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High-level self-consistent-field calculations for a set of nitrogen-containing model molecules are carried out
to study the influence on the N¢) binding energy of first-, second-, and third-nearest neighbors, $tvesd
angle$, and conformation. These calculations are directed to account for thg) [ebk structurégenerally
fit with two Gaussian functions whose centers are separated by0097 eV) as seen by x-ray photoemission
spectroscopy at the nitrided Si-Si@hterface. Using a nonlinear extrapolation method to determine the core
energy levels in large molecules, we have ascribed the Gaussian peak centered ah@398.8V to nitrogen
bonded to otherwise fully oxidized silicon in “bulk” Si9Qand the Gaussian peak shifted by 679 eV
toward lower binding energy to the interfacial specigsSN—, Si);_,(O—),]; with y=1. Not only can the
observed peak be resolved in those two components, but also there is no other choice involving only nitrogen,
silicon, and oxygen, which allows for the observed spectrum.

I. INTRODUCTION a key technological step in flash-memory procesSihtpat
treatments in N ambient have indeed been demonstrated

Ultralarge scale integratiofULSI) requires an extremely to be able to substitute NHn=0,1,2) for hydrogen termi-
accurate control not only of the Sj@ayer (with thickness in  nation to silicon, thus strengthening the interface, and to cre-
the interval 3—10 nm) but also of the Si-Sitnterface. It ate a good barrier against boron diffusion. Nitridation inyNH
does not surprise, therefore, that the interface resulting fromoes however produce hydrogen-related electron frapust
the thermal oxidation of single-crystalliné100)-oriented, has opened the quest for a process leading to the formation
silicon surface(the one of major technological importance of nitrogen bonded to silicon alone. Processing yONor in
has been the subject of extended experimental and theoretifO seems to satisfy such a requirem@nt.
cal investigations.

One major problem of the native Si-Sinterface is its
degradation under hot-electron bombardment. The interface
instability is related to the cleavage of relatively weak silanic When the SiQ thickness is sufficiently lowsay, below
terminations of silicon, in turn resulting from the passivation10 nm, as required by UL§Ix-ray photoemission spectros-
of native interface traps in a hydrogen atmosphere. This incopy (XPS) is the major tool for understanding location and
stability is particularly severe in nonvolatile memories, be-bonding states of nitrogen at the Si-Si@terface. Accord-
cause their writing mechanism involves the passage of hdng to the reactants (N4§ N,O, or NO), reaction conditions,
electrons from the channel to an insulated electrode througand SiQ growth conditions, nitridation may result in differ-
the SiQ gate insulator. ent nitrogen profiles and N€) peak shapes.

Another problem is related to the fact that when the thick- The interpretation of the XPS N§} signal from Si-SiQ
ness of the Si@layer is reduced to suitable values for ULSI interfaces nitrided in Nklatmosphere does not provide par-
applications, the oxide barrier is inadequate to mask théicular difficulties—nitridation by NH results in Sj_,NH,
channel ofp-type mos devices against boron diffusion from (n=0,1,2) moieties just at the interfaé.
the polysilicon:~3 More difficult is understanding the structure of the N)1

The nitridation of the Si-Si@ interface resulting after signal from NO- or NO-treated interfaces. Of difficult inter-
thermal oxidation of100) silicon has become in recent years pretation is especially a broad peak centered on an energy of

A. The problem
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397—-399 eV and width around 1.5 eV. These signal fea-nonetheless, all reported experimental values are however
tures are observed when nitrogen is located in a narrow reaffected by an almost systematic uncertainty+dd.2 eV.

gion (with thickness less than 4 nrextending from the in- The interpretation of itemél), (2), and(4) is straightfor-
terface into the oxide. The peak is shifted toward highemward.
binding energy for nitridation in ND than for nitridation in (1) The behavior of the O() signal is understood as-

NO. The interpretation problem arises because of the combbuming that the electrostatic potential in the nitrided oxide
nation of the following effects: the peak has a structureand the oxygen-bonding configurations are the same as in the
strongly depending on reactants and reaction conditions; theristine oxide(that is generally possible only at relatively
SiO, layers are amorphous; and there is no adequate standdf@v-nitrogen concentration, where oxygen forms siloxanic

for calibration. bridges[ (—0);Si—0—Si(0O—)3] between silica tetrahe-
dra).t’
(2) The behavior of the Si(R) signal, compared with that
B. What is experimentally known of the O(1s) signal, can be explained assuming that the

The information reported in the following is taken from b\ondin_g configurlfgtion of silicon in nitrided SjOis
Refs. 8—-15 and deals with the properties of $i(2and (/N)SI(O—) 4 ) . .
O(1s) XPS signals from SiQlayers, and with the properties , (4 The peak at 400 eV is unambiguously attributed to a
of Si(2p), O(1s), and N(Is) XPS signals from nitrided orm of partially oxidized nitrogen like in the moiety
: ’ ’ SiL,NOSI
SiO, layers. 2 o . . _ .
OTzheyO(]s) and Si(2) binding energies in pristine oxi- Less straightforward is the interpretation of item 3. The
dized silicon increase with the distanzdrom the Si-SiQ broad N(3s) signal is usually fit with twc_) G"?‘“SSia” fun_ctions
interface by the same amoug(tz). The functione(z) results ;epfgfated by 9770'9 e\/, ﬁ‘é"zﬁf’gf attnbL;]no(r;.ﬁ:co partlcu(;ar
from factors like different dielectric functions, charging, Ion Ing statdes IS not unlqh : mongltr(]e : erer&t mo -d
core-hole screening, etc., and will be referred to as “interfa S!S Proposed to interpret the NglLsignal, the one advance

cial effect.” Typical values are=0.4 eV at 2 nm anc by Bouvetet al. seems the most interesting. Bouwatal.
—0.7 eV ét 4 nmid ' ascribed the Gaussian component centered on a binding en-

ergy of 397-398 eV, prevailing at the interface, to nitrogen
bonded to otherwise unoxidized silicon=8i);N, and the

