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The chemical composition and structure off&i/thermal(native and wetSiO, interface in oxide—
nitride—oxide structures are studied by using secondary ion mass spectroscopy, electron energy loss
spectroscopy(EELS) and Auger electron spectroscoppES) measurements. EELS and AES
experiments show the existence of excess silicon at §i,8hermal SiQ interface. Excess silicon

(Si—Si bonds at SEN,/SiO, interface exists in the form of Si-rich silicon oxynitride. Numerical
simulation of the Si—Si bond’s electronic structure by using semiempirical quantum-chemical
method(MINDO/3) shows that Si—Si defects act as either electron or hole traps. This result explains
the abnormally large electron and hole capturing at this interface reported earli€@9®
American Institute of Physic§S0021-8979)03418-0

I. INTRODUCTION been published.A more complete and systematic investiga-
id itrid id has b idel tion of the excess silicon at thegBi,/thermal SiQ interface

(§)X| e;n;trl e-oxi ﬁ(OdNO) structurz as been WIGely \yas conducted in this work. The experimental details are
used as dielectric In the dynamic random access Memory o, iy Sec. I1. Section 11l presents the experimental results
(DRAM) and electrically erasable programmable read onlygyyained from SIMS, EELS, and AES measurements. Based
memory (,EEPROM _dewcc_as. The ONO structurt_a IS als:o on the measurement results, in Sec. IV, we propose a model
used as interpoly dielectric for multilevel metallization in to explain the creation of Si—Si bonds at the oxide/nitride
comhplelmen’tzary metal'—OX|de—T1em|co|ndu'ct0r(Cr?/IOS) interface and the phenomenon of nitrogen dissipation during
technology- In comparison to t erma oxide, t.e ONO the oxide nitridation. Section V presents the numerical simu-
structure has lower leakage current, higher effective dieleCpyinn results of the trapping properties of Si—Si bonds in
tric permittivity, and higher reliability. Electron capturing on oxide and nitrides and further discussions on these topics

the traps in $N,, which reduces barrier at the negatively \ iy he given in Sec. VI. Finally, major results of this work
biased electrode interface, gives rise to the low leakage CUl%ill be summarized in Sec. VII

rent. Although anomalous large trapping of electrons at the
SizN4/thermal SiQ interface in the silicon—oxide—nitride—
oxide—silicon (SONOS EEPROM is often reported
experimentally’~ the nature of electron and hole capturing
in the ONO structure is still unclear. This work aims to study ~ Samples with  silicon—oxide—nitride—thermal—oxide
the excess silicon at the 38l,/thermal SiQ interface by us- (SONO structure were fabricated op-type silicon with
ing secondary ion mass spectroscd@/MS), electron en- (100 or (111) orientation and the resistivity is about 10
ergy loss spectroscodELS), and Auger electron spectros- () cm. A thin thermal oxide of 18 or 60 A was first grown
copy (AES) measurements. To understand the nature ofvith dry oxidation, and then a low-pressure chemical vapor
electron and hole traps at this interface, numerical simulatiogeposition (LPCVD) SisN, was deposited on the thermal
of the electronic structure of Si-Si is also performed. Somexide at 800 °C using Sigland NH;, mixture. Thickness of
preliminary results obtained by EELS and ellipsometry havesi;N, film was 400 A for SIMS measurements and about
150 A for EELS and AES measurements to minimize the

3Gritsenko was visiting scholar of Chinese University of Hong Kong. Elec- qharging effects. Thermal OXid_e On3ﬂi4 was eithe_r “na-
tronic mail: viadimir@isp.nsc.ru tive” or produced by wet oxidation. Native oxide was

Il. SAMPLE PREPARATION AND MEASUREMENT
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108 free electron approximation, the bulk plasmon enerigy£)
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number,Ag; and Ay are the atomic weights of silicon and
FIG. 1. SIMS depth profile of Si/SiD(60 A)/Si3N4 (380 A)/wet SiG (30 nitrogen, respective|y, andsi and ny are the numbers of
A) structure. valence electrons per silicon and per nitrogen atom taking
part in the plasmon oscillation, respectively.

