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Abstract

As the aggressive scaling of the metal-oxide-semiconductor structure continues, new reliability challenges in gate

dielectric materials now came across as the gate dielectric thickness will be further down scaled to its technological

constraint (< 3 nm). Since the interface thickness and the capture cross-section of dielectric traps are not scalable, the

nano device structures and the giga-scale circuit architectures call for a fabrication process with ultra-high uniformity

and repeatability for devices. These put strengthen constraints on the trap density and chemical composition fluctu-

ations of the gate dielectric materials. This paper reviews several important issues of the dielectric traps in oxynitride.

Particularly, the paramagnetic defects (BSi�, BSiAOAO�, BSi2N
�), diamagnetic defects (BSiASiB, @NAH), dicoor-

dinated Si center (@Si:) and neutral defects (BSiO�,BSiOH,BSiAOAOASiB) are discussed in detail based on both the

experimental and simulation results. � 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

As the aggressive scaling of the metal-oxide-semi-

conductor (MOS) structure goes on, new reliability

challenges in gate dielectric materials now came across

[1–5] as the gate dielectric thickness will be further down

scaled to less than 3 nm in the nanoscale devices. Al-

though preparation of 1.3 nm ultra-thin gate oxide has

been attempted recently by a research group of Bell

Laboratories [1], reliability study conducted by Degra-

eve, Kaczer and Groeseneken shows that an oxide films

below 2.5 nm are not good enough because the char-

acteristics have wider statistical spreads and depend

more stronger on the temperature [2].

The gate dielectric reliability becomes crucial because

the interface thickness and the trap capture cross-section

are not scalable. In conventional oxide, the interface

layer, in the form of suboxide, is about 5 �AA thick and

most of the oxide traps are found in this transition re-

gion. It was found experimentally that the cross-section

for the capture of charge carrier ðrÞ in oxide could be as

large as 10�14 cm2. This value corresponds to an effective

capture radius of the trap R ¼
ffiffiffiffiffiffiffiffi
r=p

p
of about 5.6 �AA.

These parameters are the technological limits of the

thickness of oxide film. On the other hand, the retention

time requirement for memory is generally over 10 years

[5]. This requirement calls for a very low leakage tunnel

oxide. However in very thin oxide the interface region

and the trap capture cross-sections are so large (when

compared to the total oxide thickness) that the interface

traps can play a dominant role in the tunneling char-

acteristics. Meanwhile, the number of electrons stored in

the floating gate will be scaled down to about 3000 in the

1 Gbit generation [5], any non-uniformity in chemical

composition and even surface roughness fluctuation will

cause significant charge fluctuation.

To meet this challenge, it is proposed that the

amorphous gate silicon dioxide should be replaced by

amorphous silicon oxynitride (SiOxNy) [6–11] or stacked

oxide/nitride dielectric [11]. Silicon nitride prepared by

chemical vapor deposition (CVD) is not in good device

quality because of the inherent stain in the networks of

the amorphous structure [12]. The physical configura-

tions of the network atoms are confined by the bending

and stretching forces. It was found that these constraint

forces are a linear function of the average coordination

number of the atoms [12]. For silicon, the average
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coordination number is 2.67 and is optimal because

bending forces at oxygen atoms are too weak to function

as significant constraints. In silicon nitride the corre-

sponding coordination number is 3.43 and the networks

are over-constrained. As the silicon atom stretching

constraints are stronger than bending constraints, strain

energy will be accumulated along the bending con-

straints in silicon nitride. The average bond angle is

distorted and more defects are resulted. The difference in

the bending constraints also results in the poor Si=Si3N4

interface. Stacked structure is one of the solutions for

making use the advantages of oxide and nitride. Oxide-

Nitride-Oxide (ONO) structure has been widely used

in the DRAM and EEPROM devices. However, the

properties are not good enough for active device appli-

cations. Oxynitride is a good approach to improve the

dielectric properties. It can be used for bridging the

oxide and nitride and their interface to silicon substrate.

