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Using a first-principles approach, we investigate nitrogen bonding configurations at nitri@ed) Surfaces
and Si(001)-SiQ interfaces by comparing calculated core-level shifts with measured photoemission spectra.
Fully relaxed model structures are generated in which N atoms occur in a variety of positions and bonding
configurations that include, in particular, H nearest neighbors and dangling bonds. By establishing a corre-
spondence between the bonding environment of the N atoms and theioré-level shifts, we provide a
scheme for the interpretation of experimental photoemission spectra for both the nitrided surface and the
nitrided interface. We also calculate Sp Zore-level shifts focusing on the effects of Si-N bonds, and find
good agreement with experiment also in this case.
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I. INTRODUCTION Among the various experimental techniques, x-ray photo-
emission spectroscopXPS) is particularly sensitive to the

Silicon dioxide (SiQ) is the most extensively used di- various bonding configurations of nitrogen and silicon atoms
electric in the microelectronics industry. By thermal oxida-by recording N & or Si 2p core levels. Indeed, XPS has
tion, thin layers of Si@ can easily be grown on Si substrates. been one of the principal experimental tools for the investi-
The resulting Si-Si@ interface shows a very small amount gation of both nitrided $001) surfaces®™8 and nitrided
of interface states and excellent electrical properties. HowSi(001)-SiQ interfaces»*°~1219-24owever, the interpreta-
ever, as the scale of integration increases and the thicknesstidn of the experimental spectra in terms of N or Si bonding
the dielectric is reduced, the performance of Si® de- configurations is not always straightforward and often leads
graded due to leakage currents and to its permeability tdo some controversy. For instance, as we shall see hereafter,
boron and alkali-metal ion diffusiohThese problems have the main peak in the N 4 experimental spectra for the
stimulated the investigation of a large variety of alternativeSi(001)-SiQ interface has been attributed to nearest-
dielectrics. Because the dielectric that will eventually replaceneighbor configurations as different as Ny SN-Si, (involv-

SiO, has not yet been identified, nitrided silicon oxidesing a dangling bond N-Sib,H, or even N-SJjO. The large
(SiIONy) or even silicon nitrides (SijH,) appear as inter- variety of techniques that have been used to engineer the
esting ways to meet the requirements of ultra-large-scale imitrogen concentration and composition profiles contribute to
tegration (ULSI) technology for the near futufeNitrided  this uncertainty. Indeed, different techniques may lead to dif-
silicon oxides display reduced interface state generdtionjferent bonding configurations and therefore to different val-
higher dielectric breakdown values and reliabifity,im- ues of the core-level shifts.

proved |-V and C-V characteristic§,and increased resis- We recently showed that by complementing the XPS
tance to ionizing radiatiof.In the case of silicon nitrides, measurements with a theoretical approach that gives core-
their higher dielectric constant permits the use of physicallylevel shifts based on first-principles calculations, a quite sat-
thicker films while retaining the sam@-V performance as isfactory picture can be reached for the understanding of the
that of thinner oxide layer$.In this context, the thermal underlying bonding configurations of the N atoms at both
nitridation by ammonia (Nk) has attracted considerable at- nitrided S{001) surface$’ and nitrided Si(001)-Si©
tention. Indeed, the Ni can either be adsorbed at the interfaces’® However, these previous investigations have not
Si(001)-2x 1 surfa08 to produce ultrathin, sharp covered all the possible N configurations that have been sug-
Si(001)-SiNH, interfaces, or used to incorporate N at thegested in the literature. For instance, the presence of dan-
Si(001)-SiQ mterface10 In the latter case, also other oxida- gling bonds at the surface or at the interface, which has fre-
tion agents have been employed, such as nitrous oxi@® N quently been invoked in experimental work: 2029035 not
(Refs. 3,10, and Dlor nitric oxide NO512 been addressed by theory so far.

Because the insulating layer required for ULSI devices The purpose of this work is to provide a comprehensive
may be only tens of angstroms thick, the knowledge of thanterpretation of N & core-level shifts at nitrided §01)
detailed atomic structure of the interface is becoming criticakurfaces and at nitrided Si(001)-Si@terfaces. We include
for further improving the performance of electronic devices.in the present study new bonding configurations such as N
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atoms carrying dangling bonds or forming N-H bonds in TABLE I. Relative N 1s core-level shifts for a series of mol-
both systems. In order to provide a full description of theecules. Experiment from Ref. 43. The shifts are given in eV and a
bonding properties at these nitrided surfaces and interfaceBositive sign forA indicates higher binding energies.

