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Angle-resolved photoelectron study on the structures of silicon nitride
films and Si;N,/Si interfaces formed using nitrogen-hydrogen radicals
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Soft x-ray-excited angle-resolved photoemission results for nitride films formed using nitrogen—
hydrogen radicals on Si(100), Si(111), and Si(110) are reported. The data were obtained using
synchrotron radiation, which allowed the Si 2p, N 1s, and O 1s levels to be investigated with the
same probing depth. The following main results were obtained: (1) the Si3N, film is covered with
one monolayer of Si—(OH);N. Its areal density is 15% smaller on Si(111) than on Si(100) and Si
(110), (2) the Si;N,/Si interfaces on all three surfaces are compositionally abrupt. This conclusion
is based on the observation that no Si atoms bonded with three N atoms and one Si atom were
detected, and (3) the observation that the number of Si—H bonds at the Si;N,/Si(110) interface is
38%-53% larger than those at the Si;N,/Si(100) and SizN,/Si(111) interfaces indicates a
dependence of the interface structure on the orientation of the substrate. © 2008 American Institute

of Physics. [DOI: 10.1063/1.3002418]

I. INTRODUCTION

High-« gate dielectrics with a low leakage current are
highly anticipated for advanced ultralarge-scale integrations
(ULSIs)." Si3N, film formed using nitrogen—hydrogen (NH)
radicals is attractive as a high-« gate dielectric owing to its
high relative dielectric constant (7.5), sufficiently low inter-
face state density for application in metal-oxide-
semiconductor devices,z’3 and as a Si-based dielectric. In
1978 Tto et al.* succeeded in growing uniform nitride films
with thicknesses of less than 10 nm by the thermal reaction
of Si(100) with nitrogen gas. Hayafuji and Kajiwara® found
that during the thermal nitridation of Si(100) in NHj; nitride-
film growth is almost independent of NH; pressure. Maillot
et al.’ proposed possible atomic transport mechanisms dur-
ing the thermal nitridation of Si in NH; using "°N. From the
photoemission arising from the Si 2p and N 1s core levels in
thin nitride films grown in situ by the high-temperature re-
action of Si(100) with NH;, Peden et al.” found that a Si
monolayer exists as the outermost surface layer on top of a
SizNy film.

In our previous study8 we measured soft x-ray-excited
angle-resolved photoemission from the Si 2p, N 1s, and O s
core levels and the valence band with the same probing
depth for silicon nitride films formed on Si(100), Si(111),
and Si(110) using NH radicals. From the analyses of these
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spectra we found that nitride films were covered with thin
silicon oxide films, and interface layers consisting of the in-
termediate nitridation states of Si (abbreviated hereafter as
subnitrides) were formed between nitride film and Si sub-
strate. In the nitride film formed on Si(100), N atoms were
found to connect silicon oxide film and silicon nitride film.
Furthermore, it was found that the crystal orientation of the
Si substrate has no effect on the valence band offset at the
Si3N,/Si interface.

In this study, the photoelectron spectra arising from sub-
nitrides were successfully extracted from the angle-resolved
photoelectron spectra and used to clarify the effect of the
crystallographic orientation of the Si substrate on the
Si3N,4/Si interface structure. Furthermore, the abruptness of
compositional transition at the Si3N,/Si interface and the
structure of silicon nitride film were also clarified by angle-
resolved photoelectron spectroscopy.

Il. EXPERIMENTAL DETAILS

Because the Si3;N, film required for advanced ULSIs
must be ultrathin, the characterization and control of the
Si3N,4/Si interface structure on the atomic scale are essential.
In this study, we measured the angle-resolved photoemission
from the Si 2p and N 1s core levels in nitride films with a
high energy resolution and an appropriately large electron
escape depth. Because the thicknesses of the nitride films are
nearly 1 nm, the electron escape depth of nearly 2 nm and
highly brilliant synchrotron radiation are necessary in detect-
ing the angle-resolved photoemission from the SizN,/Si in-
terface through the Si3;N, film, and a high energy resolution

