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We investigated the transport of nitrogenous species during rapid thermal growth of silicon
oxynitride films on Si in NO, using N isotopic tracing and high resolution depth profiling
techniques. The results indicate that the diffusion of nitrogenous spéuiest probably NQ
through the growing oxynitride film to react with Si at the oxynitride/Si interface, induces the
incorporation of N near this interface. This mechanism acts in parallel with a site-to-site jump
mechanism(interstitialcy or vacancyof diffusion and chemical reaction of nitrogenous species in
the volume of the growing oxynitride film. The characteristic N accumulation only near the interface
obtained by rapid thermal processing growth igONis due to the removal of N from the near
surface region of the films, here attributed to atomic exchange®N@aking place during growth.
Furthermore, N>N exchange was also observed. 1896 American Institute of Physics.
[S0003-695(196)00642-0

As metal-oxide-semiconductorMOS) devices are |ent thickness relationship 1O+N) atoms/cm?=0.226
scaled down to the deep submicron, a gate dielectric morgm of oxynitride film!? The N depth profiles were ob-
relia.ble th_an Si_@is requi_red. Recently, therg has been inter-tained by narrow nuclear resonance profilitRP), using
est in using nitrous oxid¢N,0) to grow thin (<10 nlm)s the strongl'z=120 eV wide isolated resonance in the cross
dielectric films on Si by rapid thermal processi(®TP).”  section of the nuclear reactidiN(p,ay)*?C at 429 keW?
The thermal growth of the oxynitride films seems to be self-gnd a tilted sample geomet(¥=65°). The measured exci-
limited to thicknesses between 4 and 12 nm, depgndipg Otation curves(i.e., yield versus incident energwround the
the RTP temperature, whereas the N concentration in theesonance energ§r can be converted into concentration
films grows continuously with the RTP tinf.In the oxyni-  versus depth profiles by means of teeaces simulation
tride films grown by RTP, N is located near the oxynitride/Si program™*4 This profiling technique gives a depth resolu-
interface, being absent from the surface and from the bulkion of approximately 1 nm near the film surface.
until a certain deptf.”®Carret al® attributed to Q the lead- The excitation curves of thEN(p, «)*C nuclear reac-
ing role in the growth of the oxynitride films, by means of tion, and the corresponding®N depth profiles for films
the oxidation of Si. The reaction of NO with Si was thought grown in (i) *N,0O, (ii) ®N,O followed by *N,O, and
to be the main cause of nitrogen incorporation into the oxjii) N,O followed by!*N,O, are shown in Fig. 1. The real
ynitride films. The peak N concentration in the films dependsprofiles might present less sharp edges than the rectangular
linearly on the NO concentration in the gas ph&S€.The  ones shown here, but this fact does not change the essence of
removal of N from the near surface region of the OXynitridethe reasonings reported here. The time of RTP in each
film grown by RTP in NO was demonstrated to be due to growth step was 80 s, such that films tyfii¢ and type(iii)
the action of O, which is produced in the vicinity of the Si \were grown during a total RTP time interval of 160 s. One
wafer.” _ _ _ can see than in sample tyfig, grown in**N,O only, N is
~ Aiming to investigate the atomic transport processes takgistributed with an almost constant concentration within the
ing place, we report here on the first studies of isotopic traCregion between 4.5 nm from the surface and the
ing of N during thermal growth of oxynitride films in 0 oxynitride/Si interface. If a further oxynitridation MN,O is
using a RTP furnace. All the treatments_were performed aherformed on samplé) we obtain the sample typ@). This
1050 °C, under a pO pressure of 30 mbar.e., 3 kPa. The  gecond treatment results in a further growth of the oxynitride
two gases used for film growth were purgQNcontaining N fiim_ The 15N profile is shifted deeper into the film, and the
and O isotopes in their natural abundancé®gO),and 97% total amount of'SN decreases by 20%. In samgiié) the
"*N-enriched NO (**N,0). The total amounts of the differ- 15y atoms(which have been incorporated in the film during
ent isotopes incorporated in the oxym}gde films were meayng |ast treatment stepre located closer to the new interface
sured by nuclear reaction analy$RA).™ The thickness of  ha in sampldii), and the total amount dfN incorporated
the oxynitride films can be determined based on the equiva, he oxynitride film is smaller than in samplié) by 35%.