we also calculate Sif2 core-level shifts induced by the for-

. . . DA 1A GGA
mation of N-Si bonds in these systems. Molecule A" A A A
. Several mode! surface; andl interfaces containing N atoms NH, 0.00 0.00 0.00 0.0
in d|ﬁgrent bonding cor;]flgl;]ratlons are co_ngdered. Us:ng 3 NH,CH, 057 047 049 _05
first-principles approach, the atomic positions are relaxe NH(CHs), 058 _0.73 _0.64 0.7
and the N 5 and Si 2 core-level are shifts calculated. From N(CHy) 061 o071 _0.72 08
these results we derive a comprehensive picture of thes N 1 33 ' ) ' )
. . NH,COH 1.13 1.03 1.00 0.8
and Si 2 core-level shifts in these systems. In fact, because
I . . . NO, 7.24 7.00 6.90 7.3
of the similar overall dielectric environment at(@d1) sur- .
Py - . N,O(N*NO) 3.30 3.08 3.14 3.1
faces and Si-SiQinterfaces, core-level shifts for atoms with NN* O = 08 6.85 6.80 20
the same nearest neighbors in any of the two systems are ( ) : ' ' '
CINO 5.68 5.53 5.51 5.8

generally found to be close.

This work is organized as follows. In Sec. Il, we discuss
the technical details of the first-principles methods used fope very good with values differing by less than a few tenths
relaxing the model surfaces and interfaces and for calculatings an eV for a broad range of shifts. More recently, we
the core-level shifts. Section IIl is dedicated to nitrided gpowed that, in the case of Nskhifts, the use of the gen-
Si(001) surfaces. We describe structural models and discussygjized gradient approximatici©GA) (Ref. 39 leads to a
the N Is and Si 2 core-level shifts. Section IV is devoted to s|ightly better description of shifts induced by N-H borfds.
nitrided Si(001)-SiQ interfaces. First, we obtain new struc- e therefore used the GGA for calculating 1§ &hifts. For
tures with N atoms either forming N-H bonds or carrying sj 2p shifts, we instead used the LDA to allow for a com-
dangling bonds. Then, we compare our calculatedsNafid  parison with previous calculatiori® Throughout this paper,

Si 2p core-level shifts with experimental data. Finally, our pseudopotentials are always constructed consistently with

conclusions are presented in Sec. V. We examine here thle chosen functional for the exchange and correlation

validity of a general relation between N and Si bonding con-energy*®

ﬁgurations and XPS data h0|d|ng for both the surface and the In generaL we Consistently relaxed the structure using the

interface. same density functional used for the calculation of the core-
level shifts. However, in particular cases, we also made use

Il. TECHNICAL ASPECTS of.the intermediate appr_oximatioﬂA), _which_ ponsists in

using the LDA for relaxing the atomic positions and the

In all our calculations, the atomic positions are fully re- GGA for computing core-level shift&:*?In order to test the
laxed using a damped molecular-dynamics metfiod, performance of the IA, we considered the same set of mol-
which provides the electronic structure as well as the forcegcules that we had used in our previous stuffié&This set
that act on the ions. Only valence electrons are explicitlydoes not contain molecules with N-Si bonds, for which we
considered using pseudopotentié3 to account for core- were unable to find measured shifts in the literature. Because
valence interactions. A norm-conserving PP is employed fobf the broad range of shifts, we nevertheless considered this
Si atoms?** while the H, N, and O atoms are described by set sufficiently representative for testing the accuracy of our
ultrasoft PPS? approach. The calculated NsTore-level shifts are summa-

The N 1s and Si 2 core-level shifts are calculated in- rized in Table I, where they are compared with the experi-
cluding core-hole relaxation. The final-state effects are acmental value4® The agreement with experiment is very
counted for by considering total energy differenéea de- good within the three approachd<DA, GGA, and IA) over
tailed description is given in Ref. 36. In order to obtain goodthe full range of considered shifts. In particular, the differ-
structural properties, the wave functions and the augmenteghce between the GGA and the IA is negligiiess than 0.1
electron density were expanded on plane-wave basis sets dgv) showing that the difference between the LDA and the
fined by cutoffs of 30 and 150 Ry, respectively. In all our GGA is essentially due to a better treatment of the screening
calculations, the Brillouin zon@BZ) was sampled using only of the core hole rather than to an improved description of the
theI" point. For our smallest unit cefivith a 2X2 interface  structural properties. In the following, we will therefore use
unit), we found that calculated core-level shifts were affectedhe 1A for structural models that were previously relaxed in
by less than 0.1 eV when doubling the size of the cell. Bethe LDA, without proceeding to a new, computationally ex-
cause this error is within the accuracy of our approach, thipensive relaxation in the GGA. For instance, we resort to the
justifies the use of the sole point for sampling the Brillouin A for the interface models obtained in Ref. 28.
zone.

The use of the local-density approximatidrDA) (Ref. II. NITRIDED SI (001) SURFACES
37) to density-functional theory for the calculation of core-
level shifts in molecules already proved successful in the
case of N 5 (Ref. 28 and Si 2 (Ref. 38 levels. Overall, To model nitrided S001) surfaces, we consider ax2
the agreement between experiment and theory was found tguare surface unit with a side based on the theoretical equi-

A. Structural models
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FIG. 2. Models of the NH exposed Si(001)-2 1 surface with
N atoms(a) forming N-H bonds (N-SiH) (Ref. 27 and(b) carry-
ing a dangling bond (N-$).