Since the densities of valance electromg X in SigNy,
SiO,, and Si are different, the bulk plasmon energies in
&Rese materials will be also different. On the other hand, it is
well known that the electron escape def#ED) in solid is
also governed by the electron energy. For instance, at the
excitation energy of 1486.6 eV, the i 2lectrons with ki-

formed when removing the sample from the hot LPCVD
reactor to room atmosphere, whereas the wet oxidation w
made at 900 °C for 52 min.

For SIMS depth profiling, Riber MIQ156 SIMS instru-
ment was used. The beam source is 5 keV @sd the beam

cqtr;elr;t.bls 50 ng\. IEIFAI\_SS ;ggOAES mealsu;ements V\tlere nt]adﬁetic energy of about 1380 efbout 100 eV lower than the
Wi 'ber mode ) uger electron Spectrometer. o, qitation energyhave an EED of 21.1 A in Si and 29.6 A

The electron beam with energy in the range of 100—3000 e\/i,n Si0,.® The same Sif electrons at the excitation energy

with 90° incident angle, was used and the reflected electronf30 eV (or kinetic energy of about 30 é\have an EED of
were measured at 42° with a cylinder mirror analyzer. only 4 A in Si and 7 A in SiQ.° The EED value can be

reduced by decreasing the electron beam energy in the range
IIl. EXPERIMENTAL RESULTS of 100 to 1000 eV. Hence, the bulk plasmons can be studied
with high-energy EELS and the thin layer properties can be
studied by using low-energy EELS.

To verify the existence of excess silicon at the It is well known that the bulk plasmon energigsdg),
SisN,4/SiO, interface in SONO structures, SIMS measure-determined from x-ray photoelectron spectroscdpyPS)
ment was conducted. Figure 1 depicts the SIMS depth profiléoss spectra, for N4, SiO,, and Si are 24.0 eVfrom N 1s
of the structure with wet top oxide. Vertical lines show thelevel), 23.0 eV (from O 1s), and 17.0 eV(from Si2p), re-
interface positions. To observe the Si—Si bonds gilgivet  spectively. The accuracy of this measurement is about 1 eV.
SiO, interface, mass spectra of species with mass 5% (Si More accuratgabout 0.3 eV values of bulk plasmon ener-
+Si?%) were detected. No Si—Si signal at;8i/wet SiO,  gies were obtained by using high ener@p00 eV} EELS.
interface can be observed. However, a notable mass 57 pedke results are depicted in Fig. 2. As shown in Fig. 2, values
was found at the nitride/bottom oxide interface. The absencef plasmon energies are the same as those obtained from
of mass 57 peak at top oxide/nitride interface may be due t&XPS measurements. In addition, multiple plasmon excita-
the poor resolution of SIMS measurement as the interfacéons (three plasmons in Si and two plasmons in Siéhd
layer is so thin. In addition, significant recoil or radiation SizN,) were observed which are indicated by arrows in Fig.
enhanced diffusioheffects may also give rise to the inaccu- 2. No surface plasmons with enerdywg/\2 were found.
racy of the measurement. As shown in the figure, remarkabl&he 24.0 eV plasmon for §\, corresponds tog;=4 and
N and O tails are found in the Si substrate. Since theida  ny=5 at the SjN, density p=3.0 g/cn?.1° Parametemny
energy(5 keV) used for sputtering is much larger than that of =5 is a result of the plasmon oscillation &) Si3s, 3p,
bonding energy3-5 e\) of Si—Si bond, the CSions broke N 2p bonding; (b) N 2p, nonbonding nitrogen electrons of
the Si—-0O, Si—N, Si—Si, and other bonds. The ionized atomsop valence band; antt) two N 2s electrons of lower va-
may be recombined or redistributé@hus, the SIMS spectra lence band! This result is different from the conclusion
may not reflect the real distribution of atoms and bonds irdrawn by Gurayat all? who reportechy=3, which corre-
the sample. With this connection, further investigation on thesponds to the plasmon oscillation from thigeaitrogen elec-
physical structure of the sample was conducted by usingrons of top valence band of {5, .
other kinds of analytical tools. To study the SiN,/SIO, interface by EELS, the oxide
on SgN, was etched in HF:50=1:30 solution. The etching
rate of SiQ in this solution is about 1 A/gestimated by
using XPS measuremegntAfter the thermal oxide was re-

Electron energy loss spectroscopy involves measuringnoved, EELS measurement with different electron beam en-
the plasmon energy of the valence electron oscillation. In thergy was conducted on the;SIi, surface. As shown in Fig.

