface
are investigated by core-level and valence-band photoelectron spectroscopy using synchrotron radiation. The Si
2p photoelectron spectra reveal a characteristic series of components for the Si species not only in stoichio-
metric Si3N4 (Si41) but also in the intermediate nitridation states with one (Si1) or three (Si31) nitrogen
nearest neighbors. The Si 2p core-level shifts for the Si1, Si31, and Si41 components are determined to be
0.64, 2.21, and 2.74 eV, respectively. In sharp contrast to the well-known SiO2 /Si(111) case, no trace of the
Si21 species is observed, indicating an atomically abrupt and defect-free interface in accordance with a recent
interface model ofb-Si3N4 /Si(111). In addition, the origin of the characteristic N 1s spectra and a strong
surface-state emission observed in the valence-band spectra are discussed.
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I. INTRODUCTION

The growth of high-quality thin silicon nitride (Si3N4)
films on Si substrates is very important in frontier microele
tronic devices due to its dielectric properties and chem
stability. Despite such technological interests, a highly
dered Si3N4 film cannot easily be formed on a Si~100! sub-
strate by direct thermal reaction because of a large lat
mismatch and the side reaction, such as etching, leadin
an ill-defined interface. However, recently, an epitax
b-Si3N4(0001) film was successfully formed on a Si~111!
substrate using a thermal nitridation process.1 This success is
understood from the fact that the specific nitride phase
b-Si3N4(0001) (a057.61 Å) is lattice matched to the
Si(111)232 unit cell (2a057.68 Å) to within 1%.1

For thermal nitridation of a Si substrate, various nitroge
containing reagents such as NO, NH3, and N2 ~or N2

1 ion!
gases have been used. This thermal reaction was chara
ized by a self-limited growth kinetics: the fast initial nitrid
formation and a very slow further reaction due probably
the blocking of N diffusion by the initial nitride film.2 An-
other characteristic feature of the initial nitridation o
Si~111! is the appearance of an 838 surface structure in
low-energy electron diffraction ~LEED!.1,3–8 A few
scanning-tunneling microscopy studies suggested that
surface structure has actually a local ‘‘8

3 3 8
3 ’’

reconstruction.1,6–11 Morita and Tokumoto further suggeste
a structure model for the ‘‘8

3 3 8
3 ’’ reconstruction based on a

single planar Si-N layeron top of a bulk-terminated Si~111!
surface.9 On the contrary, a combined experimental and t
oretical study recently showed that the 838 structure is, in
fact, acomplex multilayer surface reconstruction of an ultr
thin stoichiometricSi3N4 film grown epitaxially on Si(111).11

This structure is composed mainly of nine N adatoms in
838 unit cell, which are arranged in local8

3 3 8
3 unit cells.

However, the above structure models have not been te
thereafter and especially the atomic structure and bond
configuration at the interface between the Si3N4 film and the
Si~111! substrate are largely unknown.

In the present study, the chemical bonding configurati
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of the surface and interface of an ultrathin epitaxial Si3N4
film formed by thermal reaction of NH3 onto Si~111! are
investigated using photoelectron spectroscopy~PES! based
on a synchrotron-radiation source. The Si 2p, N 1s, and
valence-band spectra are measured systematically and
lyzed for an ultrathin Si3N4 film with a clear 838 surface
structure. The Si 2p core-level spectra reveal the distin
components for the nitrided Si species not only in stoich
metric Si3N4 but also in the intermediate nitridation states
Si1 and Si31. This result strongly indicates an abrupt an
defect-freeb-Si3N4(0001)/Si(111) interface in accordanc
with a recent interface model.