[see Fig. 2b)]. Three different charge states of the dangling
bond were considered: positive {NSi,), neutral (N-Si,),

FIG. 1. Models of the N exposed Si(001)-2 1 surface with ~and negative (N-Sip).
N atoms in N-Sj configurations(a) reference model for N4.(Ref. Finally, we also investigated the dependence of thesN 1
27), (b) model with the N atom located deeper in the substae, ~Shifts on the coverage. All the models discussed so far cor-
model with a second-nearest-neighbor N atom belonging to a surespond to a partial coverage of 1/4 of a Nifolecule per Si
face—NH, group. The N, Si, and H atoms are represented in blackdimer. As a test case, we considered the model in K, 3
gray, and white, respectively. which corresponds to the generally accepted picture for the
NH, adsorption on the $901) surface** In order to avoid

librium lattice constant of bulk Si. This parameter is adjustedSteric effects, we attached the Bligroups on opposite sides
consistently with the exchange-correlation functional used®f adjacent Si-Si dimers in a chess-board pattern. Thg NH
for the atomic relaxationg=10.82 and 10.95 A for LDA 9roups adopt the same local geometry as in the case of par-
and GGA, respectively The dimension of the cell in the @l coverage. .

direction orthogonal to the surfaceds=15.9 A, containing For all these models, the positions of the atoms were fully

eight monolayers of Siabout 9 A). The bottom extremities relaxed with the exception of the atoms belonging to the
were saturated with hydrogen atoms. three lowest Si monolayers of the substrate, which were kept

In previous work, we studied the dependence of & 1 fixed in their crystalline positions. In general, the structural
core-level shifts on the number of H atoms in the firstProPerties of our models compare very well with previous

. . _49 . .
nearest-neighbor shéil.In the present study, we extend this tEeoreUcal stud|gé53 For thle TOdgl str(lchture In F:jg.(@, I
investigation to N atoms carrying a dangling bond. Since ouf"€ @greement between calculated and measured structura

approach only gives relative core shifts, it is important to
define a reference configuration that can reliably be associ-
ated to one of the experimental peaks. As a reference, we
took the model in Fig. (&) in which the N atom is bonded to
three Si atoms (N-§). In order to check the robustness of
this choice, we also considered two variants as shown in
Figs. 1Ab) and Xc). Both variants show N atoms in N-Si
configurations. However, in the model in Fig(bl the N
atom is deeper in the substrate, while in the model in Fig.
1(c) the N atom in a N-Si configuration presesta N atom

in its second-nearest-neighbor shell. The configurations in
Figs. 1b) and Xc) can therefore be used to examine the
sensitivity of our reference to enhanced screening conditions
and to further neighbors, respectively.

Model surfaces with N atoms carrying a dangling bond
were generated using as a starting configuration the model giG. 3. Models of the Ni exposed Si(001)-2 1 surface with
shown in Fig. 2a).2" A twofold-coordinated N atom was N atoms in N-SiH configurationsi(a) partial coverage of 1/4 NH
obtained by removing the H atom from the first-nearestper Sj dimer(Ref. 27 and (b) full coverage of one NK molecule
neighbor shell of the N atom. This gives a HSi-N-SiH bridge per Si dimer. The four Nkigroups are attached on opposite sides of
structure that can also be obtained by insgrénN atom in  adjacent Si dimers in a chess-board pattern in order to minimize
one of the Si dimers of the H-saturated Si(00X)2 surface steric effects.
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TABLE |IlI. Structural properties for the model of the nitrided TABLE IV. Relative N 1s shifts at nitrided S001) surfaces:
surface shown in Fig. (), as obtained within the LDA and the comparison between experiment and theory. Measured shifts and
GGA. For the bond angles, we adopt the notation of Ref. 48. Weheir tentative assignments are compared to calculated shifts and
distinguish the parameters referring to HSi-SiNHimers from  their corresponding configurations. The N;Sionfiguration is
those related to HSI-SiH dimers by labeling the former ones with artaken as the reference. The shifts are given in eV.
asterisk. The experimental values are taken from Ref. 44.

A%t Assignment Ref. Atheo"  Configuration
Bond lengths (A) LDA GGA Expt. - -

0.0 N-Sk 13-15,17,18 0.00 N-§i
N-Si 1.69 1.76 1.73 0.6-0.7 N-SjH 15 0.66 N-SjH
N-H 1.03 1.03 N-SiH, 18
Si-Si 2.40 2.47 1.1-1.2 N-SjH 13 1.09 N-SiB
Si-Si 2.38 2.44 N-SiH, 14,15,17
Si-H 1.50 1.52

Bond angles (°) LDA GGA Expt.

05 o 1 0 8+8 binding energy>~**>®These two peaks are generally attrib-
fsisi 0 0 uted b a N atom bonded to three Si atoms_(l\g-)Sland to
bein 25 28 214 the formation of a conden_sed NHayer physisorbed at the
S 20 22 surface, respectively. While a general consensus has been
. 20 22 reached for these two assignments, the interpretation of the
v 163 153 intermediate peaks observeddat0.6-0.7 eV(Refs. 15 and
H-N-H 112 111 18) andA=1.1-1.2 eV(Refs. 13-15 and Jhas been quite

controversial, as can be seen from Table IV.