A. SIMS measurements

B. Electron energy loss spectroscopy
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FIG. 2. (a) lllustration of sample structure, incident angle of beam source,
and angle for measuring reflected electrofis. EELS spectra of bulk Si, 72
SiO,, and SiN, at electron beam energy of 3000 eV, and low-end@fl - -
eV) EELS of SgN,/wet SiO, structure after the removal of top SiO /F 4.1
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3, decrease of electron beam energy for EELS measurement Energy, eV

gives rise to a low-energy shift and widening of the plasmoqzlG. 4. Second derivative of EELS of J8l,/native SiQ and SiN,/wet
peak. A plasmon peak at energy of about 20 eV and with &g, structures measured at 200 eV electron beam energy after the removal
large width was found at electron beam energy of 100 eV abf top oxide layer.

SizN/native SiQ interface. Same results were obtained for
SizN4/wet SiO, interface. As shown in Fig. 2, at low electron ) L ,
beam energy211 eV} wide plasmon peak with energy about It is noted that the second derivative EELS is very sen-

21-22 eV for SiN,/wet Si0, interface is observed. These sitive to the etching time and the measurement conditions
observations indicate the existence of excess silicon a€'€ctron beam energy and currerill measurement shows
Si;N,/oxide interface. a common result that the plasmon losses gilghative, wet

Figure 4 shows the second derivative of EELS measure@ Oz Interface have energy in the range of 20-22 eV. The
on SiN, after the surface native and wet Si@vere re- optalned_ plasmon energies of transitional layer at
moved. The high-energy peaks with energy 20.3 and 21.1 e\§2|3N4/r_1at|ve, and_wet S|§)|nterfac_e are lower than those of
can be seen clearly for structures with native and wet oxide?U/k SeNs and SiQ. Plasmon with energy 19.6 eV at the
respectively. These peaks are attributed to the plasmon oscipisNa/native oxide interface was obtained by Hezel and

lation of transitional layer at $N,/SIiO, interface. The low- Li€ske:” By lowering the electron beam energy from 2500
energy peaks are probably due to the defect excitations o

I 100 eV, Lifshizet al}*also found that the plasmon energy
and interband transitions. of SikN, with native oxide decreases from 24 to 20 eV.
However, no explanation for these low plasmon energies was
proposed in their papers.

To sum up, we have found that the decrease of the elec-
tron beam energy from 1000 to 100 eV gives rise to the
decrease of the plasmon energy and the increase of its width
at the SiN,/native and SiN,/wet oxide interfaces. These
observations can be explained as follows. A reduction in the
electron energy will result in the decrease of the EED. Then,
the surface components that have lower plasmon energy ap-
pear as a result. First-order approximation can be made by
100 eV assuming the low energy plasmon peak at 100 eV is com-
Si;N/native SiO; posed of two peaks corresponding tgi&j and Si. Since the

EED in SiO, measured at energy of 70 eV is about 6.6°A,
L and the effective width of “silicon-rich” interfacial layer,
0 10 20 30 40 50 60 70 80 90 roughly equal to the EED, in SiQs in the range of 6-8 A
Whicrl14 is consistent with the value estimated by Lifshiz
et al:

FIG. 3. EELS of SjN,/native SiQ interface after the removal of the native For nonSt_O_iChio_metriC silicon nitride SiNy/; (enriched
SiO, taken at different electron beam energies. with excess silicoj) its plasmon energy decreases from 22 to

1000 eV

500 eV

200 eV

Intensity (Arb. Units)

Energy (eV)
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FIG. 5. Survey of AES spectra of the;Si,/wet SiO, interface after the top
SiO, being etched away.
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17 eV121® Quantitatively, the relation between the valence
electron density and silicon concentration in Sild gov-
erned by

Si;Ny/wet SiO;

Ng;+ XN
NV Si N L ,

=PmNA, )

wherep is the a-SiN, atomic density, anc (=N/Si) indi- P T T P T T
cates thea-SiN, chemical composition. The atomic density 40 50 60 70 80 90 100 110

of SiN, decreases fronp=3.0 g/cn? for SikN, to 2.33 E, eV

g/cn? for Si. Equations3) and (1) together explain the de-

crease of plasmon energy: ¢g) by increasing of excess FIG. 6. SiLVV AES spectrum of the Si, SiQ and SiN, bulk, and
silicon concentration. Si;N/wet SiG; interface after the removal of top oxide.

