Excess silicon at the Si  3N,/SIO, interface
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Using electron energy loss spectroscopy, X-ray photoelectronic spectroscopy, and ellipsometry
measurements, a large number of Si-Si bonds at §ié,Bhermal SiQ interface is confirmed. After
etching away the surface Sj@f reoxidized SiN,, we found at the $SN,/SiO, interface that the
plasmon energy on the surface is 20 eV which is smaller than the bulk plasmon of ejffig(Z3i.0

eV) or SIiG, (23.0 e\). From ellipsometric measurement, a large value of the refractive index (
=2.1) in the SiN,/ wet SIiO, interface layer was obtained. The effective width of the Si-rich
interfacial layer is estimated to be in the range of 6-8 A. We propose that the excess silicon at the
SisN,4/SIO, interface is created by replacing nitrogen atoms with the oxygen atoms during the
oxidation of SiN,. Based on these observations and on numerical simulation, a hypothesis is
proposed to explain the abnormally large electron capturing at i, &i0O, interface observed
previously and the accumulation of positive charge at the top interface of the nitrided oxide under
ionizing irradiation. © 1998 American Institute of Physids$S0003-695(98)02704-1]

The Si/SiQ interface structure has been studied exten-The thickness of the native oxide on the;\j film was
sively in the past decades as it has a great influence on thghout 10 A° Wet oxidation of the SN, film was made at
operation of microelectronic devices. One of the major re-900 °C for 50 min in water steam. To study the upper
sults is that Si-Si bonds in the thermal oxide near the SYSiOSi;N,/SiO, interface, the top thermal oxide was etched in
interface were found.These Si-Si bonds are responsible for 10% HF:HO solution.
the hole capturing in metal-oxide-semiconductdOS) The SiN4/SIO, interface was studied by XPS, EELS
structures during ionizing irradiatidnOn the other hand, the and ellipsometry. Excitation of XPS was made by WK,
amorphous silicon nitride/amorphous thermal oxidemonochromatized radiation with energy of 1486.6 eV. For
(Si3N,/SiOy) interface is also important in silicon devices. ellipsometric measurements, step by step etching in
The double layer insulator (§,/SiO,) has been widely NH4F:HF=7:1 solution was conducted and multiple angle
used in silicon-oxide-nitride-silicofSONOS and metal- incident measurements were carried out using a laser beam
oxide-nitride-silicon(MONOS) structures because the amor- With \=6328 A.
phous SiN, is able to localize electrons and holes. Abnor- ~ From XPS loss spectra the bulk plasmon energies of the
mally large trapping of electrons at the;8}/SiO; interface SizN,/SiO)/Si structure were obtained. The spectrum was
in SONOS and MONOS structures was observ&dHow- taken_for SgN4/Si02{Si, Si(_)ZISi and _Si. The bulk plasmon
ever, the nature of this phenomenon is still unclear so far€nergies & wg) for SigN,, Si0, and Si are 24.0 eVfrom N
The aim of this work is to study the $i,/SiO; interface and 1S leveD, 23.0 eV(from O 1s) and 170 eV(from Si 2p),
to identify the origin of the anomalous large electron captur'€SPectively. The accuracy of this measurement is about 1
ing at this interface. eV. In this work, a more accuratebout 0.3 eV value of the

; . ; ; o bulk plasmon energy was obtained by using high energy
The starting material is p-type (111 orientation silicon ) ) o o
with resistivity of about 1d) cm. A thin thermal oxide of 60 (3000 eV EELS and is depicted in Fig. 1. As shown in Fig.

A was first grown with dry oxidation and then a Iow—pressurel’ :h;viue}s ro;iplgism(r)]rgj esr'lﬁlrg\lisrthebs;ame daslnthedzi(ifi)snmea-
chemical vapor depositiofi PCVD) SizN, was deposited on surements for Si, Siga §la WETE ObtaIned. n addition,

the thermal oxide using silicon tetrachloride and ammoniamUItlple plasmon excitatiorifive plasmons in Si and two

. o ) : lasmons in Si@ and SiN,) was observed which is indi-
m!xture at 800 °C. The ratio of SigINH; was 0.1. The Fc)ated by the ar%;ws in Ié:ig.) 1. No surface plasmon with en-
thickness of the N, film was 150 A for the electron energy ergyfiwg/\2 was observed
loss spectroscopyEELS) and X-ray phgtoelectrqmc spec- Using the free electron approximation, the bulk plasmon
troscopy(XPS) measurements to minimize charging effects.energy ¢ ws) governed by the density of valence electrons
For the ellipsometric measurement, the nitride layer was(N ) is given by
about 350 A. The thermal oxide on theyl8j was produced v
by either a “native” process or wet oxidation. The native
oxide of the SjN, was formed by exposing the silicon wafer i wg=4mh2eN, /m*, (1
to evaporated nitride from a hot reactor to room atmosphere.
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FIG. 1. High energy3000 eV} EELS spectra of Si, Sigand SiN, (upper
three tracesand low energy EEL$100 eV) of SigN, after the removal of ~ FIG. 3. Second derivative of EELS spectra ofNgi measured at 200 eV.
surface native oxide.