In order to compare shifts of different structural models, it
parameters is also very go8tias can be seen from Table II. is necessary to align the core-level shift scales. This was
For the other structures, an experimental characterization ischieved by aligning the bulk Si@core-level shift, which is
not available. We therefore only give the bond lengths becommon to all the models. The bulk Sp2evel was ob-
tween the N atom and its first nearest neighli@able Ill).  tained by an average over the shifts of atoms located in the

As a by-product of the structural relaxation, we found thatsixth and seventh layer of the substréteunting from the
the HSIi-NH-SiH bridge model shown in Fig(& is more interface.

stable than the HSi-SiNHmodel in Fig. 3a) by 0.57 eV, We associate the reference core-level shift of the model in
0.22 eV, and 0.25 eV within the LDA, the IA, and the GGA, Fjg 1(g) to the principal experimental peak that occurs at
respectively. This observation suggests a similarity with th%pproximately the same position as in bulkMgj. This ref-

H,0-exposed Si(001)-21 surface. Indeed, it was found oonce is found to be robust with respect to the variations
that the HSI-O-SiH configuration is more stable than the b

S 0 o considered in Figs. (b) and Xc), which gave core-level
HSIi-SIOH by 0.3 e\2° However, it is generally accepte_d shifts as small ad = —0.03 eV andA= — 0.13 eV, respec-
that, at room temperature, the water molecule adsorbs diss

ciatively to form HSi-SiOH>3and that the O atom inserts tively. . '
into theySi dimer only upon annealin§>® In our previous study’ we found N I shifts of A

=0.66 and 1.09 eV for the N-gil model[Fig. 2(a)] and the
N-SiH, model[Fig. 3(@)], respectively, as reported in Table
IV. These results are in excellent agreement with the experi-
The N 1s photoemission spectrum shows an importantmental data and support the interpretation that assigns a shift
peak at approximately the same energy as in bullof about 0.6 eV per N-H bontf. In this work, we further
SizN,,**~*>1"1%nd another one shifted At=2.7 eV higher  examine these assignments by investigating models that in-

o clude a dangling bond[Fig. 2(b)]. We found A
TABLE lIl. Bond lengths, calculated within the GGA, between _ _ 4 g4 o\ —1.79 eV. and—1.75 eV for the N -Si,, the

the N atom and its first nearest neighbaxs, ( wheren refers to the 0 i o . . .

labels in Figs. 1-8 as found in the nitrided §)01) surface mod- N SIZ.’ and the .N Si; configurations, respectlvely. Thus,

els. The bond lengths are given in A. the shiftA as_souated to the presence of a dangling bond on
the N atom is about-1.8 eV, independent of the charge

Model Fig. X; X, Xz d(N—X,) d(N—X,) d(N—Xs) state. This value does not correspond to any of the experi-
mental peaks and suggests that twofold-coordinated N atoms

B. N 1s core-level shifts

N-Si; 1@ Si Si Si 1.84 1.84 1.87 do not occur in significant amounts upon nitridation of the
N-SLbH 2@ Si Si H 1.78 1.78 1.03 Si(001) surface by NH.

N*-Si, 2(b) Si Si 1.68 1.68 For the model with a full coverage of the surfaldég.
N°-Si, 2(b) Si Si 1.68 1.68 3(b)], we found the same core-level shifts as for the partial
N™-Si, 2(b) Si Si 1.69 1.69 coverage in Fig. &). This result further demonstrates that
N-SiH, 3@ Si H H 1.76 1.03 1.03 core-level shifts are barely affected as long as the immediate

vicinity of the excited atom remains unchanged.
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TABLE V. Relative Si 2 shifts at nitrided S001) surfaces:
comparison between calculated and measured values. The Si bulk
line is taken as the reference.

Configuration Atheor (gy) A®P (eV) Ref.
Si-Siy 0.00 0.0
Si-SiH 0.16-0.26 0.3 16,18
Si-SiN 0.61-0.86 0.5-0.7 16-18
Si-SLNH 0.90-0.95
Si-SN, 1.28 1.5
Si-N, 2.4