II. EXPERIMENT

The NH3 gas was introduced onto the clean Si(111
37 surface held at 1123–1223 K by back-filling the cha
ber. After this nitridation with a dose of typically 100-
NH3, a characteristic 838 phase appears in LEED, wher
the ‘‘ 8

3’’ order spots are more intense over the others.
could not observe any quadruplet LEED spots that had b
suspected to be due to contamination.1 In order to obtain
such a clear 838 LEED pattern, a sufficient gas dose and
substrate temperature higher than 1073 K were neces
Before and after the NH3 exposure, no trace of contaminan
such as C or O was detected in PES spectra. The PES
surements were performed on a soft-x-ray beam line~8A1!
connected to an undulator at Pohang Accelerator Labora
in Korea, which is equipped with a high-performance pho
electron analyzer~SES-200, Gammadata, Sweden!. The
overall instrumental resolution was better than 0.35 for N 1s,
0.10 for Si 2p, and 0.15 eV for valence-band spectra. Ea
core-level spectrum was analyzed by a standard curve-fit
procedure using Voight functions and an integral ba
ground.

III. RESULTS AND DISCUSSION

Figure 1 shows an atomic force microscopy~AFM! image
of an ultrathin Si3N4 film grown on Si~111!, which was taken
ex situ after the photoemission measurement. The rec
©2003 The American Physical Society04-1
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growth studies showed that the thermal nitridation of
Si~111! surface produces ab-Si3N4(0001) film with a thick-
ness less than 2 nm.1,2 The surface morphology is atomicall
flat with the wide domains separated by the step bounda
which is very similar to the previous report.12 The pits or
particles ~the dark and bright spots in the image, resp
tively! may be due to the possible etching reaction. Howe
the area covered by these ‘‘defects’’ are less than 3% of
total surface area making the following PES analyses ins
sitive to them.

Before providing a detailed description of the photoem
sion results, it is helpful to introduce a simple atomic stru
ture model of the present system. Figure 2 shows the
and top views of a thinb-Si3N4(0001) film connected ide
ally with the bulk-terminated ~111! surface of a Si
substrate.13 As shown in Fig. 2~a!, the interfacial layer be-
tween Si3N4 and Si~111! hasno unsaturated bonds, which
requires some of the Si atoms in the interfacial layer to
nitrided partially in the Si1 or Si31 valence state, that is
three among four Si atoms in the interfacial layer on
Si3N4 side bond to three N and one Si atom~the Si31 state!,
while one among four Si atoms in the interfacial layer on
Si side bonds to three Si and one N atom (Si1).13 In the top
view of Fig. 2~b!, a 131 unit cell of the unreconstructe
b-Si3N4(0001) surface is drawn with dashed lines (7.
37.61 Å), which nearly coincides with a 232 unit cell of
the Si~111! surface. Within that 131 surface unit cell, three

FIG. 1. AFM image (333 mm in area! of a Si~111! surface
exposed to NH3 ~100 L! at 1123 K.

FIG. 2. ~a! Side and~b! top views of the structure model of a
ideal b-Si3N4 /Si(111) system. The larger and open circles den
Si atoms and the smaller and shaded ones N atoms. The dashe
is a guide for the 131 surface unit cell ofb-Si3N4(0001) and the
dots point out the surface atoms with an unsaturated bond a
topmost layer.
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Si and three N atoms of the topmost layer have a sin
dangling bond on each as indicated by the black dots loca
along a characteristic 12-membered ring structure~the solid
line! in the figure. This ideal surface reconstructs into an
38 structure, for which the recent structure model featu
only four dangling bonds within the unit cell.11 The reduction
in dangling-bond density is achieved through the extra
adatoms and the N-N dimerization.11

