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Using a first-principles approach, we study the incorporation of nitrogen at the Si(001)r&@ace
by calculating N1s core-level shifts for several relaxed interface models. The unusually large shift with
oxide thickness of the principal peak in photoemission spectra is explained in terms of a single first-
neighbor configuration in which the N atom is always bonded to three Si atoms, both in the interfacial
region and further in the oxide. Core-hole relaxation and second nearest neighbor effects concur in
yielding larger binding energies in the oxide than at the interface. The calculations do not support the
occurrence of N-O bonds at nitrided Si(001)-SiDterfaces. [S0031-9007(97)04870-9]

PACS numbers: 79.60.Jv, 68.35.—p, 73.20.—r

The incorporation of a low concentration of N atomsthe N atoms at the interface and in the oxide would have
at the Si(001)-Si@ interface appears as one of the mostdifferent bonding properties [2,6,7,9].
promising ways to match industrial programs requiring The component arising from the interfacial region has
high-quality ultrathin gate dielectrics for large scale inte-invariably been assigned to N atoms bonded to three Si
gration. While the electrical properties are essentially aatoms (N-Sj) because of its proximity to the bulk 3Bl
good as for conventional oxides [1,2], silicon nitrided ox-line. On the other hand the oxide component, which is
ides suppress the dopant diffusion across the oxide-silicoshifted byA = 0.85 eV to larger binding energies [7], has
interface [3], and are therefore particularly suited for thingiven rise to conflicting interpretations [2,6,7,9], which all
SiO, gates. Further improvement of the quality of theserely on a chemical change in the first-neighbor shell of the
dielectrics relies upon detailed microscopic informationN atoms. Whereas the occurrence of N-&nfigurations
on the situation of the incorporated N atoms. The ulti-is generally accepted, the underlying reasons for the shift
mate goal is to incorporate the nitrogen-rich layer at anywith oxide thickness and the asymmetric shape of the N
chosen position within the dielectric, and this relies onls XPS line are still poorly understood.
a good understanding of the bonding chemistry of the N The presence of a second, well separated, XPS peak
atoms [4]. is also debated at this stage. Some XPS spectra show

X-ray photoemission spectroscopy (XPS) orifNcore no evidence for any other peak in a range 0§ eV
levels has widely been applied to silicon nitrided oxidesfrom the N-Si peak [7,8], whereas in other experiments
[2,5-10]. This technique is sensitive to the concentratiora second distinct peak is observediat= 2.2 eV [5] or
of N atoms and can provide distribution profiles whenA = 3.0 eV [6], and attributed to N-$O configurations.
resolved as a function of take-off angle or used inTherefore, the identification of N bonding configurations
conjunction with chemical etching. These profiles dependnvolving oxygen atoms remains uncertain.
on the growth process, but an accumulation of N atoms is The purpose of this Letter is to characterize N atoms
often observed at the interface [2,3,5-11]. incorporated at the Si(001)-SiGnterface by establish-

XPS N 1s spectra also provide information on the bond-ing a correspondence between their bonding environment
ing environment of the incorporated N atoms. The experiand the N1s core-level shifts measured in photoemis-
mental spectra show a broad principal peak (FWHM sion experiments. Several model interfaces containing N
~1.5 eV), approximately at the same energy as in bulkatoms in different bonding configurations and at varying
SizN4, which appears to shift to larger binding energiesdistances from the interface plane are considered. Using
for samples of increasing oxide thickness [2,7—10]. Sucfa first-principles approach, the atomic positions were re-
shifts are generally observed at Si(001)-Si@terfaces for laxed and the Ns core-level shifts calculated. Adopting
Si2p and Ols levels, and are attributed to core-hole re-the single first-neighbor configuration N;Siwve can ex-
laxation or charging effects [12]. However, thelMshift  plain the shift with oxide thickness of the principal XPS
with oxide thickness is found to shift by 0.4 eV more thanline and the appearance of two components. Our inter-
other oxide peaks [2]. This fact together with the asym-pretation relies on core-hole relaxation and second nearest
metric shape of the XPS peak led to the assumption thateighbor effects, which combine to give larger binding
two different components contributed to this peak and thagénergies in the oxide than at the interface, in accord with
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experimental observations [2,6,7,9]. Core-hole relaxatiomABLE I. Relative N 1s initial state and full shifts for a series
affects N 1s shifts differently according to the distance of molecules. Experiment from [22].