C. Si 2p core-level shifts

The Si 2o experimental spectra of the nitrided Si surface
generally show two surface peaks besides the Si substrate
peak. One of these peaks is shifted by 0.3 eV to higher bind-

ing energies with respect to the bulk pg&and is assigned  FiG_ 4. Models of the nitrided Si(001)-SjGnterface where the
to a Si atom bondecbta H atom (Si-S§H configuration by N atoms replace O atoms in the neighborhood of the interfieé:
comparison with other adsorbates that also give rise to Si-Hg): (a) the dangling bond of the N atom is saturatgdabH atom
bonding at the surface. The other peak is locatedAat leading to a N-SiH bonding configuration(b) the N atom remains
=0.5-0.7 eV(Refs. 16—18 and is attributed to a Si atom twofold coordinated and carries a dangling bond. The N, Si, O, and
bonded to NH groups (Si-SjN configuration or, equiva- H atoms are represented in black, gray, light gray, and white, re-
lently, to a Si'? nitridation state. When the nitridation pro- spectively.
cess is long enough to lead to the growth of g\gilayer,
higher nitridation states can also be observed. In particular(LDA). The dimension of the cell in the direction orthogonal
peaks w%r(isobserved #d=15eV (Refs. 16-18and A g the interface is=19.1 A, containing five monolayers of
=_§.25 e\_/, ’ and WeELe4 as_5|gned to the_ nitridation SFatGSSiOZ (~6.5 A) and six monolayers of Si<7.5 A). The
Si"“ (Si-SkN,) and Si™* (Si-N,), respectively. In our dif-  extremities are saturated with H atoms.
ferent models, Si atoms with variOl_Js bonding conf_igurations Although the long-range disordered nature of the oxide is
occur so that we can calculate Sp Zore-level shifts for ot described within this model, this limitation does not af-
various nitridation states. The agreement with experiment&lct the calculated values of the core-level shifts because the
data is very good, as can be seen from the comparison igyerall dielectric environment is well reproduced. This is
Table V. confirmed by the small variations of calculated $i &hifts
found for models in which the tridymite oxide was replaced
IV. NITRIDED Si (001)-SiO, INTERFACES with a B-crystobalite form of Si@.%°
The nitrided interface structures are obtained by incorpo-
rating in various ways a single N atom in this interface
We consider here structural models of the Si(001)-SiO model. In order to generate configurations with N atoms
interface, which include nitrogen atoms forming N-H bondsforming N-H bonds or carrying dangling bonds, we pro-
or carrying dangling bonds. Together with our previous in-ceeded as follows. We replaced one of the O atoms in the
vestigation in which we considered threefold-coordinated Nneighborhood of the interfaceyba N atom. Then, the re-
atoms forming bonds with Si and O ato&ishis study now maining unsaturated bond on the N atom is either satisfied by
covers all the most likely configurations of N atoms at ni-a H atom[Fig. 4(@)] or left dangling[Fig. 4(b)]. In the
trided Si-SiQ interfaces. former case, the N atom is in a N8I configuration. In the
For the model generation, we adopt as a starting point onkatter case, we have a'™NSi,, N°-Si,, or N™-Si, configu-
of the Si(001)-SiQ interface models used in Ref. 36. In this ration, according to the charge state of the dangling bond. By
model, a crystalline form of Si§) tridymite, is attached to the same procedure, we also generated another model with a
Si(001). The model shows an abrupt transition between theN-Si,H configuration, in which the nitrogen atom is intro-
oxide and the Si substrate. The bond density mismatch at thduced deeper in the oxide, as shown in Fig. 5.
interface is accommodated by the formation of silicon After the incorporation of the N atoms, all the oxide at-
dimers. Therefore, this structure does not present unsaturatedns as well as the first three Si layers were fully relaxed. In
dangling bonds, in accord with the extremely low density ofTable VI, we report the bond lengths of the incorporated N
defect states measured at this interface. The model structuatom with its first nearest neighbors. These results are within
used here consists of a periodically repeated orthorhombit% of the experimental values for molecules with similar
cell containing a X 2 square interface unit. The side of the nitrogen-bonding configuratior’§, suggesting that our re-
square unita=7.74 A (7.65 A) is based on the theoretical laxed models give a good representation of the local struc-
equilibrium lattice constant of bulk Si within the GGA ture for the various bonding configurations. This is further

A. Structural models
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preted this large linewidth as evidence for the presence of
N-Si, (i.e., a twofold-coordinated N atom carrying a dan-
gling bong or N-Si,H configurations. Bouveet al?? sug-
gested that the dispersion resulted from N atoms in N-Si
configurations but with a differing number of O atoms in
their next-nearest-neighbor shell. The latter explanation was
fully supported by our previous calculatioffsand later re-
ceived additional support from another theoretical
investigatior?® In more recent experimental work, a careful
examination of the correlation between the N-Séak posi-

FIG. 5. Model of the nitrided Si(001)-SiOnterface where the tion and the areal density of nitrogen also corroborated this
N atom replaces an O atom located deeper in the offRid. 36. picture.zS Another experimental study, in which the N profile
The dangling bond of the N atom is saturatgdebH atom leading was modified by reoxidation, also reached the same
to a N-SjH bonding configuration. conclusior?®

