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Depth Profiling of Silicon Nitride Films Prepared by Plasma Anodization
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51. Int,roduction
The plasma anodic nitridation of

silicon is an attractive techni-que for
ULSI fabrlcations because thick si.li.con
nitride fj.lms can be formed at low tempera-
ture by usi-ng this techni.que. According
to Auger depth profiling, amounts of
oxygen near the interface in this case are
less than those for silieon nitride films

1 ?\deposited by LPCVD*''' . In order to in-
'rrestigate the structural origin of thi-s

A-6-3

by using a dilute HF etching solution
(HF:CHr0H:H.,0=1:18:1), while maintaining5Z
solution temperature aL 25 oC and with
supersonic vibraLion of the solution.
The Si 2p, O 1s, N 1s photoelectron spec-
tra excited by Mg Kcl radiation were meas-
ured on these nitride films by using
microcomputer controlled DuPont ESCA 6508

spectrometer. In order to avoid the de-
tection of photoelectrons from the sub-
sLrate, the corners of the square shaped

specimens are covered with a copper mask.

The other experimental details are the
same as Lhose described elsewhet.3).

93. Experimental Results
Fig. 1 shows the comparison of Si 2p

photoel-ectron specLra f or three spec j-mens;

as grown silicon thermal oxide film having
thickness of 3.9 oil, as grown silicon
nitride filn having thickness of 3.7 nm

prepared by plasma anodization, chemically
etched silicon nitri-de film having thick-
ness of 4 ,2 nm prepared by LPCVD. The

values of FWHM and chemical shift for
these spectra are listed in Table 1.
According to this tab1e, the chemical
shift observed for plasma anod Lzed film is
in between that for LPCVD filin and that
for thermal oxide film. If we assume that

X-ray photoelectron spectroscopy has been used to study the chemi.cal
structures of silicon nitride fil-ms prepared by plasma anodizati-on. The
Si3N4/Si interface was studied by chemical depth profiling. Ir is found
that SiOxNy exist within 3 nm of the interface and at the surface, but
with nearljt ideal silicon nitride in the rest of the fi1m. Nearly same
distribution of SiOxNv near Lhe interface is found for all the films with
thickness range from 5.0 to 15.6 nm. The possible mechanism of plasma
anodic nitridation which can explain these resul-ts are discussed.

difference
films were

the chemical structures of the
studied by using X-ray photo-

electron spectroscopy.

92. Experimental Deta j.1s

The plasma anodic nitridation of
<100> oriented silicon wafers with p-type
resistivity of 20 f,lcm was performed at
900 oC in the mixture of hydrogen and

nitrogen aL 1 torr with 13.56 l{Hz rf pohTer

of 2OO Id and ll2 V dc bias voltage. The

starting thickness of silicon nitride
fllms studied are in the range from 5.6
to L5.6 nm. Depth profiling was performed
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Table 1

c. S. (ev) FWHM(ev)

oxide filur
PA filn
LPCVD film
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PA:Plasma Anodized, C.S.:Chemical Shif t

LPCVD film is quire close ro ideal Si3N4
fi1m, oxynitride(SiO*Nu) nrust be included
in plasma anodic nitridation film. Here,
oxlde fj-lm was thermally grown in dry oxy-
gen at 800 oC, plasma anodic film was pre-
pared at 920 "C in the mixt,ure of nitrogen
and hydrogen at I torr with rf power of
300 l/il and 150 V de bias volrage. Fig. 2

shows one example of the change in Si 2p

photoelectron spectra j-n depth directi_on
for plasma anodic fil-m having starting
film thickness of 9.9 nm. The nitridation
induced chemical shift is observed to de*
crease with decreasing thickness and to
increase agaj-n in the region close to the
interf ace, exhibit j-ng the existence of
oxynitrides on the surface and at the in-
terface. The thickness shown in this fig-
ure except 9.9 nm was calculated from the
Si 2p spectral intensity for si-1icon sub-
strate and that for silicon nitride film.
I{ere, electron escape depth is assumed to
be constant throughout the fi1m, and to be

equal to 2.L nm obtained f or silicon nj.-
tride film prepared by LPCVD

94. Analysis of Photoelectron Spectra

(a)

(a) and (b) shows d.econvolution
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Fig. I Si 2p photoeleetron spectra for
thtee specimens; a: oxide f il_m, b: plasma
anodic nitridation filmr ciL?CVD fijm.
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Fig. 2 Depth ProfiTing of plasma anodic
nitridation film with starting fiTm thick-
ness of 9.9 nm; a:9.9, b:8.6, c:8.4,
d:7.3, e:4.7., f :2.5t g:7.6, h:0.79.nm,
tespectiveTg,

of specttum e and
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The Si 2p photoelectron spectra are
analyzed .with f o1l_owing f our assumptions;
(1) in the case that the amount of silicon
dangling bonds can be neglected in si_1icon
nitride filns, 15 kinds of tetrahedral
bonding units including Si-N and Si-O
bonds exist. Among these 1O configura-
tions includes Si-Si bonds. In the case
of silicon thermal oxides, the amount of
silicon with Si-Si bonds is aE the mosr
equal to LO"/" of silicon in SiO2 netwo.t 3).

