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We have used nuclear reaction analyses and Rutherford backscattering spectrometry to investigate
quantitatively the compositional stability of hafnium aluminate thin films deposited on Sis001d by
atomic layer deposition using HfCl4/H2O and AlsCH3d3/H2O 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 lossessup to,15%d 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. ©2005 American Institute of Physics. fDOI: 10.1063/1.1940130g

There is currently an intensive search for insulating ma-
terials holding high dielectric constantshigh kd as alterna-
tives to SiO2 or SiNxOy gate dielectrics in metal-oxide-
semiconductor field-effect transistorsMOSFETd devices.1,2

Any candidate to gate dielectric material should satisfy ex-
treme requirements which include films and interfaces with
low density of defectsssuch as suboxidized species and im-
puritiesd, resistance to degradation during postdeposition
thermal processing steps, and subnanometer thickness con-
trol of the high-k film itself as well as of the interfacial low-
k oxide stypically SiO2d that may be intentionally or uninten-
tionally grown between the high-k layer and the Si substrate.

Among the various alternative materials considered for
gate dielectric application, probably Al2O3 and HfO2 are
those which received more attention so far.3–5 A good trade-
off between the characteristics of these two materials1,6–11

can be achieved by formingsHfO2dxsAl2O3d1−x mixed ox-
ides, either homogeneous in composition or in nanolami-
nated structures. A convenient approach for depositing such
films soxides and mixed oxidesd is the atomic layer deposi-
tion sALD d technique, where self-saturating surface chemical
reactions are employed. This approach5,6 has been success-
fully applied to control chemical reactions at the Si/high-k
and high-k/gate electrode interfaces, as well as to obtain
sHfO2dxsAl2O3d1−x structures retaining sufficiently high di-
electric constant and remaining amorphous up to high pro-
cessing temperatures. Metastable defect configurations ow-
ing to the low-temperature film deposition process can be
suppressed by postdeposition annealing. In particular, post-
deposition annealing in oxygen containing atmospheres has

been widely shown to improve electrical response of high-k
dielectrics.

We report here on the quantitative investigation of the
composition and thermal stability of hafnium aluminates ul-
trathin films deposited on Si by ALD, as well as on oxygen
incorporation and transport in these structures. After standard
wet chemical cleaning of the Sis100d substratesstwo solu-
tions employed in sequence, namely NH4OH–H2O2–H2O
followed by HCl–H2O2–H2O. For details see Ref. 12d, a thin
layer of SiO2 grown by rapid thermal annealingsRTAd in O2
was produced.sHfO2dxsAl2O3d1−x/SiO2/Si structures were
then grown layer by layer by ALD using AlsCH3d3/H2O
sAOd and HfCl4/H2O sHOd as precursors at a substrate tem-
perature of 300 °C. We varied AO/HO cycles ratio and the
total number of cycles. The ALD sequences are given in the
first column of Table I. Compositional stability and oxygen
transport in these structures were investigated in selected
samplesssee Table Id by RTA in atmospheres of low pressure
sbetween 0.1 and 10 mbard O2 at two typical temperatures of
MOSFET processing, namely postdeposition annealing at

adAuthor to whom correspondence should be addressed; electronic mail:
israel@if.ufrgs.br

TABLE I. Atomic layer depositionsALD d sequences and number of cycles
sxd used in the selected samples for rapid thermal annealingsRTAd. The last
column shows the metal losses in each one of the selected samples after
RTA at 1000 °C for 10 s in18O2. Typical errors in the determination of metal
losses are approximately 10%.

ALD sequences Selected samples
Metal losss2AHf +3/2AAld

sat. %d

xHO x=92, HfO2 5
xs1AO+5HOd x=15, Hf6Al2O15 9
xs1AO+1HOd x=30, Hf1Al2O5 14

xHO+5AO+xHO x=46, HfO2/Al2O3/HfO2 8
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600 °C and dopant activation annealing at 1000 °C. The oxy-
gen atmosphere in RTA was O2 enriched to 97% in the18O
isotopes18O2d,

Hf and 16O contents in the films were simultaneously
determined by Rutherford backscattering spectrometry in
channeling geometrysc-RBSd and detection at grazing
angle.13–15Figure 1sad shows a set of such spectra, where the
Hf and 16O signals are indicated. The Al signal overlaps the
substrate-Si signal in these spectra and therefore Al in the
films had to be independently quantified. The27Al sp,gd28Si
nuclear reaction around the resonance in the cross section
curve at 992 keV was used for that purpose as performed in
Ref. 5. These methods give precisions for Hf, Al and O areal
densities of about 3%, 10% and 10%, respectively. The cal-
culated, ideal approximate stoichiometries are given in the
second column of Table I.