© 2008 American Institute of Physics
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FIG. 1. AFM images and cross-sectional profiles along the lines from A to
B shown in the AFM images. Steps, whose heights are almost equal to a
single atomic step height of 0.135 nm on Si(100), are observed in AFM
images (a) before the nitridation and (b) after 2.3-nm-thick nitride film was
formed at 600 °C using NH radicals, which were produced in a microwave-
excited high-density Xe/NH; mixture plasma at a pressure of 8 Pa.

of 100 meV is necessary to resolve the composition of sub-
nitrides localized at the SisN,/Si interface. Furthermore, to
simply determine the compositional depth profile, the kinetic
energies, which govern the electron escape depths,9 of pho-
toelectrons emitted from Si 2p, N 1s, and O s core levels
were adjusted to be equal by choosing appropriate photon
energies (PEs) for each core level. Such measurements could
be performed at Super Photon Ring 8 GeV (SPring-8).

The wafers used in this study are n-type Si(100),
Si(110), and Si(111) substrates whose resistivities are nearly
10 Q cm. The atomically smooth substrates were prepared
by the following processes. The wet oxidation of these sub-
strates was performed at 1100 °C to form 1-um-thick oxide
films. After etching the oxide films in HCI/HF mixture
solution,'® the substrates were cleaned in five steps at room
temperature.11 After cleaning, the surface microroughness
(Ra) of these cleaned substrates measured by atomic force
microscopy (AFM) was 0.08 nm. Then, the nitridation of
these cleaned substrates was performed at the same time at
600 °C using NH radicals, which were produced in a
microwave-excited high-density Xe/NH; mixture plasma12
at a pressure of 20 Pa, and the nitride films thus formed were
kept in dry N, until their photoelectron spectra were mea-
sured. The microwave frequency and power were 2.45 GHz
and 5 W/cm?, respectively.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

A. Structure of the nitride films

Figure 1 shows the influence of nitridation on the surface
morphology of Si(100) observed by AFM. According to this
figure, steps, whose heights are almost equal to a single
atomic step height of 0.135 nm on Si(100), observed before
the nitridation are preserved after the nitridation. This im-
plies that the nitridation proceeds uniformly on an atomic
scale. Figures 2 and 3 show the N 1s and O s spectra arising
from the nitride films thus formed on Si(100), Si(111), and
Si(110) measured at a photoelectron takeoff angle (TOA) of
80° and PEs of 1349 and 1481 eV, respectively. The values
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FIG. 2. N ls spectra measured at TOA of 80° for nitride films formed on
Si(100), Si(111), and Si(110). N s spectra can be decomposed to spectra
having a LBE and those having a HBE.

of 397.33, 397.30, and 397.48 eV, which were observed for
binding energies (BEs) of the N 1s spectrum peaks originat-
ing from the nitride films formed on Si(100), Si(111), and
Si(110), respectively, indicate that most of the N atoms con-
tribute to form SizNy, films.” The values of 532.29, 532.20,
and 532.20 eV, which were observed for BEs of the O 1s
spectrum peaks originating from the nitride films formed on
Si(100), Si(111), and Si(110), respectively, indicate that all O
atoms contribute to form Si—-OH bonds."® Si—~OH bonds were
formed by the oxidation of pure Si layer, which exists on the
surface of a Si;N, film after the nitridation of Si,’ in air just
after the nitride film was removed from the nitridation cham-
ber. Figure 4 shows the intensity ratio I(O 1s)/I(N 1s) as a
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FIG. 3. O Is spectra measured at TOA of 80° for nitride films formed on
Si(100), Si(111), and Si(110).
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FIG. 4. Intensity ratios 1(O 1s)/I(N 1s) and I(N 1s, HBE)/I(N 1s, LBE) as
a function of TOA for nitride films formed on Si(100), Si(111), and Si(110).
1(O 1s) and I(N 1s) denote the O 1s and N 1s spectral intensities, respec-
tively. I(N 1s, LBE) and I(N 1s, HBE) denote the N 1s spectra having LBE
and those having HBE, respectively. Solid and dashed lines were calculated
using parameters listed in Table I.

function of TOA for the films formed on Si(100), Si(111),
and Si(110). Here, I(O 1s) and I(N 1s) denote O 1s and N
1s spectral intensities, respectively.