As explained above, the proposed structure models for
interface and the surface of the present system features c
acteristic bonding configurations, which can be probed
PES. Figure 3 shows the Si 2p core-level spectra and th
corresponding decomposition for a clean Si(111)737 sur-
face and an 838-reconstructed surface after reaction w
NH3 ~100 L! at 1123 K. The Si 2p spectrum of the clean
Si(111)737 surface consists of at least four different su
face components shifted from the main bulk component~B!
by 20.75, 20.30, 10.27, and10.54 eV @Fig. 3~a!#. These
values and their relative intensities are fully consistent w
those reported previously.14 Such surface components of th
clean Si(111)737 surface are completely removed after n
tride formation as shown in Fig. 3~b!. Instead, three higher
binding peaks appear with the binding-energy (Eb) shifts of
10.64, 2.21, and 2.74 eV accompanying the broadening
the bulk componentB. Previous PES studies of the nitride
Si surfaces reported similar components but withEb shifts of
0.6 and 2.59 eV on Si~111!; 0.72, 1.5, and 2.58 eV on
Si~100!,15 or 0.77, 1.47, 2.49, and 3.29 eV on Si~100! ~Ref.
16!. In contrast to the case of the SiO2 /Si interface,17,18 the

e
line

he

FIG. 3. Si 2p core-level spectra of~a! a clean Si(111)737 and
~b! a b-Si3N4 /Si(111) surface~made by a 100-L NH3 dose at 1123
K! taken athn5134 eV along the normal emission. The corr
sponding decompositions by least-squares fitting are given toge
The higher-binding-energy components in~b! are located at10.64,
12.21, and12.74 eV relative to the bulk componentB. The pa-
rameters used in the curve fitting are a spin-orbit splitting of 0.6
eV, a branching ratio of 0.50; a Lorentzian width of 0.085 eV, a
Gaussian widths of 0.39, 0.58, and 0.75 eV forB (Si1), Si31, and
Si41, respectively.
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interpretation of these Si 2p components of the nitride inter
face has not been established; the former work on
Si~100! substrate assigned the peaks at 0.72, 1.5, and 2.5
as the intermediate nitridation species of Si1 and Si21 and
the stoichiometric nitride of Si41, respectively,15 but the lat-
ter work assigned the peaks at 0.77, 1.47, 2.49, and 3.29
to Si1, Si21, Si31, and Si41, respectively.16 That is, the
previous studies agreed on theEb shifts of the Si1 and Si21

species as;0.7 and;1.5 eV but not on those of Si31 and
Si41. On the other hand, anab initio calculation showed tha
each Si-N bond gives anEb shift of ;0.7 eV, which in-
creases linearly with the number of Si-N bonds.19 This is
consistent with the previous experimental results for Si1 and
Si21 and one can further expect the shifts for Si31 and Si41

to be about 2.1 and 2.8 eV, respectively. Combining all
above information and in full consistency with the theory, w
can assign the Si 2p components observed presently as d
to the Si1 ~0.64!, Si31 ~2.21!, and Si41 ~2.74 eV! species as
shown in Fig. 3~b!. Supporting the present assignment fu
ther, the Si 2p peak positions for the idealb-Si3N4 /Si(111)
model~Fig. 2! were calculated to be;2.0 eV for Si31 at the
interface and;3.0 eV for Si41 in Si3N4 .13 The occasional
observations of a higherEb for the Si41 component~3.0–3.5
eV! than for the present one16,20 could be explained by the
core-hole screening effect, which increases with the fi
thickness or local band-bending difference on an inhomo
neous surface.21,22From the intensity of the Si41 component
the thickness of the stoichiometric Si3N4 film formed on
Si~111! is roughly estimated to be;3 Å taking the electron
mean free path within Si3N4 as;5.6 Å at the kinetic energy
used~35 eV!.23 This thickness corresponds to only a sing
unit cell of b-Si3N4(0001) along thec axis @see Fig. 2~a!#.

