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Electrically inactive nitrogen complex in Si oxynitride
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Based on first-principles theoretical calculations, we find a very stable nitrogen complex in oxynitrides,
which consists of two N atoms at O sites and one O vacancy. This N complex is electrically inactive without
bonding with hydrogen, removing the electrical activity of O vacancies, and the stability of this complex is
greatly enhanced as going from pure oxide to oxynitride films. We suggest that charge traps involving a single
N atom, such as a bridging N center, can be deactivated by reactions with O or NO interstitials, and resulting
N interstitials are easily depleted into the interface, in good agreement with experiments.
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The incorporation of N into a gate oxide of metal-oxide- traps involving a single N atom, and depleted N atoms
semiconductofMOS) devices has attracted much attentionmoves to the interface to form the inactive N complex.
because of the suppression of dopant diffusion, leakage cur- We calculate the total energies of N-related defects in
rent, charge trapping, and hot-carrier-induced degradation. a-quartz SiQ using a first-principles pseudopotential
Experiments showed that the performance of MOS devicemethod within the generalized gradient approximatiomio
depends on both the concentration and distribution of N indeal with the localized nature of the O- and Ig-®rbitals,
corporated in oxynitride(or lightly nitrided oxide films.® e use a real-space multigrid methayhich has been very
However, the reason for the electrical improvement of MOSgficient in applications to localized systems such as,SiO
devices by N incorporation is not clearly understood, while it;nq 7zno7:18 The Laplacians in Poisson and Kohn-Sham
desi.res a complete undgr;tanding of the s.tructural and ele‘é'quations are expressed up to the 12th order, based on a
tronic properties of oxynitrides on an atomic level. higher-order finite difference methd8We employ the same

There have been much debates on the bond conﬁguraﬂog]st of grids as that used for a 72-atom supercell in previous
of incorporated N. From x-ray photoelectron spectroscopy

s : : . calculations for SiQ.1” With use of the conjugate-gradient
measurements for oxynitridé$,a N=Si; configuration was . I . . .
suggested at or very close to the interface, i.e., one N bond { chmque! we fe'?‘x lonic coordlngtes until the atomlq con-
to three Si atoms, while the chemical bond of N away from guration |soopt|m|zed. The formation energy of a deigds
the interface is eitrea N bonded to two Si and one O atom U€fined as’ Eq(@)=Eqp(@) ~ = gnsus, WhereE (a)
(O—N=Si,) or a N bonded to two Si atoms ENSi,).691* is the total energy of the supercell containing the detect
— R 2)

Previous theoretical calculations indicated that N incorpora-nﬁ IS ;[Ihe n(t;mbfer t(;]fG aﬁoms (GIZS;’ Ct) ;’:m? N ”: the_?rl:'
tion in SiO, generates dangling bonds or lone pairs of the SiPECell: andu i the chemical potential of & atom. The
Qemlcal potentials of bulk Si and,Care chosen as the

O, and N atoms, and hydrogenation deactivates these charﬁ1 . . .
traps'? However, H-related bonds such as Si-H and N-HaXIMum values fous; and uo, respectively, and satisty
the relation,ugi+2uo= KSi0,: where,usio2 is the total en-

have not been observed in oxynitride films grown ipQON
ambientt®>'* which exhibit smaller electron and hole trap €rgy per molecule in Si© To describe the stoichiometry of
densities, as compared to pure $ifim. In NH-nitrided ~ SiO,, we use the stoichiometric parameledefined asus;
films, on the other hand, a much higher charge trap density #si(bulk)—AAH, wherepug;(bulk) is the chemical poten-
was found, with a large number of Si-H and N-H bondstial of bulk Si andAH is the calculated heat of formation of
formed by the introduction of high H concentratidis?  a quartz, 9.53 eV. Since NO molecules are considered to be
Since H densities are usually lower in,®-oxynitrided  responsible for oxynitridization in bothJ®- and NO-grown
films, it is unlikely that H plays an important role in reducing oxynitride films?* we obtain the N chemical potential from
charge traps in these samples. that of a NO moleculepn= uno— mo-