As shown in Fig. 2, the N 1s spectra arising from the
nitride films formed on Si(100), Si(111), and Si(110) can be
decomposed into large peaks with a low BE (LBE) of
397.33, 397.30, and 397.48 eV, respectively, and small peaks
with a high BE (HBE) of 398.33, 398.30, and 398.48 eV,
respectively. Here, the full width at half maximum (FWHM)
of large and small peaks is adjusted to be the same. Accord-
ing to a theoretical study of the BE of the N ls core
level,M’15 a small peak can be correlated with a N atom that
has three Si atoms as its first nearest neighbors and three N
atoms and six O atoms as its second nearest neighbors, and
hereafter referred to as an interface N atom because of the
following reason. If the interface N atoms having areal den-
sities expressed by D(N) listed in Table I localize at the
Si—-N,/Si—(OH);N interface as shown in Fig. 5, the dashed
lines in Fig. 4 are obtained for the calculated dependence of
the intensity ratio I(N 1s, HBE)/I(N 1s, LBE) on TOA. Here,
I(N 1s, LBE) and I(N 1s, HBE), whose expressions are given
in Appendix, denote the intensities of the large and small

TABLE 1. Experimental values of the parameters required for a quantitative
description of Si 2p, N s, and O 1s core-level intensities (see Sec. III).

Si(100) Si(111) Si(110)
dy 0.93 nm 0.78 nm 0.90 nm
D(Si—(OH);N) 65%X10% m?  57X10® m?  6.8X10'® m™?
D(N) 34%10"% m2  29%X10® m?  3.4Xx10'® m™
D(Si-SizH) 40X10% m2?  36x10"® m? 55X10'® m™2
D[Si'*(N)] 12X10% m2  1.1x10"® m? 1.3x10'® m™2
D(Si-Si,NH) 1.9%X10"% m2  1.6x10% m?2  21x10"® m™
D[Si**(N)] 05X10% m2  04x10"® m2  0.6X10'® m™2
D(I) 7.6X10% m2  6.7X10"% m?  9.5x10'® m™2

J. Appl. Phys. 104, 114112 (2008)

Si-N, | Si-(OH),N

FIG. 5. Bonding configuration near Si—(OH);N/Si—N, interface which pro-
duces the N 1s spectra having LBE and those having HBE in Fig. 2.

peaks in Fig. 2, respectively. The parameters used in the
calculation of the dashed lines are listed in Table I. There-
fore, the silicon oxide film having bonding configuration of
Si—(OH);N is connected to the SisN, film by the interface N
atoms as shown in Fig. 5.

From these findings, we can conclude that the structures
of the nitride films formed on Si(100), Si(111), and Si(110)
are almost the same. Here, as shown in Fig. 5 that N atoms,
which produce LBE of N 1s spectra, contribute to form
Si3Ny.

B. Structure of compositional transition layers at
Si3N,/Si interface

Figure 6 shows the Si 2p5,, spectra arising from the ni-
tride films formed on Si(100), Si(111), and Si(110) measured
at a TOA of 80° and a PE of 1050 eV. After removing the
background signal based on Tougaard’s method from the ob-
served spectrum,16 the spectrum is decomposed into the Si
2p;» and Si 2p3;, spin-orbit partner lines. In this decompo-
sition, it was assumed that the spin-orbit splitting of the Si
2p spectra is 0.608 eV and the Si 2p,,, to Si 2p;,, intensity
ratio is 0.5."7 Other analytical details were described
elsewhere.'® In  this figure Si 2p;, spectra arising from
Si—(OH);N, Si—N,, which contributes to form Si;N,, and
bulk Si are decomposed. From the dependence of these de-
composed spectral intensities on TOA, the intensity ratio

hv = 1050 eV

Si 2py),
TOA = 80°

Si(100)

si(111) |

Si-N,
Si(OH);N |

Si(110) :

Intensity [Normalized to bulk line]

5 4 3 2 1 0 A
Binding Energy (eV relative to bulk Si 2p,,)

FIG. 6. Si 2p5, spectra measured at TOA of 80° for the nitride films formed
on Si(100), Si(111), and Si(110).
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FIG. 7. Intensity ratios I(O)/I(N) and I(I)/I(N) as functions of TOA for
nitride films formed on Si(100), Si(111), and Si(110). I(O), I(N), and I(I)
denote intensities of the Si 2ps/, spectrum arising from Si—(OH);N, Si-N,,
and all subnitrides, respectively. Solid and dashed lines were calculated
using parameters listed in Table 1.