An important qualitative feature of the Si 2p spectra of
b-Si3N4 /Si(111) shown in Fig. 3~b! is the presence of the
Si31 emission, which was not observed before for a furna
grown film20 and for the thermal reaction of NH3 on
Si~111!.15 The presence of the Si31 component is, however
clearly verified from the asymmetric line shape of t
highest-Eb peak of the raw spectrum. What is more impo
tant is that no Si21 species is identified in the spectrum
which is expected to be at around11.5 eV as explained
above; the maximum allowed intensity of the Si21 compo-
nent, if put intentionally, was less than 1% of the total inte
sity of the interfacial components of Si11-Si31. This behav-
ior is in clear contrast to the oxidation of Si~111! and also to
the oxidation or nitridation of Si~100!, where the Si21 com-
ponent is observed with a significant intensity.15–18,22,24Since
the interfacial Si atoms can have only Si1 or Si31 valence
states in the ideal SiO2Si(111) interface24 as well as in the
ideal b-SiN4(0001)/Si(111) interface~see Fig. 2!, the Si21

emission, if any, is regarded as due to defect structures a
interface. Thus, the present result clearly indicates thatthe
thermally grownSi3N4 film on Si(111) has an atomicall
abrupt and defect-free interfaceas far as the present PE
measurement can tell. The intensity ratio of the Si31 and Si1

component is roughly 3:1 in further agreement with the
terface model of Fig. 2.

Figure 4 shows N 1s core-level spectra and their decom
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positions for the sameb-Si3N4(0001)/Si(111) sample as in
Fig. 3~b!. From the raw data, one can find a dominant peak
the center, and the obvious shoulders at both sides. T
spectra are straightforwardly decomposed into three com
nents: the main peak~N2! is located atEb5398.1 eV and the
others~N1 and N3! shifted relatively by20.6660.05 and
10.7660.1 eV. In the fitting procedure, we used the sam
Lorentzian width of 0.20 eV, but different Gaussian widths
0.75 for N1 or N2, and 0.90 eV for N3. A recent photoem
sion experiment observed very similar N 1s spectra for a
Si(111)737 surface dosed with 5-L NH3 at room tempera-
ture and annealed subsequently at 1200 K. This st
seemed to not intend to produce any nitride films on
surface, and the reaction products after the annealing w
not characterized al all.25 We guess that a similar Si3N4 film
to the present study was formed at least locally on that p
ticular surface.

Among the three N components, the major species N
naturally ascribed to N atoms in the stoichiometric Si3N4
layer. This assignment is consistent with the observation
dominant Si41 component in the Si 2p spectrum of Fig. 3~b!
and is corroborated by the binding energy of N2, which is
good agreement with that reported for an amorphous Si3N4
film.26 The present observation is an identification of the
1s binding energy of anepitaxial Si3N4 film, which can
serve as a good standard free from possible artifacts du
roughness or inhomogeneity.27,28

Although not too evident in Fig. 4, the N1 component
shown to be more bulk sensitive and N3 more surface s
sitive than N2 by comparing the N 1s spectra taken at man
different photon energies and emission angles. The m
bulk-sensitive species represented by N1 could be relate
the N species at the Si3N4 /Si(111) interface. It has the sam

FIG. 4. N 1s core-level spectra and the corresponding deco
positions ofb-Si3N4 /Si(111) taken athn5500 eV along the emis-
sion angles of~a! 0, ~b! 30, and~c! 60° from the surface normal
The parameters used in the curve fitting are a Lorentzian width
0.15 eV, and Gaussian widths of 0.75 and 0.90 for~N1 N2! and N3,
respectively. See text for the explanation of the N1, N2, and
components.
4-3
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binding energy of 397.4 eV as that in the N-rich Si layer
the Si~100! surface29 and as that of the interfacial N atoms
various oxynitride films on Si~100!.25–27 On the other hand
N3 is thought to come from an N species specific to the
38 surface structure. We do not consider any N-O or N
bonding on the surface since no trace of oxygen atom
found in the O 1s PES and the reaction temperature is hi
enough to desorb any hydrogen species from the surface.
N bonding configurations specific to the recent 838 struc-
ture model are the N-N dimers, N adatoms, and N surf
atoms with dangling bonds~see Fig. 2!.13 These configura-
tions yield less of a charge transfer to electronegative N
oms than does the N-Si3 configuration, making the N 1s
binding energy higher. The calculated N 1s binding energies
for Si25N-N5Si2 ~a N-N pair! species are;0.6 eV higher
than that of the stoichiometric Si3N4 , in agreement with the
experimental results for N3 in Fig. 4.19 However, a more
detailed assignment of the N3 component is not possibl
present.