In this paper, we present an atomic model for N incorpo-  First, we study the energetics of the=I$i, and N=Sis
rated in SiQ, based on first-principles pseudopotential cal-configurations, which involve a single N in bonding. In the
culations. We find a very stable N-related complex near théN=Si, class, the most preferential species are drawn in Figs.
interface, which consists of one O vacancy and two N atomd(a,b), referred to as N(2J and N(21-Vo, which represent
in the N=Si; configuration. This complex is an electrically the twofold N atoms at the O lattice in the perfectguartz
inactive center with no dangling bond even in the absence oind @ quartz with an O vacancy\y), respectively. Simi-

H, and becomes very stable as going to Si-rich layers, wherkrly, the threefold N atoms in the Si; configuration are
the concentration of N is increased. Due to the inactivereferred to as N(3Q and N(3h-Vg in Figs. 1c,d). In gen-
N-related complex, the electrical activity of O vacancies iseral, the Si-N bond lengths of the twofold N atoms are found
severely suppressed, explaining experimental findings thdb be 1.66—1.67 A, while they increase to 1.73-1.80 A for
the intensity of partially oxidized Si atoms and the density ofthe threefold N atoms, similar to previous calculatidhin

E’ centers near the interface are significantly reduced. Wehe N(3), and N(3 -V defects with a broken bond, a new
suggest that O or NO interstitials easily deactivate chargbond between the N and Satoms is formed, and a six-
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FIG. 3. Atomic structures of th@) O,-N(2)o, (b) N interstitial
in the peroxy linkage structure, ar(d) transition state with a N
bonded to a Si atom. The lower panel shows the variation of energy
along the diffusion path of N, wheré') denotes other peroxy
linkage structure with the N positioned at a neighboring Si-O-Si
bridge site.

However, all these defects contain active dangling bonds,
becoming charge trap centers, while it was suggestedhat
incorporation prevents the charge trap generaltfon.

Here, we find &H-free defect complex that solely consists
of N and Vg, without any dangling bond. This complex,
referred to as N(3)-Vo-N(3) in Fig. 1(e), has two three-
fold N atoms (N and N,;) on both the sides 0¥ 5. Because

gof the two N=Si; species, this complex is an electrically

four-member rings. Since a Si-O bond is stronger than a Si-N'active center, with no defect level in the band gap, very
bond, the formation energy of N(3)is lower by 1.85 eV similar to donor-vacancy complexes proposed for inactive

than for N(3),, as shown in Fig. 2. When the & bond is donors in SE?If N, and N, change into two N(23 species,
formed as going from N(2)Vg to N(3)o-Vo, it gains a the Sj-Si; bond is recovered. However, since lone-pair states
much higher energy than the energy cost to break th&iSi remain at the twofold N atoms, the total energy increases by

bond, thus, the N(3)-Vo defect has the formation energy ©-20 €V indicating that N(3-Vo-N(3)o is a very stable
lower by 1.74 eV. Among the N Si, and N=Si; defects up complex. When an O atomlls adgied to th?s'”. bond, the
to now, N(2), has the lowest formation energy over the Ni atom forms a bond configuration otON=Si, [see Fig.

. : 1(f)]. This O-added complex is less stable than
whole range ofn, except for the extreme Si-rich region ( . T o
_ : -~ : : N(3)o-Vo-N(3), for a wide range of, while it is stabilized
~0), wh N(3p-V tabilized b t tho. /O Y0 O L
), where N(3j-Vo is stabilized by reaction with/o against N(2y for 0<A<0.5, as shown in Fig. 2. We also
. R . consider adding an O atom to the NRjlefect, which is

FIG. 1. Atomic structures of théa) N(2)o, (b) N(2)o-Vo, (€)
N(3)o, (d) N(3)o-Vo. (8 N(3)o-Vo-N(3)o, and (f) O-added
N(3)o-Vo-N(3)o defects in thew-quartz structure.

member ring containing the N atom split into three- an

12 NQ)o-Vo .7 refer.red to as ON(2)p in Fig. 3@), and find that this_ N
- g configuration is the most stable defect fombove 0.64, i.e.,
8 |- NG)o-Vo PRty under the O-rich condition.

