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procedure has already been reported eLsewher e.4-6)
Si wafers in a cold-wall type quartz tube reactor
were placed on a silicon suscepter heated by
irradiation with halogen lamps and oxidized first
in Oa+NFr. Subsequent therrnal nitridation was
perforned in the sane reactor. Chemically cleaned

'1. fntroduction

Low-temperature growth of high-quality gate
lnsulator would be necessary for fabricating
miniaturized VLSI devi_ces. The nitridation
techniques of therma1ly grown oxide have been
extensively developed so far in order to obtain
higher resistance against alkaline ion migration
in the insulator, sufficient dielectric breakdown
strength, and radiation hardness. However, the
effi-cient nltridation rate has never been achieved
at temperatures lower than 900 oC. Recently, the
authors have found for the first time that a

remarkable increase in the silieon oxidation rate
can be obtained in the temperature range of 600 to
800 oC when an NF3 gas is added to a dry oxygen
atmosphere and that the fl_uorine atoms are
incorporated in the resulting oxide film s.4r5)
Fluorine atoms ineorporated in the oxide are
substituted by oxygen atoms during the post-
annealing in dry oxygen at the same temperature as

the oxi-dation.6)

fn this parer, we describe a new technique to
produee nitrided oxid.e (nitroxide) at temperatures
bel-ow 800 oC. This technique consj-sts of
fluorine-enhanced thermal- oxidation of Si i_n an
02+NF3 gas mi*tur"4-5) and subsequent nitrid.ation
of the fluorinated oxide (SiOr_*fr*) in an ammonia

atnosphere.

2. Experimental
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A new technique of growing nitrided oxide is proposed. As a first step a few-tens
nanometer thick fluorinated oxlde layers have been produced by fluorine-enhanced thernal
oxidatlon of silicon in an 0Z+NF3 gas nixture at temperatures between 600 and gOO oC.
Subsequent annealing of the oxlde in a pure ammonia gas at the same tenperature resuLts in
tlie formation of nitrided oxide as a consequence that fluori.ne atoms lncorporated in as-
grown oxide are substituted by nitrogen atoms during NH3 anneali.ng. The diel-ectri-c
breakdown strength of the fluorinated oxide is improved by fhe nitridation. The nitrid.ed
oxide is found to behave as a protective layer against alkaline ion contami-nati-on.

p-type (2.5-3.5 CI cm)

Si(100) wafers were

and n-type (3.0-6.0 CIcm) CZ

oxidized at a temperature
between 600 and 800 "C for 30 min in a dry oxygen
atmosphere containing 60 ppm NF3 gas at 800 oC and

475 ppn at 600 oC, and the resulting oxide layer
as thick as a few hundred A was annealed at the
same temperature for 5-300 min i_n a pure ammonia
gas. The atornic conpositions, their in-depth
profiles, and chenical-bond confi_gurations of the
resulting film s were determlned by the
quantitative analysis of x-ray photoelectron
spectroscopy (XPS). The refractive index and

thickness of the films were measured by
ellipsometry.

3. Results and Discussion

3.1 Structural Characterization
The in-depth profiles of the atomlc

coneentrations in the oxide produced by the
fl-uorine-enhanced oxi-dation techniqus4t5) are
oompared with those of the nitrided oxide in Fig.
'1. As revealed by the XPS analysis, fluorine
atoms in the oxide form chemical bonds only with
silicon and there exists no F-0 bond.4r5) The

fLuorine content of the as-grown fluorinated oxid.e
(Si02_xF2x) (Fig. 1 (a)) is significantly d.ecreasedThe fluorine-enhanced thermal oxidation
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Fig. 1 In-dePth Profiles of atomic
concentrations for the oxide obtained by fluorine-
enhanced oxidation at 800 "C (") for the oxide
nitrided at 8OO oC for 5 min (b), and 120 mln (c).
The profiles (d) refer to conventional Si02
annealed at 800 oC in NH? .

with 5 nin ammoni-a anneaLing (Fig. 1 (b)). Note

that the nitrogen content in the nitrided
Si02-xF2x is alread.y as large as that of pure Si02

annealed in NH3 for 120 min (Fig. 1 (d)). The

existence of Si-F bonds in the fl-uori-nated oxide

appears to enhance the diffusion of nitrogen
radical because the oxlde network is a little soft
compared with pure SiO2.5) Consequently,
ineorpolated Si-F bonds are substituted by Si-N

bonds through a Local nitridati-on reaction such as

SiF + NH--- SiN + HF. Considering the difference

in the coordination numbers of N and F atomsr the

oxide network must change its l-ocal- chemical-bond

configuration during nitridation. This implies
that the oxide network under nitridation is
softened, and hence further nitridaiton reaction

and progressive reconstuction of the nitrided
oxide take place during the course of annealing as

shown in Fig. 1 (c). In this figure the reductin
of the nitroxide thickness and a little surface

pile-up of residual fluorine atoms are observed as

a result of further nitridati-on. In addition to
this, a decrease of the oxygen content throughout

the bulk layer and in partieular on the surface is
observed, showing the exi-stence of the
substitution reaction between oxygen and nitrogen.

