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An experimental study for the growth of oxidation-induced stacking fal@SFs) during silicon oxidation in NO at high
temperatures and pressures was developed. As the oxidation temperature increases, the OISF length increases, and as the pressure
increases, the length diminishes. These dependences upon temperature and pressure are different from those for oxidation in O
The most important difference is associated to the faults reduction when the gas partial pressure is increased, which is an opposite
behavior to the one observed during §llicon oxidation. These differences are explained in terms of the N distribution close to

the silicon-oxide interface and also in terms of the N/O ratio within the oxide which should change as a function of temperature

and pressure during the,® silicon oxidation.
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Due to the continuous scaling of silicon device dimensions for create nucleation sites where OISF will form. These parameters
very large scale integrate@/LSI) circuits, the gate dielectric of were selected to have a suitable density of faults for later measure-
metal-insulator-semiconduct@MIS) based structures is becoming ments. Subsequently, all the wafers were oxidized in wet oxygen at
very thin(below 10 nm). Therefore, new problems may occur due to 1100°C for 1 h with the aim of increasing the OISF to have an
dopant (boron) penetration and to electron tunneling through the appropriate reference length. A schematic view of our system is
dielectric film, so that new materials with better diffusion barrier shown in Fig. 1. After removing the thermal oxide with a 10% HF
properties and higher dielectric constants than,Si€® needed. solution, the wafers were oxidized in an,® ambient with a con-

Ultrathin silicon oxynitrides(SiOyNy) exhibit several properties ~ stant flow rate of 1 slm, for various temperatu@900-1200°C),
superior to those of conventional thermaj Gxides. various pressured-3 atm), and different growth time4-8 h). The

1. Suppression of boron penetration from poly-Si gates. oxide film thickness was measured with an ellipsometer, assuming a

2. The dielectric constant of oxynitrides increases linearly with bulk SiO, layer with a refractive index of 1.465.
the percentage of nitrogen in the fiim from(SiO,) = 3.8 to For all the samples, the nitrogen-rich oxi@8iO,N,) was re-
£(SigN,) = 7.8. moved, and a group of six half samples was selected for studying

3. Increased time for dielectric breakdown. the OISF reduction in a neutral ambigitr) at a flow rate of 1 sim

4. Improved hot electron endurance. at two temperature6€l100 and 1150°Cand various timeg1-5 h).

5. Reduced interface trap densities due to the accumulation offhe defects in all the samples were revealed with Wright edctd
nitrogen at the Si-oxide interface. an optical microscope was used in order t(_) measure the OISF

For achieving some of these advantages over, $iis, one of  lengths, taking an average from at least six measurements per
the most used materials is the thermal oxide grown in,@ mbi- ~ Sample.
ent and therefore the knowledge of its properties and the growth Results
kinetics are now very important.

For a better understanding of the growth kinetics of oxides ob- ~ Transmission electron microscoffEM) analysis has shown
tained thermally in NO, we also need to know more on the kinetics that OISFs are two-dimensional extrinsic defects lying along the
of self-interstitial generation at the silicon-oxide interface during (111 planes and bounded by Frank dislocatiérihe growth of
silicon oxidation. One way of observing this is by means of moni- OISFs consists of two regimes, commonly referred to as the growth
toring the growth of oxidation-induced stacking faul® SFs)*= In and the retrogrowth regimes. During the growth regime, for short
a previous work, Tsamist al? have made a study of point defect oxidations at low temperatures, the OI_SFs expand with time. During
injection kinetics during MO oxidation of silicon in the high- the retrogrpvvth regime, for long OX|dat|on.s at high temperatures, the
temperature regime, but they have not determined a complete pre2!SFS shrink. The shrinkage of OISFs is also observed when the
dictive model for this. Therefore, in this work we develop an em- Wafers are annealed in a neutral ambient at high temperaififis
pirical model for the growth of OISFs, taking into account the shrinkage in both neutral and oxidizing ambients is s_lmllar and ap-
influence of temperature and,® pressure. Previously, Lerownnd pears to be controlled by_the same mechariigin.explain both_the
other author$obtained a similar model for the kinetics of stacking growth and retrogrowth, it is considered that the Frank partial loop
fault growth during oxidation of Si in a dry Sambient. We show bounding the faults acts as a S|nl_< or a source of_mterstltlals.
that the behavior for oxidation in JO is very different than for The growth/retrogrowth behavior of the OISF is of the form
oxidation in Q, due to the greater complexity of the oxidation
process in NO as compared to oxidation in,O

L=Ly+ AL

AL = ALg — ALg (1]

Experimental . ) .
wherelL is the OISF length obtained after each procéssis the

Silicon p-type(100) wafers were used. At first, all the wafers
were implanted with bororf5 X 103 cm 2, 80 keV)in order to

2 Permanent address: Centro de Investigade Dispositivos Semiconductores de la
BUAP, Puebla, Mgico.
Z E-mail: amorales@gasparin.solar.cinvestav.mx.

reference length from the faults previously groimour case it was
13.1pm in average)AL is the growth part, and Lk corresponds
to the shrinkage part.