Fig. 1 compares the atomic structures of silicon oxide

and silicon oxynitride. Data in Fig. 1 are taken from

Ref. [13]. The SiAO bond length was prolonged and the

bonding angle of SiAOASi become larger and more

defects are still expected in oxynitride. The non-stoi-

chiometric silicon oxynitride (with excess silicon) may

consist of SiAO, SiAN and SiASi bonds. To the first

order approximation, its bandgap are expected to vary

linearly between 5 eV (oxide) and 9 eV (nitride). The

grade interface is more effective in reducing the direct

tunneling and the interface defect density. These prin-

ciples can be used to improve the dielectric properties of

oxynitride films. Unfortunately, the properties of oxy-

nitride obtained to-date are far below our expectation

because of technological problems. The amount of di-

electric defects in oxynitride by ammonia (NH3) nitri-

dation would be very large because of the hydrogen

incorporation [6–10]. Although nitrous oxide (N2O)

nitridation seems to have the advantage of low hydrogen

content, the amount of nitrogen incorporation, in the

range of 2–4 at.%, is still not large enough to improve

the hardness for hot carrier irradiation [14]. In addition,

this process further suffers from many difficulties. The

uniformity and reproducibility between wafers and

batches are very poor. Moreover, thermodynamically,

nitridation of oxide is much difficult than silicon oxi-

dation even at high temperature. The worst of it is that

the defect density is not minimized. Instead, the defect

origins are almost three fold: the oxide and nitride de-

fects and their new variants can be found in the oxy-

nitride. The paper reviews several important issues of

the dielectric traps in oxynitride. Particularly, the para-

magnetic defects (BSi�, BSiAOAO�, BSi2N
�), diamag-

netic defects (BSiASiB, @NAH), dicoordinated Si

center (@Si:) and neutral defects (BSiO�, @Si:, BSiOH,

BSiAOAOASiB) are discussed in detail based on both

the experimental and simulation results. A new oxynit-

ride preparation method with low hydrogen content and

high nitrogen content is proposed.

2. Trap classifications

The electronic quality of a gate dielectric film is

governed by the neutral and charged electronic defects.

These defects could be physical in several forms of non-

bridging or dangling silicon and oxygen bonds. In-

terstitial or bonded impurities can also serves as the

electronic trap centers. From physical point of view, the

dangling bonds and the impurities modify the local po-

tentials around these sites. As a result, the bound state

solutions to the Schr€oodinger equation for electron and

hole in these sites may be significant. The conduction-

band electron and valence-band hole in the dielectric

film can then be trapped or captured into these bound

states. The known electronic defects in silicon oxide,

nitride, and oxynitride can be further classified into the

following six groups according to their electronic prop-

erties:

(a) Paramagnetic defects such as BSi�, BSiAOAO�,

BSi2N
�;

(b) Diamagnetic defects such as BSiASiB, @NAH,

dicoordinated Si center @Si:;

(c) Neutral defects such as BSiO�, @Si:, BSiOH,

BSiAOAOASiB;

(d) Charged defects such as BSi� þSiB (E’center in

SiO2), BSi2N: (electron captured by BSi2N
� defect

in oxynitride);

(e) Intrinsic defects such as BSi�, @NAN@,

BSiAOAOASiB, @Si: and

(f) Extrinsic defects such as BSiH, BSi2NH, BSiOH.

Here the symbols A, @ and B in this work represent one

single bond, two single bonds and three single bonds,

respectively and � denotes one unpaired electron.Fig. 1. Atomic structure of silicon oxide and silicon oxynitride.
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3. Trap properties and formation mechanisms

The energy levels of some of the above traps from

experiments are listed in Table 1. To have better un-

derstanding of these traps, the electronic properties are

simulated with MINDO/3. Cluster approximation to

study the electronic structure of several different clusters

in silicon oxynitride was used. Atomic relaxation in

different charge states of defect was considered in the

simulation. To simulate the effect of chemical compo-

sition on the capturing properties of the BSi2N
� defect

in silicon oxynitride, clusters with different numbers

of oxygen and nitrogen atoms, i.e. �NSi2(N6)SiH12,
�NSi2(N4O2)SiH10 and �NSi2(O6)H6, in the second

coordination sphere were considered. For simulation

of the Si3N4 bulk electronic structure we used the

Si20N28H36 cluster. The atomic structures of these clus-

ters are shown in Fig. 2 and the simulation results for

these traps are illustrated in Fig. 3 [9].