I(O)/I(N) as a function of TOA shown in Fig. 7 and the
intensity ratio I(N)/I(S) as a function of TOA shown in Fig. 8
were obtained. Here, 1(0), I(N), and I(S), whose expressions
are given in Appendix, denote the intensity of the Si 2ps),
spectrum arising from Si—(OH);N, Si—N,, and bulk Si, re-
spectively.

If we assume that SizN, film having thickness expressed
by dy listed in Table I is covered with one monolayer of
Si—(OH);N  having areal density expressed by
D(Si—(OH);N) listed in Table I, the solid lines in Figs. 4, 7,
and 8 were obtained for the calculated dependence of the
intensity ratios I(O 1s5)/I(N 1s), I(O)/I(N), and I(N)/I(S) on

* Si(100)

Si(111)

Intensity Ratio I(N)/I(S)

. Si(110)

0

0 30 60 90
Photoelectron Take-off Angle [deg.]

FIG. 8. Intensity ratio I(N)/I(S) as a function of TOA for nitride films
formed on Si(100), Si(111), and Si(110). I(S) denotes intensity of the Si
2p3), spectrum arising from bulk Si. Solid lines were calculated using pa-
rameters listed in Table 1.
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FIG. 9. (a) Si 2ps3), spectrum measured at TOAs of 15° and 80° for nitride
film formed on Si(100), (b) spectrum obtained by taking difference between
two spectra in (a) to eliminate spectra arising from the nitride film, and (c)
spectrum obtained by taking difference between two spectra in (a) to elimi-
nate spectra arising from bulk Si.

TOA, respectively. Here, the expressions of I(O 1s) and
I(N 1s) are given in Appendix and a value of (h/g) in the
expression of I(O 1s)/I(N 1s) is adjusted so as to obtain the
least-squares fit of calculated values of I(O 1s)/I(N 1s) to
the experimental data. The parameters used in the calculation
of these solid lines are listed in Table 1. Here, the parameters
used in the calculation of I(N)/I(S) are adjusted so as to
obtain the least-squares fit of the solid lines in Fig. 8 with the
experimental data for large TOA, where the effects of pho-
toelectron diffraction on I(S) are small.'® Deviations of the
experimental data from the solid lines observed for small
TOA in Fig. 8 must be attributed to photoelectron
diffraction.'® The values of D(Si—(OH);N) were determined
from the analyses of I(O)/I(N) and I(N)/I(S). The excellent
agreement of 2D(N) with D(Si—(OH);N) and the observa-
tion of O ls spectra arising from Si—~OH bonds requires the
formation of Si—(OH);N on the surface of SizN, film as
shown in Fig. 5. According to Table I, the thickness of the
Si3N, film formed on Si(111) is slightly smaller than those
formed on Si(100) and Si(110) if we assume the same areal
density of SizN,. However, if we assume that the areal den-
sity of SizNy, formed on Si(111) is 15% smaller than those of
Si;N, formed on Si(100) and Si(110) as in the case of D(N),
the thickness of Si;N, layer formed on Si(111) increases up
to 0.91 nm, which is comparable to the thicknesses of SizNy
layers formed on Si(100) and Si(110).

Figure 9(a) shows the Si 2p3,, spectra arising from the
nitride films formed on Si(100) measured at TOAs of 80°
and 15° and a PE of 1050 eV. The spectrum arising from
Si3N,4/Si(100) interface shown in Fig. 9(b), in which the
spectra having chemical shifts (CSs) of 0.89 and 1.23 eV are
resolved, was obtained by subtracting the spectrum measured
at a TOA of 15° from the spectrum measured at 80°, to
eliminate spectrum arising from the nitride film after multi-
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FIG. 10. Si 2pj), spectra measured at TOA of 80° for the nitride films
formed on Si(100), Si(111), and Si(110). Subnitride spectra are decomposed
using the BEs of Si 2p;), spectra arising from the components of subnitrides
determined for Si(100).