(1) Irrespective of the nitrogen content, the G binding  Gaussian component centered on 3899 eV, prevailing
energy varies withz in the same way as in the pristine in the oxide close to the interface, to nitrogen bonded to
oxide:® otherwise fully oxidized silicon, NSi(0—)3]3.2

(2) At any depth, the Si(@) signal is shifted toward
lower binding energy than in the pristine oxide by an amount
that increases with the nitrogen contéht. C. What is theoretically known

(3) The N(1s) signal has a maximum at a binding energy
between 397 and 399 eV, the full width at half maximum
being about 1.5 e¥-1°

(4) A relatively sharp, weak peak with binding energy of
400 eV is occasionally observed; it comes quite uniformly
from the whole SiQ layer.

The situation changes when the oxide is nitrided.

The first systematic theoretical study of the NJIpeak
was contributed by Rignanese al*® Though the interpreta-
tion of experimental data is somewhat ambiguous, Rignanese
et al. preliminarily assumed as experimental evidence that
the N(1s) peak is formed by two unresolved components
separated by 0.85 eV. Then, they attacked the problem of its

In particular, with reference to iteif8), the N(1s) signal  interpretation in two steps: First, they modified a previous
varies in shape and energy position depending on the nitr@brupt-interface model of the Si-Sj@nterfacé® by incorpo-
gen distance from the interfagghat in turn depends on rating threefold coordinated nitrogen substitutionally to sili-
growth conditiong it is centered on lower binding energy con and saturating residual dangling bonds with hydrogen.
with a tail extending toward higher binding energy whenConsidering explicitly valence electrons only and using
nitrogen is close to the interface region, while it is centereddseudopotentials to account for core-valence interactions,
on higher binding energy with a tail extending toward lowerthey allowed the system to relax, and calculated thesN(1
binding energy when nitrogen is in the oxide but alwaysbinding energy for various nitrogen configuratiofmrre-
close to the interfac®. This peak shape suggests the pres-sponding to the moieties SiNQ SbNO, or SN, where the
ence of at least two bonding states of nitrogentwo dif-  nitrogen formal oxidation number is +1, —1, or —3,
ferent configurations so it is fit with at least two Gaussian respectively each at a proper distance. Correcting the bind-
functions. In most reported cases the above Gaussian funiig energy of any moiety by(z), they found that all species
tions are not resolved and there is some ambiguity in attribeontaining oxidized nitrogen have N§JL binding energies
uting their peak energies to certain binding energies. Wenuch too high to account for the experimental peak. Then
believe that the following attribution is shared by mostthey ascribed the two components, that account for the
people: (398.30.2) eV for the Gaussian component at N(1s) XPS signal, to the same Bl moiety in two different
higher binding energy, and (397:%.2) eV for the one at environments: one at the Si-SiGnterface and the other in
lower binding energy. Since the separation between the twthe SiQ at a distance of 2 nm from the interface. In this
components is determined with a better accuracy than 0.2ssumption the N(9) binding energy in SN in the oxide is
eV, the uncertainty has mainly a systematic origin. Sincehigher than that at the interface by 0.4 eV simply because of
now on, we shall cancel the uncertainties in our attributionsg(z). Eventually, they tried to account for the remaining 0.45



PRB 61 QUANTUM-MECHANICAL STUDY OF NITROGEN. . .. 14 159

\\Si//N\Si/
2= SN // .

IIIa
N
) et
/Si'\ /™
I —
O Sl /\ SI\
I11b
/O\SI// \/ /O\ /O
7L A
| I
FIG. 1. Model molecules considered in Ref. 17. Hyohogen and silyl
terminations are not shown. / S,\
eV in terms of second nearest neighbors, as proposed by
Bouvet et al'® The idea was that the component at lower /O I
binding energy is due to=£Si);N, while the component at
higher binding energy is due to[8i(O—)3]3. To demon- FIG. 2. Sketches of a few interface configurations which could

strate that, they@) operated in the frame of density func- pe responsible for the N§) line at lower binding energy.

tional theory(DFT); (b) described elemental silicoarSi by

the silyl group HSi; (c) considered the model molecules  (v) Linearity of substituent effects was assumed, even
(H3Si)oNSiH; (I in Fig. 1), (H3Si);NSi(OSiH;);, and  though calculations and experiments show large deviations
(H3Si),NSiH,NH,; and (d) calculated a chemical shift of from linearity.