3.1. Paramagnetic defects: BSiO�, BSi2N�

In silicon oxide, it is well known that oxygen atom

with unpaired electron BSiO� or R-center or non-

bridging oxygen hole center (NBOHC) is the well known

defect [15]. Electron spin resonance (ESR) and photo-

luminescence (PL) studies show that this center has en-

ergy of 1.9 eV and full width at half maximum (FWHM)

of 0.2 eV in oxide. The 1.9 eV PL peak may also due to

BSi2N
� defects in nitride and oxynitride (see Fig. 4).

This defect was identified by ESR measurement in Si3N4

and SiOxNy by Warren et al. [16] and Chaiyasena et al.

[17], respectively. This kind of defects becomes more

complicated in oxynitride. The silicon atoms in these

defects can be randomly coordinated by different num-

ber of oxygen and nitrogen atoms, i.e. O3�bNbSiO
� or

O3�bNbSiN
� where b ¼ 0, 1, 2, 3. As a result, a slight

different peak energy from the conventional R-center.

As shown in Fig. 4, the intensity of R-center in

oxynitride becomes higher as the oxygen concentration

increases because of the high density of BSiO� defect in

high oxygen concentration samples. On the other hand,

increase in nitrogen concentration gives rise to the in-

crease of the FWHM and a shift of the peak to lower

energy. Depending on the amount of BSiO� and BSi2N
�

defects, the peak position may vary. A low-energy shift

can be observed in high nitrogen concentration in sam-

ple because of the increase of BSi2N
� defects.

The creation of BSi2N
� defect in oxynitride could be

resulted from the breaking of the Si2NAH or NAN

bond according to the following reactions

BSi2NH ! BSi2N
� þH ð1Þ

BSi2NANSi2B ! BSi2N
� þ �NSi2B ð2Þ

Table 1

Catholuminescence and photoluminescence features of the

major defects in oxynitride film

Luminescence method Energy (eV) Origins

CL 1.9 O3�bNbSiO
�

CL 2.7 O2Si:,N2Si: or NOSi:

CL 3.1–3.6 N3SiASiN3

CL 4.4–4.7 BSiASB, N3SiASiN3

CL 5.4–5.7 BSiOO�

PL 2.4–3 BSiASiB (electron)

PL 4.4 @Si:

PL 5.7–6.3 BSiASiB (hole)

Fig. 2. Clusters used in simulating the defect capturing prop-

erties of (a) Si20N28H36, (b) NSi2(N6)SiH12, (c)
�NSi2(N4O2)-

SiH10 and (d) �NSi2(O6)H6.

Fig. 3. Calculated energy diagram for the major defects in

oxynitride. Similar defects in oxide and nitride are also shown

for comparison.
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This kind of defect can be removed by re-oxidation,

i.e.

BSi2N
� þO ! BSiAOASiBþN ð3Þ

The oxygen replacement occurs without other atom

re-arrangement as the nitrogen atom and the nitrogen

defect have the same coordination number.

