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Suppressed crystallization of Hf-based gate dielectrics by controlled
addition of Al 2O3 using atomic layer deposition
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We demonstrate significantly improved thermal stability of the amorphous phase for hafnium-based
gate dielectrics through the controlled addition of Al2O3 . The (HfO2)x(Al2O3)12x films, deposited
using atomic layer deposition, exhibit excellent control over a wide range of composition by a
suitable choice of the ratio between the Al and Hf precursor pulses. By this method, extremely
predictable hafnium aluminate compositions are obtained, with Hf cation fractions ranging from
20% up to 100%, as measured by medium energy ion scattering. Using x-ray diffraction, we show
that (HfO2)x(Al2O3)12x films with Hf:Al;3:1 ~25% Al! remain amorphous up to 900 °C, while
films with Hf:Al;1:3 ~75% Al! remain amorphous after a 1050 °C spike anneal. ©2002
American Institute of Physics.@DOI: 10.1063/1.1522826#
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Industry roadmaps indicate that sub-15-Å oxides w
be required for sub-0.1-mm complementary metal–
oxide–semiconductor~CMOS! technology.1,2 In the search
for suitable candidates to replace conventional SiO2 as the
gate oxide, thermodynamic stability on Si is one of t
essential properties to be considered.2,3 Among these
few thermally stable candidates, Hf-based dielectr
such as HfO2,2,4–8 ((Hf,Zr)O2)x(SiO2)12x

9–12 and
~HfO2!x(Al2O3)12x

13 are the most promising materials fo
their superior chemical and electrical properties. Althoug
has recently been shown that polycrystalline HfO2 can
achieve very low leakage current,4 it is desirable that the gat
oxide films remain amorphous throughout CMOS process
to eliminate electrical and mass transport along the g
boundaries. As-deposited HfO2 films grown using atomic
layer deposition~ALD ! technique are crystalline,14 however,
alloying HfO2 with Al2O3 is a practical approach for im
proving the thermal stability of amorphou
(HfO2)x(Al2O3)12x , while maintaining a relatively high di-
electric constant of k;15.7 Previous studies on
Zr-silicate11,12and Hf-silicate11 films show that for;50% Zr
or Hf cation fraction, crystallization begins at 800–900 °C
has also been reported that sputtered (ZrO2)x(Al2O3)12x

films15,16 and jet-vapor-deposited (HfO2)x(Al2O3)12x

films13 show increased stability of the amorphous phase
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the study by Zhuet al.,13 1000 Å jet-vapor-deposited films
~;31% Al! begin to crystallize at 900 °C. In this study, w
demonstrate excellent control over a wide range of H
aluminate compositions~20–100% Hf fraction! using ALD.
Films with up to 75% Hf cation fraction exhibit significantl
improved thermal stability of the amorphous phase un
standard CMOS thermal budgets of 900 °C for 30 s.

Hafnium aluminate films were grown onp-Si ~100! wa-
fers (r55 – 10V cm) with a 5–10 Å SiO2 interfacial layer
grown by rapid thermal oxidation. This SiO2 underlayer was
used to provide active surface sites and to ensure w
behaved subsequent (HfO2)x(Al2O3)12x ALD film
growth.17,18 The films were deposited in an ASM Pu
sar2000™ module at a substrate temperature of 300 °C
using nitrogen~flow rate;800 sccm! as both the carrier and
purging gas, gas phase reactions between precursors are
vented. The two pairs of precursors pulsed in each depos
cycle were H2O/HfCl4 ~hafnium tetrachloride! and
H2O/TMA ~trimethylaluminum!, for depositing HfO2 and
Al2O3 , respectively. The composition and thickness of t
Hf-aluminate films were controlled by varying two param
eters:~1! the ratio of cycles between the HfO2 and Al2O3

reactants being pulsed and~2! the total number of cycle rep
etitions.