Figure 1sbd is a plot of the amounts of oxygensAOd
versus hafnium plus aluminums2AHf +3/2AAld from the dif-
ferent sequences of ALD cycles. Ideal, stoichiometric
sHfO2dxsAl2O3d1−x mixed oxide films should yield a straight
line of unit slope crossing the origin. Linear fits to the data
were made taking into account:sid interfacial O amounts
consistent with 1.1 nm SiO2 interlayer determined by trans-
mission electron microscopysnot shownd. sii d aluminum-rich
Hf1Al2O5 films are evidently poorer in O when compared to
Hf-richer samples and thus they were fitted separately. The
fitting-derived slopes point to oxygen deficiency in as-
deposited films. Previous results in HfO2 films described in
the literature16,17 qualitatively support these findings. One

observed that HO cycles performed on an aluminum oxide
layer produced in an immediately precedent AO cycle lead to
larger amounts of Hf incorporation per HO cycle as com-
pared to HO cycles on HfO2, a fact that is also observed in
Ref. 7. On the other hand, O deficiency increases with the Al
content. Thus, one can associate O deficiency mainly with
corresponding excessive Hf incorporation in HO cycles.

We performed rapid thermal annealing of the selected
samples of Table I in the low pressures of18O2 range men-
tioned above, at 600 °C for 60 s and at 1000 °C for 10 s.18O
areal densities were determined using the18Osp,ad15N
nuclear reaction in a plateau region of the cross section curve
near 730 keV.18,19 Typical precision in18O amounts is 5%.
Elemental amounts for samples annealed at 1000 °C in 0.1
and 1 mbar in18O2 are plotted in the inset of Fig. 1sbd.The
data points in the inset of Fig. 1sbd are at or above the sto-
ichiometry, unitary slope linessolid lined, indicating elimina-
tion of previously O-deficient sites as well as some eventual
interface oxidation during oxygen annealing. Quantification
of Hf and Al, after RTA in18O2 or in vacuum at 1000 °C for
10 s showedsTable Id substantial metal losses. A tendency to
higher metal losses in films containing more Al is mani-
fested. Since we found that increasing Al content is related to
increasing O deficiency, we propose that metal losses during
RTA is also a mechanism of eliminating O-deficient sites
remaining from film deposition.

Narrow resonance nuclear reaction profilingsNRPd18,19

was also employed to determine18O profiles using the nar-
row sG=100 eVd resonance at 151 keV in the cross section
curve of the 18Osp,ad15N reaction, with an approximate
depth resolution of 0.7 nm in near-surface regions. Excitation
curves and the corresponding simulated concentration pro-
files sinsetsd are shown in Figs. 2sad–2sdd for the homoge-
neous, mixed oxides of Table I, as well as for a 7 nm Al2O3
film grown by ALD on SiO2/Sis100d for comparison pur-
poses. Arrows indicate the approximate position of the high
-k/SiO2 and SiO2/Si interfaces as determined by calculated
stopping power of protons in the materials. After RTA at
600 °C,18O holds a complementary error functionserfcd pro-
file from the surfacefFig. 2sadg, far from reaching the

FIG. 1. sad Rutherford backscattering spectra in channeled geometry
sc-RBSd. sbd Oxygen sAOd areal densities vs hafnium plus aluminum
s2AHf +3/2AAld areal densities for the different as deposits samples In the
inset are plotted the areal densities ofs16O+18Od vs s2AHf +3/2AAld after
rapid thermal annealingsRTAd at 1000 °C in18O2.