For N concentrations larger than#@m™3, which can be
achieved fo\ <0.6 at a growth temperature of 1000 f€ze
Fig. 2], the N(3)-Vo-N(3)o complex is found be the most
stable N configuration. The stability of this complex is
greatly enhanced against N(@&s going to the Si-rich limit.
This result indicates that N is likely to be incorporated in the
Si-rich region such as suboxide layers near the interface, in
T NNG) Ve NG, good agreement with experimerifsUsing a Si/tridymite-
12 B N SiG, interface model, we find that an inactive NE3N(3)s;
0 0.2 0.4 0.6 0.8 1.0 complex, where two adjacent Si atoms are occupied by two
% N atoms, can be formed in the Si bulk region close to the
interface, similar to an inactive pair of phosphoréfighe
FIG. 2. The formation energies of various N-related defects as ®inding energy of this complex is calculated to be 1.98 eV, as
function of the stoichiometric parameter compared to two isolated substitutional Ng3atoms. If the
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N(3)s-N(3)si complex is buried in oxynitride as the inter- the peroxy linkage structure, the N interstitial migrates to a
face grows into the Si substrate, it is expected to graduallyeighboring Si-O-Si bridge site and forms a new peroxy
transform into the N(33-Vo-N(3)o complex. The existence linkage, with an energy barrier of 2.47 eV. At the saddle
of N=Sij; units in the N(3}-Vo-N(3)o complex agrees well  point of this diffusion process, the N atom is only bonded to
with x-ray photoelectron spectroscopy measurentérsd  the neighboring Si atorfisee Fig. &)], very similar to the
theoretical calculatioig® of core-level shifts. When the concerted exchange of O interstitialand eventually dif-
N(3)o-Vo-N(3)o complex is formed via the reactionV3 ~ fuses into the interface along the Si@etwork. Since the
+2N; [or 2N(2)o+Vo] —=N(3)o-Vo-N(3)o, Which is  kick-out diffusion of N by Q occur with energies much
found to be exthothermic by 15.95 eV, O vacancies in incomiower than that of isolated N(2)and Q, it is very likely for
plgtely oxidizgd_Si are annihilated by nitridizgtipn,_ consistentihe N(2), defect to be depleted in the oxide by reaction with
with the prediction by the Mott rulé The annihilation of O 4tomic O. Similarly, for other N-related defects involving a
vacancies also agrees Wl'th other experiments, Whl(;h reportesqngm N atom, we find the formation of @I(2),, via extho-
that N incorporation significantly reduces the density of Pathermic reactions with interstitial O, which results in a simi-

tially oxidized Si atoms in the suboxide layer near the : PP ;
) . lar O-assisted diffusion of N; the reactions of Ng3O,

7 li 6 ) i
interface’ and removes the 'Ecenters?® which are regarded N(3)o-Vot 20, and N(2)-Vo+ 20, are exthothermic by

as positively charged O vacancfésespecially near the in- ! o
terface. In the amorphous environment, it is expected that th 74, 10.26, af‘d 12'(.)0 e_\/, respe(_:tlve_ly. OL.” results mdu;ate
at the O-assisted diffusion of N is highly likely to occur in

pair of threefold N atoms may not have the same structure a ) . / X
that obtained in crystalline quartz. Because of the continoud!® RTO process using A0, V\éhere atomic O is supplied
random network, the two threefold N atoms in the pair may/Tom the decomposition of 0.” When the N atom diffuses
be separated more than that in crystalline quartz. Then, ifto the interface, where O vacancies are piled up, O vacan-
may appear that the threefold N atoms look isolated defect§ies will be annihilated by the reaction,;-8(2)o+3Vo
which is not inconsistent with the single threefold N defect—N(3)o-Vo-N(3)o, Which is exothermic by 14.41 eV.
model®° Our results suggest that the defect center with twoSince the oxynitridization or annealing process induces the
threefold N atoms is the most dominant inactive N defect information of the inactive N(33-Vo-N(3)o complex, the
amorphous Si oxynitride. However, since the structure ofcharge traps associated with O vacancies near the interface
amorphous film is different from that of crystalline quartz, are deactivated.
other possibilities such as the creation of the inactive single We also find that the N(2) defect is easily removed by
threefold N defect can not be ruled out. Thus, more decisivaéeaction with an interstitial NO molecule, as suggested by
experiments are required to clarify the atomic structure of thédaks and co-workefS.When N(2), forms a complex with
dominant inactive N defect. NO, the binding energy is calculated to be 4.51 eV, and the