Similarly, enriching of SiQ_., with excess silicon would

also lead to the decrease of plasmon enéfgshe decrease higher than that of SIQ(75.5 eV) and SiN, (84.0 eV} but

of plasmon energy in SiNand SiQ in Si-rich dielectrics is . .
due to high Si—Si bond concentration. So, the transitiona|0Wer than that of Si(91.7 eV). This result strongly sug-

’ . L - ted that Si—Si bonds exist in the transitional layer at
layer at SiN,/SiO, interface should be Si-rich silicon ox- ges i )
ynitride. When the silicon oxynitride (Si,) is grown at SizN4/wet SiO, interface. Since the survey of AES spectra

excess oxygen and nitrogen ambient, it consists of Si—-O ang:.'g' 5 ?hOV.VS the existence of both oxygen anq_ nitrogen at
Si—N bonds only® In such SIQN, film, each Si atom is isN,/SiO, interface, we propose that the transition layer at

coordinated with four O and/or N atoms, each N atom Coor-the SEN4/SIO; interface is Si-rich Sig\ly' The effective

dinated with three Si atoms, and each O atom is coordinate ickness of Si-rich SIENy layer is in the same order of Si

with two Si atoms:® The SiQN, without Si—Si bonds con- LVV electron escape dept6—8 A. This value is in agree-
sists of five sort of tetrahedronys SR, ,, v=0, 1, 2, 3, 4. ment with the value estimated by using EEYSFigure 6

The physical properties of Si®, without Si—Si bonds i_hO\{[\{S the S'_ AESf ;E\E;S};a of f' a_”q’é@ ?Ed S'Qd' ;’_he
change gradually from those of Si@ SN, as the nitrogen ine '(f: S;%rg';jg d 75rz;n5|v|on in "t_SJ I“'_?l:' AQ ical
concentration  increases and oxide concentratiof ¢ ° -f, 64.U, an - €V, respectively. The chemica

decrease&*! In this case, the plasmon energy of $}Q shift of SiLVV signal in Si, SiN,, and SIQ gives qualita-

must be between 22.0 and 24.0 eV. However, in our experit-'ve information on the coordination conditions of silicon

ment the plasmon energy at the;8j/SiO, interface is in atoms. The escape depth of ISiV electrons is in the range

the range of 20-22 eV. We thus propose that the,SjCat of 6-8 A. Hence AES measurements is also a good tool to

the interface is Si-rich and consists of Si-0, Si—N and Si—SJ/erlfy the existence of Si—Si bonds at the!$j/SiO, inter-

bonds. AES measurements were conducted to verify this h ace. . . L
pothesis. It can be estimated that the silicon atom densities in

Si0,, SiN, and Si are 2.210% 3.9x10%% and 5.0
X 1072 cm 3, respectively. If the density of excess silicon in
the transitional interface layer at the;Sj/thermal SiQ in-
Figure 5 displays the survey of AES spectrum ofterface is close to that of Si, then the excess silicon can be
SizN,/wet SiG, interface after the top oxide is removed. Fol- found directly using AES or SIMS profiling. Figure 7 shows
lowing AES transition energies were registered: KILL  the depth profile of the AES peak intensities for the Si/SiO
(381.5 eV}, O KLL (505.5 eV}, C KLL (271.0 eV}, and Si (60 A)/Si;N, (380 A)/wet SiO, (30 A) (SONO structure.
LVV (86.0 eV. The Si LVV energy measured at the Here, the Af ion beam energy is 5 keV. The etching time of
SisN4/wet SiO, interface has an energy of 86.0 eV which is top oxide on $jN, is about 2 min. As shown in Fig. 7, the

C. Auger spectroscopy
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was observed. It was shown that the'Agtching of SiQ and
Bond Length (R)

SigN, could result in the enriching of bombarded surface

layer with excess silicon and prOduce ar'[lfﬁ[SThIS 1S FIG. 8. (a) Charge andb) spin variations of silicon atom pair for the Si—Si

probably the main reason that the AES profile does not havgond with a captured holeges +1) in Si;N, at different Si—Si distances.