of the N atoms to the screening Si substrate. A second pjgjecule Ainit(eV) Afull(ey) AP (V)
nearest neighbor environment rich in Si and N atoms &

at the interface induces opposite shifts compared to an :3CH _8'8? _(?25%0 _005'0
rich environment as found in the oxide. We also inves,ti-l\“_éc:,_';)2 0.08 —058 07

gated configurations in which the N atom is bonded to Qy(ch;), 0.33 061 —08

atoms. We found Ns shifts for N-SpO configurations NH,COH 1.73 1.13 0.8
atA = 1.5 eV, in a region of the spectrum where gener-NO, 6.91 7.24 7.3
ally no peaks are observed in experiments. This suggestsO (N*NO) 3.46 3.30 3.1
that these configurations are essentially absent at nitrided (NN*O) 6.77 7.08 7.0
Si(001)-SiQ interfaces. CINO 6.53 >.68 >.8

The atomic relaxations and the core-shift calculations
were performed within density functional theory. Our ap-
proach accounts for the electronic structure and consisare given in Table Il. These shifts depend linearly on the
tently provides atomic forces that act on the ions [13,14]number of O nearest neighbors, with a shift to larger bind-
Only valence electrons are explicitly considered usingng energies of approximatelyy = 1.8 eV per N-O bond.
pseudopotentials (PPs) to account for core-valence inteffhe shift for N-Q bonding configurations is too large to
actions. A norm-conserving PP is employed for Si atomsaccount for the peaks observed at the Si(001),SifGer-
[15], whereas the H, O, and N atoms are described by ulface and will not be considered any longer.
trasoft PPs [16]. The exchange and correlation energy was We adopt as a starting point of our nitrided inter-
evaluated in the local density approximation [17]. The Nface study one of the Si(001)-SiOnodels generated in
1s core-level shifts were calculated both within the ini- Ref. [12]. The choice of the host model is not critical, be-
tial state approximation and including core-hole relaxationcause the core-level shifts are affected by the host model
Initial-state shifts are obtained in first order perturbationonly to the extent that it determines the dielectric environ-
theory, while final state effects resulted from differencesment [24]. In this model, the transition between the oxide
in total energies [18]. A detailed description is given inand the Si substrate is abrupt with the Si atoms at the in-
Refs. [12,19]. In order to obtain good structural proper-terface forming dimer rows [see Fig. 1(a)]. This structure
ties, the wave functions and the augmented electron demtoes not present unsaturated dangling bonds, in accord
sity were expanded on plane-wave bases defined by cutoffgith the extremely low density of defect states measured
of 25 and 150 Ry, respectively. In the calculations of theat this interface. To describe this system we used a pe-
core shifts, it was necessary to increase the cutoff for theiodically repeated orthorhombic cell containing a square
wave functions to 30 Ry to reach convergence. The Brilinterface unit+/8 X /8 of sidea = 10.82 A, based on
louin zone was sampled using thepoint. the theoretical lattice constant of Si. The dimension of
The use of density functional theory for the calcula-the cell in the direction orthogonal to the interface is=
tion of core-level shifts in molecules proved successful in19.05 A, containing five monolayers of Siq6.4 A) and
the case of Cls [20] and Si2p [19] levels. In order to six monolayers of Si (7.7 A). The extremities are satu-
investigate the accuracy of this approach in the case afted with H atoms.
N 1s core levels, we considered a set of molecules con- We obtain six nitrided interface structures by incorpo-
taining N atoms in various bonding configurations [21].rating in various ways a single N atom in this interface
We report calculated shifts together with the experimenmodel. Because N atoms at the interface do not deterio-
tal values [22] in Table I. Note that the agreement withrate electrical properties such as interface defect density or
experimental values is noticeably improved when coreoxide fixed charge [1,2], we retain in our study only neu-
hole relaxation is accounted for. Overall, the agreementral structural models with threefold coordinated N atoms
between experiment and theory is very good with valuesand without any unsaturated dangling bond. To generate
differing by less than 0.3 eV for a broad range of shifts. such models, the N atoms are introduced substitutionally
Before addressing the actual interface models, we corto Si atoms. Eventual dangling O atoms are removed and
sider a set of test molecules in which N atoms are bonderksidual dangling bonds are saturated by H atoms. We
to Si and O atoms. We take as a reference thies More
level of N(SiH;);, where the N atom is bonded to three TaogLE || Relative N 1s shifts calculated for the test
Si atoms as in $N4. By inserting O atoms im (for  moleculesi(H;SiO),N(SiHs);_, with n = 0, 1,2,3.
n = 1,2,3) of the N-Si bonds, we generated molecules