Oxide films grown in NO by rapid thermal oxidation newly formed N molecule can be dissociated into the empty
(RTO) have a preferential pileup of N at the Si-Si@iter-  region of the six-member ring with an energy barrier of 1.27
face, while furnace-grown oxides in,® exhibit a fairly eV, recovering a Si-O-Si bridge. The removal of Ng2y
uniform distribution of N throughout the oxid®?Among  NO is energetically favorable because the energy of the dis-
the gas-phase products decomposed frgi® Ny RTO, such  sociated N is much lower by 6.60 eV than that of isolated
as N, O,, NO, and O, Carr and co-workers suggested that &N(2)o and NO. The interstitial Nis an electrically inactive
reaction involving atomic O depletes previously incorporatedcenter, with no defect level in the band gap.
N from the oxide® They also showed that incorporated N in  Finally, we discuss the electrical improvement of Si ox-
the oxide is removed by annealing in;,Owhich produces ynitrides, which exhibit a significant reduction of charge
atomic O, while the N distribution is not significantly af- traps. Experiments suggested that dominant hole traps in the
fected by Q. Other view based on a reaction involving NO oxide are attributed to oxygen vacancisTheoretical
for the N removal was givef?, while other experiments re- calculationg? also indicated that O vacancies are responsible
ported that the supply of NO does not remové®N. for the stress-induced leakage curré81LC), while there

To see the depletion of N by atomic O, we examine thehas been other model involving a complex of O vacancy
reaction of N-related defects acting as a charge trap withvith hydrogert® The replacement of O vacancies by our
interstitial O, and the subsequent diffusion of N as an interinactive N-related complexes in the O-deficient layer will
stitial. When N(2), forms the @-N(2)o complex[see Fig. eventually lead to the suppression of the SILC. On the other
3(a)] with an interstitial O, the energy is lowered by 3.89 eV. hand, NH-nitrided oxides exhibited a high density of elec-
Figure 3 shows the variation of energy along the diffusiontron traps, which were attributed to N(2,) while the density
path of N in the @N(2), complex, relative to isolated ;0 of hole traps is lowere&**When these oxides are thermally
and N(2). For each position of the path between two reoxidized in Q, the density of N(29 was shown to be
(metgstable configurations, the geometry optimization isgreatly reduced? which may result from the deactivation of
performed by constrained conjugate-gradient relaxatioN(2)o by reaction with O, based on our calculations. The
method®° As the Q-N(2),, defect turns into a peroxy linkage removal of N(2), by O or NO can also explain other experi-
structure with the N atom incorporated in the Si-O-Si bondmental findings that the defect densities of N§¢2jre re-
[see Fig. ®)], the energy increases gradually by 0.77 eV,duced in oxynitrides grown in pO or NO ambient, which
while the energy of a threefold configuration, where N issupplies the source of atomic O or NO. Thus, we suggest that
directly bonded to the O atom, is much higher by 2.97 eV. Init is an important procedure to supply O or NO interstitials
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for suppressing N-related charge traps and enhancing thge further find that N(2) behaving as a charge trap in the

electrical reliability of oxinitrides. the pure oxide can be easily deactivated by reaction with O
In conclusion, we find that incorporated N forms the or NO interstitial, and the subsequent kick-out diffusion of N

stable defect complex that consists of two N atoms and oNgytg the interface leads to the formation of the inactive N

O vacancy, especially in Si-rich layers near the SISO omplex, suppressing the electrical degradation caused by N
terface, where the level of N incorporation is of an order Ofincorporation.

atomic %. Since this N complex is an electrically inactive

center involving O vacancies, the suppression of the electri- We would like to thank Dr. Y.-G. Jin and Y.-S. Kim for
cal activity of O vacancies piled up near the interface wouldhelpful discussions. This work was supported by Samsung
lead to the improvement of the MOS device performanceElectronics and the supercomputing center in KISTI.
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