Another characteristic surface-related spectral featur
observed in the valence-band photoemission spectra
shown in Fig. 5. After nitridation, a few characteristic v
lence states appear as shown in Fig. 5~b! while the
Si(111)737 surface states30 @denoted as S1, S2, and S3
Fig. 5~a!# disappear completely. Through a comparison w
the density of states calculated forb-Si3N4 ~the bottom
curve in Fig. 5!,31 the three peaks between 5.5 and 12.5
are identified as N 2p-Si 3s and N 2p-Si 3p bonding states,

*Author to whom all correspondence should be addressed. E
tronic address: yeom@phya.yonsei.ac.kr

1X. Wang, G. Zhai, J. Yang, and N. Cue, Phys. Rev. B60, R2146
~1999!; Thin Solid Films366, 121~2001!; X.-S. Wang, G. Zhai,
J. Yang, L. Wang, Y. Hu, Z. Li, J. C. Tang, X. Wang, K. K. Fun
and N. Cue, Surf. Sci.494, 83 ~2001!.

2I. J. R. Baumvol, Surf. Sci. Rep.36, 1 ~1999!; R. M. C. de
Almeida and I. J. R. Baumvol, Phys. Rev. B62, R16 255~2000!.

FIG. 5. Valence-band photoemission spectra of~a! a clean
Si(111)737 and ~b! a b-Si3N4 /Si(111) surface taken athn
5134 eV. The bottom curve is the density of states calculated
b-Si3N4 ~Ref. 31!.
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respectively, as indicated in the figure. The feature atEb
54.5 eV is a nonbonding lone-pair state of N and is cons
ered as the valence-band maximum of Si3N4 .15,31A striking
feature is the lowest-binding-energy peak at 1.1 eV~denoted
as S! since this energy corresponds to the band gap of Si3N4
and no Si substrate peak is expected either. This featur
clearly distinguished from the Si(111)737 surface state and
of course no Si surface state is expected since the pre
film is a homogeneous one covering the whole surface
shown in Fig. 1. The state S is sensitive to residual gas
sorption and is recovered by flash annealing. Thus, we c
clude that S is a unique surface state of the 838 surface
originating possibly from the Si or N dangling bonds~see
Fig. 2!. A further theoretical calculation of the electron
states of the 838 structure proposed is desirable.

IV. SUMMARY

We have performed a photoelectron spectroscopy st
for a Si~111! surface nitrided by NH3 at high temperature, on
which a flat and homogeneousb-Si3N4(0001) film was
formed with an 838 surface reconstruction. The clear Si 2p
emission features for the interfacial Si1 and Si31 states are
observed with core-level shifts of 0.64 and 2.21 eV, resp
tively, and those for the stoichiometric Si3N4 layer are ob-
served with a core-level shift of 2.72 eV. These values are
good agreement with a recentab initio calculation. No Si21

species is observed in the Si 2p spectra indicating an abrup
and defect-free~less than 1%! interface due possibly to the
nearly perfect lattice matching between crystallineb-Si3N4
and Si~111!. On the other hand, three different N chemic
bonding configurations are identified from the N 1s core-
level spectra, which are identified as due to the N spec
within the b-Si3N4(0001) film, at the interface and on th
838 surface layer, respectively. This is generally consist
with the Si 2p results and the interface and surface structu
models proposed recently. In the valence-band photoem
sion spectra, an intense and characteristic surface-state e
sion is observed at a binding energy of 1.1 eV, which is w
above the valence-band maximum of Si3N4 .
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