The presence of other, well separated, XPS peaks has also

confirmed by a more detailed analysis of the structural propbeen debated. Indeed, due to the large variety of sample
erties, which can be found elsewhéfel is interesting to  preparation techniques, the data in the literature differ sig-
note that while in our previous stutlyit was necessary to nificantly from one experimental work to another. Some XPS
use any8x /8 interface unit to fully relax the local structure spectra show no evidence for any other peak in a range of
around the incorporated N atom, the<2 unit proved suffi- =3 eV from the N-Sj peak!''® In other experiments, a
cient in the present work. This is related to the way the Nsecond distinct peak is observed &t 1.6—-3.0 eV (Refs,
atoms are introduced at the interface. Whe N atom re- 10 12 21 22 and 24—2@ind attributed to N-SD configu-
places an O atom, as done in the present work, it can bgyions. Shallenbergest al® observed a third peak at
accommodated very easily because it remains twofold coor= g 3 gy that they attributed to N- Sizonfigurations. More
d|_nated to the remainder of t.he structure and pecause tr}%cen“y, Changet al?® found a third and even a fourth peak
Si-N bond length -1.7 A) is close to the Si-O one ,A\_38and 6.1 eV and assigned them in terms of N-,SiO
(~1.6 A). However, wha a N atom is introduced substitu- 5 N-Q, configurations, respectively. Hence, the identifica-

tionally to a Si atom, as in Ref. 28, the overall relaxation oftion of N bonding configurations involving oxygen atoms
the network is more important, not only because the N atom

hen f h it th K | ?mains quite uncertain.
then forms three bonds with the network, but also because of |, qqer to address this complex set of experimental data,
the sizable difference between N-Si-{.7 A) and Si-Si

A , ! we extend in the present study the N bonding configurations
(2.35 A) bond lengths. Note also that th&2 interface unit ,nger consideration to cover H atoms and dangling bonds.
is sufficiently large for the calculated core-level shifts not torpq scope is twofold. First, we intend to verify whether our
be affected by more than 0.1 eV by the use of a neutralizingyjsia interpretation for the principal peak still holds in the

background or by the interaction with periodic imadés.  presence of new evidence concerning other bonding configu-
rations. Second, we hope to be able to shed new light on the
B. N 1s core-level shifts interpretation of the other peaks in the spectra by covering an

extended set of bonding configurations. Since we decided to

a Trr;e'ri);ﬁglnmaetrlthatla ng]cha;nsgrows t_)rr]oka)ldl p”r.]c'pﬁlcﬁealﬁbresent N ¥ core-level shifts consistently within the GGA,
pproxi Y S gy as in bulkNgi whi we recalculated within the IA the core-level shifts for the

could in principle be assigned to N atoms bonded to three S| _ .. . . i . . o

atoms (N-Si). However, the unexpectedly large spread Ob_éonflguralztéons with N-O bonds obtained previously within
. e : . .~ the LDA.

served in the N-Sibinding energy has given rise to conflict-

N . . The core shifts obtained for the different structural models
ing interpretations:**229 Some research group® inter-

in our calculations were aligned using the bulk $i Bne.
o This was obtained by averaging over Si atoms located in the
TABLE V1. Bond lengths, calculated within the GGA, between fqyrth and fifth layer of the substrate. We chose as a refer-
the N atom and its first nearest neighbaxg, ( wherenrefers tothe o6 the shift of the N-Siconfiguration in which the N atom
labels in Figs. 4 and )5 as found in the.nltl’ICIiE(Z'i&Sl(OO:L)-SiO is located most deeply in the Si substrate, i.e., the same as in
interface models. The bond lengths are given in A. Ref. 28. The calculated Nslshifts for the various interface
models are reported in Table VII. For the N,8iconfigu-
rations, the calculated shiftA(=0.4 eV) occurs within the

Model Fig. X; X, Xs d(N-X;) d(N-Xp) d(N-Xg)

N-Si3 Si Si Si 1.81 1.82 1.81 linewidth of the principal experimental peak. Therefore, we
N-SibH 4@ Si Si H 1.71 1.77 1.04 conclude that both N-giand N-SjH could contribute to this
N*-Si, 4(b) Si Si 1.70 1.64 peak. However, for N-Siconfigurations, the calculated shift
N°-Si, 4(b) Si Si - 1.68 1.66 A=—1.9 eV falls out of the range of the main peak. Hence,
N™-Si, 4b) Si Si - 1.66 1.68 these results definitely rule out the possibility that both N-Si
N-SbH 5 Si Si H 1.71 1.76 1.04 and N-Sj configurations contribute to the main peak, as sug-

gested in Ref. 3.
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TABLE VII. Relative N 1s shifts for the nitrided Si(001)-Si© TABLE VIII. Alternative interpretation schemes for the binding
interface models. The nitrogen atoms differ either by their locationenergieBEs) measured by Charet al® at nitrided Si(001)-SiQ
or by their bonding configuration. The shifts are given with respectinterfaces. In the first scheme, the Ny 8onfiguration is assigned to
to the N-Si configuration in which the N atom is located most the N-1 peak, while in the second scheme the BleBnfiguration is
deeply in the Si substrate. The location of the N atom is given inassigned to the N-2 pealkhe dangling bond N-$iconfiguration
terms of the distance from the plane determined by the lowest being assigned to the N-1 pealhe shifts are given in eV.
suboxide Si atoms.

