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Hydrogen and deuterium incorporation into nitrided and non-nitrided hafnium silicate films on Si
during thermal annealing itH- and?H-containing atmospheres was investigaféti profiling was
accessed by means of nuclear resonant reaction profiling, wétdéasorporation was quantified

by nuclear reaction analysis. The effects of preannealing in different atmospheres and temperatures
were determined, as well as the lossestdfand?H from these structures during postannealing in
vacuum. The results reveal a rather uniform depth distribution of incorpofatedn striking

contrast with previous studies on hydrogen in silicon oxide and oxynitrides and hafnium oxide films

on Si. These results are discussed in terms of the defects present in each one of the structures studied
here. ©2004 American Institute of PhysiddOl: 10.1063/1.1801682

Intensive efforts have been made in recent years in order atomic ratio Si/Hf=1.3, hereafter called react-HfSiO

to retain SiQ or SIQN, as the gate dielectric material in and react-HfSiN.

metal—oxide—semiconductor field-effect transistdtiOS- (i)  thin HfSIO and HfSION films(4 and 2 nm thick, re-
FET) devices. However, the replacement of these materials spectively produced by ultraviolet ozone oxidation
with an alternative one holding a higher dielectric constant of HfSi and HfSIN films on SiSi/Hf=1.7 ratio,
(high«k dielectricg in advanced, ultralarge scale integration with average stoichiometrie$HfO,),(SiO,);—, and
devices has enticed attention, owing to the exponential in- (HfNO),(SINO),_,, this last withO/N=3.5atomic ra-
crease of the gate leakage current with decreasing gate di- tio. hereafter called UVOZ-HfSIO and UVOZ-
electric film thickness™® Hydrogen incorporation mecha- HfSION.

nisms underlying the forming-gas sintering step responsible
for passivation of the electrical activity near the dielectric/  Hydrogen concentrations versus depth were determined
semiconductor interface has been little studied so far irby nuclear resonant reaction profilindNRP) using the
highk dielectrics!®** Furthermore, deuteriurt?H) passiva- *H(*N,«@y)**C nuclear reaction near the resonance at
tion of the SiQ/Si or SIQN,/Si interfaces was introducd  6.385 MeV* while deuterium areal densities were deter-
as a superior alternative to increase the stability of thenined by NRA using théH(°He,p)*He nuclear reactiori at
H-electrically passivated dielectric /Si interface and thus re700 keV. Samples were annealed in a Joule-effect heated
liability, deserving detailed study in highdielectrics™>*®  furnace or by rapid thermal annealing, in vacuui

In this letter we present hydrogen and deuterium areak 10°" mbar, vacuum annealifgin 50 mbar of N (N, an-
densities and concentration profiles in HfSiO, HfSION, andnealing, or in 50 mbar of Q@ (O, annealing. *H and *H
HfSIN films on S{001). The thermal stability ofH and?H loadings were carried, respectively, in 500 mbar of forming-
as well as the effects of annealing previously to hydrogen ogas(90%N,:10%H,) (FG annealingor 50 mbar ofH (°H
deuterium loading were also accessed by submitting thannealing for 30 min at 500°C.
structures to annealing routines that simulate different steps Figure 1 shows the excitation curves of the
of device manufacturing. We particularly examine the effectH(**N,«y)*?C nuclear reaction near the resonance at
on the*H- and ?H-incorporation dynamics of typical rapid 6.385 MeV for the 50-nm-thick react-HfSi@op) and react-
thermal annealing at 1000°C responsible for source an#ifSiN (bottom) structures. Since the NRP analyses were per-
drain dopant activation, which also yields a densification offormed ex sity there is a strong peak at the energy corre-

hafnium silicate gate dielectric filmts. sponding to the sample surface, see Figse), owing to H
The investigated thin films were all sputtered from aincorporation in this region as a consequence of exposure to
HfSi target in the following routes: air. Furthermore, the H concentration levels in the bulk of the

. . . . . as-deposited filmsgsolid lineg are very low, as expected for
) reactlye sputterm'g'deposmon of 'th|((!.§O. nm),. oxyl- sputter-deposited films in the present conditions. After FG
gen(nitrogen defficient double oxidénitride) films,” 5 he4jingopen circleshydrogen is found uniformly distrib-
namely (HfO2),(Si0y)1-« and (HfN),(SizNg)1 With  yteq from the surface down to the interface in both HfSiO
and HfSIN films on Si, in contrast with previous results for
¥Electronic mail: pezzi@if.ufrgs.br SiO, as well as for Hf@ films, where a peak is observed in

0003-6951/2004/85(16)/3540/3/$22.00 3540 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1801682