Samples A to E were inspectedex situ using medium
energy ion scattering~MEIS!.19 To determine the stoichiom
etry of the films, MEIS results were acquired using a 1
keV H1 ion beam channeled along a^112& axis to reduce the
8 © 2002 American Institute of Physics
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Si substrate contribution to the signal of the film containi
light elements such as O and Al. Thicker;200 Å films
~samples F, G, and H! were used for x-ray diffraction~XRD!
analysis. To investigate the thermal stability of the am
phous (HfO2)x(Al2O3)12x , samples were either rapid the
mal annealed~RTA, for annealing times<10 min) or furnace
annealed~for annealing times.10 min), both in an N2 am-
bient. XRD patterns were taken with a Bru¨cker-AXS system
incorporated with a 2D detector.20 All signals were collected
with the samples continuously rotated through the range
10°,2v,40°.

Table I summarizes the deposition procedure for sam
F to H. Thex-y-z notation is explained as follows: onebi-
layer consists of x H2O/TMA cycles, followed by y
H2O/HfCl4 cycles. The total number ofbilayers is repre-
sented byz. Figure 1 shows the MEIS spectra for samples
through E. The area under the Hf peak increases with
total number~i.e., the product ofy and z! of H2O/HfCl4
cycles, as expected, corresponding to an increasing am
of Hf in the film. It is worthwhile to note that both samples
and E have 60 H2O/HfCl4 cycles, yet integration under th
respective Hf peak areas in Fig. 1 shows that sample D c
tains approximately 8% more Hf than sample E. The sam
and detector alignments during MEIS analysis were arran
to ensure that no significant channeling in the oxide fil
occurred. This suggests that there is an increased incorp

TABLE I. Summary of the precursor pulses ratio and total number of cy
repetitions to obtain the desired thickness and composition for samples
for XRD analysis. The notationx-y-zrefers to the value listed in the column
labeledx, y, andz.

Samples
~x-y-z!

Number of cycles pulsed in 1bilayer Number ofbilayers

H2O/TMA
~x!

H2O/HfCl4
~y! ~z!

1-3-80 ~F! 1 3 80
2-3-60 ~G! 2 3 60
2-1-92 ~H! 2 1 92

FIG. 1. MEIS proton backscattering spectra obtained from as-deposited
aluminate films~samples A to E!. The inset shows the Hf peak for sample
and a sample with 8-8-4 cycles. Oscillations in the Hf peak are only cle
observed on sample 8-8-4, indicating that full bilayer intermixing pers
for samples with bilayers at least up to 4 cycles of each oxide.
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tion of Hf per cycle when Al2O3 is present in the film. This
observation is further supported by the fact that for a fix
number of Hf cycles~36!, there is a continuous decrease
Hf coverage for samples A~1-1-36!, B ~4-4-9!, a sample with
6-6-6 cycles and pure HfO2 with 36 Hf cycles~latter two
samples not shown!. All of the aluminate samples containin
36 Hf cycles consistently have 8% to 13% more Hf than
pure HfO2 sample with 0-1-36 cycles.

To illustrate the intermixing effect in the ALD proces
the Fig. 1 inset shows clearly that full bilayer intermixin
continues to occur for samples with bilayers up to fo
cycles of each oxide~since sample B has a smooth Hf pea
and shows no signs of alternating composition with dep!,
whereas the sample with 8-8-4 cycles clearly exhibits os
lations in the Hf peak, indicating distinct HfO2 and Al2O3

regions. Note that intermixing of Hf and Al still does occu
on a scale of;5 Å, even for the sample with 8-8-4 cycle
~based on MEIS simulations!. It can therefore be conclude
that intermixing does occur in both samples A and B, but t
the relative enhancement of Hf incorporation per cycle
creases as the number of cycles in each HfO2 layer is in-
creased~i.e., as subsequent Hf cycles become further
moved from the underlying Al2O3 layer!. All of these
observations support the previously-mentioned sugges
that the presence of Al2O3 facilitates increased Hf incorpo
ration.