peak is smaller than that of the first bulk plasmon igNgior
Ngi+ 3Ny SiO,. A decrease of plasmon energy okl$j by lowering
— (2)  the electron beam energy was observed previously by Lif-
shiz, Kotlar and SaraniiHowever, no explanation was pro-
wherep is the SiN, density,N, is the Avogadro number, posed. Figure 3 shows the second derivative of EELS at 200
Ag and Ay are the atomic weights of silicon and nitrogen, eV for measurement on i, after the surface native oxide
respectivelyng; andny are the numbers of valence electronswas removed. The high energy peak with energy of 20.3 eV
per silicon and per nitrogen atom taking part in the plasmorcan be seen clearly. This peak is attributed to the plasmon
oscillation, respectively. oscillation at the upper gi,/SiO, interface. The low energy
According to Eq.(2), the 24.0 eV plasmon for i, peaks are due to the defect excitation or interband transi-
corresponds tag=4 andny=5 at densityp=3.0 g/cnt.6  tions.
Value ny=5 is a result of the plasma oscillation () Si Figure 4 depicts the refractive index profile of the
3s, 3p, N 2p bonding,(b) N 2p,. nonbonding nitrogen elec- SizN /oxide structure with native surface oxide or after wet
trons of the top valence band, afaj two N 2s electrons of ~ oxidation. These data were obtained by step-by-step etching
the lower valence band. This result is different from the con-and ellipsometric measurements. For the sample before wet
clusions drawn by Gurayet al.” who reportechy=3 which  oxidation, the refractive indexn) of the nitride is in the
corresponds to the plasmon oscillation from feump silicon ~ range of 1.95-1.96. After wet oxidation, the refractive index
electrons and threp nitrogen electrons of the top valence increases. Particularly at the;Rj,/SiO, interface, the refrac-
band of SiN,. tive index increases significantly to about 2.1. The lange
After the native thermal oxide was removed, an EELSvalue at the re-oxidized interface, according to Boletiral®
measurement with different electron beam energies was coris attributed to the silicon nitride enriched by excess silicon,
ducted on the $N,/ surface. A decrease of electron beami.e., SiN, (x~1.2). This composition corresponds to about
energy for EELS results in a lower energy shift and wideninglO atomic percent of excess silicon atoms in the silicon ni-
of the plasmon peak. As shown in Fig. 2, a plasmon peak dride, namely the interface layer consists of Si-N and Si-Si
an energy of about 20 eV with a large width was found at arbonds. As shown in Fig. 4, no Si-Si bonds at thg\ginative
electron beam energy of 100 eV. The energy location of this
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FIG. 2. EELS spectra of @i, surface at different electron beam energies FIG. 4. Profile of the refractive index of the Si/Si(3isN, structure. The
after removal of the native oxide layer. distance was measured from the Si/giterface.
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oxide interface can be observed. This result may be due t@s Si-Si bonds in Si§) but also electron¥° Suzukiet al3
the large step size used in the profiling. However, a Si-Shnd Aganinet al? also confirmed that the Si-Si bonds at the
bond at the SN,/native oxide interface was observed previ- Si;N,/SiO, interfaces are responsible for the large amount of
ously by XPS using a smaller step size for etcfimmd  electron capturing in MONOS and SONOS structures.
suggests that the structure of thghgi/SiO, interface should  Hence, the memory properties of SONOS and MONOS
be silicon oxynitride enriched by excess silicon. The oxyni-structures are governed by,8j/SiO, interface traps rather
tride consists of five sorts of tetraedra $iSiN;wherea, g, than by the bulk properties of $i,.
0=0, 1, 2, 3, 4 andv+ 3+ 46=4. In conventional silicon ox- In conclusion, XPS, EELS, and ellipsometric measure-
ynitride SiQN,, only Si-N and Si-O bonds were foul@™  ments on the $N,/SiO; interface layer were made. EELS of
However, in the thin transitional oxynitride layer between Sj;N/native oxide and ellipsometry results ofSi/wet ox-
SisN, and SiQ (both wet and native oxidein addition to  ide interfaces indicate the existence of Si-Si bonds at the
Si-N and Si-O bonds, Si-Si bonds are also found in thissj;N,/SiO, interfaces. We propose that the excess silicon in
work. We propose that the excess silid@#Si bond$ at the  this structure is due to the replacement of nitrogen atoms
Si3N4/SiO; interface should be due to the replacement ofwith oxygen atoms during the oxidation. We further estimate
nitrogen atoms with oxygen atoms during the oxidation acthat the effective width of this interface layer is in the range
cording to the following reaction: of 6-8 A. The existence of Si-Si bonds at theNgi/SiO,

2 NSk +0,—Si-Si+ 20Sh+N,. 3) interfa}ce explai_ns the abnormally large electr.on capturing at

the SEN,4/SIO, interface and the hole capturing at the top

This reaction is governed by the Mott riffe’? which sug-  interface of the nitrided oxide. These results support the con-
gests that each nitrogen atom in$j should be coordinated jecture proposed earlier that Si-Si bonds inNgiare trap
by three silicon atoms. Substitution of nitrogen by oxygencenters for both electrons and holést®
results in the formation of OSroups in the oxide side and
is accompanied by the creation of a silicon dangling bond, The authors would like to thank B. I. Fomin and L. I.
i.e., =Sie at the SjN,/SiO, interface. Two such silicon at- Mahnanova for their help in sample preparation.
oms with unpaired electrons result in the creation of a Si-Si
bond. 1J. Himpsel, F. R. McFeely, A. Tabel-lbragimi, J. A. Yarmoff, and G.
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