excess silicon at gN,/thermal SiQ interface. Nevertheless, The inserts show the spin distribution of silicon atoms.

our Si LVV AES measurements do show the existence of

Si—Si bonds in the Si-rich SiDl, layer at the SjN,/wet

SiO, interface. V. NUMERICAL SIMULATION OF SI-SI BOND
CAPTURING PROPERTIES

Qualitative polaron model for the multiphonon electron
IV. MECHANISM OF SI-SI BOND CREATION and hole capturing in the neutral Si—Si bond inNgj was

roposed and developéd?>?42"-2Numerical simulation of
The existence of Si—Si bond at the interface has beeﬁ1 P P

. ) X e Si—Si bonds electronic structure ingl$j and SiQ was
confirmed with EELS and AES measurements. The S'_S&onducted in the present work by the semiempirical

bonds are formed by the substitution of the nitrogen atom%]uantum-chemical methodMINDO/3) where atomic relax-
25G; i i
zy thedogygﬁn atom%“. Smce;n N atom in §N_‘} 'S cozr; ation after electron or hole localization was considered. Two
inated by three Si atomfg, and an O atom inScoordi- - yinima) clusters N3 Si—SiNsHg and H03Si—SiGH3 were
nated by two Si atomS[™ substitution of N by O is de- used to simulate the Si—Si bond in8j, and SiQ, respec-

scribed in the following reaction: tively. The dangling bonds of the boundary atoms are passi-
vated with hydrogen atoms. The values of the empirical pa-
2=Si;N+20—2=Si,0+2=Si- +2N rametersa and 3, describing the bonds of coupling atoms

for the Si—N bonds, were determined by reproducing the
experimental partial density of states in;!$j.** The ob-
tained values arey=1.053011 ang3=0.434749.

The creation of Si—Si bonds during reoxidation of ) Figure 8 displays the charge and spin distributions of
results from the replacement of N-atoms with O-atdmigh  two central silicon atoms with positively charged Si—Si bond
lower coordination numbgf® The =Si;N species are also (when a hole is localized on Si—Si defeeis a function of
found in the top surface region of SiW, during SiG initial Si—Si bond separation. Symmetric atom relaxation and
nitridation® Reoxidation of SiQN, results in the replacing symmetric distribution of the electron density for small ini-
of nitrogen atoms by oxygen atoms according to Et. tial Si—Si separations are found. As the initial Si-Si separa-
Si—Si bonds should also be formed at the SIQ¥SiO, in-  tion increases, the atomic relaxation becomes asymmetric. At
terface. This conjecture is supported by the experiment cora distance larger than 2.6 A, asymmetric relaxation of the
ducted by Younet al?® It was shown that at the top surface silicon atoms is observed. The positively charged silicon
of reoxidized SiQN, there is a high density dE’ centers atom moves to the plane direction of three nitrogen atoms
which are Si—Si bonds with hole trapping. whereas the neutral silicon atofwith unpaired electron

=Si. + - SE=—=Si—-Si=. (4)
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TABLE I. Electron and hole delocalization energies in Si—Si bond iNSi  g|ectron and hole capturing on the Si—Si defect igNgi
calculated using Koopman theorem. . . . LA
g foop Similar simulation was made for 4@,;Si—SiO;H3 clus-

Electron delocalization Hole delocalization  ter which simulates the Si—Si bond in Si@m. It was ob-
Bond/defect energyeVv) energy(eV) tained that the Si—Si bonds in Si@an capture both holes
do 23 A 0.3540 01956 and electrond'~3*The Si—Si bond coordinated only with N
dsi_s=3.0 A 0.8138 0.2922 atoms or only with O atoms are two extreme cases of Si-rich

SiONy . More generally, the Si-Si bond in SiR, is coor-
dinated with both O and N atoms, and it is reasonable to

. . ... anticipate that Si—Si bonds in Si-rich can be both
moves away from the nitrogen atoms. This situation is simi- P S,

lar to theE’ center in SiQ, which is a Si—Si neutral bond electron and hole traps.
with a captured hole. Capturing of hole on a Si—Si bond in

SizN, accompanies the spin polarization and is an active

defect in electron spin resonan@SR) measuremerft The  VI. DISCUSSION

silicon atom with an unpaired electron coordinated with

three nitrogen atom$N;Si-) is the well-known paramag- . DirecF evicjenge of ex!stence of excess silicon at
neticK center in SiN, with g=2.003% SizsNy/native SiQ interface in ONO structures had been