These results may be explained by ‘‘backfilling’’ of pre
cursors for several cycles in the ALD process. For any giv
metal precursor pulse, such as Al(CH3)3 , steric hindrance
from the ligands~e.g., CH3) of each precursor molecule pre
vent neighboring surface sites from reacting. The subseq
H2O pulse then reacts with these ligands, replacing th
with smaller OH ligands, thus making the neighboring s
face sites available for reaction. The next metal precur
pulse therefore backfills or intermixes with the previo
metal pulse by reacting with sites on the same monola
plane in the film. For the case of sample B, all four conse
tive HfCl4 pulses react~backfill! with the same underlying
Al2O3 layer. Although it is not fully understood why th
backfilling mechanism with Al2O3 is more effective at incor-
porating Hf, one possibility is that the methyl (CH3) ligands
on Al are much larger than the chlorine~Cl! ligands on Hf,
such that the CH3 ligands initially block out more neighbor
ing bond sites in a given Al layer compared to a correspo
ing Hf layer. This would cause a more significant backfillin

TABLE II. Percentage of Al in the films~calculated from separate HfO2 and
Al2O3 growth rates and densities! agrees well with the experimental dat
obtained from MEIS. The ability to obtain a reasonably accurate film thi
ness by using an ellipsometer~manufacturable tool! fulfills one of the prac-
tical requirements in integrating Hf-aluminate films into a CMOS proce

Samples
(x-y-z)

Calculated
Al fraction

~%!

Measured
Al fractiona

~%!

Simulated
thickness

~Å!

Ellipsometric
thicknessb

~Å!

1-1-36 ~A! 62.7 59.5 45 45
4-4-9 ~B! 62.7 60.3 45 46
3-1-14 ~C! 83.5 81.2 38 35
1-5-12 ~D! 25.2 21.4 43 46
0-1-60 ~E! 0 0 32 37

aResults from MEIS.
bMeasured using a refractive indexn52.08.
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effect for Al, where many subsequent metal precursor pu
@either Al(CH3)3 or HfCl4] could continue to react with the
underlying Al2O3 layer, once the CH3 ligands are replaced
by OH.

The calculated fraction of Al in the films shown in Tab
II was estimated based on the measured growth rate of Al2O3

~0.86 Å per cycle! and HfO2 ~0.59 Å per cycle!, and the
measured density of Al2O3 ~74% of fully dense Al2O3).21

The density of HfO2 was assumed to be equal to the bu
value ~10.01 g/cm3!.21 Considering this extremely predic
able growth behavior, shown in Fig. 2, the composition
(HfO2)x(Al2O3)12x ALD films can clearly be tailored to the
desired stoichiometry using a manufacturable deposi
technique. TheI –V characteristics~Fig. 2 inset! of several
Hf-aluminate compositions withn1 poly-Si gates show a
significant reduction in leakage current density,JG, by a fac-
tor of 102 to 1043, compared to SiO2 of the same equivalen
oxide thickness~16 Å! and bias conditions.6

FIG. 2. A linear relationship exists between the Hf fraction in the film a
the ratio of HfCl4 /(TMA1HfCl4) cycles, providing a useful guideline fo
attaining desired compositions of the Hf-aluminate films. The inset sh
16 Å EOT films~annealed at 900 °C for 10 sec in N2! with 75%, 60%, and
50% Al, which exhibit a reduction inJG of 102 to 1043 as compared to
SiO2 for the same EOT and bias conditions.

FIG. 3. XRD scans obtained from annealed films~F, G, and H! show sig-
nificant improvement in stability of the amorphous phase as the percen
of Al increases. Note that the composition with 75% Al remains amorph
after a 1050 °C spike anneal.
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Figure 3 shows the improved thermal stability of th
amorphous phase by alloying HfO2 with Al2O3. It can be
seen that the as-deposited film for all three compositi
remains amorphous, and the onset of crystallization increa
from 900 °C~10 min! for the sample with 25% Al to 900 °C
~1 h! for the sample with 50% Al. The sample with 75% A
remains amorphous up to a spike anneal at 1050 °C~soak
time ,1 s!.

Hafnium aluminate films deposited by ALD have be
obtained over a wide range of composition with excelle
control of both film stoichiometry and thickness. Since t
anticipated thermal budget in CMOS integration is in t
range of 900 to 1000 °C, the thermal stability of the am
phous (HfO2)x(Al2O3)12x films shown in this study indicate
that this material is a very promising candidate for futu
gate dielectric applications.

The authors thank R. B. van Dover, T. Siegrist, and
Sorsch for their technical assistance.
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