0.12 eV for (HSi),NSi(OSiH;); and of —0.07 eV for In this paper we have tried to overcome these difficulties
(H3Si),NSiH,NH, (Il in Fig. 1) with respect to accepting the first part of the analysis of Ref. [li@ms (i)
(H3Si),NSiH;.1° Assuming that each nitrogen atom ingS8i  and (ii)] and focusing the attention on local effects. In par-
configuration has just one nitrogen atom as second nearegular, working in the frame of self-consistent-fie{8CH
neighbor and that the shift depends linearly on the number oheory, we have tried: to search model molecules allowing
OSiH; terminations, nitrogen in N8i(OSiHs)s]s (Il in f[he N(;s) binding energy to be calculated for moieties and
Fig. 1) would shift with respect to BNH,SIN(SiHs), (as- N configurations that might be formed at the interfasee

sumed as a model of nitrogen at the Si-giDterface by

0.43 eV, in agreement with the “experimental” value of / O/
0.45 eV. O\ \/ \
The analysis of Rignanes al. can be subjected to the Si / \S
; e N~/ O P~
following criticism. g / s / N
. . ; . - AN
(i) The interfacial effect depends strongly on nitrogen lo- N \ \
cation, which in turn depends on the nitridation ambients and //
conditions®® v
(i) The interfacial effect is partially accounted for when
nearest neighbors are considered—if all neighbors were con-
sidered, the interfacial effect would be fully accounted for.
The calculated shift is therefore an upper limit to the actual
correction to be brought when second nearest neighbors are ~
considered. —N_ _/N\ N
(iii) Since (HSi);3N is planaf® and so it is expected to be N— Si_
N[ Si(OSiH;)3]5 too, these molecules can hardly be consid- / N S / N\
ered to represent=Si);N and N Si(0O—);]5 at the crystal- ///N | N\N\
ine sil in S | LN
line silicon surface or in SiQ) respectively. ~
(iv) Though the second nearest neighbors to nitrogen in \ v

(=Si)3N are silicon atoms, they were modeled by means of
hydrogen atoms. FIG. 3. Sketches of possible nitrogen configurations.
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TABLE I. Calculated and experimental N¢)L chemical shifts TABLE II. Calculated N(X) chemical shifts in nitrogen-
with respect to NH in nitrogen-containing molecules. The calcu- containing molecules differing for bond bending, molecule confor-
lated(SCB absolute energy of the N§) state in NH is 405.66 eV mation, third nearest neighbors, or calculation accuracies.
vs an experimental value of 405.6 eV.

AESCF

Molecule AE"TT (eV) AESF (eV) AE (eV) Molecule (eV)
NH, 0.00 0.00 0.0 (H5Si)sN (fully optimized) 0.00
NH,CH; -0.57 -0.52 -05 (H3Si)sN (6=109°28) +0.13
NH(CHs), -0.58 -0.86 -0.7 (H3Si)sN (6=116°) +0.05
N(CHg)4 -0.61 -1.17 -0.8 (H3Si),NSiH,SiH, -0.12
NH,CHO +1.13 +0.56 +0.8 N(Si(OH)3) 5 (fully optimized -0.34
NH,OH +1.54 N(Si(OH)3)5 (6=109°28) -0.2¢
N(SiHs3)3 —-1.74 (H3Si),NSiH,0SiH; (fully optimized) +0.01
(H3Si),NSiH,0SiH, —0.04
- - _ (H3Si),NSiH,0OH —-0.01
Figs. 2 and R to study the validity of the hypothesis of (._sj) Nsi(OH), ~0.13
linear additivity; and to study conformation and strain _j) NSi(OH), —0.24

effects. (H5Si),NOSIH; +15

(H3Si)3N: —HOH (6=109°28) +0.5

Il. METHODS (H3Si)sN: — SitHj +6.2

TO account fOI‘ |Oca| effeCtS, we haVe Seal’Ched for mol'aCa|CL||ated ignoring p0|arization with respect to th%aﬂ;gN mol-
ecules sufficiently complex to account for the second nearesgcule recalculated at the same accuracy level.
neighbors, but so simple as to allow high-level quantum-
mechanical calculations. All the considered molecules Were. (_0.15+0.08) eV andmSCF=1.02+0.10, thus showing

modelled in the frame of SCF theory. that DFT and SCF descriptions have approximately the same
accuracy’>
A. The theoretical framework

All computations were performed by using teaMESS B. Steric, conformation, and nearest-neighbor effects
(generalized atomic and molecular electronic structure sys- Taple Il shows the results of SCF calculations for a set of
tem) program packag&, implemented on IBM RS 6000 molecules so chosen as to allow us to study the effect of
workstations. The geometries of all considered moleculesecond and third nearest neighbors, bond bending, and mol-
were fully optimized by employing the second-ordefIMp ecule conformation, and to compare the stability of the con-

Plesset(MP2) perturbation theory without imposing any cjusions with respect to the calculation accuracy.
symmetry constraint. These energy-minimized geometries

were then used in subsequent core-hole calculations. These 1. Second-nearest-neighbor effect
calculations determine the electronic structure of a molecule

under the influence of the positive core hole, left behindequate model for elemental silicon and has been widely used
when an inner-shell N(§) electron is promoted with a re- for the description of the silicon side of the Si-SiO

sultant stabilizing effect on the valence orbitals. They were 2

performed by setting to zero the doubly occupied par,[ia"ymterface.4'25 More controversial is its use in XPS: theoreti-
occupied level shifter as implemented in th@MESS cal considerations suggest that3i is adequate to model

package? The binding energy was then evaluated as differ-s" but experimental evidence from silicon surfaces grafted

ence between the SCF energy of the neutral molecule anv(s‘ith molecules containing SiH moieties leads to the opposite
that of the ion core-hole state. Molecular geometries Wergonclusmnz. The silyl group is indeed a good model of el-

obtained using a doublé-basis set with an additional polar- emental silicon only if the .N(S) b|'n.d|ng energy is stable
ization function for all atoms. The core-hole calculationsw'th respect to the substitution of silicon atoms for hydrogen

were carried out using a triplg-set with an additional po- atpmg. Table 1l shows thaF the gubst!tutlon of qneﬁéf—
larization function for all atoms. mlnatlon for one H. atpm in (EBi)3N is responsible fqr a
Preliminary calculations were performed for simple gas-Sh"ct of .th(.a N(1s) b'”d'f‘g energy by_— 0.12 e\/(a_ssummg
phase molecules with accurately measured $)(hinding full additivity, the chemical shift for nine substitutions yvpuld
energy, with the aim of testing the precision of the SCFbe about-1.1 eV) and therefore suggests that the minimum

method. The results of these calculations are listed in Tabl Iuste_r r_equw_ed to model <Si);N is given by .
[, together with the corresponding DFT calculations and th (H3S')3S']3N_’ in which all second-nearest neighbors to ni-
experimental data taken from the compilation of Ref. 22 rogen are silicon atoms.