plying the spectrum measured at a TOA of 15° by an appro-
priate factor of a. The spectrum arising from SizN,/Si(100)
interface shown in Fig. 9(c), in which the spectra having CSs
of 0.25, 0.61, and —0.20 eV are resolved, was obtained by
subtracting the spectrum measured at a TOA of 80° from the
spectrum measured at 15°, to eliminate spectrum arising
from bulk Si after multiplying the spectrum measured at a
TOA of 80° by an appropriate factor of b. Intensities of
subnitride spectra in Fig. 9(c) must be affected by photoelec-
tron diffraction because the effects of photoelectron diffrac-
tion on the I(S) at TOAs of 80° and 15° must be different.'®

Considering the spectra arising from the Si—(OH);N,
Si—N,, and bulk Si and optimizing CSs of the subnitride
spectra, the Si 2p;,, spectrum shown in Fig. 10(a), in which
the spectral intensity of Fig. 6(a) is magnified, is decom-
posed. The spectra having CSs of 0.25, 0.61, 0.89, and 1.23
eV can be correlated with Si—Si;H, Si'*(N), Si—Si,NH, and
Si%*(N), respectively.® Here, Si—Si;H denotes a Si atom
bonded with one H atom and three Si atoms, Si'*(N) denotes
a Si atom bonded with one N atom and three Si atoms,
Si%*(N) denotes a Si atom bonded with two N atoms and two
Si atoms, and Si—Si,NH, which was theoretically shown to
exist at the SizN,/Si interface,19 denotes a Si atom bonded
with one N atom, one H atom, and two Si atoms. The CSs of
Si—Si;H, Si'*(N) and Si**(N) roughly agree with the re-
ported values.”® Therefore, the subnitrides consist of four
components. The relatively small value of 2.25-2.28 eV ob-
served for the CS of the Si 2p core level in SisN, must be
attributed to the decrease in its CS, in accordance with the
decrease in the thickness of the SizN, film as in the case of
Si0,.% 1t should be noted that Si**(N), which denotes a Si
atom bonded with three N atoms and one Si atom, was not
detected in Fig. 9(b). The spectrum having CS of —0.20 eV
in Fig. 9(c) must be correlated with the second neighbor

J. Appl. Phys. 104, 114112 (2008)
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FIG. 11. Intensity ratio I(n*)/I(N) as a function of TOA for nitride films
formed on Si(100), Si(111), and Si(110). I(n*) denotes the Si 2ps, spectral
intensity arising from component of subnitrides. Solid lines were calculated
using parameters listed in Table 1.

electronegativity effects predicted for SiO,/Si(100)
interface.”! Using the BEs of Si 2ps,, spectra arising from
the components of subnitrides formed on Si(100), the Si
2p3, spectra arising from subnitrides formed on Si(111) and
Si(110) were decomposed as shown in Fig. 10.

Figure 11 shows the spectral intensity ratio I(n*)/I1(N) as
a function of TOA. Here, I(n*), whose expression is given in
Appendix, denotes the intensity of the Si 2p5,, spectrum aris-
ing from the component of subnitrides having the areal den-
sity denoted by D(Si"*). If the subnitrides localize only at the
Si3Ny/Si interface, four solid lines shown in Fig. 11 are ob-
tained for the calculated dependence of I(n*)/I(N) on TOA
using values of four kinds of D(Si"*), that is, D(Si—SizH),
D(Si'*), D(Si—-Si,NH), and D(Si?**), which are the areal den-
sities of Si—SizH, Si'*(N), Si—Si,NH, and Si**(N), respec-
tively, listed in Table I. The dashed lines in Fig. 7 were
obtained for the calculated dependence of intensity ratio I(I)/
I(N) on TOA. Here, I(I) denotes the sum of spectral intensi-
ties arising from Si>*(N), Si—Si,NH, Si'*(N), and Si-Si;H.
Possible bonding configurations of Si—Si;H, Si'*(N),
Si—Si,NH, and Si**(N) at the Si;N,/Si interface formed on
Si(100) are illustrated in Fig. 12. The composition of subni-

Si*(N)

FIG. 12. Possible bonding configurations of subnitrides formed at the
Si3N,/Si(100) interface are illustrated.
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trides, in other words, the interface structures depend on the
crystallographic orientation of the Si substrate, mainly be-
cause the areal density of Si—H bonds, in other words, the
sum of D(Si—-Si;H) and D(Si-Si,NH), localized at
Si3N,/Si(110) interface is 38%—53% larger than those local-
ized at SisN,/Si(100) and SisN,/Si(111) interfaces. This im-
plies that the structural imperfection terminated with H at-
oms at SisN,/Si(110) interface is larger than those at
Si3N,/Si(100) and SizN,/Si(111) interfaces.