containing N atoms with different combinations of near- Molecule N Conflguratlon AleV)
est neighborstH;Si0),N(SiHs);_,. After atomic relaxa- N(SiHs)s N-Si; 0.00
tion we obtained N-Si bonds of.71 + 0.1 A and N-O gnzg:giNN((Ss”m Hg:zg .t
DN ) i 1Si0), R - .
bonds of1.37 = 0.1 A, within 1% from experimental val (H:SIO:N N-O» 5 55

ues [23]. Calculated shifts including core-hole relaxation
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FIG. 2. N 1s core-level shiftsA at Si(001)-SiQ interfaces
calculated for N-Si (circle), N-SyO (square), and N-SiO
(triangle) configurations at different distances from the
interface. Continuous line extrapolations result from classical
electrostatics for the case of a semi-infinite oxide.

mZOow

Si layers Ly and L_,), their z position in the relaxed
structure turned out to be close, and so did the values
of their core shifts. From Fig. 2, it is evident that the

FIG. 1. Models of the Si(001)-SiQinterface (a) before N Shifts are strongly affected by first nearest neighbors. The
incorporation (from [12]), (b) including a N-S{model 1) con- ~ presence of an O nearest neighbor (models IV and V)
figuration, and (c) including a N-8D (model IV) configura- yields shifts to higher binding energies &f = 1.5 eV
tion. Ly, Lo, andL, label the Si layers. with respect to corresponding NiSconfigurations. A
second oxygen nearest neighbor (model VI) brings this
generated three models with NsSQionfigurations at vary- shift to A = 3.5 eV. These results are in good accord
ing distance from the interface plane. In models | and Il with the shifts obtained for the test molecules (Table II).
N atoms substitute Si atoms in the firéy[in Fig. 1(a)] Such a large separation between the shifts of NaBd N-
and second Si layerd.( ;) of the substrate, respectively. Si,O configurations virtually rules out the possibility that
In model 11, the N atom replaces a Si atom in the ox-both configurations contribute to the principal XPS peak.
ide (L1). In this case, we also removed all the nearest QAccording to our analysis a peak resulting from NGi
atoms to recover a N-$configuration. Models IV and V  configurations should lie &k = 1.5 eV. A second peak
contain N-SjO configurations with substitutions in layers was observed ak = 2.2 eV in Ref. [5]. However, since
Lo andL;. In model VI, we investigated a N-Siron- such a peak was not seen in subsequent experiments [7—
figuration in the oxide ;). 9], we are inclined to assume that N;Siconfigurations
After the incorporation of the N atoms, all the oxide are unlikely at nitrided Si(001)-SiQOnterfaces.
atoms as well as the first three Si layers were fully re- The N atoms incorporated in the oxide (layer) give
laxed. In Figs. 1(b) and 1(c), we illustrate the relaxedcore shifts which are displaced hy = 0.4 eV with re-
structures of a N-3i(model I) and a N-SO configura- spectto N atoms in corresponding configurations at the in-
tion (model 1V). In the oxide &), the N-Si bond lengths terface. This effect has the same size for N&®id N-S}O
arel.74 + 0.02 A in good agreement with other calcula- configurations and is a consequence of the dependence of
tions [25]. The N-Si bond lengths in the Si substratg ( core-hole relaxation on the distance to the screening Si sub-
andL_,) are found to be slightly larged,82 + 0.02 A,  strate [12]. To illustrate this dependence grwe show
which should be attributed to the local strain at the interdin Fig. 2 an extrapolation obtained within classical electro-
face. We found N-O bond lengths o4 + 0.02 A. statics [12], which generally provides a good approxima-
N 1s shifts for the six models described above weretion at distances of a few bond lengths [27].
calculated including core-hole relaxation effects and are This dependence on distance to the interface only
given in Fig. 2 as a function of the relaxed position partially explains the observation of two components
of the N atom with respect to the interface plane. Weof different spatial origin in the principal XPS peak.
took as a reference the shift of the NySionfiguration Although this effect can account for a difference of 0.8 eV
in which the N atom is located most deeply in the between shifts at the interface and shifts in the oxide, we
Si substrate (model Il) [26]. Note that although the Nexpect that averages over actual N concentration profiles
atoms in models | and Il were incorporated in differentwill narrow the separation between peaks resulting from
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