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We have used nuclear reaction analyses and Rutherford backscattering spectrometry to investigate
guantitatively the compositional stability of hafnium aluminate thin films deposited @9Biby

atomic layer deposition using Hf@H,O and A(CH,);/H,O precursors. It was found that
increasing Al/Hf deposition cycles ratio leads to increasing oxygen deficiency in the as-deposited
films as well as to increasing metal losgep to ~15%) from the films after rapid thermal annealing

at 1000 °C. Furthermore, isotopic substitution experiments, showed that incorporation of oxygen
from the gas phase is eased in the cases where deposition conditions failed to supply enough oxygen
to complete oxides stoichiometry. ZDO5 American Institute of Physi¢®Ol: 10.1063/1.1940130

There is currently an intensive search for insulating mabeen widely shown to improve electrical response of high-
terials holding high dielectric constafthigh k) as alterna- dielectrics.
tives to SiQ or SINO, gate dielectrics in metal-oxide- We report here on the quantitative investigation of the
semiconductor field-effect transistdMOSFET) devices*?>  composition and thermal stability of hafnium aluminates ul-
Any candidate to gate dielectric material should satisfy ex4rathin films deposited on Si by ALD, as well as on oxygen
treme requirements which include films and interfaces withncorporation and transport in these structures. After standard
low density of defectgsuch as suboxidized species and im-wet chemical cleaning of the @00 substrategtwo solu-
purities, resistance to degradation during postdepositiorfions employed in sequence, namely MHH-H,0,—H,0
thermal processing steps, and subnanometer thickness cdllowed by HCI-HO,~H,0. For details see Ref. 1,2a thin
trol of the highk film itself as well as of the interfacial low- layer of SiQ grown by rapid thermal annealif&TA) in O,
k oxide (typically Si0,) that may be intentionally or uninten- was produced(HfO,),(Al;03);,/SiO,/Si structures were
tionally grown between the higklayer and the Si substrate. then grown layer by layer by ALD using ACHg)3/H,0
Among the various alternative materials considered foAO) and HfCl,/H,0 (HO) as precursors at a substrate tem-
gate dielectric application, probably &5 and HfQ, are  perature of 300 °C. We varied AO/HO cycles ratio and the
those which received more attention sofarA good trade-  total number of cycles. The ALD sequences are given in the
off between the characteristics of these two materfalé  first column of Table |. Compositional stability and oxygen
can be achieved by formingHfO,),(Al,O3);_, mixed ox-  transport in these structures were investigated in selected
ides, either homogeneous in composition or in nanolamisamplegsee Table)lby RTA in atmospheres of low pressure
nated structures. A convenient approach for depositing suctbetween 0.1 and 10 mbaD, at two typical temperatures of
films (oxides and mixed oxidess the atomic layer deposi- MOSFET processing, namely postdeposition annealing at
tion (ALD) technique, where self-saturating surface chemical
reactions are employed. This approathas been success- TABLE I. Atomic layer depositior(ALD) sequences and number of cycles
fully applied to control chemical reactions at the Si/high- (¥ used in the selected samples for rapid thermal anne¢ig). The last
and highk/gate electrode interfaces, as well as to obtaircolumn shovzs the metgl losses in each one of the sele_cteq samples after
(HfO,),(Al,04),_, structures retaining sufficiently high di- RTA at 1000 °C for 10 s if0,,. Typical errors in the determination of metal

. - . losses are approximately 10%.
electric constant and remaining amorphous up to high pro-

cessing temperatures. Metastable defect configurations ow- Metal loss(2Ay+3/2A,)

ing to the low-temperature film deposition process can beALD sequences Selected samples (at. %)

suppressed by postdeposition annealing. In particular, post-

deposition annealing in oxygen containing atmospheres has xHO X=92, HIC, °
X(1AO+5HO) x=15, HAl,0y5 9
X(1AO+1HO) x=30, HRAI,O5 14

JAauthor to whom correspondence should be addressed; electronic maikHO +5A0 +XxHO x=46, HfO,/ Al ,O3/ HfO, 8
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FIG. 2. Excitation curves of thé®O(p, )N reaction around the narrow
resonance at 151 keV. The correspondifi@ profiles extracted from the
o N simulation of the experimental curves are shown in the insets. The solid line
£ 0 10 20 30 in the excitation curve of Fig.(®) (HfO,) represents a simulation performed
WO 301 slope = 0.78 + 0.05 assuming a const_aﬁ?O concentration p_rofile, Whergas the da;hed Iine rep-
o) ALO resents a simulation performed assuming the profile shown in the inset.
has 22
1 o HALD,
< " HIALO, . .
10 . HiO observed that HO cycles performed on an aluminum oxide
, . . .
. TEM intorfacial layor (b) A HIO/ALOHIO, layer produced in an immediately precedent AO cycle lead to
o 10 20 20 40 - 60 larger amounts of Hf incorporation per HO cycle as com-