If the amount of Si-Si bonds in si.li-con
nitride filrn is comparable to that in
thermal oxides, the exj_stence of Si-Si
bonds i-n s ilicon nitride f ilms can be neg-
lected in the f irst order approximati-on.
Then, the composition of silicon nitride
films can be consi-dered to consist of
following five componentsr' that is,
Sio*/2N(+-x)/3'x=o' 1' 2' 3' 4; (2) The

amount of chemical shift for each compo-
nent is assumed to be independent on the
thickness of the film so that it increase
linearly with increasl-ng x. Here, the
chemical shift for Si in Si3"4 and that
for Si in SiO2 is assumed to be 2.55 and
4.44 €V, respectively; (3) According to
Table 1, FWHM for Si in SiO2 is smaller
than that f or Si i-n Si3N4. Theref ore,
FWHM for each component are assumed to de-
crease linearly with increasing x. IIere,
FI^IHM for Si in Si3N4 and that for Si in
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Fig. 4 CompositionaL change in depth
direction for plasma anodic fiTn with
starting f iJ-m thickness of 9.9 nm.

SiO2 is assumed to be 1.91 and I.74 eV,
respectively; (4) The lineshape of each
component is determined such that the
value of FWHM for spectrum obtained from
the convolution integral of Si 2p photo-
electron spectrum for Si in SlO2 and
Gaussian function satisfies assumption(3).
Fig. 3 shows two examples of deconvolu-
tion thus obtained.

95. Discussions
The accurate analysis of Si 2p photo-

electron spectra is limi.ted for the thick-
ness range of less than 7 nm, because of
small chemical shift for Si in St3N4.
Fig. 4 shows the change of the composition
in depth direction obtai_ned f rom the spec-
tral analysis of Fig. 2. The composition
shown here is certain average of composi-
tion over the range of electron escape
depth. From this figure the atomic den-
sity ratio R(d) of nitrogen with respect
to silicon i-s calculated as a function of
filn thickness d as shown in Ftg. 5. If
the value of electron escape depth in the
film and density of silicon atom do not
change throughout the filn and is equal
to A and os, respectively, R(d) is shown
to satisfy the following equation. Here,
n*f (x) expresses the density of nitrogen
atom at distance x from the interface, and

5t0
FILM THICKNESS d I nm ]

Fig. 5 Atomic densitg ratio R(d)_ of
nit.rogen with tespect to silicon as a
function of f i.Im thickness d.
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tN expresses density of nitrogen atom in
Si^N, fi1m.

J4
R(d) = { (nu/n"A) /tt-exp (-d/A) I }.

rd
I - f (x)exp [-(d-x) /A]dx,0

The distribution f unction f (d) of ni-trogen
stom in the plasma anodic nitridation filut
show2 in Fig. 6 is deterrnined such that
R(d) in Fig. 5 sati.sfi-es the equation
mentioned above. According to Fig. 6,

oxynitrides exist within 3 nm of the
interface and at the surface, while neariy
ideal silicon nitrides are formed in the
resL of the fi1ms. Almost the same amount

of oxynitride near the interface for all
the nitride films studied implies that
plasma anodic nitridation is mainly due

to the transport of nitrogen ion through
the oxynitride layer. The present, result
on Lhe distribution of nitrogen is differ-
ent frorn the observation of nitrogen pl1e
up found in thermally nitrided SiO2 film
at 2.5 nm from the SiO N /Si interface4'5)xy

g 6. Summary

The cheurical structures of silicon
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Fig. 6 The distribution function t (d) of
nittogen atom in the plasma anodic nitri-
dat,ion fiTm as a function of d with start-
ing fiTm thickness as a parameter; a:5.6,
b:7.7, C:9.9, d:72.4, e:75.6 Drnt respec-
tiveJg. These five thicknesses were
detetmined bg eTTipsomettic measurements.

nicride films prepared by plasma anodiza-
tion has been studied. It is found that
oxynitrides exist within 3 nm of the
interface and at the surface, buL with
nearly ideal silicon nitride in the rest
of the film. Nearly the same distribution
of oxynitride near the interface is found
f or all the f ilms studied, irnplying that
the plasma anodic nitridation is mainly
due to the transport of nitrogen ion
through the oxynitr j-de 1ayer.
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