Assuming that the calculated chemical shifts£PF" and
AESCF are linearly related to the experimental onkE,
AEPFT=mPFTAE + €PFT and AESCF=mSCFAE + €5CF, least- These effects are due to the fact that the molecules used to
square best fit of calculated to experimental data g3  model the SjN moiety are planar, while this moiety at the
=(0.14+0.08) eV and mPFT'=1.10+0.10, and €5  Si-SiO, interface is forcedat least in the model used in Ref.

The silyl group is usually considered to provide an ad-

2. Steric effects
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H is a clear indication of the important role played by the field
\S/./ effect in determining the binding energy.
/ The existence of large steric constraints is expected to
\S|/N\ o destroy the possibility to have fully optimized configurations
H/, Si/ at the Si-SiQ interface, so that since now on we shall look
i [\ for molecular configurations in which agostic effects are neg-
H a ligible.

4. Third-nearest-neighbor effects

In Sec. 11 B 3, we have shown that the N{)1binding
energy is largely controlled by the molecular conformation
S ~_ o and hence by the electrostatic field. While this fact does not
I si— AN provide any information on the effect of third nearest neigh-
B g /\ Si—H bors on the N(%) binding energy for molecules in agostic
AN H H conformation, for molecules in antiagostic conformation it

H H suggests thathe N(1s) binding energy depends weakly on

b third nearest neighbors if and only if different third nearest

neighbors leave approximately unchanged the net charge on
second nearest neighbors and have approximately the same
net charge?®

This statement can be proved verifying tiatthe N(1s)
inding energies are different for all molecules that coincide
p to second nearest neighbors and such that different third
nearest neighbors are responsible for an appreciable charge
difference in second and third nearest neighbors, (ahthe

FIG. 4. Molecular configurations considered for studying con-
formation effects.

18) in pyramidal configurations. Probably due to the dona-
tion of the nitrogen lone electron pair to the three equivalenﬁ
silicon atoms in (HSi);N (“hyperconjugation”), this mol-

ecule is indeed plandf, and calculations show that

N[Si(OH)s]; is planar too. At the Si-Siginterface the N(1s) binding energy remains unchanged when the charge

ang!ee betwegn adjace.nt.&N hands s su_bjected to Iarge_ on second and third nearest neighbors is approximately the
steric constraints; to mimic these constraints, together W'tl%ame

the planar molecule (§6i)sN (6=120°) we have also con- An exam : P PR,
. . ; ) : . ple showing the validity d) is given compar-
sidered strained species with=109°28 or 116°. The same ing the N(is) binding energies in the molecules

considgrations hold fqr the SiN bonds in.SiQ, that forced H,NSi(OH); and HNSi(OH),(OOH)—the substitution of
us to simulate the [\B'(.OH)?’]3 m0|eCU|.e n the absence_ of oxygen(in the hydroxyl OH for hydrogen as third-nearest
strain (¢=120°) and with a strain forcing it to a pyramidal ajahpor produces a chemical shift 610.3 eV. The linear
configuration §=109°28). Table Il shows that whichever extrapolation for only three such terminations would give a
is the oxidation state of silicon, though the effect of bondchemical shift of+0.9 eV. An example showing the valid-
bending on l_\l(ls) energy level is small, it is however not ity of (b) is given comparing the N binding energy in
totally negligible. (H3Si),NSiH,0SiH; with that in (H;Si),NSiH,OH. The ef-
fect is quite small: substituting one H for one Siproduces
a chemical shift of+ 0.03 eV(Table Il). Assuming linearity,
These effects are expectedly strong for highly polarthe substitution of nine H for nine SiHvould be responsible
groups. In this case, indeed, the Coulombic field generatefbr a shift at maximum oft-0.27 eV. Since this value is an
by the polar group has an effect on Ng)lbinding energy overestimatgsee Sec. Il §; the computational complexity
which depends mainly on the net charge on the group and itsan be reduced by considering] $i(OH);]; instead of
separation from nitrogen. To study the conformation effectarger molecules like NSi(OSiH;)5]5.
we have calculated the N§)L binding energy in the fully _
optimized species (48i),NSiH,0SiH; [in which the Sik 5. Calculation accuracy
group appended to oxygen points toward nitrogen, see Fig. Calculation accuracy is especially important because even
4(a)] with the conformation of the same species, in which thethough we are allowed to use a relatively small molecule like
SiH; group appended to oxygen is directed in the oppositeN[ Si(OH);]; to mimic N Si(O—)s]s, that molecule is
direction[see Fig. 40)]. The two conformations will be re- nonetheless much too large to be modelled at the same ac-
ferred to as “agostic” and “antiagostic,” respectively, be- curacy level as used for the previously considered molecules.
cause the former is determined by the agostic interactionsiVe have therefore relaxed the accuracy of the calculations
while the latter is so chosen as to minimize agostic interachy ignoring polarization for oxygen and hydrogen atoms. To
tions. The comparison shows qualitatively different behav-evaluate the effect of this approximation, calculations at both
iors: while the fully optimized species has a positive chemi-accuracy levels were performed for the molecule
cal shift, +0.01 eV (Table Il), with respect to (H3Si),NSi(OH);. Though the sign of the shift with respect
(H3Si),NSiH; (due to the prevalence of the stabilizing effect to (H;Si);N remains unchangedhus confirming the preva-
of the positive charge on silicdr(H;Si),NSiH,OSiH;], the  lence of field over inductive effegtquantitave differences
molecule in antiagostic conformation has a negative chemiare observed. These differences are unacceptably high, being
cal shift, —0.04 eV (Table I), due to the prevalence of the comparable, or even higher, than those due to physical
repulsive effect of the negative charge on oxygen. This resultsteric, conformation, etceffects.