Fig. 3 shows the calculated energy diagram for

BSi2N
� and BSiO� defects in oxynitride. Similar defects

in oxide and nitride are also shown for comparison. The

obtained values of the energy gain for the capture of

electron from the bottom of the conduction band (Ec) is

about 1.0 eV. That is the thermal delocalization electron

trap energy is about 1.0 eV. However, the capture of

hole from the top of the valence band (Ev) is energeti-

cally unfavorable. In addition, simulation results also

show that the electron trap energy is weakly depends on

the cluster chemical composition. The energy gain re-

sults indicated that the BSi2N
� defect in silicon nitride

and oxynitride with high concentration of nitrogen

cannot capture a hole but an electron. Our results also

agree with Powell and Robertson [18] that the negatively

charged nitrogen defect BSi2N: can be a hole trap. We

also rule out the possibility that the neutral BSi2N
�

defect may also act as a hole trap in Si3N4 which was

proposed by Kirk [19]. Simulation of the neutral BSi2N
�

defect shows that unpaired electron is localized for all

considered clusters in the N 2pp nitrogen non-bonding

orbital which is oriented normally to the Si2N plane. The

captured electron is localized in the N 2pp non-bonding

orbital of the BSi2N
� defect (see Fig. 5).

This result agrees with the previous theoretical sim-

ulation of this defect in silicon nitride [20,21]. As ob-

tained in Ref. [16] for the BSi2N
� defect in Si3N4, the

wavefunction of the unpaired electron consists from

90% of p-type and 10% of s-type atomic functions.

Similar result was also obtained from the analysis of

ESR signal hyperfine splitting in oxynitride [20]. On the

other hand, simulation results also suggest that the

electron localization by the BSi2N
� defect will result in

spin dissipation. This effect was experimentally observed

earlier [20]. Electron localization results in the transfer

of paramagnetic defect BSi2N
� to diamagnetic defect

BSi2N:. The corresponding model is picturized in Fig. 5.

The precursor of BSiO� defect can be the peroxyl

linkage (BSiAOAOASiB) in silicon oxide. The silicon

to silicon distance with a peroxyl contented network

could be as large as 3.47 �AA which is significantly larger

than that value of silicon oxide and oxynitride, thus this

linkage could be readily broken according to the fol-

lowing reaction:

BSiAOAOASiB ! 2BSiAO� ð4Þ

The peroxy radical may be generated during oxida-

tion or thermal annealing

BSi�ðE0centerÞ þO2 ! BSiAOAO� ð5Þ

BSiAO� þO ! BSiAOAO� ð6Þ

Fig. 4. Cathodoluminescence spectra of SiOxNy films with

different composition in the visible and near ultraviolet range.

Fig. 5. Model of three-fold coordinated nitrogen atom as an

electron trap in silicon nitride and oxynitride (a) capture of

electron and (b) capture of hole.
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The experimental observed optical absorption at

5:3	 0:2 eV [22] is attributed to the peroxyl radical

@SiOO� oxide. In oxynitride the intensity of this peak

increases with the oxygen concentration.

3.2. Paramagnetic defects BSi�

It is well known that the Pb center (BSi�) is the major

source of surface states at the Si/SiO2 interface [23–25].

A Pb center is a threefold-coordinated silicon atom with

an unpaired electron and is an electron and hole

amphoteric surface centers at the Si/SiO2 interface. With

thermal nitridation, the density of the Pb center was

reduced from 2
 1012 cm�2 to a value below 1011 cm�2

[26]. This is a good interface property for MOS devices

application.

According to the Mott rule, the interface state cre-

ations being suppressed during the SiO2 nitridation can

be explained by the reaction of nitrogen atoms with the

SiASi bonds in SiO2 and Pb centers on the silicon surface

according to the following reaction:

BSiASiBþNþ �SiB ! BSi3N ð7Þ

With this reaction, the nitrogen atom incorporation

during the nitridation accompanies the removal of SiASi

bonds and the silicon dangling bonds (BSi�). The re-

sulting species are chemically and electrically stable.

3.3. Diamagnetic defect BSiASiB

The creation of SiASi bonds in the oxynitride can be

understood on the atomic scale by Mott rule which can

be used to describe the short-range order in silicon

oxide, silicon nitride, and silicon oxynitride. Mott rule is

CN ¼ 8� n ð8Þ

where CN is the coordination number and n is the

number of electrons taking part in the chemical bond.

