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Rapid thermal annealing at 1000 °C of (B@_,(SiO,), pseudobinary alloy films deposited on Si
were performed in Bl or O, atmospheres. The effects on the atomic transport, structure, and
composition were investigated using isotopic substitution of oxygen, high-resolution transmission
electron microscopy, nuclear reaction analyses, narrow nuclear reaction resonance profiling, and
grazing angle x-ray reflection. @002 American Institute of Physic$DOI: 10.1063/1.1515112

There is currently an intensive search for alternative maprofiling (NRP) of 0 and?°Si,}? and grazing angle x-ray
terials to replace SiQor SIQN, as gate dielectrics in ad- reflection.
vanced, Si-based =~ complementary = metal-oxide—  Cross-sectional HRTEM images of as-deposited and an-
semiconductor(CMOS) transistors. Hafnium oxide and nealed (N or O,, 1000°C, 60 s samples are shown in
hafnium silicates have shown themselves to be potential carFigs. Xa)—1(c). The as-deposited sample consisted of an
didates for an alternative gate dielecttic.In order to be
effectively incorporated into ultralarge scale integration
(ULSI) fabrication technology, the gate dielectric material (a) As-deposited
must maintain its integrity during further processing steps. In
particular, rapid thermal annealifi§TA) of source and drain
dopants, usually performed at and above 1000 °C, has bee
shown to be the most aggressive stéffhe deleterious con-
sequences of postgate dielectric deposition annealing the
have been reported so far include thickening of the,SiO
interface layer and chemical reactions at both the gate
electrode/dielectric and dielectric/substrate interfaces, withf
the consequent lowering of the capacitance equivalent thick.fsam:
ness(CET).3*®8 Furthermore, these studies pointed out the
need for controlling the effects of annealing in intentionally
or unintentionally @-containing atmospheréven at very
low O, partial pressurgswhich renders postdeposition an- _
nealing that is even more aggressive to gate dielectric integ &3
rity, especially in the region near the dielectric— &
semiconductor interface®9-13 7

We report here the effects of RTA at 1000 °C on the §
structure, composition, atomic transport, and oxygen incor-
poration kinetics in hafnium silicate films on Si. The hafnium &
silicate films, which are actually (Hf9), _,(SiO,), pseudo-
binary alloys or compoundswere deposited by reactive (© O, anneal (® +'%0, anneal
sputtering in @ onto HF-cleaned, 200 mm @00 p-type = RES
substrates. RTA was performed i KN, annealing and G
(O, annealing at atmospheric pressure. RTA i, @as also
performed in 7 10° Pa of Q 97% enriched in thé%0 iso-
tope (%0, annealing. This allows differentiation between
oxygen incorporated from the gas phase and that previous|
existing in the films. Samples were analyzed by cross-!
sectional high-resolution transmission electron microscopyi
(HRTEM), Rutherford backscattering spectrosc@pBS) of
He" ions in a channeling geometry with grazing angle de-
tection of the scattered iorishanneled RBS' nuclear re-  FIG. 1. Cross-sectional high-resolution transmission electron microscopy

action analysiSsNRA),*? narrow nuclear resonant reaction images of (@) as-deposited(b) Np-annealed at 1000 °C for 60 $¢)
O,-annealed at 1000 °C for 60 s sampl@h,sample(a) annealed ift®0, at
1000 °C for 60 s(e) sample(b) annealed if®0, at 1000 °C for 60 s, antf)
dElectronic mail: israel@if.ufrgs.br sample(c) annealed in®0, at 1000 °C for 60 s.

(d) + 1802 anneal

(b) N, anneal , (e +1802 anneal
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FIG. 2. Channeled-RBS spectra of 1 MeV incident Hens: as-deposited 1600
sample(solid ling), 0, annealed at 1000 °C for 60 (spen circley O, (b) Interface on aa b
annealed at 1000 °C for 60 s followed B0, annealing at 1000 °C for 60 as
s (closed circle and N, annealed at 1000 °C for 60 s followed BSO, 12004 Surface a
annealing at 1000 °C for 60(spen triangles The corresponding Hf signals % & .
are shown in the inset. > o d
g 800+ A
. R £ AAAAAA
amorphous (HfQ);_,(SiO,), layer approximately 9 nm 8 . .
. . . . L
thick and an underlying 2 nm thick amorphous gilike o ."..."OOO
layer formed on the Si substrate during deposition. A transi- we®e o 000
. . . — [o]e]
tion region with distinct contrast can be observed between 000 o 2 4 & 3
the (HfO,);_,(SiO,), film and the SiQ underlayer in Fig. o2 — : . ~Deeth (nm)