3. Conformation effects
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TABLE IIl. Calculated N(1s) chemical shift in substituted am-

. 2.0 T T T il
monia. ,
// =

Molecule AEL(R) (eV) AEL(R)/AE,(R) s 7 =

B S ]
NH, 0.00 Ssigs o g” S
NH,CH;, ~0.52 1.00 <>
NH(CHs), -0.86 1.65 <. oL i
N(CHs)s -1.17 2.25 Y < Ch,
NH,SiH; -0.78 1.00 -
NH(SiHs), -1.29 1.65 osl |
N(SiHs)5 -1.74 2.23
NH,Si(OH), -0.81 1.00
NH(Si(OH)3), ~1.36 1.68 | | | | |
NH,AIH, ~1.26 1.00 0000 05 10 15 20 25 30
NH(AIH ), ~2.10 1.67 n
N(AIH,)3 ~2.68 2.13

FIG. 5. Calculated chemical shift in substituted ammonia vs the
numbern of substituents. The continuous curves are plotted accord-
ing to Eq.(2).

C. Nonlinearity of substituent effect

To make up for the difficulties posed by calculation accu-and AE;(CHj) ] the chemical shifAE,(SiXYZ) for n=2
racy (which become even stronger when one has to modeind 3 can be accurately estimated by means oflBgrom
nitrogen in realistic interfacial configurations like those AE;(SiXYZ), in turn calculated in the frame of the SCF
sketched in Figs. 2 and) ®ne can try to find a scaling cri- theory. In order to avoid mixing steric effects with substitu-
terion giving the effect oh substitutions when the effect of ent effect, all molecules were forced to maintain a pyramidal
one substitution is known. This procedure was adopted bgtructure irrespective of substituents.

Rignaneseet al. who assumed full additivity of effects.
Table | shows however large deviations from linearity even
for two nearest-neighbor substituerfsr instance, the ex-
perimental chemical shift of N(C}); is lower than the one
extrapolated linearly from the chemical shift of MEH; by Three groups, for which a reasonable synthesis pathway
approximately 50% thus throwing serious doubts on the can be hypothesizehamely: oxidized nitrogen, partially re-
possibility of extrapolating linearly the substituent effect. ~duced nitrogen, and datively coordinated nitrogen to a silicon

To find an accurate scaling criterion we have consideregation could be discarded priori because their correspond-
the family of molecules NkL,R,, with n=1,2,3 for R  ing N(1s) binding energies are much too high to account for
=CHjs, SiHy, AlH,, orn=1,2 for R=Si(OH),. The reasons the XPS peak at 397399 eV.
for this choice are manifold: all molecules are presumably
stable (at least from the computational point of vigwall
molecules can be calculated at the maximum accuracy level; Since the overall nitridation process is carried in oxidizing
and for alln the chemical shift of the N(g) level of NH;_, environment(at least for reaction with MD, because of the
(SiXYZ), (with X,Y,Z three possibly coincident termina- second reaction considered in Ref, the synthesis of oxi-
tions with respect to NH is between the ones of dized nitrogen(with »=3 or 5, in nitrite or nitrate configu-
NH;5_,(AlH,), and NH;_,(CHjs),, [remaining anyway close rationg seems possible.
to that of NH;_,(SiH3) ,]. This fact should allow an accurate ~ Oxidized nitrogen was however discarded because the
determination of the chemical shift in N(SiXYg)provided N(1s) chemical shift in non-reduced species is much too
that the molecule NEBiXYZ is small enough to allow cal- high[+4.9 eV inNNO and+8.8 eV NNO, with respect to
culations at the necessary accuracy level. N(SiH;)5 (Ref. 30] to account for the observed chemical

Table 11l shows that the N(§) chemical shiftAE,(R) of  shift.
NH;_ R, with respect to NH depends om and R; the table
shows however that the ratidE,(R)/AE;(R) is almost in-
sensitive to R but depends aronly. Figure 5 shows that the Partially reduced nitrogen bonded covalently to oxygen
considered chemical-shift ratios can be approximated verywith »=—1) (=Si),NO— might be the result of an incom-
accurately by the function plete demolition of the N=O bonds. It was discarded be-

o cause nitrogen in this moiety should have a binding energy
AEL(R)/AE{(R)=«[1—exp(—n/n)] (1)  higher than in fully reduced nitrogen by1.5 eV[evaluated
for (H3Si),NOSiH; with repect to (HSi);N, Table 11].

