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Short Range Order and the Nature of Defects and Traps in Amorphous
Silicon Oxynitride Governed by the Mott Rule
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Using valence band and 3p core level photoelectron spectroscopy, it is shown that the short range
order in amorphous silicon oxynitride-SiO,N,) is governed by the Mott rule. According to this rule,
each Si atom is coordinated by four O and/or N atoms, each O atom (as jhiSi€ordinated by two
Si atoms, and each N atom (as inlSj) is coordinated by three Si atoms. The nature of the removal of
Si-Si bonds (hole traps) at the interface of §iSi by nitridation and the origin of Si-Si bond creation
near the top surface of gate oxynitride in metal-oxide-semiconductor devices are understood for the first
time by the Mott rule. [S0031-9007(98)06731-3]

PACS numbers: 61.43.Dq, 61.72.Ww, 71.23.—k

Short range order in tetrahedral solids such as Si; SiO of surface states and high barriers for injection of electron
crystalline «-SisN4 and B8-SisN4, amorphous silicon ni- and hole at the interface with Si) and;Sj; (high atomic
tride a-SizN4, and crystalline silicon oxynitride-Si,N,O  density and dielectric permittivity). A major advantage
is described by the Mott rule as of usinga-SiO:N, is the removal of Si—Si bonds at the

Ne =8 —n, (1) SiO;/Si interface [8]. The Si—Si bonds are hole traps
and result in the degradation of the electrical properties of
SiO,/Si due to the accumulation of positive charges [9].
The a-SiO:N, gate dielectric is produced by annealing
) : Si0,/Si in nitrogen containing gase@Hs;, NO, N,O).
is equal to 4. The O atom has six valence electronﬁ.his process removes hole traps (Si-Si bonds) from the

(2s22p*). Therefore, in Si@andc-ShN»O, each O atom ., 0. )
is coordinated by two Si atoms. Similarly, the N atom .S'/S'OZ interface [9,10]. The nature of this phenomenon

. 23 7 is so far unclear [5,9—11]. FurthermoesSi;N species
has' five valence eIectror'(Qs 2p), and in .Sj’N“ and .are observed at the top surface of the gate,SiO[5].
¢-ShN,O, each N atom is threefold coordinated by Si : g . .

o L . The annealing of Si@in NH;3 creates a high density
atoms. The amorphous silicon oxynitrie-SiO.N,) of of electron traps in SICN,. To reduce the trap den-
different compositions (from SiDto SkN4) consists of P ¥ b

Si-O and Si-N bonds and involves five types of tetrahedrg"ty’ the reoxidation of SiCN, has been used after

SiO,N,_, for v = 0, 1, 2. 3, 4. The distribution of a hitridation. Reoxidation can reduce the electron trap

particular tetrahedron Sidl4—, with v configuration for density and regrow Sion the top surface of SiM,.

composition(x, y) is given by random statistics However, at the top surface of S, a high density
P y)1S 9 y of hole traps are regained [9—-12]. These traps are also

wlv,x,y) = < Zx >v< 3y >4 4 ~ due to the Si-Si bonds, which has been found from the
2x + 3y/ \2x + 3y vl(4 - v)! electron-spin-resonance (ESR) experiments showing a
2 high density of paramagneti¢’ centers at the top interface
Previous studies showed that the short range order iof SiO,/SIO;N, [9]. The E’ center is created after a
a-SiO:N, is generally governed by the Mott rule. But at hole captured by an Si-Si bond according to the reaction:
some composition af-SiO,N, a deviation from the Mott =Si—S&= + h — =Sie + SE&=. Thus the ESR data
rule by up to 5 at. % was observed [1]. The nature of thisshow that the Si-Si bonds exist at the $iSIO:N,
deviation is still unclear, so the validity of the Mott rule is interface. The origin of the hole traps due to Si-Si bonds
under question. More fundamentally, the defect creatiomt the top SiQ/SiO(N, interface is not clear yet. The
in solids is an important chemical and physical processaim of the present paper is to verify quantitatively the
the understanding of which is basic to our knowledge ofMott rule applicability for chemical bonds iaSiO:N, of
solid states. A relevant example is the defect creation imlifferent compositions, in order to understand the nature
a-SiO;Ny. of defects and traps in gate oxynitride on the atomic scale.
There is a great interest in usingSiO;N, as gate The a-SiO;N, films of different compositions (thick-
dielectric in future nanoscale metal-oxide-semiconductoness about 1000 A) were prepared on silicon (100)
(MOS) silicon devices to replace SiO4-7]. The substrates by low-pressure chemical vapor deposition
a-SiO;N, combines the advantages of SiQow density from SiH;, NH;, and Q at 875°C. We used x-ray