First scheme BE APt Atheor Configuration
Configuration z(A) Atheor (gy) :
N-1 397.5 0.0 0.00 N-Si
N-Si; -0.8 0.00 N-2 399.2 1.8 1.60-1.92 N-$D
-0.7 0.10 N-3 401.3 3.8 3.81 N-Si©
34 0.47 N-4 403.6 6.1 5.55 N-9(?)
N -Si, 15 -1.92 Second scheme  BE A®®t Atheor Configuration
NC-Si, 1.5 —1.99 -
N~ -Si, 15 _188 N-1 3975 —-18 -—-1.75 N-Sk.
N-Si,H 15 0.39 N-2 399.2 0.0 0.00 N-Si
a1 0.45 N-3 401.3 2.0 1.60-1.92 N-§D
N-Si,O —06 1.60 N-4 403.6 4.3 3.81 N-SI©
3.6 1.92 #This result was obtained for the molecule ;&iO);N using the
N-SiO, 37 3.81 LDA.%®

In light of the results in Table VII, the interpretation of with respect to the N 4 binding energy in bulk $N,.%°
the other experimental peaks remains difficult. The secondhis measurement favors the second interpretation scheme,
peak atA=1.6-3.0 eV(Refs. 10,12,21,22,24, and 26an  because in the experiment by Chaetaal. the N-2 peak was
reasonably be attributed to N-8I configurations, for which also found at higher binding energies than igNgi (by
we found a shift ofA=1.60-1.92 eV. However, it appears 0.6 eV), whereas the N-1 peak occurred at 1.2leWer
difficult to associate the third peak, observed by Shallenpinding energies. The second interpretation scheme is also
bergeret al at A=5.3 eV and attributed to a N-S}O supported by the relative intensities of the N-1 and N-2 peak.
configuratior?® to our value of 3.81 eV calculated for such a In fact, N-2 is found to be significantly more intense than
configuration in the neighborhood of the interface. HoweverN-1. According to the second interpretation scheme, this
as we showed in Ref. 28, the core-level shifts depend on th@&ould imply that the amount of regularly bonded N; 8on-
distance from the interface addcan increase by as much as figurations is much larger than that of N,Qlangling-bond
0.8 eV at a distance of about of 50 A. Thus, because theonfigurations, which appears plausible. While assuming the
oxide layer in Ref. 25 is thicker than 50 A, the interpretationfirst interpretation scheme, we would conclude that BOSi
adopted by Shallenbergext al. cannot definitely be ruled is more likely to occur than N-§i in contrast to the struc-
out. ture of crystalline SiN,0.5° The most intriguing aspect of

It is particularly interesting to compare our calculated adopting the second interpretation scheme is the occurrence
shifts with the experimental work of Chareg al,”® because  of N dangling bonds. The large number of I fieaks in the
of the large number of peaks in their XPS spectra. Our inspectra measured by Chaegal. and their behavior upon
ability to determine shifts on an absolute scale allows twaannealing suggests that highly energetic structures might oc-
competitive schemes for interpreting the experimental peaksur in their samples and that the occurrence of N dangling
The peak identified as N-1 could be assigned to N€®n-  bonds can thus not be ruled aupriori. However, important
figurations, while the peaks labeled N-2, N-3, and N-4 wouldsupport in favor of the second interpretation scheme would
then correspond to N-§i,O, configurations withx=1,2,  come from a distinct experimental observation pointing to
and 3, respectively. Alternatively, one could assign the N-2he presence of N dangling bonds.
peak to N-Sj. The peaks N-3 and N-4 would correspond to
configurations with an increasing number of O atoms in the

first neighbor shell (N-SO and N-SiQ), while the remain- C. Si 2p core-level shifts

ing N-1 peak could be attributed to N-Sdangling-bond X-ray photoemission spectroscopy on $ 2ore levels
configurations. These two interpretation schemes are confias been used extensively for studying Si(001)-Si@er-
pared in Table VIII. faces both prior 1752 and aftet®11%23nitridation. In the

The agreement with our calculated shifts is quite good irabsence of nitrogen, the XPS spectrum generally shows two
both cases. However, given the accuracy of the calculationgrincipal lines, corresponding to Sj@nd Si. The Si@line,
factors other than the binding energies should be considerashich is shifted byA=3.8 eV to higher binding energies
for reaching a definite assignment. In a recent experimentalith respect to the Si bulk line, results from Si atoms that are
work, it was found that the N 4 binding energy associated fourfold coordinated by O atoms. The XPS spectra also show
to N-Si; configurations at the interface is larger by 0.4 eVthree intermediate oxidation states of silicon that are charac-
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TABLE IX. Relative Si 2p shiftsA for selected Si atoms in the TABLE X. Comparison between calculated core-level shifts at
nitrided Si(001)-Si@ interface models, compared to experimental the nitrided Si(001)-X 1 surface and at the nitrided Si(001)-$iO
values. The selected silicon atoms differ either by their location oiinterface. The shifts are defined with respect to references described
by their bonding configuration. The location of Si atoms is given inin the text.
terms of the distance from the plane determined by the lowest