The number of valence electrons for Si, O and N are 4, 6

and 5, respectively. According to (8) silicon, oxygen and

nitrogen atoms in silicon, silicon dioxide and silicon

nitride have 4, 2 and 3 neighbor atoms, respectively. It

was obtained quantitatively that the short-range order

of silicon oxynitride of different composition can also be

described by Mott rule. Since an N atom in Si3N4 is

coordinated by three Si atoms, and an O atom in SiO2 is

coordinated by two Si atoms, substitution of N by O

accompanies the creation of a silicon dangling bond or

E0 center BSi�, i.e.

2 BSi3Nþ 2O ! 2 BSi� þ 2 BSi2O ð9Þ

Two such silicon atoms with unpaired electrons re-

sults in a creation of SiASi bond, namely,

BSi� þ �SiB ! BSiASiB ð10Þ

More generally, the reaction describing nitride oxi-

dation can be written as

2NSi3 þO2 ! SiASiþ 2OSi2 þN2 ð11Þ

Reaction (11) describes the silicon nitride oxida-

tion in terms of chemical bonds in atomic scale. Silicon–

silicon bond (BSiASiB) has six external bonds. The six

bonds can be connected by O, N and Si with different

combination; namely the BSiASiB bond in the samples

could be SimNaObSiASiOcNxSid, where m, a, b,c,x,d ¼ 0,

1, 2, 3, m þ a þ b ¼ 3 and c þ x þ d ¼ 3.

Numerical simulation of the electronic structure of

the SiASi bonds has been made by the semiempirical

quantum-chemical method (MINDO/3) where atomic

relaxation is also considered [26]. Fig. 6 represents the

charge and spins distribution between two silicon atoms

of SiASi bonds in Si3N4 with captured electron at SiASi

distance more than 4 �AA, asymmetric relaxation of atoms,

similar to E0 center in SiO2, is observed. The simulation

shows that SiASi bonds in nitride, similar to those in

oxide film, can capture both holes and electrons. The

energy level of the bonding orbit for SiASi bond is close

to the top energy of the valence band (�2:0 eV) and the

antibonding orbital level locates near the bottom of the

conduction band (�6:5 eV) [22].

This trap give rise to the peak with energy at 3.16,

3.4–3.6 and 4.4–4.7 eV were observed in nitride films in

catholuminescence (CL) study [22,27]. Fig. 7 shows the

CL results of various oxynitride films. The high-energy

peak 4.4 eV, may be due to the O3SiASiO3 defect (ox-

ygen vacancy). Since the energy difference between r-
bonding and r�-antibonding states of SiASi bond in

nitride is 4.6 eV [22], it give rise to 4.7 eV CL peak as a

singlet–singlet transition in N3SiASiN3 bond.

3.4. Dicoordinated Si center (@Si:)

In silicon oxide, a blue catholuminescence at 2.7 and

4.4 eV PL emission were found and this center was

Fig. 6. Charge and spin distributions of silicon atoms for SiASi

bond in Si3N4 as a function SiASi distance.
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attributed to the triplet–singlet transitions in two-fold

coordinated silicon atom with two unpaired electrons

(@Si:) [15]. Numerical simulation of @Si: defect was also

performed with the 17-atom Si3O8H6 cluster. Results

show that the electron capture in @Si: defect is ener-

getically unfavorable. The energy gain for hole capture

in this center is �3:2 eV. The hole capture can take place

via the reaction given in Fig. 5; i.e., the hole capture in

@Si: will result in the creation of paramagnetic two-fold

coordinated silicon atom with an unpaired electron. The

dicoordinated Si centre should be responsible to the

positive charge accumulation in MOS devices during

ionizing irradiation. This blue CL peak is also found in

oxynitride (see Fig. 8). However, the atomic configura-

tion of this center may be different. In addition to that

coordinated by two oxygen atoms (O2Si:), the dicoor-

dinated Si center in oxynitride can be coordinated by

two N atoms (N2Si:) or and by one Si and one O atom

(NOSi:) and small shifts of the PL and CL peaks were

found.