It is important to note that the nitrogen content

of the nitrid.ed Si02-xF2x ( Fig. 1 (c)) is as

high as that in pure Si02 nitrided at 10O0oC for
12O min.

For the purpose of investigating the chemical

bonding features of nitrogen in the nitroxidest
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Fig. 3 Refractive index and thlckness ofnitrided oxides deternined by ellipsometry as afunction of nitridation time.

Table f Etching rate of fl-uorinated
and nitrided oxides.

consequence of nitridation. The SiZp binding
energy from the bulk layer in the nitrided oxide
is a little large compared with that fron
the surface. This is basically explained by the
result of Fig. 1 (e), because i-n the nitrided
oxide the surface concentration of oxygen is
smaller than the bu1k. The refractive i-ndex and

the thickness of nitrided oxide layer measured as

a function of nitrldation time are shown in Fig.
3. The refractive index increases with
nitridation time due to the substituti.on reaction
between fluorine and nitrogen together with the
fluorine-asslsted substitution reaction of oxygen

with nitrogen. This substitution reaction is
acconpanied. with the volume reduction of the
nitrlded oxide, and a corresponding decrease of
the film thickness takes place in consistence with
the results of Fig. 1 (a) and (c).

The etching rates of as-grown and nitrided
oxides measured by using the solution of
50 7" HTzA,O Z NH4F:H20= 1: 7z B0 are sumnarized in
Table I, where the etching rate of thermally
oxidized Si02 at 1000 "C is also glven as a

reference. The etehing rate of the nitrided oxj-de

becones 1ow with the increase of nitridation ti-ne,
because the film is densified through nitri-dation
acconpanied with the removal of fluorine bonds in
the nitrided oxide (see Fig. 1 ).
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BREAKDOWN FIELD ( MV /cm)

Fig. /r Histograns of dielectric breakdown
strength for 300 A thick as-grown Si02-*F2* and
nitrided oxide. Area of gate electrode was 1 mm

in dianeter.
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the blndi-ng energy of Si2p XpS si_gnal is measured

as a function of nitridation time as shown in Fig.
2r. where the binding energies of thermally grown
Si02 (103.8 eV) and of stoichiometric Si3N4
(101.7 eV) are given as references. The shift of
the Si2p binding energy arises from the movement

of partial electron cloud between sllicon atom and

the four nearest-nelghbor atoms bond.ed with the
sil-icon. The extent of the energy shift is
proportional to the el-ectronegativity sum of the
four nearest-neighbor atoms. When some of Si-O
bonds are substituted by Si-N bonds through
nitridation, the Si2O binding energy shifts toward
a lower energy because the electronegativity of
ni-trogen is snaller than that of oxygen and the
electron cloud partially cones back to silicon.
Therefore, the result of Fig. Z ind,icates the
increas e of Si-N bonds in the oxid.e as a

800

800

800 5

30.)

t<

f
- 40
z
o 30o
:<

H 20
d]

AS-OXIDIZED



A

T
o

N
I

E
(,
vtl

10
[l

ooz

1ot2

r0t0

6000 c

8000 c

AS-
oxtDrzED

F"

oxides on p-type Si substrates prepared at 600 and

800 oC. The state density near midgap is
6x1010 cm-2eV-1 for 800 "C nitridation and kept
below 1x1011 cm-zev-1 even for 600 oc nitridation
although the density tends to be increased with
amnonia anneaLlng as in the case of nitridation of
pure Si02. The increase in the state density could

be rel-ated to the inconplete structural rel-axatlon

of the nitroxide near the interface.
The barrier effect of the nitrided oxides

against mobil-e ions was estimated by the

triangular voltage sweep (TVS) method.6) rn"
samples with an oxide thickness of about 2"/ nm

were contaninated with boiling NaCl soLuti-on prior
to A1 electrode evaporation. The mobile Na ion

densities in pure Si02, fluorinated oxide

SiO2-xF2* and nitrided oxi-de are summari-zed in
Table II. The result indicates that the nitrided
Si02-xF2x can act as a protective layer against

Na ion contanination. Even as-grown oxide is
protective against Na ions due to the presence of

fluorj-ne atoms which trap Na ions.

/+. Conclusions

It is denonstrated that newly developed oxide

SiO2-xF2x prepared. by the fluorine-enhanced
oxidation of Si can be efficiently nitrided at
temperatures below 800 "C by substituting silicon-
fluorine bonds with silicon-nitrogen in addition

to substitution of sllicon-oxygen bonds with
silicon-nitrogen. Structural and electri-ca1
characterizations of the resul-ting nltrided oxide

have revealed the future potentlal of this
material as a new dieLectric naterial which can be

grown at 1ow temperatllr€s.
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3.2 Electrical Characterization
The histograms of the dielectric breakdown

strength of as-grown oxlde and nitroxide on n-type

Si substr:ates are shown in Fig. 4, in which the
breakdown strength was defined by an electri-c
field strength at which the leakage current 1evel

exceeds 1 uA for a positive gate blas ramping rate
of 1 MV cm-1"""-1. The breakdown strength of the

oxj-de is inproved by the nitridation as shown in
the figure, and. even for 600 "C nitridation the
breakd own strength of about 5.5 MV "ro-1 is
obtained.
Figure 5 represents the typical interface state
density distributions of as-grown and nitrided


