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We have evaluated the thermal stability of Al2O3/LaAlO3/Si s001d stacks with atomic force
microscopy, x-ray diffraction, transmission electron microscopy, and secondary ion mass
spectrometry using a back side polishing approach. Crystallization of the amorphous LaAlO3 film
was found to occur for rapid thermal annealssRTAd above 935 °C for 20 s, in flowing N2.
Penetration of Al and La into the underlying Sis001d is clearly observed for RTA at or above 950 °C
for 20 s in flowing N2. © 2005 American Institute of Physics. fDOI: 10.1063/1.1928316g

The International Technology Roadmap for Semiconduc-
tors (ITRS) 2003predicts the need for the introduction of
higher dielectric constantskd gate dielectrics by 2006 to meet
continued scaling requirements in metal-oxides silicon field-
effect transistor sMOSFETd digital logic technology.
Hafnium-based dielectrics appear to be one of the leading
candidates for near term scaling of transistors.1,2 Oxides and
silicates of Column III elements of the periodic table, includ-
ing La and Y, have also been examined. Lanthanum alumi-
natesLaAlO3d has been identified as a high-k candidate be-
yond Hf-based dielectrics1 due to its high k ,20–25,3

thermodynamics stability on silicon,4 band gap of.5 eV,5–7

and suitable valence- and conduction-band offsets.7 The in-
troduction of LaAlO3 is anticipated for the 45 nm node.1

The thermal stability of a high-k dielectric film in direct
contact with the underlying Si substrate is essential because
outdiffusion of metal impurity atoms into the channel region
during processing can cause carrier mobility degradation.8–10

In this letter, we present results on the evaluation of La and
Al outdiffusion from amorphous LaAlO3 thin films in direct
contact with Sis001d during annealing conditions relevant to
the highest-temperature stepsimplant activationd in conven-
tional MOSFET processing.

Amorphous LaAlO3 thin films ,1000 Å thicksRef. 11d
were grown on single-side polished,p-type boron-doped
s001d Si sNA,0.3–1.531016 cm−3d by molecular-beam
deposition in an EPI 930 molecular-beam epitaxy chamber
modified for the growth of oxides.12 Prior to insertion into
the deposition chamber, the substrate was Radio Corporation
of America sRCAd cleaned and hydrogen-terminated with
,1% hydrofluoric acid. LasAesar, 99.9% pured was evapo-
rated from a tungsten crucible in a high-temperature effusion
cell, while Al sAesar, 99.9999% pured was evaporated from a
pyrolytic boron–nitride crucible in a dual-filament effusion
cell with the tip filament turned off. La, Al, and O2 s99.994%
purityd at a background pressure of 6310−8 Torr, were code-

posited at room temperature to form the amorphous LaAlO3
dielectric film ons001d Si. The La and Al fluxes were each
231013 atoms/cm2 s. Rutherford backscattering spectrom-
etry sRBSd measurementss1.4 MeV He+, 170° scattering
angled showed that the,1000 Å thick LaAlO3 films were
stoichiometric with a Las1:1d Al ratio to within 65 mol %.
The films were cappedin situ with ,100 Å of Al2O3 at a
background molecular oxygen pressure of 3310−6 Torr, in
order to protect the film surface from hydroxyls.7 This depo-
sition process has been shown to yield an abrupt amorphous
LaAlO3/Si interface free of interfacial SiO2.

13

The Al2O3/LaAlO3/p-Si s001d stack was rapid thermal
annealedsRTAd in a flowing N2 s.99.999% purityd ambient
at 850–1040 °C for various annealing durationss10–20 sd.
Temperatures were calibrated using cross-referenced optical
pyrometry and thermocouple measurements. Contact mode
atomic force microscopysAFMd was used to characterize the
surface morphology evolution and x-ray diffractionsXRDd
was used to study the crystallization of LaAlO3 films as a
function of RTA temperature. Cross-sectional transmission
electron microscopysTEMd images of the stack were ac-
quired in order to study the microstructure of the stack be-
fore and after RTA.