3.5. Hydrogen related defects: BSiH, BSi2NH and

BSiOH

Hydrogen is the main chemical impurity in oxide

because of residual moisture during oxidation. For

oxynitride prepared by ammonia nitridation or by

LPCVD or PECVD methods, addition of hydrogen

from the gas sources will be incorporated [10,28].

Hydrogen can exist in several forms in the dielectric

film. It may be in the molecular form, HAH or in the

hydroxyl form, silanol groups (AOH) which are often

tied to those preexisting defects as discussed previously,

e.g. BSiH, BSiOH, BSi2NH, BSi2NOH, BSi(OH)H,

@Si(H)H. These hydrogen bonds are not electronically

active as their potential perturbations are too low to

have a bound solution for a conduction band electron or

valence band hole from the Schr€oodinger equation. In

fact, hydrogen was used to passivate the Si and O dan-

gling bonds in oxide in 1970s. However, the hydrogen

bond energy is quite weak, 3.1 eV for SiAH and 4.43 eV

for OAH in diatomic molecule. They could be even

weaker due to the tight binding of adjacent atoms or

over-coordinated network. These bonds can be easily

broken under hot electron irradiation or high electric

field stressing [29,30] and cause reliability degradation

for long-term operation of the devices. In addition, the

atomic hydrogen can easily move in the oxide network

by defect conversions which do not involve significant

network rearrangement. According to Hori et al. [14],

the electron injection-induced flatband shift ðDVFBÞ of

NH3 nitrided oxide can be approximated by:

DVFB ¼ K½H  ð12Þ

where K is a constant of about 9:3
 10�22 V cm3 and

[H] is the hydrogen concentration in the oxynitride.

Thus the dielectric trap generation is directly propor-

tional hydrogen concentration and it suggests that the

hydrogen atoms in nitrided oxide are appeared in the

tied-forms (to the pre-existing defects) as mentioned

above.

It was found that ammonia nitridation could induce

a lot of NAH bonds and OH bonds and many fixed

oxide charges to the oxynitride or nitrided oxide [10].

Although the alternative N2O nitridation has minimized

the hydrogen incorporation, this process still suffers

from many difficulties. The uniformity and reproduc-

ibility between wafers and batches are very poor. In

Fig. 7. Cathodoluminescence spectra of various SiOxNy films in

the visible and near infrared range. Fig. 8. Photoluminescence spectra of various a-SiOxNy films in

the visible and ultraviolet range: (a) luminescence with excita-

tion energy of 5.9 eV; (b) the excitation spectra of PL band with

energy 2.7 eV.
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addition, thermodynamically, nitridation of oxide is

much difficult than silicon oxidation even at high tem-

perature. The nitrogen incorporation is limited to 3 at.%

[14]. The nitrogen content is too low to increase the di-

electric constant and to improve the dielectric reliability

[26,31]. We have also studied the physical structure of

N2O-nitrided oxides [32]. X-ray photoelectron spec-

troscopy (XPS) measurement indicates that the total

nitrogen surface concentration of the prepared ‘‘oxy-

nitride’’ is about ð3	 1Þ 
 1014 cm�2. This amount is

close to the surface density of a half monolayer of solid

and is close to the value of other reports [33–35]. By 200

eV Ar beam sputtering, it was found that the nitrogen

distribution is very close (about 5–8 �AA) to the Si/di-

electric interface. This observation agrees with data

obtained by other studies [34,36]. Fig. 9 shows the Si 2p

spectra of N2O oxynitride with thickness of 24 and 16 �AA.

Si 2p spectra for Si3N4 LPCVD bulk oxynitride

(SiO0:82N0:90) and thermal SiO2 are also depicted in the

figure for comparison. It is noted that the Si 2p XPS

spectra of N2O oxynitride are similar to that of thermal

oxide. The Si 2p lines of these samples have the same

chemical shift and width. In addition, the O 1s line of

N2O oxynitride is also similar to the thermal oxide ones.