In view of the symmetry of sampldg) and(iii ) with respect
dElectronic mail: israel@if.ufrgs.br to the two N isotopes, we can say that thdl profile for
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b l ' FIG. 2. Excitation curves of th®N(p,ay)*C reaction for films grown by
(b) 1 RTP in (i) 15N,0 (dotted, (i) 15N,O followed by *N,O (dashedl and the
| difference between these two excitation cur¢sslid, shadowed arg¢a

==t

removed. This explains the fact that there is'id observ-

able in the region from the surface up to a depth of approxi-

mately 5.5 nm in sampléi), as it would be expected after a

, , second processing stepifN,O of an oxynitride film grown

0 5 10 15 in 1N,O, where a loss of°N was observed. Similarly, in
Depth (nm ) sample(iii) there is nd*N in this near surface region, and in

sample(i) there is no™N in the region from the surface up to
FIG. 1. (a) Excitation curves of thé"N(p,a)*°C nuclear reaction around 4 depth of 4.5 nm.

the resonance energyzE429 keV, for films grown by RTP iri) 1°N,O . . . .
(solid), (ii) 5N, followed by*N,O (dasheg andiiii) “N,O followed by The migration of the N atoms already incorporated in the

N,O (dashed-dotted (b) The corresponding®N depth profiles. The solid ~ OXynitride film, due to longer nitridation times is shown in
arrow indicates the position of the oxynitride/Si interface in sample  Figs. 2 and 3. The excitation curves of thtN(p,ay)*’C
while the dashed arrow indicates the position of the oxynitride/Si interfac : : -
in samples(ii) and (i), eaction for sampldi) and (ii), gnd the curve(shadowg&i '
that results from the subtraction of these two excitation
_ curves are given in Fig. 2. The hatched areas below and
S_Q”I?'e type(iii) corresponds to thé'N profile for sample  above the zero level represent, respectively, the local loss
(il).” So, samples(ii) and (iii) have identical nitrogen and the local gain of°N after the second growth step in
(*N+1N) profiles, located in the region near the interface,14\,0. One can see that the effect of the second treatment
having an appreciable mixture BN a”fleN (area underthe  step in%N,O is to remove part of th&N from the region of
superimposed rectangledhe predominant N isotope in the the oxynitride film closer to the surface, and to push another
gas used in the second treatment step is located closer to the + of thelSN atoms towards the interface. The effect of a
interface. This last fact is an evidence that the interstitiakyi.q treatment step if*N,0 is seen in Fig. 3, where we
diffusion of nitrogenous specig®O according to Ref. 10 show the excitation curve of tHEN(p, a)*2C reaction ob-
across the growing oxynitride film with reaction at the inter- tained after submitting samplé) to two additional RTP
face is one mechanism responsible for tfge observed N dIStr('fycles in1N,O. After the third step the excitation curve is
bution. However, the mixture of'N and '*N in these pro- . . :
shifted towards higher energies as compared to that of

; 14Ny 15N i i
files, the**N«N isotopic exchanges, the shift towards the sample(ii), which means that th&N atoms were pushed

interface of the N atoms already present in the Oxynitridedee er into the film, and are located nearer to the new inter-
film, and the absence of N in the near surface region sho P !

that other mechanisms are acting in parallel, like the reactio\gace' One _notl_ce_s, however, that the_:_ area under this excita-
tion curve is similar to that of samplg), so that there was

of the diffusing nitrogenous species with the oxynitride s ) . .
network!® and the replacement of earlier incorporated N by”o further loss of°N during the third step. This result was
confirmed by NRA. The pushing ofN towards the new

freshly arriving O and N. Indeed, in a previous wtthve . i e i
have shown that during furnace reoxidation in, ©f interface can be attributed to a site-to-site jump mechanism

N,O-grown oxynitride films, O and N atoms from the film (interstitialcy or vacancy of diffusion of nitrogenous
are exchanged for O atoms from the gas. So, the removal §iPecies.’ Figure 3 also shows the excitation curves for
N from the near surface region of the oxynitride film is not Sample(ii), and for an oxynitride film grown by performing
only attributable to ®but also to Q. The action of O and two RTP steps in“N,O followed by a third RTP step in

O, release N which outdiffuses and desorbs. As previousl)}F’NzO- One can see that the area under this last excitation
reported by several authat$:f the removal mechanism act- curve is smaller, and it remains in a lower energy interval as
ing in the near surface region is such that nitrogen is comeompared to that for the sample treatedN,O followed by
pletely washed out, and consequently outdiffusing nitrogeriwo steps in“N,O. This means that during the third growth
atoms that could be trapped in this region are completelystep, when the film thickness as well as the amount of incor-

2386 Appl. Phys. Lett., Vol. 69, No. 16, 14 October 1996 Baumvol et al.



600 sequence, N is incorporated in the regions closer to the sur-
face.

The width of the N distribution, and the distance from
the surface at which the N distribution in the film starts are
given in Fig. 4 for oxynitride films grown in>N,O only
during RTP times between 10 and 240 s. The position of the
oxynitride/Si interface is shown by arrows in eachl pro-
file. The width of the N distribution exhibits also an increase
with the processing timé@.e., with film thicknesy but it is
noticeable that the growth rate of this width decreases with
increasing processing time. This result can be associated
with the self-limited character of the film growth, on the one
hand, which slows down the advance of the oxynitride/Si
interface (i.e., the N fronf, and on the other hand to the
removal of N from the near surface side.