The experimental data in Figs. 4, 7, and 11 are not af-
fected by the photoelectron diffraction'® because Si—(OH);N
and Si—N, are in amorphous states and the subnitrides
formed using NH radicals must be randomly oriented in con-
trast to thermally grown silicon suboxides.”” The values of
228X 10 m™ and 3.19X 10® kg m™ were used for the
atomic concentration® of Si in Si0,, which is assumed to be
equal to that of Si in Si—(OH);N, and the density® of Si;N,,
respectively. The photoionization cross section of the Si 2p
core level in the Si;N, film and bulk Si are assumed to be the
same. Because the total areal densities of subnitrides formed
on Si(100), Si(111), and Si(110) are nearly equal to the areal
density of Si atoms on Si(100) (6.8 10'® m=2), Si(111)
(7.85x 10" m™2), and Si(110) (9.6X 10'® m=2), respec-
tively, and the dependence of I(I)/I(N) on TOA calculated for
all subnitrides localized at the interface are in good agree-
ment with the experimental data as can be seen in Fig. 11,
the compositional transition must be abrupt at the Si;N,/Si
interfaces formed on Si(100), Si(111), and Si(110). There-
fore, the surface morphologies of Si(100), Si(111), and
Si(110) existed before the nitridation must be preserved after
the nitridation. This was confirmed by the AFM observation
shown in Fig. 1 that the single atomic steps on Si(100) ex-
isted before the nitridation were preserved after the nitrida-
tion. This justifies the simplified analyses of experimental
data, which are expressed as the layer-by-layer growth of
silicon nitride on Si(100), Si(111), and Si(110), given in the
Appendix. Furthermore, the FWHMs of Si 2p spectra arising
from bulk Si observed for Si(100), Si(111), and Si(110) are
0.409, 0.395, and 0.392 eV, respectively. Therefore, the
FWHM of the Si 2p spectrum arising from bulk Si decreases
as the areal density of Si atoms at the SizN,/Si interface
approach that of the Si;N, film (1.17 X 10" m™2). This ob-
servation can be correlated with the dependence of stress at
the Si;N,/Si interface on the crystallographic orientation.”*

IV. CONCLUSION

The structure of the nitride films formed on Si(100),
Si(111), and Si(110) using NH radicals was characterized by
measuring soft x-ray-excited angle-resolved Si 2p, N 1s and
O 1s photoelectron spectra. SisNy film was found to be cov-
ered with one monolayer of Si—(OH);N, which was formed
by the oxidation of pure Si layer, which exists on the surface
of a Si3Ny film after the nitridation of Si, in air just after the
nitride film was removed from the nitridation chamber. Con-
sidering that the areal density of N atoms, which constitute
Si—(OH);N, on Si(111) is 15% smaller than those on Si(100)
and Si(110), we speculate that the areal density of SizN, on
Si(111) is 15% smaller than those on Si(100) and Si(110).
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The compositional transition at SizN,/Si interface formed on
Si(100), Si(111), and Si(110) is abrupt, mainly because the
Si** were not detected at these interfaces and the composi-
tional transition layers consist of Si—Si;H, Si'*(N),
Si—Si,NH, and Si**(N). The composition of subnitrides, in
other words, Si3N4/Si interface structures depend on the
crystallographic orientation of the Si substrate, mainly be-
cause the areal density of Si—H bonds localized at the
Si3N,/Si(110) interface is 38%—53% larger than those at the
Si3N,/Si(100) and Si3N,/Si(111) interfaces. This implies
the structural imperfection terminated with H atoms at the
SisN,/Si(110) interface is larger than those at the
SisN,/Si(100) and SizN4/Si(111) interfaces. Because the
compositional transition at SizN,/Si interfaces formed on
Si(100), Si(111) and Si(110) is abrupt, the surface morpholo-
gies of Si(100), Si(111), and Si(110) existed before the nitri-
dation must be preserved after the nitridation. This was con-
firmed by the AFM observation that the single atomic steps
on Si(100) existed before the nitridation were preserved after
the nitridation.
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APPENDIX