The chemical shifts of O 1s and N 1s in various bulk

oxynitride ranging from SiO2 to Si3N4 were studied [22].

Compared to these results, it is found that the N2O

oxynitride used in this investigation is in fact a silicon

oxide film. The NAO bond, proposed in other experi-

ments [37,38], was not observed in our recently experi-

ment [32].

Hydrogen and nitrogen can be released from the

nitride by vacuum annealing. This result could be due to

the following reaction

2Si2NH ! BSiASiBþN2 þH2 ð13Þ

According to (13), hydrogen will release from silicon

nitride due to the broken of NH bonds. This process will

accompany with the creation of SiASi bond. The SiASi

bond creation during the annealing of nitride has been

confirmed with the shift of the fundamental absorption

to lower energy side. Thus instead of using N2O, alter-

native method with proper annealing, for reducing the

hydrogen content in oxynitride is possible.

4. An alternative method for oxynitride fabrication

The present oxynitride preparation methods have

either drawback of high hydrogen content or low ni-

trogen content. To overcome these drawbacks, we pro-

pose a new method. By re-oxidizing the Si-rich nitride

layer, secondary ion mass spectroscopy (SIMS) study

reveals that the hydrogen content of nitride film and its

interface can be reduced by more than 40%.

Fig. 10 displays the hydrogen profiles of various

multi-layer dielectrics. Samples with oxide/oxynitride/

oxide structure were fabricated on n-type silicon with

<100> orientation and the resistivity is about 4–10 X cm.

A thin thermal oxide of about 100 �AA was first grown

with dry oxidation at 850 �C, and then a thin (�130 �AA)

silicon nitride or silicon-rich nitride layer was deposited

on the thermal oxide using low-pressure chemical vapor

Fig. 9. XPS of Si 2p core level in N2O-grown oxide, Si3N4,

LPCVD bulk oxynitride (SiO0:82N0:90) and thermal oxide.

Fig. 10. Hydrogen concentration of samples prepared by oxi-

dation of LPCVD nitride films with different silicon concen-

trations.
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deposition (LPCVD). The chemical sources used for the

LPCVD are SiCl4 and NH3. Details of the process pa-

rameters for different samples are listed in Table 2 and

other characteristics of the samples can be found in Ref.

[39]. The samples were than re-oxidized at 1000 �C for

35 min. It is found that a large number of hydrogen

impurities are introduced by the LPCVD process. The

hydrogen concentration is the highest near the surface

and decrease gradually and then it increases slightly at

the interface. Stoichiometric silicon nitride (sample B)

has the highest hydrogen content. Silicon rich samples

have lower amount of hydrogen. For Si-rich samples

with reoxidation (sample F), the hydrogen content de-

creases by more than 40% and there is no noticeable

hydrogen peak can be found at the interface.

In Si-rich samples, the excess silicon atoms should

exist in the form of BSi-H which can be broken under

hot electron or high field stressing and become an elec-

tron trap [28,29]. With re-oxidation, oxynitride is

formed and the hydrogen concentration can be removed

significantly. Si-rich SiOxNy consists of SiAO, SiAN and

SiASi bonds and the chemical reactions for the oxida-

tion of silicon-rich nitride could be very complicated.

However, the key reactions should involve the following

process:

2 BSiAHþO2 ! BSiAOASiBþH2 ð14Þ

2 BSi2NHþ 2 BSiHþO2 ! 2 BSi3NþH2O ð15Þ

2 BSiNH2 þBSiAHþO2

! BSiOHþBSi2NHþH2O ð16Þ

BSiOHþBSiH ! BSiASiBþH2O ð17Þ

Reactions (14)–(17) describe, on the atomic scale, the

possible reactions take place during the silicon nitride

oxidation in terms of chemical bonds rearrangement.

These reactions involve in the elimination of hydrogen-

containing species and results in the removal of potential

trap centers.