A similar simulation of the Si—Si bond in Si, with found by quantitative analysis using XPS combined with

captured electron was also conducted. For Si-Si distandd9h resolution chemical etchiﬁband spectroscopic ellipso-
between 2.2 and 4.0 A, the capturing of electron accompaf€trc measurementS.The SiLVV AES experiment in the
nies a symmetric Si—Si bond relaxation, and both siliconPreSent work shows that Si-Si bonds exist at the

atoms shift to the nitrogen-atom side. The charge and spiri3N4/thermal SiQ interface in the form of Si-rich SiN, .
distributions for both silicon atoms are symmetric in that>/"Ce the Si-Sibonds in N, and in SiQ can capture both

case. In addition, only those Si—Si bonds with a distancé!€Ctrons and holes, we propose that the Si—Si bonds at the
larger than 4.0 A have spin and charge polarization. SizN,/SiO, interface are the responsible candidates for the
The delocalization energies of electrons and holes Wergbnormally large electron and hole capturing in the ONO

-5
calculated using the total cluster energies estimated froriTUctures: . _ _
Koopman’s theorem. The energy for holE"j and electron On the other hand, it was found that nitrogen atoms dis-

(E®) delocalization from Si—Si bond can be approximated bySiPated at the 3N, /SIO, interface during annealing of sili-
Eqs. (5) and (6), respectively. con oxide in NH at 900 °C3® However, no explanation of

this effect was proposed. Based on the fact that Si—Si bonds
EM=(Eq+Ey)—(Eqf +Ep), (5)  exist at the SiN,/SiO, interface, we propose that the dissi-
Ee=(E8+ EE)—(EJ+E8), ©) pation of nitrogen is due to the following reaction:
whereE, and E4 are the total energies of bulk $l, and 3=SI-SH2N—-2=SiN. @
HeN3Si—SiN;Hg cluster which has been used for simulating Reaction(7) also explains the removal of Si—Si bonds at
the Si—Si defect in $N,. The uppeth ande indices repre- the Si/SiQ interface after Si@ nitridation242°
sent hole and electron being captured in the cluster, respec- It is well known that after Si@ nitridation=Si;N spe-
tively. U84 clusters with chemical formula ;gN,gH3ss was  cies are found in the top surface region of ,3\'\@.37 Reoxi-
used for simulating the bulk properties of;8j,. The U84  dation results in the growth of SiOon SiQN, surface. It
cluster contains 64 Si—N bonds, 6 Si—H bonds, 5-6i was shown in the top surface region of the reoxidized
bonds, 18 N—H bonds and 1,NH bond. Table I lists the ~SiO;N, that high density oE’ center was foun8.E’ center
electron and hole delocalization energies, calculated usinig created after a hole is captured on the Si—Si bond in the
Egs.(5) and(6) for two Si—Si distances. The Si—Si distance SiO, according to the following reaction:
of 2.3 A is close to the distance between silicon atoms in . . e .
crystalline and amorphous silicd@.35 A). The value 3.0 A =Si-SE+h-=SI"+-S&=. ®)
is close to the distance between silicon atoms §Ngi This In Sec. V, it was shown that the Si—Si bonds could be
simulation shows that the Si—Si bonds i$j can capture both hole and electron traps. It is reasonable to propose that
both holes and electrons. Figure 9 displays the model othe Si-Si bonds at the Si,/thermal SiQ interface are
created by nitrogen atom replacement according to reaction
(4). The hole trap$Si—Si bondgin top surface region of the

=0 reoxidized nitrided oxide can be created with the mechanism
W= similar to the creation of Si—Si bonds during;/Sj oxida-
tion.
1) Itis clear that the oxidation mechanism o£[Sj shall be
Q more complicated than that proposed merely based on the
® (v O transformation of Si—N bonds into Si—O bonds. In fact,

some abnormal kinetic of §¥, oxidation were found®

FIG. 9. Atomic model of amphoteric neutral diamagnetic Si—Si defect with SI—Si bon_d creation during thesBl, 0xidation_cou_|d be one
electron and hole capturing in8l,. of the regimes for the observed abnormal kinetic.
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