Although the thickness of the amorphous SisN, film
probed by the photoelectron spectroscopy distributes around
the average thickness, the distributions of SisN, film thick-
nesses are simplified in the present analyses of the photoelec-
tron spectra. Namely, the SisN, films formed on Si(100) and
Si(110) are assumed to consist of 100y% of three monolayers
of SisN, and 100(1—y)% of four monolayers of SizN, in-
stead of two monolayers of SisN, in Fig. 13, while the SizNy
film formed on Si(111) is assumed to consist of 100y% of
two monolayers of SisN, as shown in Fig. 13 and 100(1
—y)% of three monolayers of Si;N, instead of two monolay-
ers of SisN, in Fig. 13. Then, the intensities of angle-
resolved Si 2p, N 1s, and O 1s photoelectron spectra arising
from the Si3Ny film and the SizN,/Si interface can be ex-
plained quantitatively using the following equations. Here,
the thickness symbols of various layers used in the following
equations are defined in Fig. 13. Furthermore, after cleaning
Si(111) substrate a Si atom on Si(111) surface is considered
to have one broken bond terminated with H atom."'
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-------- H--------- for Si(100), Si(111), and Si(110),
________ [0 MERP—
Si I(n*) =I(Si 2p35,, subnitride)
S ' = {KY (subnitride)o(Si 2p3,)D(Si"™)}
P Xexp{=1,/(Ary sin Oy + (1 - y)}kg
for Si(100) and Si(110),
-LBE---N------- -dy
Si I(n*) =1(Si 2ps,, subnitride)
________ N------ _ji _t ={KY (subnitride)o(Si 2p;,)D(Si"*)}
Si | ? Xexp{= 1o/ (Ary sin OHf%y + 17(1 - y)}kg
Si 4 for Si(111),
bullk Si I(N 1s) = Ko(N 15){(4/3)D(SisN,)}
FIG. 13. Schematic diagram of Si—(OH);N/Si—N,/subnitrides/Si structure. X{(f3 +f5 +f7)y + (fs +f5 +f7 +fg)
X(1-y)}g+Ko(N 1s)
I(S) = I(Si 2ps, bulk Si) for Si(100) and Si(110),

= {KY(bulk SI)O'(SI 2p3/2)D100(bu1k Sl)/RlOO}
X exp{- t;/(A,; sin 0)}exp{-1,/(A, sin 6)}
x{f'y +f°(1-y)lg for Si(100),

I(N 15,LBE) = Ko(N 15){(4/3)D(Si;N,)}
X{P+L+Ny+ P+ +1+1)
X(1-y)leg
1(S) = I(Si 2p3p, bulk Si) for Si(100) and Si(110),
= KY(bulk Si)o(Si 2ps,)D;y,(bulk Si)
Xexp{—t,/(A,, sin 6)}
X[{yf /Ry Jexp{=11/(A,; sin 6)}
(=D IRy Jexpl= 1A sin O)}Tg TN 15)=KotN 1o{4/3)DISI;N,)}
for Si(111), X{LP+P)y+ (F+ L +)(1-y)kg
+Ko(N 1s)D(N)fg
for Si(111),

I(N 1s,HBE) =Ko(N 15)D(N)fg
for Si(100) and Si(110),

1(S) = (Si 2psn, bulk Si)
={KY(bulk SI)O'(SI 2p3/2)D“0(bulk Sl)/RIIO}

X exp{—t,/(A,, sin O)}exp{—t,/(A,, sin OHf"y I(N" 15, LBE) =Ko(N 1sH{(4/3)D(Si;Ny)}