whereN¢ is the coordination number andis the number
of valence electrons [1-3]. The Si atom has four valenc
electrons (3s23p?), and according to Eq. (1), itV
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photoemission spectroscopy (XPS) to determine th&® 2s and N2s states, respectively, and the top subband at
a-SiO;N, composition and infrared spectroscopy to detecD—-13 eV comes mostly from Sis and Si3p states.
the concentration of hydrogen bonds. For XPS measure- The experimental valence band XPS, ultraviolet photo-
ments, the samples were dipped into a solution of 1:3@lectron spectra (UPS) @f-SiQOy 56N 06 and x-ray emis-
HF/deionized water to remove surface oxide. In thesion of SiL,3, Si Kg, N Kg, and O Kg spectra of
present study, we used thermal $i@nd a-SisN; as  a-SiQy4N;; are shown in Fig. 2. The main contribution
standards for a-SiO;N, composition determination. to the UPS is from the @p and N2p states. SiL,3
ESR measurements were made at room temperatugmission originates from the transition of the valence Si
using a Bruker 300X spectrometer i band at power 3s and 3d states to the core Sp state, and SKp is
of 5 uW. due to the transition from the valence & state to the
Valence band XPS specta of SiOSiN4, and core Sils state. In the first approximation, the Hj 3
a-SiOcN, films of different compositions are shown in emission spectrum reflects the Bi, 34 partial density of
Fig. 1. Thea-SiO;N, valence band consists of three states (PDOS) in the valence band, andkgi emission
subbands. The analysis of ionization cross sections dapectrum reflects the Sip PDOS (Fig. 2). Similarly, O
O 25, N 25, O 2p, N 2p, Si 3s, Si 3p states [13] at Kz and NKg emission spectra reflect theXp and N2p
an excitation energy of 1486.6 eV shows that the mairfPDOS, respectively. When the XPS, UPS valence spec-
contribution to the subbands at 19 and 22 eV is from thdra and x-ray emission spectra are linked together, it can
be seen that the top valence subband in the XPS valence
spectrum consists of Sis, 3p, 3d states, O2p states,
and N2p states. Therefore, Si-O bondsdrSiO(N, are

created by 2s, 2p and Si3s, 3p, 3d bonding states,
Q/ and Si-N bonds are created by 2N, 2p and Si3s, 3p,
3d bonding states. The presence of &l states near
/\. the ¢-SihN,O top of the valence band was shown by
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Binding Energy (eV) FIG. 2. Valence band XPS, UPS (excitation at 40.8 eV) of

a-SiQyssNios and SiL,3, N Kz, and OKz emission spectra
FIG. 1. XPS valence band spectra @fSiO,N, for different  of a-SiOyj4N;;. All spectra are combined to the top of the

compositions. The energy zero point corresponds to the top ofalence bandz, (vertical line). The wave function symmetry
the SN, valence band. is shown on each spectrum.
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numerical simulation previously [14]. The above analysis
of a-SiO:N, valence band electronic structure indicates 1270 sin, SION sio, [ 12
that electrons in SBs, 3p, 3d, N 2s, 2p, and O2s, 2p o
states form the Si-N and Si-O bonds. 10 A B 10
If the short range order in an “ideali-SiO(N, is = 05 os
governed by the Mott rule, the following relationship must = ’ -
be observed: > 06 06 3
r o
4=2x + 3)’ > (3) § 0.4 ®  AUX+3YINH]) - 0.4 <
wherex andy are the compositions in the chemical for- N e
mula. According to the Mott rule in the ideatSiO;N,, 0.2 [ 02
the number of Si bonds must be equal to the total number 00 00

of N and O bonds.

However, several reasons can be attributed to deviation
from the Mott rule. First of all, Eqg. (3) assumes that
a-SiO;N, films do not contain any intrinsic defects, FIG. 3. Experimentally determined relationship of the number
such as=Si—Si=, —N—N=—. These defects have the of silicon bonds versus the sum of nitrogen and oxygen bonds

coordinated atoms governed by the Mott rule. Moreqvergloﬁai'(%)N\;\’li{ﬂrh?gregggaCg)g:]gg_s't'ons'(.) without hydrogen
Eq. (2) also assumes that there are no supercoordinated

or undercoordinated Si, O, and N atoms, for instance,

—QO;Sie, =N3Sie, =Sj;Ne, =SiOe, —Ne, etc. The can be understood from the reaction

symbols —, =, =, and ¢ mean one single bond, o ]

two single bonds, three single bonds, and one unpaired 3=SiSFE= + 2N — 2=SiN. 4)

electron, respectively. Also Eqg. (3) assumes that there ar. o . . .
no extrinsic defects such aSiH, =Si,NH, =SiNH,, '?he coordination number of N is 3, so the interaction of

and=SiOH bonds. two N atoms with three Si-Si bonds creates t#&5i;3N

i - ies [5].
To check the existence of defects we studied Esﬁpemes[

and infrared absorption ai-SiO,N,. An absorption at Furthermore, the hole traps near the top surface of
3325 cm™! in infrared absorption spectra was observeq Jate oxynitride are related ®=SI-SF= bonds which are