In summary, the thermal growth of silicon oxynitride
FIG. 3. Excitation curves of thEN(p, ay)*%C reaction, for films grown in: films on S{100 in N,O by RTP is a result of the diffusion of
15\,0 followed by 2N,O (solid); 15N,0 followed by*N,O, and followed O, species, concomitantly with the diffusion of nitrogenous
by *N,O (dasheg and**N,O followed by*¥N,O, and followed by*N,O  speciegmost probably N, through the growing oxynitride
(dashed-dotted film to react with Si at the oxynitride/Si interface. In parallel,

site-to-site diffusion of nitrogenous species in the volume of

porated N were larger than those after two RTP steps, thi1€ growing oxynitride film lead to the incorporation of N in
interstitial diffusion of nitrogenous species across the grow!his region. The characteristic N profile obtained by RTP
ing oxynitride film without interacting with it is slowed 9rowth in N,O is due to the removal of N from the near
down by its diffusion barrier property, leading to a predomi_surface region of the films. Our studies attribute this removal

nance of the site-to-site mechanism of diffusion. As a coni0 the effect of atomic exchanges-&N produced mainly by
the action of O and ® Furthermore, N>N exchange was

also observed.
5 , i - The authors thank Georges Amsel for his careful reading

Counts

(a) | ; i ¥ of the manuscript. This work was supported in part by the
4 l v Uy v -1 GDR86 of the CNRS-France, and by CNPq and FAPERGS-
~ 4 ;I : Brasil.
2 41— | i |
& 2 b i i |
Vi | M. Hao, K. Lai, W-M. Chen, and J. C. Lee, Appl. Phys. L6, 1133
Vit l (1994.
1 P i | 2y. Okada, P. J. Tobin, V. Lakhotia, W. A. Feil, and S. A. Ajuria, Appl.
NS l Phys. Lett.63, 194(1993.
0 1L L 3H. Hwang, W. Ting, and D-L. Kwong, IEEE Electron Device Let®,
0 5 10 15 20 495 (1991.
4M. Bhat, J. Ahn, D. L. Kwong, M. Arendt, and J. M. White, Appl. Phys.
10 10 Lett. 64, 1168(1994.
SM. L. Green, D. Brasen, K. W. Evans-Lutterodt, L. C. Feldman, K.
"E" ( b ) -g Krisch, W. Lennard, H-T. Tang, L. Manchanda, and M-T. Tang, Appl.
c sl i8 E Phys. Lett.65, 848 (1994.
o . = 6\(N. T]i)ng, H. Hwang, J. Lee, and D. L. Kwong, J. Appl. Phg&, 1072
Q > 1991).
§ 6l /' 16 ; "H-T. Tang, W. N. Lennard, M. Zinke-Allmang, I. V. Mitchell, L. C.
° - Feldman, M. L. Green, and D. Brasen, Appl. Phys. L@&#.3473(19949);
[a) /:/. o see also Nucl. Instrum. Methods B8, 347 (1996.
@ L | S E. C. Carr, K. A. Ellis, and R. A. Buhrman, Appl. Phys. Leit, 1492
S et 43 (1995.
‘g / "3 9B. F. Lindars and C. Hinshelwood, Philos. Mak2 (1955.
D, 128 10p_J. Tobin, Y. Okada, S. A. Ajuria, W. A. Feil, and R. I. Hedge, J. Appl.
! o . = Phys.75, 1811(1994.
z 1w, Ting, H. Hwang, J. Lee, and D. L. Kwong, Appl. Phys. L&, 2808
0 . ‘ . . o (1990.
0 50 100 150 200 250 2] 3. R. Baumvol, F. C. Stedile, J.-J. Ganem, S. Rigo, and I. Trimaille, J.

Electrochem. Socl42 1205(1995.
131, Vickridge and G. Amsel, Nucl. Instrum. Methods 45, 6 (1990.
14G. Battistig, G. Amsel, E. D’Artemare, and 1. Vickridge, Nucl. Instrum.
FIG. 4. (a '™N depth profiles in oxynitride films grown by RTP 1iN,O Methods B61, 369 (1991).
during: 10 s(solid), 20 s(dashey] 40 s(dashed-dotted 80 s(dashed-three  °S. Rigo, F. Rochet, B. Agius, and A. Straboni, J. Electrochem. $28@.
dots, 160 s(solid), 240 s(dashedl The arrows indicate the position of the 867(1982.
oxynitride/Si interface in each samplé) Distance between the surface and *J.-J. Ganem, S. Rigo, I. Trimaille, I. J. R. Baumvol, and F. C. Stedile,
the beginning of the N distribution, and width of the N distribution as a Appl. Phys. Lett.68, 2366(1996.
function of the RTP time. 7], Trimaille and S. Rigo, Appl. Surf. ScB9, 65 (1989.

Time[s]

Appl. Phys. Lett., Vol. 69, No. 16, 14 October 1996 Baumvol et al. 2387