FIG. 2. Excitation curves of the18Osp,ad15N reaction around the narrow
resonance at 151 keV. The corresponding18O profiles extracted from the
simulation of the experimental curves are shown in the insets. The solid line
in the excitation curve of Fig. 2sbd sHfO2d represents a simulation performed
assuming a constant18O concentration profile, whereas the dashed line rep-
resents a simulation performed assuming the profile shown in the inset.

221911-2 Driemeier et al. Appl. Phys. Lett. 86, 221911 ~2005!
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Al2O3/SiO2 interface, which is typical of diffusion-limited
18O incorporation. On the other hand, the rather flat18O pro-
files in the “bulk” of the Hf-containing filmsfFigs. 2sbd–
2sddg and the propagation of the18O front down to the inter-
face are clear indicatives that for Hf-containing films, even at
such a low temperature as 600 °C,18O diffusion is much
faster than its incorporation into the films.

18O profiles from all films annealedsRTAd at 1000 °C
are consistent with two regions with different characteristics.
In near-surface regions,18O profiles are flatsalmost flat for
Al2O3d, indicating fast diffusion. In near-interface regions,
the incorporated18O results from the joint action of three
mechanisms, namely18O−16O exchange, oxidation of sub-
oxidized species and substrate-Si oxidation, which lead to
18O pileup shown in Figs. 1sbd and 1sdd. Considering the flat
18O profiles in the “bulk” of the films, one notices that the
18O concentrations after RTA at 1000 °C, in 1 mbar of18O2,
are quite similars,1022 cm−3d for all studied stoichiom-
etries, indicating that18O incorporation rates into the films
after RTA at 1000 °C are weakly dependent on stoichiometry.
Furthermore, after RTA in 0.1 mbar of18O2 at 1000 °C, the
18O concentration is significantly larger for the Hf1Al2O5
film, which was shown in Fig. 1sbd to be the most oxygen
deficient one. The pressure independence of18O incorpora-
tion is due to the high thermal energy supplied at 1000 °C,
which makes reactions fast enough such that the films will
readily go towards a low energy, O-filled configuration even
in very small oxygen partial pressures. is incorporated to
occupy O-deficient sites.

In Fig. 3 we compare the18O profiles after RTA at
600 °C in 18O2 for HfO2 and HfO2/Al2O3/HfO2 film
samples on Si. The only difference in the deposition of the
two films is the intercalation of 5 AO cycles in the middle of
the HfO2 film deposition ssee Table Id for the
HfO2/Al2O3/HfO2 nanolaminate. The Al distribution in the
nanolaminate was determined by NRP4 using the narrow

sG=40 eVd resonance in the27Al sp,gd28Si nuclear reaction
cross section curve at 404.9 keV, whose excitation curve and
the resulting27Al profile are shown in Fig. 3sad. The 18O
profiles in Fig. 3sbd clearly show a18O pileup near the Al-
containing layer. Details on width and shape of this accumu-
lated18O distribution cannot be precisely determined, but its
existence is easily assured by the differences in shape of the
two excitation curves. One can speculate that18O pileup
would take place in the HfO2 atomic layers deposited on the
Al2O3 layer since these HfO2 layers are highly O deficient
and this deficiency would favor18O incorporation therein.

In summary, hafnium aluminate thin films of different
thicknesses and stoichiometries were deposited on Sis001d
by ALD using HfCl4/H2O and AlsCH3d3/H2O 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
during RTA of the films in O2 by two parallel mechanisms,
namely metal losses and incorporation of oxygen from the
gas phase in previously O-deficient sites. Removal of
deposition-related, metastable defects in postdeposition ther-
mal processing steps here investigated is mandatory for suc-
cessful integration of any candidate to gate dielectric for fu-
ture MOSFET technology.
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FIG. 3. sad Excitation curve of the27Al sp,ad28Si nuclear reaction around the
narrow resonance at 404.9 keV. The extracted Al profile is shown in the
inset. The arrow indicates the energy corresponding to Al at the sample
surface.sbd Excitation curves of the18Osp,ad15N reaction around the nar-
row resonance at 151 keV and18O profiles in the inset, after RTA in18O2.
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