+P(1=y)lg for Si(110), AE+LW+F+L+1)
X(1-y)lg
I(N) = I(Si 2p3),Si3Ny) for Si(111),
= KY(Si3sN,)o(Si 2p3,)D(SizNy)
)L+ 4 Oy + (Pt fr o4 1Y) I(N 15,HBE) =Ko(N 15)D(N)fg

for Si(111),
X(1-y)}g for Si(100)and Si(110), or Si(111)

I(O 1s)=Ko(O 15){3D(Si- (OH);N)}h
for Si(100), Si(111) and Si(110),

I(N) =I(Si 2p3),Si3Ny)
=KY(Si3Ny)o(Si 2p3,)D(SizNy)
XY+ My + P+ + )0 - y)ke dy={3y +4(1 = y)}dyp, for Si(100) and Si(110),

for Si(111) dy={2y +3(1 = y)}d,, for Si(111).

I(0) = I(Si 2ps),,Si— (OH);N) Here, K is dependent on photon flux, but independent of 6,

_ . . . o(Si 2psjy), o(N 1s), and o(O 1s) denote photoionization
=KY(Si—(OH);N)a(Si 2p3)D(Si - (OH);N)g cross section of Si 2p3,, N 1s, and O 1s core levels, respec-
= KY(SiO,)0(Si 2ps,,)D(Si— (OH);N)g tively, and the contribution of subnitrides to N 1s spectra is
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neglected. The ratio o(O 1s)/a(N 1s) takes a value of 1.24,
which is interpolated from the dependence of photoioniza-
tion cross section on the photon energy.25 The attenuation
factor f, which is expressed by exp{—(dyn/2)/(Ay,sind)} us-
ing the thickness of Siz;N, monolayer denoted by dy,,, is used
to describe the decrease in the spectral intensities by inelastic
scattering in a half-monolayer of Siz;N,. The attenuation fac-
tors g and h are used to describe the decrease in the Si 2p5),
and N 1s spectral intensities by inelastic scattering of photo-
electrons arising from Si 2p;, and N ls core levels with
O-H in Fig. 5 and the decrease in the O 1s spectral intensi-
ties by inelastic scattering of photoelectrons arising from
O 1s core levels with H atoms in Fig. 5, respectively.
D, ,(bulk Si) and R,,; were defined by Himpsel er al.'’

Between layers one has the following attenuation factor
of gua=exp{—dp/ (Ay sin 0)}, with d;40=0.136 nm, d,;
=0.0784 nm, and d,,p=0.192 nm. For Si(100) and Si(110)
one has the following explression:l7 Ryy=1-¢pq. For
Si(111), one has the following expressions:'’ R;;=(1
_5/1111)/(1"'9111) and R£11=(1_q41‘11)/(1+51?11)-

The following values were used: D,gy(bulk Si)=6.8
X 10" m=2, Dy (bulk Si)=7.8X 10" m=2, D, o(bulk Si)
=9.6X 10" m™2, ¢, (Si atomic density in the Si;N,)
=4.11x10® m™3, ¢, (Si atomic density in the SiO,)
=2.28X10%m>3, dmnzc,;;/3=0.29 nm, A, (electron
escape depth in the Si;N,)=2.41 nm,”® A, (electron
escape depth in the bulk Si)=1.59 nm, and A, (electron
escape depth in the Si0,)=2.86 nm,* respectively. Fur-
thermore, we assume 1y (thickness of second
transition layer)=d,,,/2=0.145 nm, ¢, (thickness of first
transition layer)=d,y, for Si(100), r,=d,;, for Si(110), #|
=d,;; and f{=3d,; for Si(111), A, (electron
escape depth in the second transition layer)= (Ay,+ Ay
/2=2 nm, and A, (electron escape depth in the first
transition layer) = Ay..

Y (SizNy), Y(bulk Si), and Y(SiO,) denote the photoelec-
tron yields (the percentage of Si 2p photoelectrons which
escape without undergoing inelastic scattering) in the SizNy,
bulk Si, and SiO,, respectively.27 The yield is obtained by
dividing the area of the Si 2p peak by the sum of the areas of
the Si 2p peak and all the measurable plasmon loss pea.ks.27
We found Y(Si;N,)=0.841, Y(bulk Si)=0.617, and
Y (Si0,)=0.887.
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