Retrogrowth of OISF during annealing in A~For a neutral am-
bient or when the oxidation rate is small and the interstitial genera-
tion is negligible, the interstitial concentration in the bulk returns to
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Figure 1. Schematic view of the thermal ® silicon oxidation system.

the equilibrium level, which is lower than the interstitial concentra-
tion in equilibrium with the faults. The dislocation then acts as a
source of interstitials and the interstitials diffuse away from the
faults, causing the faults to shrink. As explained previously, the

retrogrowth process was measured by annealing in a neutral ambien

(Ar), obtaining that the reduction behavior follows a linear depen-

dence with time, as shown in Fig. 2. This behavior is described by

ALR = _CRt [2]
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where G depends upon the annealing temperature. When this model

is fitted with an Arrhenius temperature dependence, we obtain

(3]

AlLg = —5.82x 10t exp{
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Figure 2. Reduction of stacking faults in silicon in an Ar ambient as a
function of time for two different temperatures.
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Figure 3. Increase of the OISF length for 1, 2, and 3 at(ll, ®, A)
experimental values and—) the fitted model.

whereALg is in um, t in h, andkT in eV. This behavior is very
similar to what other authors have obtaiff&d with an activation
energy in the range 4.78-5.02 eV.

Growth of OISF during oxynitridation in ND.—During oxida-
tion, silicon interstitials are produced at the Si-oxide interface and
diffuse quickly in the silicon, causing a higher interstitial concentra-
tion than the equilibrium concentration surrounding the stacking
faults. The partial dislocations, acting as a sink, capture the intersti-
tials within a certain radius and cause the faults to grow.

Figure 3 shows the OISF length as a function of oxidation time
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for the different temperatures and pressures used. We notice that thexidation rate in NO is smaller(3-4 times)because the layer of

behavior is of the form

AL = at? — 5.82x 10"t exp( [4]

4.8
kT

where is almost independent of the temperature and pressure o
the process, and nearly a constant value of 0.89 was obtained for a

the samples. Notice that this value is a little higher than for oxida-
tion in O, (0.75-0.8)>° We have assumed thathas a dependence
upon temperature and partial pressure gONaccording to

a = aop’,\]zo exp( —Eq /KT) [5]

where E, is the activation energy associated to the growth of the

stacking faults. When this model is fitted to the experimental data byd
least squares using a steepest descent method to find the optimu

value ofag, m, andEy we find

AL = 1.2 X 10%%%8%p 3'31)

ﬁf‘o25 eXD( KT
4.8
kT

whereAL is in pm, Pn,0 is in atm,t in h, andkT in eV. The fitted

model to the experimental data is also shown in Fig. 3.
A similar model was obtained by Lerdyfor the kinetics of
OISFs during oxidation of100)-oriented silicon in @
5.02
kT

(7]

whereR is one half of the OISF length in cnb,is in h, Po, in atm,
andkT is in eV.

— 5.82x 10t exp( [6]

25
R = 3.5280 g% exp( —ﬁ) - 1x 107t exp( -

incorporated nitrogen near the interface reduces the diffusion of the
oxidizing moleculegNO,NO,). In spite of this, a larger interstitial
supersaturation is obtained for,® than Q silicon oxidation, be-
cause the nitrided layer at the oxidizing interface acts as a barrier for
he diffusion of silicon interstitials back into the oxide, increasing
Pe supersaturation of interstitials at the oxide-silicon interface.

Notice that as the oxidation temperature increases, the faults
grow according to the above model. This dependence is due to two
reasons: The first one, and the most important, is that at higher
temperatures a larger quantity of the oxidizing species incorporates
into the interface, generating a higher interstitial concentration. The
second one is that at higher temperatures the quantity of nitrogen
and oxygen may increase as well as the ratio of nitrogen/oxygen,
because a higher NO percentage will be obtained from th® N
ecomposition in the gas phaSe:? Therefore, due to the higher
H?Jantity of nitrogen in the layer, a higher quantity of interstitials
generated at the interface diffuse toward the stacking faults.

Notice also that as the gas pressure increases the faults length
diminishes. Here it is proposed that this behavior is due to a smaller
nitrogen/oxygen ratioj.e., the incorporation of oxygen might be
favored and the relative nitrogen quantity decreased. This relative
reduction of nitrogen may occur because the incorporation of nitro-
gen into the layer occurs simultaneousl}/ with its rembYahused
by atomic oxygen, according to Caet al'* Then, since the nitro-
gen barrier would be smaller, self-interstitials generated at the inter-
face during the oxidation process should diffuse toward the faults,
but also into the oxide, making the faults grow at a lesser extent.

Conclusions

1. We have obtained an experimental model for the growth and
retrogrowth of OISFs during silicon oxidation in,®, at high tem-
peratures and pressures. It obeys the faim= ot — ALy, were
B ~ 0.89 remains constant while varies with both temperature
and pressure. The activation energy for this process is 3.31 eV while
the dependence upon pressure is of the fprh?°. These values are

Although a similar model is used, the pressure, temperature, angery different from silicon oxidation in Q
time dependences are found to be different, which indicates that the 2. As the oxidation temperature increases, the OISF length in-

mechanisms during )O and Q oxidation are not the same. For
both processes the power dependences on time are close: arou
0.89 for the NO process and 0.75-8:8 for the O, process. How-

creases due to a higher quantity of oxidizing species incoming into
tiee film and to a larger nitrogen concentration in the film.
3. However, as the pressure increases, the faults length growth

ever, a big difference is noticed for the pressure and temperaturéiminishes, because the nitrogen/oxygen ratio in the film could be

dependences of both oxidation processes. For oxidation,ith®
OISF length increases with the, @artial pressure, but for oxidation

in N,O the length decreases with the partial pressure. Also, the

growth activation energy for oxidation inJJ® (3.3 eV)is much
larger than for oxidation in ©(2.2-2.55 eV)>51°

Results and Discussion

Notice that the activation energy for the faults growth includes
the energy for interstitial generation at the silicon-oxide interface in
addition to the interstitial migration energy. From our results we

decreasing. In other words, a higher quantity of oxygen and a
smaller quantity of nitrogen should be incorporated into the oxide.
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