suboxide Si atoms. The shifts are given with respect to a Si atom A(eV)
located deep in the substrate, representative of the Si bulk line. Configuration Core level Surface Interface
Configuration z(A)  AMeor(ey)  A®Pt(ev) Ref. N-Si;H N 1s 0.4 0.6
— N-Si, N 1s -18 -1.9
Si-Siy —-38  0.00 0.0 Si-SkN Si 2p 0.9 0.9-1.1
Si-SiEO 0.0 1.19-1.24 1.0 11,63
Si-SiN —2.2 1.06 0.7 16,18
1.1 0.92

surfaces and nitrided Si(001)-Si@nterfaces. Several model
surfaces and interfaces containing N and Si atoms in differ-
ent bonding configurations have been investigated. Using a
teristic of the transition region and are generally assigned téirst-principles approach, the atomic structures were fully re-
Si atoms with an increasing number of O atoms in their firstiaxed and the corresponding N &nd Si 2 core-level shifts
neighbor shelf’~® This interpretation of the intermediate were calculated. Based on these calculations, we established
oxidation states has lately given rise to some controv¥rsy, a correspondence between the bonding environment of the N
but has received strong confirmation by first-principlesatoms and their N 4 core-level shifts measured in photo-
calculations®®® Very recently, the apparent inconsistenciesemission experiments. Calculated Si 2ore-level shifts af-

at the origin of the controversy were satisfactorily fected by the formation of Si-N bonds were also found to
explained?®®’ agree well with the available experimental data.

We focus here on the effect of Si-N bonding on §i 2 |n the case of NK adsorbed $001) surfaces, our study
shifts and refer to Ref. 36 for a complete discussion on Si-Gyrovides a clear interpretation scheme for the bonding con-
bonding at Si-SiQ interfaces. We selected Si atoms in the figurations of the N atoms. According to this scheme, the
interface models with one N and three Si nearest neighborgeaks in the XPS spectra associated to chemisorbed N spe-
(Si-SiN). For comparison, we also considered Si atomscies can all be interpreted in terms of threefold-coordinated
bonded to one O and three Si atoms (Sj&Bi Calculated Si N atoms with a varying number of Si and H nearest neigh-
2p core-level shifts are given in Table IX, where the locationpors, i.e., N-Sji_,H, with x=0, .. .,2. Every additional H
of the considered Si atoms is also specified. For Si atoms iatom in the nearest-neighbor shell produces a contribution to
Si-SEO configurations, we calculated shifts of about 1.2 eV,the N 1s core-level shift of about 0.6 eV to higher binding
which compare well with the experimental value of energies®>?’ The XPS spectra do not show a peak at the
1.0 eV1183 This result fully agrees with previous calcula- predicted location for N atoms carrying dangling bonds (
tions that showed a systematic overestimation by about—1.8 eV). We therefore conclude that these defect con-
2093668 figurations do not occur during nitridation of the(@)J)

For Si atoms in Si-$N configurations, we found shifts of surface by NH.
about 1 eV, which should be compared with the measured At nitrided Si(001)-SiQ interfaces, our investigation also
shift of 0.7 eV!®!" Despite the overestimation, theory and provides a clear picture for interpreting XPS spectra. The
experiment show the same trends, namely both give smallgjrincipal peak results from N atoms threefold coordinated by
Si 2p shifts for Si-N than for Si-O bonds. This is in agree- Si atoms, the large linewidth and the asymmetry being
ment with the simple picture deriving from the electronega-caused by second-nearest-neighbor eff&t&>*>°The con-
tivity difference between O and N atoms. Replacing an O bytribution to the principal peak from N atoms with one H and
a N atom increases the electronic charge density on the $ivo Si nearest neighbors cannot be ruled at=(0.4 eV)
atom and gives a shift of the Sip2peak towards lower and will depend on the concentration of incorporated H at-
binding energies. However, this simple picture only consid-oms. The formation of N-O bonds gives rise to additional
ers the initial state, whereas the calculation shows that initigheaks at higher binding energies, and their precise location in
and final state effects are often of the same offiéfhe  the spectrum depends on the profile of the N concentration.
small difference between N- and O-induced chemical shiftgn fact, the shifts depend by as much as 0.8 eV on the overall
(about 0.2 eV might explain the difficulties that experimen- dielectric environment determined by the distance of the N
talists experience in highlighting the N contribution in § 2 atoms to the Si substrat® According to our calculations, it
XPS spectra of oxynitrides. also appears clearly that nitrogen atoms carrying dangling

bonds do not contribute to the principal peak, as previously

suggested in the literatufelnstead, such configurations
V. CONCLUSIONS might be at the origin of a peak observed in highly defective

samples, at lower binding energies with respect to the main

In this work, we have presented a comprehensive study gfeak (A =—1.9 eV)2®
N 1s and Si 2 photoemission data at NFexposed SD01) In conclusion, it should be noted that the overall dielectric
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