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The diffusion of defects during the thermal growth of Sim on Si(100 in dry O, was
investigated using sequential treatments in natural oxy&&y) and in heavy oxygenf0,) in a

Joule effect furnace. THEO depth profiles were measured with a depth resolution better than 1 nm,
using the nuclear reaction narrow resonalfé¥p, ) *°N (Egr=151 keV,I'r=100 e\). From these
profiles, we confirmed that just below the surface an exchange between the oxygen atoms from the
gas phase and those from the silica occurs, even for silica films thicker than 20 nm. This fact is not
predicted by the Deal and Grove model. A diffusion of oxygen related defects takes place in the near
surface region, with an apparent diffusion coeffici@nt=4.33<x 10 1° cn?/s for an oxidation
temperature ofT=930°C and for an oxygen pressure Bf=100 mbar. ©1997 American
Institute of Physicg.S0021-897@07)02212-3

The Deal and Grove modelvas the first one generally Owing to the mass action law, for an oxygen transport by
accepted for the description of the thermal growth of S®  peroxyl bridges, the concentration of defectsCy(
silicon in dry Q,, for films thicker than 20 nm. Many studies =[=Si-O-0-Sk]) is proportional to the square root of
have reported that deviations from this model occur at thehe O, pressure according to Eql). As the surface ex-
initial stages, where the growth rate is higher than that exchange is proportional to the square rootGy for a diffu-
pected from the model. Besides, Rochetl? and later Tri-  sjon process, this exchange should be therefore proportional
maille and nga and Luet a|.4 have demonstrated thl’ough to P[02]1/4_ The presence of peroxy| bridges is also consis-
isotopic tracing experiments that a parallel atomic transporent with the observations &X centers by Stesmares al.®
mechanism takes place during the oxidation, due to silicgyhich can also be interpreted in terms of oxygen excess. In
network defects created during the growth. This parallebnis communication we report on a study based on isotopic
mechanism leads mostly to an exchange between the 0Xyg@n,cing experiments, allowing an accurate measurement of
atoms from the gas phase and those from the silica networ{ﬁe apparent diffusion coefficieft* of the near surface de-
in the near-surface region. This phenomenon, which is N0y ts during the thermal oxidation of Si in dry,O

E:?imetﬂ by tzfge DeaL\antthrc;ve rnodel,halso o;:c;rs folr f"m_s Monocrystalline silicon wafers type, lightly doped(p
Icker than 20 nm. AS the atomic exchange takes pace.'r‘ZS—GQcm), and (100 oriented have been thermally oxi-
parallel with interfacial growth, and in a smaller scale, it . . ) )
. Lo dized in a Joule effect heated furnace in which the atmo-
cannot be extracted only from the oxide growth kinetics. The
. : sphere can be well controlled. The gases used here were
suggested defect responsible for the atomic exchange neaf

1
the surface is the peroxyl bridge which diffuses interstitialcyle't)helr dultradry naturﬂa%xygfp ' rllgm.éﬁ)z, or 99.7% 0 d
in the silica network. In this previous work, isotopic tracing abeled oxygen, nam 2. Aliquid nitrogen trap was use

experiments were carried out to investigate the near surfad@ Maintain the partial pressure of water vapor in the oxygen

exchange mechanism. It has been established that the amo@tS€s below 1 ppm. The thermal oxidations were performed
of this exchange supportsk{ O,]¥4 law (P[O,] is the oxy- under an oxygen pressure & O,]=100 mbar for both

gen gas pressureThis favors, among the defects relevant togases. Three different sequential processing steps were per-
atomic diffusion® the peroxyl bridggO—0 bond, equivalent formed

to an interstitial oxygen atojres the defect responsible for (i)  oxidation in 20, at T=1000 °C for 3 h[first step-
the step-by-step motion of oxygen atoms. It has been stated sample(i)];

that the peroxyl bridge is formed through the reaction: (i) same as for samplé), followed by an oxidation in
180, at T=930 °C for 5 h[second step-samplé)];
0,+2=Si-0-SE<2=Si-0-0-Sk. (1 (i) and same as for samp(#) followed by an oxidation
in 10, at T=930 °C for 2 h[third step-sampléiii)].
3Electronic mail: ganem@gps.jussieu.fr The first step was chosen to grow a silica film of about 20
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oxygen atoms *20]=[*80/(**0+1%0)] in the oxide film. In