0 1 2 3 4 5

1(a). N, annealing lead$Fig. 1(b)] to more well defined EE, (keV)

interfaces, to  densification (thinning of the
(HfO2)1-(SiO,)x layer, and to an increase in the thicknessg. 3. (a) Excitation curves of thd®0(p,a)™™N nuclear reaction around

of the SiQ layer. The same effects are observed followingthe resonance at 151 keV with the correspondfi@ profiles in the inset:

0, annealing, in which case a larger increase of the,SiOas-deposited samplepen squaress90). %0, annealed at 1000 °C for 60 s
layer is observed. The samples shown in Fig)-i(c) (PP Eies, SeUe B Slnencd 2000 C o 00 ol
were subjected to furthéfO, annealing at 1000 °C for 60 S ;000 °c for 60 s followed by 0, annealing at 1000 °C for 60 @pen

and the corresponding cross-sectional HRTEM images argangles, dotted line (b) Excitation curves of thé®Si(p,y)3P nuclear
shown in Figs. (d)—1(f). One notices further growth of the reaction around the resonance at 414 keV with the correspoRemgro-
SiO, interlayer, although the integrity of the files in the inset with the same symbols ag@h

(HfO,) 1 _«(SiG,), film and abruptness of the interfaces was

largely maintained. In all cases, annealing produces an irmust be active, such as completion of the silicate stoichiom-
crease in the crystallization of the films: the TEM images ofetry and oxidation of the Si substrate. Samples that were
Figs. 1d) and Xe) suggest some microstructural instability pre-annealed in either Oor N, are more resistant to the
after annealing as well. propagation of the’®O front than the as-deposited one.

The elemental composition of the as-deposited sampleSherefore, les$80 will reach and oxidize the Si substrate in
was determined by RBS and NRA to be approximatelythe pre-annealed samples than in the as-deposited one, con-
HfSi,Os, which remained essentially the same after RTAsistent with the HRTEM images of Fig. 1°Si profiles were
annealing in N and Q. Channeled-RBS spectra of 1 MeV determined in the ¥0,-annealed samples using the
incident He™ ions from the as-deposited aftD,-annealed  2°Si(p,y)3°%P nuclear reaction around the resonance at 414
samples shown in Fig. 1 are displayed in Fig. 2. One noticekeV (I'g=100 eV). Excitation curves and the profiles ex-
the immobility of Hf and the incorporation dfO from the  tracted are shown in Fig.(8), where one notices an accu-
gas phase into the (Hi_,(Si0,),/SiO, film structure.  mulation of Si at the film surfaces and a roughly constant Si
Previous work revealed that Hf from hafnium silicate is concentration in the bulk of the as-deposited sample. Si re-
much less likely to penetrate Si than other studied cases likenained essentially immobile during 1000 °C annealing, dif-
for example, Zr from zirconium silicate!® ferent from several previously studied materiatd-’

180 profiles in these samples were determined by NRP  Thus, oxygen reaction diffusion is a significant atomic
using the'®O(p, ) N nuclear reaction around the resonancescale concern with regard to the instability of the
at 151 keV {'g=100 eV). Excitation curves and extracted (HfO,);_,(Si0,),/SiO,/Si system. It has to be controlled
180 profiles? are shown in Fig. @). One can see that oxy- before hafnium silicate films can be seriously considered as
gen from the gas phase diffuses from the surface and reactsplacements for SiDor SiQN, as the gate dielectric. In
with the hafnium silicate network. According to Fig. 2, order to further investigate this aspect, the kinetics'%J
160180 exchange is probably the main reaction channelincorporation during RTA of the as-deposited film at 1000 °C
However, since the total amount of oxygeli@+20) was  in *¥0, were determined by NRA. The result is shown in Fig.
found to increase during annealing, other reaction channel(a). or annealing times up to 30 s, a duration that would be
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