Appl. Phys. Lett., Vol. 85, No. 16, 18 October 2004 Pezzi et al. 3541
L]
H H HfSiO/Si 25 24 24
o HFSIO/Si | ™" 2 S
urface — S
o o contamination £ 20 £
Interface S ;) 2
O, E E —~
o l £ 3 £
o 20006000000000 g 104 é 3
= > > )
6400 6500 6600 6704 5 +N g
o N Energy (KeV) < 5 T +3
o Interface - = ~ o
- ©000004,0 "o 5 0
g . @ HfSIO/Si HfSIN/S
]
_\J Bays Sy A ge (: FIG. 2. Deuterium areal densities incorporated into the 50-nm-thick react-
o . : HfSIO/Si and react-HfSiN/Si structures after the indicated annealing se-
= quences, as determined by nuclear reaction analysis usifgitfide ,p)*He
H HfSlN/Sl nuclear reaction at 700 keV. ;Boading at 450°C for 30 min; vacuum-
_g annealing at 500°C for 30 min. The errors in fireareal densities are 10%.
o
} v
o- O
. sphere. Table | shows tHel areal densities as determined by
NRA using the’H(®*He,p)*He nuclear reaction, obtained af-
o Interface ter submitting the films to different annealing routes prior to
’H loading. Preannealing in Nor in O, reduced the’H
incorporation in UVOZ-HfSiO whereas in UVOZ-HfSION,
2H incorporation is only reduced by, @reannealing. Table |
reveals that there is a one order of magnitude larger reduc-
tion in the amount of incorporatedH in both UVOZ
-HfSIO and UVOZ-HfSION structures when submitted to
T T T T rapid thermal preannealing at 1000°C in dF N, followed
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by O,, as compared to those preannealed at 400—500°C.
These data indicate a strong reduction in defect density in

FIG. 1. Excitation curves of thtH(**N, ay)*?C nuclear reaction around the
resonance at 6.385 MeV from the 50-nm-thick react-HfSiO@8p) and
react-HfSIN/Si(bottom) structures: as-prepared sampisslid lineg; an-
nealed in 500 mbar of forming-gas—90%,N0% H,—for 30 min at
500°C (open circleg and annealing in forming-gas followed by vacuum-
annealing for 30 min at 500° @losed squargsThe inset shows the com-
plete excitation curves, including the contributions from the surface con-
tamination layer.

near-interface regions. Thus, the H-trapping sites, either dan-
gling bonds, stoichiometry faults, or other chemically active
defects are rather uniformly distributed in the react-HfSiO
and react-HfSiN films, whereas they are strongly concen-
tra;tlagzin the near-interface regions in $i@ HfO, films on

Si. =

The incorporation and stability dH in the same react-
HfSIO and react-HfSiN films on Si were accessed by anneal-
ing in 2H2 instead of forming gas. ThéH areal densities as
determined by théH(*He ,p)*He nuclear reaction are shown
in Fig. 2. Besides corroborating the effects observed in Fig.
1, Fig. 2 reveals thatH incorporates in substantially higher
amounts into react-HfSiN than into the react-HfSiO.

Figure 3 shows the excitation curves of the
H(IN, ay)*’C nuclear reaction from react-HfSiO/Si and
react-HfSIN/Si structures first annealed in &t 500°C and
then H loaded(triangleg. One notices a reduction in the
level of H incorporation into both react-HfSiO and react-
HfSIN with respect to the non-preanneled samples. Thus, a
fraction of H-trapping defects in both structures are removed

depth distributions unchanged.
The much thinner UVOZ-HfSid4 nm) and UVOZ-
HfSION(2 nm) films on Si, were also annealed ﬁ'l=|l2 atmo-

these dielectric films, which may be correlated to the previ-
ously observelf densification of hafnium silicate films on Si
at high temperatures. The N content, as measured by NRA
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durlng N, annea“ng, while keepmg their correspondlng FIG. 3. Excitation curves of thtH(**N, a)*2C nuclear reaction around the

resonance at 6.385 MeV from the 50-nm-thick react-HfSiO/Si and react-
HfSIN/Si structures. The solid lines stand for the as-prepared samples, open
circles for the forming-gas annealed samples, and friangles for theeN
anneaied samples followed by forming-gas annealing.
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TABLE I. 2H areal densities, as determined by nuclear reaction analysiperatures as high as 1000°C implied an even larger
using the *H(*He,p)*He nuclear reaction at 700 keV, for the 4nm reqyction in defect density and N losses, and therefore in

UVZO-HfSiO/Si and 2 nm UVZO-HfSION/Si structures after the indicated hvdrogerideuteriu incorporation. The bond rearrange-
annealing sequences, performed from left to riﬁhltz-loading and 450°C ydroger m P ’ 9

preannealing were for 30 min, whereas 1000°C rapid thermal preannealinfl€nts underlying this effect also explain the observed film

were for 10 s. The precision in tiel areal densities is 10%. densification during annealing at high temperatures.
2H areal density The authors would like to acknowledge financial support
Annealing sequences (104 cm?) from the Brazilian agencies CAPES, CNPg and FAPERGS.
R.M.W. acknowledges the support of the National Science
N, 0, 2, HISIO/Si HfSION/Si Foundation from the Americas program of the Office of In-
°C °C °C 4 nm 2 nm ternational Science and Engineeri@#®314153 and the U.S.
Army Soldiers Systems CentéDAAD16-00-C-9273.
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