IIl. RESULTS
A. The groups that can be discarded

1. Oxidized nitrogen

2. Partially reduced nitrogen

with «=3.38 andn=2.85[so thatAE3(R)/AE;(R)=2.20

for all considered groups JRTherefore, the above consider- 3. Nitrogen datively coordinated to a silicon cation
ations make wus confident that for any species The center

NH;_(SiXYZ), with —1.26 e\ AE,;(SiXYZ)<—0.53

eV [the upper and lower limits correspondingA ;(AlH,) =Si"+=0:-Si"(0—);
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TABLE IV. Calculated AE;) and extrapolatedXE3) N(1s) TABLE V. Calculated spectrum of the N§) binding energies
chemical shifts in nitrogen-containing molecule used to mimic can-in groups not containing hydrogen at the nitrided Si-Sikerface.
didate fragments at the nitrided Si-Si@terface.

Group AE (eV)

Molecule AE; (eV) AE; (eV) 4 [—SiN=),]N 093

NH; 0.00 0.00 4, [Si(N=)3]sN —0.90
NH,Si(SiH;) 3 -1.11 —2.44 4, [=Si(N=)]N —0.64
NH,Si(OH)(SiH) -0.93 —2.05 1 (=Si)3N 0.00
NH,Si(OH),SiH; -0.88 —1.94 3, [=Si(0—)];N +0.39
NH,Si(NH,) (SiHz) —1.40 -3.08 3, [—Si(0—),3N +0.50
NH,Si(NH,),SiH; —-1.53 -3.37 2 N[Si(0—)3]3 +0.66 + €(2)
NH,Si(NH,)3 -1.52 -3.34 5, N[ Si(00—)(0—),]3 +1.38 + €(2)
NH,Si(OH); -0.81 -1.78 5, N[ Si(00—),0—13 +1.56 + €(2)
NH,Si(OOH) (OH), —0.48 —1.06

NH,Si(OOH),OH —-0.40 -0.88

in N,O, because of the additional oxidation due tpr@sult-

ing from N,O decomposition For calculating the N(§)

has been advocated as the native defect of the Sj-SiOOinding energy ir2 we used the molecules,NSi(OH); and
interface® It should result after the heterolytic dissociation HN[Si(OH);], in Table II, and extrapolated its value by
of the interfacial bond=Si—Si(O—); assisted by the for- means of Eq(1).

mation of an acid-base Lewis adduct with siloxanic oxygen (c) Nitrogen bonded to partially oxidized silicohis
=0. Since reduced nitrogen N is a stronger base than silox;onfiguration is considered because interfacial silicon atoms
anic oxygen, datively coordinated nitrogen to a silicon catthat are undergoing nitridation are already partially oxidized
ion, =N:—Si"(0—)3, might be formed by the displace- and continue to undergo oxidation because of the oxygen

ment of siloxanic oxygen from the native defect: resulting from the demolition of the-N-O bonds. For calcu-
_ o B . o lating the N(1s) binding energy in nitrogen bonded to par-
=0:—Si"(0—)3+ =N — =N:—=Si" (O—)5+=0. tially oxidized silicon we used the molecules

The Lewis adduceN: — Sit (O—)5 was however discarded H2NSI(OH)(SiH), (for 3,) and HNSI(OH),SiH; (for 3;)

because the N(@ binding energy in that center should be N Table IV, and extrapolated its value by means of &g.

even hiaher than in oxidized nitroaéthe bindina enerav in (d) Nitrogen bonded to nitrided silicofThis configuration
(H5Si) Igl'—>Si*H being higherg'?han in (IggSi) N ggy (4 in Table V) was considered because it might be the final
T 8.203 e'V Tables . 3 result of a nitridation process leading to a compact interfacial

layer. For calculating the N@) binding energy it we used
the molecules (kSi);_,(H,N),SINH, (n=1,2,3) and ex-
trapolated their values from those given in Table IV by
The attention was therefore concentrated on fully reducedneans of Eq(1).
nitrogen covalently bonded to silicon, and on nitrogen (e) Nitrogen bonded to oxidized and peroxidized silicon
bonded (either covalently or dativelyto the unavoidable This configuration5in Table V) was considered because the
SiO, impurity—hydrogen. oxygen produced during the nitridation of partially oxidized
silicon at the Si-Si@ interface may be added to the silica
1. Groups involving nitrogen covalently bonded to silicon skeleton forming peroxidic bridges. For calculating the

Fully reduced nitrogerfwith »v=—3) bonded to silicon N(1s) binding energies i» we calculated them for the mol-

was considered in relation to the bonding configuration ofcules BNSI(OOH),(OH)s_, (n=1,2) (as given in Table
silicon. IV) and extrapolated the corresponding values by means of

(a) Nitrogen bonded to otherwise nonoxidized silicbhe Eq. (1.
configuration ESi)3;N (referred to ad) was considered be-
cause SiN, and SiQ are immiscibleé’! so that if the overall
reactions of NO and hO at the Si-SiQ interface are ther- (a) The Lewis adduct between a nitride group and a sil-
modynamically controlled, they lead to the formation of anol group in silica The Lewis adduc6 was considered
separated oxidized and nitrided silicon. For determining thédecause silanols are almost ubiquitously present in thermally
N(1s) binding energy we calculatedE, for the molecule grown SiQ: they may indeed be formed during wet oxida-
(H3Si)3SiNH, [as given in Table IV and extrapolated the tion as well as during dry oxidation in the presence of HCI,
valueAE3 by means of Eq(l). This value was considered in or by the transformation of surface silanic terminations dur-
Table V as the reference to which the other calculated binding aging in air or during high-temperature oxidation. Mim-
ing energies are referred to. icing (=Si)sN: —-HO— or [(—O0)Si]3N: —=HO— at the