As mentioned earlier, due to its preparation tech-

nique and the large coordination number, the quality of

LPCVD silicon nitride is poor and even the worst in-

terface to oxide and silicon and hardly make it to be

used in the active device structure. By introducing excess

silicon and with re-oxidation, a very good oxynitride can

be achieved. The merits of post-CVD oxidation are in

threefold. Firstly, it rehears the structural defects in the

CVD nitride; secondly, it grades the oxide/CVD nitride

interface by making the oxygen and nitrogen profiles

more smoother and releases the interface stress and the

tunneling current can also be reduced; thirdly, it remove

the hydrogen atoms which will be trap centers for di-

electric film under hot-carrier irradiation. Note that

these merits can only be achieved effectively with the

introduction of excess silicon. It was found that the time

dependent dielectric breakdown (TDDB) of silicon

oxynitride depends on the thickness of transition SiON

layer [40]. The present method for oxynitride prepara-

tion will help to improve the lifetime of TDDB for the

second reason stated above. When compared to the

oxynitride prepared by N2O annealing, the current

technique has the advantage of high nitrogen content

which leads to a greater hardness for hot-carrier irradi-

ation.

5. Conclusion

The aggressive scaling of the MOS structure has

called for new reliability requirement in gate dielectric

materials. Oxynitride had been proposed for the reli-

ability improvement in MOS devices and was investi-

gated extensively in recent years. This paper reviews the

major issues of dielectric traps in oxynitride based on

experimental and MINDO/3 simulation results. The

trap centers being discussed include:

(a) Paramagnetic defects such as BSi�, BSiAOAO�,

BSi2N
�;

(b) Diamagnetic defects such as BSiASiB, @NAH,

dicoordinated center BSi:;

(c) Neutral defects such as BSiO�, @Si:, BSiOH,

BSiAOAOASiB;

(d) Charged defects such as BSi� þSiB (E0 center in

SiO2), BSi2N: (electron captured by BSi2N
� defect

in oxynitride);

(e) Intrinsic defects such as BSi�, @NAN@,

BSiAOAOASiB, @Si:, and

(f) Extrinsic defects such as BSiH, BSi2NH, BSiOH.

Amongst these defects, the paramagnetic defects

BSiO� andBSi2N
� which are responsible to the 1:9	 2 eV

Table 2

Process parameters and thin film properties

Sample A B C D E(ONO) F(ONO) G(ONO)

Bottom oxide 100 100 100 100 100 100 100

CVD nitride – 129 128 128 127 124 124

Si/N ratio – 0.75 0.85 0.90 0.75 0.85 0.90

Top oxide – – – – 40 40 40
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PL is still significant in oxynitride. However, since

the silicon atoms in these defects can be randomly co-

ordinated by different number of oxygen and nitrogen

atoms, i.e. O3�bNbSiO
� or O3�bNbSiN

� a slight different

peak energy from the conventional R-center in silicon

oxide is found and the energy and width of the PL peak

depend on the processing conditions. The density of Pb

center at the SiO2/Si interface can be reduced greatly

with thermal nitridation as the SiASi bonds and the

silicon dangling bonds (BSi�) will be removed with this

nitrogen incorporation. However, the BSiASiB defects

will be regenerated with silicon nitride oxidation. Re-

garding the dicoordinated Si center (@Si:), as the Si

atom in oxynitride could be coordinated by two O atoms

(O2Si:), two N atoms (N2Si:) or and by one Si and one O

atom (NOSi:), small shifts in peak energy of the PL and

CL studies were found. This dicoordinated Si center is

responsible to the positive charge accumulation in MOS

devices during ionizing irradiation. Due to the fabrica-

tion method, most of the defects in oxynitride are tied to

the hydrogen and is the major sources for hot-carrier

induced related trap generation in nitrided oxide films.

Minimizing the hydrogen incorporation is of vital im-

portant for a high reliable oxynitride film for advanced

MOS devices applications. With this connection, a new

oxynitride preparation method with low hydrogen con-

tent and high nitrogen content is proposed.
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