152 pared to HO cycles on HfQ a fact that is also observed in
2A,, 312 A, (107cm™) Ref. 7. On the other hand, O deficiency increases with the Al
FIG. 1. (@ Rutherford backscattering spectra in channeled geometrycontent. Thus, one can associate O deficiency mainly with
e e dtos o Ao o st e oTEsponing excessive Hf incorporation in HO cycles
insthfare plcl;tlted the areal densities(80+%0) vs (2AF1.f+3/2AA|)pafter We performed rap'd thermal annealing of the selected
rapid thermal annealingRTA) at 1000 °C in**0,. samples of Table | in the low pressureslétD2 range men-
tioned above, at 600 °C for 60 s and at 1000 °C for 15@.
areal densities were determined using tH®(p,®)™N
600 °C and dopant activation annealing at 1000 °C. The oxynuclear reaction in a plateau region of the cross section curve
gen atmosphere in RTA was,@nriched to 97% in thé®0  near 730 keV®'° Typical precision in' 0 amounts is 5%.
iSOtOpe(lgoz), Elemental amounts for samples annealed at 1000 °C in 0.1
Hf and °0 contents in the films were simultaneously and 1 mbar im0, are plotted in the inset of Fig.(). The
determined by Rutherford backscattering spectrometry ilata points in the inset of Fig.(d) are at or above the sto-
channeling geometry(c-RBS) and detection at grazing ichiometry, unitary slope linésolid line), indicating elimina-
angle™***Figure 1a) shows a set of such spectra, where thetion of previously O-deficient sites as well as some eventual
Hf and 1°0 signals are indicated. The Al signal overlaps theinterface oxidation during oxygen annealing. Quantification
substrate-Si signal in these spectra and therefore Al in thef Hf and Al, after RTA inlSO2 or in vacuum at 1000 °C for
films had to be independently quantified. THAI(p,7)?®Si 10 s showedTable ) substantial metal losses. A tendency to
nuclear reaction around the resonance in the cross sectidrigher metal losses in films containing more Al is mani-
curve at 992 keV was used for that purpose as performed ifested. Since we found that increasing Al content is related to
Ref. 5. These methods give precisions for Hf, Al and O arealncreasing O deficiency, we propose that metal losses during
densities of about 3%, 10% and 10%, respectively. The calRTA is also a mechanism of eliminating O-deficient sites
culated, ideal approximate stoichiometries are given in theemaining from film deposition.
second column of Table I. Narrow resonance nuclear reaction profililgRP)
Figure ib) is a plot of the amounts of oxygefA,)  was also employed to determi®O profiles using the nar-
versus hafnium plus aluminuf@A:+3/2A,) from the dif-  row (I'=100 e\) resonance at 151 keV in the cross section
ferent sequences of ALD cycles. Ideal, stoichiometriccurve of the ®O(p,a)™N reaction, with an approximate
(HfO,),(Al,03);_, mixed oxide films should yield a straight depth resolution of 0.7 nm in near-surface regions. Excitation
line of unit slope crossing the origin. Linear fits to the datacurves and the corresponding simulated concentration pro-
were made taking into accounti) interfacial O amounts files (inset$ are shown in Figs. 2)-2(d) for the homoge-
consistent with 1.1 nm SiQinterlayer determined by trans- neous, mixed oxides of Table I, as well as 807 nm ALO;
mission electron microscopyot shown. (ii) aluminum-rich ~ film grown by ALD on SiG/Si(100 for comparison pur-
Hf;,AlL,O5 films are evidently poorer in O when compared to poses. Arrows indicate the approximate position of the high
Hf-richer samples and thus they were fitted separately. Thek/SiO, and SiQ/Si interfaces as determined by calculated
fitting-derived slopes point to oxygen deficiency in as-stopping power of protons in the materials. After RTA at
deposited films. Previous results in Hf@ms described in 600 °C,*0 holds a complementary error functicerfc) pro-
the literaturé®*’ gualitatively support these findings. One file irom the surface[Fig. 2@)], far from reaching the
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s (I'=40 eV) resonance in thé’Al(p, y)%Si nuclear reaction
4 cross section curve at 404.9 keV, whose excitation curve and
2 the resulting?’Al profile are shown in Fig. @). The %0
ot profiles in Fig. 3b) clearly show a'®0O pileup near the Al-
Depth (nm) containing layer. Details on width and shape of this accumu-
lated 80 distribution cannot be precisely determined, but its
existence is easily assured by the differences in shape of the
two excitation curves. One can speculate thd pileup
would take place in the Hfatomic layers deposited on the
Al,O3 layer since these HfQlayers are highly O deficient
and this deficiency would favafO incorporation therein.

In summary, hafnium aluminate thin films of different
thicknesses and stoichiometries were deposited ¢@0i
by ALD using HfCl,/H,O and A(CHs)3/H,0O precursors.
Quantitative analyses of the Hf, Al and O amounts in the
films indicate that as-deposited films are highly deficient in
oxygen, this deficiency being higher for aluminates with
higher Al content. Removal of O deficiencies takes place

TAl(p,y)”si
A

Gamma Yield

as-deposited

Alpha Yield

o1 Proton En;f;y (keV) 1% during RTA of the films in Q by two parallel mechanisms,
namely metal losses and incorporation of oxygen from the
narrow resonance at 404.9 keV. The extracted Al profile is shown in thedas phase in previously O-deficient sites. Removal of
inset. The arrow indicates the energy corresponding to Al at the sampleleposition-related, metastable defects in postdeposition ther-
surface.(b) Excitation curves of thé®0(p, )™ N reaction around the nar- 5] processing steps here investigated is mandatory for suc-

FIG. 3. (a) Excitation curve of thé’Al (p, )%Si nuclear reaction around the

row resonance at 151 keV afD profiles in the inset, after RTA ifO,. cessful integration of any candidate to gate dielectric for fu-

I L , L ture MOSFET technology.
Al,O5/SiO, interface, which is typical of diffusion-limited

'80 incorporation. On the other hand, the rather ff@ pro- "High-k Dielectrics edited by M. HoussdlInstitute of Physics, London,
files in the “bulk” of the Hf-containing filmgFigs. ab)— 2004
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