which is attributed to the stretch vibration of t5&Si, NH created' by the ox[dat|on O.f n_'mde specigsSiN, as
.. shown in the following reaction:
bond. However, no other hydrogen related extrinsic
defects were found. With the known absorption coef- 2=SizkN + 20 — 2=Sj,0 + 2=Sie + 2N;
ficient of the =SihbNH bond the density of hydrogen
bonds was determined [2]. The ESR spectra of the
a-SiO;N, samples were measured to detect the paramaghccording to Eq. (5), the creation of hole traps (Si-Si
netic active defects (dangling bonds). The density of silioonds) during reoxidation of SiMN, is related to the
con —QO;Sie (g = 2.00055), =Nj3Sie (g = 2.0028), replacement of N atoms by O atoms [16].
and nitrogen=Si)Ne (g = 2.0037) paramagnetic de- The Si-Si bonds are electron and hole traps in,SiO
fects does not exceed'® per cni [15], which is at least This is found from the experimental work [17] and
three orders lower than the density of Si-N and Si-Onumerical simulation by quantum-chemical method
bonds. MINDO/3 [18,19]. The polaron model of electron and
The accuracy of Eq. (3) was verified by plotting hole captured by the Si-Si bonds via multiphonon process
4/(2x + 3y) versusx/(x + y), wherex/(x + y) char- in SiN; has been proposed and developed [2,19-23].
acterizes the chemical composition of theSiO.N,  According to these results, the Si-Si bonds act as electron
films. A deviation of about 9% from the Mott rule can and hole traps at the $,/SiO, interface. Equation (5)
be found from the plot (see Fig. 3). However, when theexplains the abnormally large number of hole and electron
concentration of hydrogen bond&lH] was taken into accumulations at the §\4/thermal oxide interface due
account for each sample, the plot #f(2x + 3y-[NH])  to the creation of Si-Si bonds during;8i; oxidation
versusx/(x + y) deviates from the Mott rule less than [24,25].
2%, which is the accuracy of-SiO.N, composition The validity of the Mott rule for SiON, opens up
determination by XPS. The obtained results show thathe possibility of proposing the more specific definition
the Mott rule governs the short range ordemisiO,N,  of point defects in an amorphous solid by Elliott [26].
for all the compositions ranging from Sj@o SiN,. A point defectis any deviation from the coordination
The Mott rule which governs the short range order innumber described by the Mott rule and from the expected
a-SiOcN, is the key to explaining the origin of defects sort of atoms in formation of the bonds with respect to
and traps in gate oxynitride. The removal of hole trapsan ideal (defect-free) structure. In the case of ,S&nd
from the SiQ/Si interface during the oxide nitridation SizN4 this definition includes paramagnetic defects such
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as=Sie, =Si-O-O¢, =Si)N e, diamagnetic defects such [7] R.W.M. Chan, R.W.M. Kwok, W.M. Lau, H. Yan, and

as=Si-Si=, =N-H, two coordinated Si-atom with lone S.P. Wong, J. Vac. Sci. Technol. 5, 2787 (1997).

pair electrons=Si: (sililene center in SiQ[27]), neutral ~ [8] M.M.B. Holl and F.R. McFeely, Phys. Rev. Let?l,

defects such as=SiOe, =Si:, =SiOH, charged defects 2441 (1993).

such as=Sie "Si= (E’ center in SiQ), intrinsic defects [9] J.T. You_nt, P.M. Lenahan, and G.J. Dunn, IEEE Trans.

such as=Sie, =N-N=, =Si-O-O-S=, and extrinsic Nucl. Sci.39, 2211 (1992).

defects such a=SiH, =Si,NH, =SiOH. [10] V.A. Gritsenko, in Proceedings of NATO Advanced'
In conclusion, the validity of the Mott rule for Research Workshop: Fundamental Aspects of Ultrathin

. . . . Dielectrics on Si-based Devices toward an Atomic Scale
a'_S'OXNy_Of different Cqmp05|tlons n the range from Understanding,edited by E. Grafunkel, E. Gusev, and
SiO, to SkN4 was experimentally verified by investigat- A. Vul', High Technology Vol. 47 (Kluwer Academic
ing valence band electronic structures and by quantitative  pyplisher, Boston, 1997), pp. 335—342.

analysis of the chemical compositions. This observation11] A. Malik, J. Vasi, and A.N. Chandorkar, J. Appl. Phys.
contributes to our understanding of the fundamental rule, ~ 74, 2665 (1993).

which dominates short range order and defect creatiofi2] z. Liu, H. Wann, P.K. Ko, C. Hu, and Y.C. Cheng, IEEE
during chemical reactions in tetrahedral amorphous solids,  Electron Device Lett13, 519 (1992).

e.g., SIQN,, SiN,, and SiQ. The nature of the removal [13] .M.  Band, Yu.l. Kharitonov, and M.B.
of Si-Si bonds (hole traps) at the interface of SiSi Trzhaskovskaya, At. Data Nucl. Data Tabl@s, 443
by nitridation and the origin of Si-Si bond creation of  (1979). .

gate oxynitride in MOS devices are for the first time[14] Y-N. Xu and W.Y. Ching, Phys. Rev. B1, 17379
understood on the basis of the Mott ruledrSiON,. (1995).
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