(b) Nitrogen bonded to otherwise oxidized silicarhis  necessary accuracy level is however impossible in our frame-
configuration(2 in Table V) was considered to allow for the work. In filling Table V we therefore calculated the N{)1
fact that the demolition of the &0 bonds, required to form binding energy in (HSi)sN: —HOH and stipulated that this
the SgN moiety, produces oxygen that immediately oxidizesvalue is shifted by the same amounts separatingS{HN
the silicon atoms in the g\ moiety (this effect is magnified from (=Si);N and [(—O)3Si]3sN, respectively. In

B. The groups that cannot be manifestly excluded

2. Hydrogen-involving groups
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TABLE VI. Calculated spectrum of the N€) binding energies TABLE VII. Calculated N(1s) chemical shifts in molecules
in hydrogen-containing groups at the nitrided Si-gifterface. compared with the experimental ones in surface groups produced
by silicon nitridation with NH.

Group AE (eV)
—AE (e

1 (=Si)sN 0.00 V)
6, (=Si);N: = HO— +05 Calculated(SCP Experimental
7 (=Si),NH +0.55 n [(H3Si)3Si],NH;z (=Si)nNH3_,
2 N[Sl(O—)g]a +0.66 + €(2) 0 0.00 00
73 HN[ Si(0—)3], +1.08 + €(2) 5 1'89 o1
6, [(—0)3Si]sN: —HO— +1.2 + €(2) 3 2'44 2'7
7 H,NSI(0—)5 +1.63 + €(2) ' '

. - . . . controlled in such a way as to have the prevalence of
more detail, the N(&) binding energie&,, in those moieties %n y P

. : . (=Si)3N, (=Si),NH, or =SiNH,, surface groups, for which
were therefore estimated calculating them for the specie DaN, (=Si), W2, SU group Wi

R o2 . e determined chemical shifts are-2.7,—2.1, or
Eéll?cfvsv:%s's]galtlhrg l_r|uole|:_| and[(HO)sSilsN: »HOH using the  _ 1 g eV, respectively, with respect to physisorbed;NH

Assuming that in all cases each nitrogen atom has no

Euf (RsSi)sN: — HOH] = E,[ (H3Si)sN: — HOH] nitrogen as second nearest neighbor, the energy levels pre-
dicted by our theoretical scheme differ from the experimen-
+{Ep[ (R3Si)sN]—Ep[ (H3Si)3N)} tal ones by approximately 15% in the me@ee Table VI),

. _ . o . .. thus supporting the validity of our scheme. Moreover, the
\év(')tr? R=HO, H,Si, and similarly for partially reduced sili- difference between the calculated chemical shift and the ex-
] perimental one seems to have mainly a systematic character

(b) Hydrogen-terminated speci€khe specie3 were con- . oo . .
sidered because they might form after reaction of basic niLexperlmentally, the N(9) binding energy is shifted toward

e ) . : S ) lower values by 0.2 0.4 more than expectgdthat can be
trogen with silanols; the first step of this reaction is rational- lained b . h . h . |
ized as: explained by assuming that nitrogen has approximately one

nitrogen atom as second nearest neighbor.
(=Si)3N: -HO— — (=Si),NH+=Si0O—
B. Can local effects be separated from interfacial effects?
[(—0)5Si]sN: — HO— — [(—0)3Si] NH+(—0),Si0— According to the analysis of Rignaneseal, the N(1s)
at the Si-SiQ interface or in the oxide, respectively. That binding energy in various species has two contributions: an
silanols may react with §N moieties is understood remem- atomlike contribution accounted for by first and second near-

bering the reaction est neighbors, and a contributie(z), which depends on the
) ) distancez of the species with respect to the interface. This
SisNg+6H,0—3Si0,+4NHzT, second contribution is essentially electrostatic in nature and

which is known to occur at high temperature and to be evenMay b€ evaluated simulating the system at a much lower
tually responsible for a harmful failure in integrated-circuit 2ccuracy levelpseudopotentialsprovided that a model of
processingthe so called “white ribbon}.4 P 68 the interface is known. According to the calculations of Ref.

18, because of interfacial effect the binding energy varies
monotonically frome=0 on the Si-SiQ interface toe
=0.7 eV at a distance of about 4 rithe shift at 2 nm being
The attribution of the chemical shift to an interfacial ef- just 0.4 eV.
fect and a local effect, was not commented, though criti- This separation of effects, however, is conceptually
cized, in Sec. | C. In this section we first test the theory in avrong>? since while considering second or higher order
situation where the interfacial effect can be ignored, and theneighbors we actually account for, at least partially, the elec-
discuss a little bit further the separation of the interfacialtrostatic effect(if we considered all neighbors, indeed, we
effect from the local effect, before trying to identify which would automatically and completely account for in other
nitrogen bonding configurations allow for the observedwords, the value ok(z) determined by Rignanesat al. is

IV. DISCUSSION

N(1s) peak. actually an overestimateof the actual correction to be
brought to the chemical shift calculated with model mol-
A. The structure of the silicon surface nitrided with NH4 ecules.