- 100 T sample(ii) the 80 atoms are found in two well separated
i (a) w 1 regions. The high energd?O signal (well aboveEg) is at-
=000 |- — 50 ] tributed to the interfacial growth according to the Deal and
i £ 1 Grove model: the oxidizing species diffuse into interstitial
« 1500 |- L TR positions in the silica network towards the $iSi interface
5 i Depth [nm]} 1 where they react to form the new oxide. The low energy
S Loool B 180 signal(close toEg) corresponds to th&®O atoms (4.6
» X 10 atoms/cm), encountered just below the sample sur-
1 face, due to exchanges between the oxygen from the gas
500 ] phase and those from the silica netwdriere the oxygen
i 1 atoms diffuse via an interstitialcy mechanism by means of
o LA s N - peroxyl bridges which are created near the surface. Simula-
0 5 10 15 : o X
E — By [keV] tions of the gxuta’uon curves with the prOgrEBMACE'SShOW
that the profile of thé®0 atoms near the surface in sample
2500 - (ii) is very close to an erfc functidieg. (2a ] confirming that
i 100 ] the transport of'80 species is most probably driven by a
2000 _ (b) x _ diffusion mechanism. The surface peak can be expressed by:
l o 50 ; y
2 1500:_ O(flus 10 15 20 25 . C(X;tO):CoxerfC 2\/DTtO)' (23
g C Depth [nm] 1
(] L 1 o *
© 1000 - ] 18 JO C(x;tp)dx= 2c0\/DWt°, (2b)
500 7 whereC, is the surface concentration of tH© atoms in the
f§ silica, andD* represents the apparent diffusion coefficient of
o .

s o ——— 1'5 the mobile species in the silic& is found to be equal to the

E — E, [keV] labeling of the gag (Cy/N,=99.7%), N,, is the number
oxygen atoms needed to form a unit volume of siliead

FIG. 1. Excitation curves of the nuclear reacti¥id(p,a)™N around the ~ to="5 N is the duration of thé®0 oxidation.Qz® is the total

energy of the resonandez= 151 keV for a silicon wafer oxidized inta) amount of'®0 atoms located in the surface pe&K: can be

%0, for 3 h at1000 °C, followed by%0, at 930 °C for 5 {sample(ii)], and  expressed by:

(b) same as ina), followed by oxidation in*®0, at 930 °C for 2 h[sam-

pleiii)]. In insets are represented the relafé8D] concentration profile d
obtained using the prograspaces D*=DX—, 3)

Ny
whereD is the diffusion coefficient of the mobile species,

nm. The total amount ot%0 and'®0 present in the films and C4 is the concentration of defects responsible for the
after each processing step was measured by nuclear reactiorygen transport in the silica and fixation 8D just below
analysis(NRA) with a precision better than 3%. The depth the surface.
profiles of*80 present in the films after the second and third  After the third oxidation step ift®0, [sampléiii )], two
processing steps, were determined by nuclear reaction resdistributions of'80 remain in the sample as shown in Fig.
nance profiling(NRP) using the very narrow resonance in 1(b). As in the previous case, the high energy one corre-
the nuclear reaction'®O(p,a)'®™N at Eg=151keV ('r  sponds to atoms located near the S interface. As ex-
=100 eV). This technigueconsists in measuring the exci- pected, except for th€0 rich layer at the interface, no sig-
tation curve, i.e., the yield of the particles versus the pro- nificant change in thé®0 amount and distribution can be
ton energy, around the resonance endtgy The excitation detected between samplig) and sampldiii) in this region
curve can be converted into a concentration depth profileas shown in the inset of Fig.(d). However, for the low
using thespAcesprogram® In order to enhance the depth energy distribution, i.e., for th&O atoms located near the
resolution, the samples were tilted at 65° with respect to theample surface, a significant loss'8® atoms has occurred
proton beam direction. In such experimental conditions, theluring the third treatment step. The total loss'# atoms
NRP technique provides a depth resolution better than 1 nrmeasured by NRP gives 80 atoms/cm, which corre-
near the sample surface. Due to the characteristics of thisponds to a decrease’80 of 42% in the surface region, and
resonance, the excitation curves present a very low backhe!®0 depth distribution is no longer an erfc. THO atoms
ground to signal ratio (10%), rendering then the determina- diffuse in the silica film, and when they reach the sample
tion of the profiles accurate. surface they are replaced BYO atoms from the gas phase.