One major difficulty in validating the theoretical scheme
here proposed is the fact that the potential ene«(@y is not
exactly known because it is not known the distance of the Only few of the considered groups are consistent with the
center from the interface. This difficulty disappears whenexperimental peak. Even legsopefully only ong are such
one considers the nitridation of crystalline silicon by NH groups involving nitrogen, silicon, and oxygen alone. If there
This process has been studied experimentally by Bischofére groups involving only nitrogen, silicon, and oxygen,
et al.” They have shown that the nitridation by Nithay be  which allow for the observed components, they will be con-

C. The structure of the S{SiN,O,|SiO, interface
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sidered as the natural candidates for the nitrogen configura- 3. Energy location of hydrogen-involving species

tions at the nitrided Si'SiQinterface. Only in negative case The presence of hydrogen-invo|ving Species Compncates

we shall relax our quest extending our search to groups inthe N(1s) peak via the raise of new components between

volving hydrogen too. In positive case, hydrogen-involving397.5 and 398.3 e\thus making it even more difficult to

groups will only be considered to evaluate how they carnresolve those componeitand above 398.3 eV. Table VI

affect the N(5) XPS peak. gives the N(E) spectrum in hydrogen-involving species at
The determination of the energy spectrum of the varioughe nitrided Si-SiQ interface.

groups at the Si@interface requires the preliminary attribu-

tion to a certain group of one of the two components con- 4. The interface moiety

tributing to the broad N(&) XPS peak. The analysis given above has identified ifSNO—)s]3
and N (=Si);_,(0—),]3 (y=1) the groups responsible for
1. The line at 398.3 eV is due to N[Si(&);]5 the components at 398.3 and 397.5 eV, respectively. It re-

mains to be explained why and how these species are
formed, putting them in relation to the structure of the
i-SiG, interface and to the nitridation process.

We assume that the[ISi(O—)3]5 group in the SiQ at a
distance of about 2 nm is responsible for the line at 398.3 e
(corrected for the interfacial effect the binding energy in this Why the NSi(O— roup is formed. in a laraer
configuration should be 397.9 @VThis attribution stands on amour)llt for nl?{ridgltion)?/?/?thguopthan for nit}idation W%’]
the space location of the group originating that componenfo was discussed in Sec. IV B.

(as determined by HF etching followed by atomic-force mi-  The origin of the N(=Si);-,(O—),]5 group can be un-
croscopic inspectidfi) and on its relation with the process derstood by observing thal) nitridation involves a strong
(the component at 398.3 eV prevails for nitridation with redox process and hence may significantly occur only at the
N,O, while nitridation with NO produces a stronger compo-silicon surface{ii) at that surface silicon is partially bonded
nent at 397.5 ey to oxygen, and(iii) irrespective of the NO or MD atmo-

All the other species not involving hydrogen should there-sphere, the nitridation process is carried out by NO.
fore have the energies listed in Table V, where &rwe

have only lower and upper estimates<* <0.4 eV, pro- V. CONCLUSIONS
vided that nitrogen is contained in a layer of width around 2 Basing on high level SCF calculations for nitrogen-
nm. containing molecules and on a non-linear criterion to evalu-
o _ ate how the core-level energy scales as the size of the mol-
2. The bond distribution at the interface ecules is increased, we have evaluated thesN(Hinding

According to the attribution of Sec. IV B and irrespective €Nergy in species that mimic nitrogen configurations result-
of the value ofe*, the peroxidic band extends from 399.0 eV iNY from nitridation of the bare silicon surface or of the
(corresponding to the case of 3 peroxidic groups as secomd-SIC; interface.

nearest neighbdto 399.2 eV(corresponding to the case of 6 The e_xperimental attributions_for the silicon surface ni-
peroxidic groups as second nearest neighbors trided with NH; have been confirmed. The XPS spectrum

e - o : _from Si-SiQ, interfaces nitrided in NO or hD are accounted
The bmdmg energy Qf partially reduced S|I|cgn varies ap in terms of a component at 398.3 eV in Si@ue to
proximately linearly withn from 397.6 e\Vt-€* [corre- N[Si(O—)3]s, and of a component at 397.5 eV at the inter-
sponding to the case of the surface moiety;89;N] to 313 P )

X . face due to nitrogen bonded to partially oxidized silicon. We
398.3 eV €* {corresponding to the case of a hypothetlcalh hat.&i i L for el )
N[Si(O—);]; group embedded at the silicon surface ave demonstrated thag§i is not a good model for elemen

e . tal silicon; rather, the minimum cluster required to model
The nitride band ranges from 397.0 ev¥¢ (correspond- ESi)3N is given by[(H3Si)3Si]3N, in which all second

ing to the case of 3 nitrogen atoms as second nearest neigRaarest neighbors to nitrogen are silicon atoms. Moreover, a
borg to 396.7 eV-€* (corresponding to the case of 9 ni- detailed study has been done to analyze steric, conformation
trogen atoms as second nearest neighbors and third nearest neighbors effects: we have seen that which-

Of the considered groups, therefore, only that associategver is the oxidation state of silicon, though the effect of
with partially reduced silicon can be held responsible for thebond bending on N(4) energy level is small, it is however
level at 397.5 eV. The number of silicon second neareshot totally negligible; conformation effects influence the
neighbors that accounts for 397.5 eV depends on the value ®f(1s) binding energy because of the electric field produced
€*. For €=0.4 eV, nitrogen in the moiety (§i)3N by polar groups; finally the N(9) binding energy depends
would have a binding energy of 397.2 eV; in that case, theveakly on third nearest neighbors if different third nearest
second nearest neighbors that account for the experimentakighbors leave approximately unchanged the net charge on
binding energy of 397.5 eV are given by 3 oxygen atoms andecond nearest neighbors and have approximately the same
6 silicon atoms. net charge.
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