In Figs. 1a) and Xb) are represented the excitation Assuming that the defect concentration is constant or varies
curves measured by NRP on samfil¢ and on sampléiii ). weakly in the first nanometers below the surface where the
The insets show the concentration depth profiles of heavgxchange takes place, and that the silica constitutes an infi-
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100 - . . - . - — (i) the defects can be thought as diffusing in a semi-
ik infinite medium and
80 | sample i) | gxperimental data 1 (i)  the gas/SiQinterface atkx=0 constitutes a permeable
/ Sampie iii) | 679 surface.
60 I ..'- J . . . .
K Sample i) Procicted profe Th'|s. r.esult strpngly supports t.h'e idea of a Qn‘fusmn of the
40 . 1 oxidizing species via an interstitialcy mechanism. The calcu-
e lated value of the apparent diffusion coefficient of the near
surface mobile oxygen iB* ~4x 10 % cné/s. This value
is more than six times lower than previously obtained results
at 930°C? probably due to the lower concentration of defects
in the samples analyzed in the present study, sib&eis
proportional to the defects concentratigee Eq.(3)]. The
FIG. 2. Near surfacg*®0] concentration profile in sampig), and in sample  only difference in the sample preparation between this work
(iii) as extracted from the measured excitation curves visstheespro-  gnd the one reported in Ref. 9 was the first oxidation step. In
gram theoretical p(oflle, and the predicted profile after the third treatmenhef. 9 this oxidizing step was carried out in a gas flow fur-
step, calculated using E).
nace in Q at atmospheric pressure, whereas in this work, the

first oxidation step was performed in dry oxygen, at a static
pressure below atmospheric pressure. Thus, the difference in
the diffusion coefficients, intimately related to local defects,
can be explained either by the existence of water vapor traces

1 X in the gas flow system which would produce more defects in
EXQXF{ T 552) 4@ the growing oxide, or by an oxygen pressure dependence of

the concentration of defects in the film. We think that the
with o= y2D*t. Furthermore, assuming that the sample surpresence of water vapor traces is more plausible to explain
face is permeable to the diffusing species, then after the thirduch a difference in the apparent diffusion coefficients.
oxidation step in'®0, for t=2h, the new profile of the Work is in progress to investigate the effects of thermal
%0 atoms which were incorporated during the second oxiprocessing parameterénitial surface cleaning, treatment
dation step in'®0,, can be calculated from the following time, temperature, and gas presswme the near surface de-
convolution: fects, hoping that this approach will contribute to optimizing
C(X;tg+1)=G(x;t)*C(x), (5)  the reliability of the future gate oxides.
) ) . o ) This work was partially supported by the Groupement de
yvh_e_reC(x) s the eq_uwa_lent:LBO |n|t|a_l _prpf!le n a_thua! Recherche 86 of the Centre National de la Recherche
infinite medium for dlffuspn ina S(_-:tml—mflmte medium with Scientifique-France and by the CNPq and FAPERGS-Brazil,
a permeable surfac€(x) is then given by:
C(x)=C(x;tg)— for x=0

C(x)=—C(—x;tg)— for x<0

[180] Concentration [%]

0 05 10 15 20 25 30 35
Depth [nm]

nite media, the diffusion process would e to follow a
Gaussian distribution for an initial plane distribution:

2
G(x;t)=

(6)
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