The depth profile of La and Al within the Si substrate
after RTA was determined using a back side secondary ion
mass spectrometrysSIMSd approach.14 In the case of con-
ventional front-side dynamic SIMS analysis, the depth reso-
lution and detection limit are severely degraded after sputter-
ing through a thick film or an overlayer containing a high
level of constituent speciessLa, Ald due to ion beam mixing
artifacts of matrix elements. These issues can be reduced by
removing sufficient substrate material from the back side of a
sample with adequate precision to allow SIMS depth
profiling.15 For the current study, the back side of the Al2O3/
LaAlO3/p-Si s001d stack was polished down to,1 mm
thickness with a lateral uniformity of 1–2 Å/µm. A PHI
Quadrupole SIMS instrument was used for the dynamic
SIMS measurement. The stack was analyzed from the pol-
ished back side using a 5 keV O2+ primary beam with an
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incidence angle of 60°. A positive secondary ion count for
La, Al, and Si was monitored as a function of depth. A stylus
profilometer was utilized to determine the depth scale as a
function of sputtering time. La and Al concentrations were
determined from comparison with ion implanted standards.14

Figure 1sad shows the surface morphology evolution of
the Al2O3/LaAlO3/Si s001d stack evaluated by AFM as a
function of the RTA conditions. After a 900 °C, 20 s, RTA in
N2, a change of the surface topography and a root-mean-
squaresrmsd roughnesssRrmsd of 4 Å is observed. At or
above 1000 °C, 10 s RTA, a grain size of,0.5–3mm diam-
eter, andRrms,40 Å is observed.16

The XRD 2u scans of the stack before and after RTA in
N2 are shown in Fig. 1sbd. Above 900 °C RTA, XRD peaks
corresponding to polycrystalline LaAlO3 are observed. These
results are consistent with previous reports from LaAlO3
films produced by atomic layer deposition,17 pulsed laser
deposition,18 and chemical vapor deposition.19 Since the
Al2O3 capping layer is relatively thin compared to the
LaAlO3 film, no crystalline reflections of the capping layer
are detected in the 2u range analyzed.16

Figure 2 shows the back side SIMS concentration versus
depth profile for Al2O3/LaAlO3/Si s001d stack before and
after RTA in flowing N2. The 1000 Å thick LaAlO3 film

essentially provides an infinite source of La and Al for dif-
fusion into bulk Si.

Figure 2sad shows the Al concentration in the silicon
substrate as a function of depth at different annealing tem-
peratures. Up to,935°C, 20 s RTA in N2, the penetration of
Al into the Si substrate bulk is below detectible limits. How-
ever, after a 950 °C, 20 s, RTA in N2, substantial Al penetra-
tion is observed. The concentration of Al is found to be
.1016 atoms/cm3 up to a depth of,1000 Å from the Si/
LaAlO3 interface into the bulk Sis001d substrate after a
1000 °C, 10 s N2 anneal, and would therefore be a concern
for mobility degradation.8 The penetration depth of Al is
,1500 Å for the 1025 °C, 20 s, RTA. These results are gen-
erally consistent with previously reported Al interdiffusion
from similar RTA treatments of Al2O3 films in contact with
Si, and may lead to mobility degradation.10 Additionally, our
results indicate that the penetration depth is,400 Å deeper
before the Al concentration in bulk silicon is reduced to
,1017 atoms/cc.

Figure 2sbd shows the corresponding La profile where
significant penetration is observed at RTA temperatures
ù950°C. The penetration of La was,400 Å for the
highest-temperature RTA condition examined here of
1025 °C, 20 s. These results are consistent with the relative
masses of the diffusing species,viz. Al diffusing deeper into
the Si substrate compared to La, as well as recent reports on
the silicidation of La upon thermal treatments.20–22 We also
note that Si diffusion into the LaAlO3 cannot be ruled out in

FIG. 1. sad AFM imagessarea=5mm35 mmd of the Al2O3/LaAlO3/p-Si
s001d stack before and after thermal treatments at different RTA conditions.
sbd XRD spectra of the stack following RTA treatments in flowing N2. The
peaks correspond to all of the expected reflections of crystalline LaAlO3 and
are indexed with pseudocubic indices.

FIG. 2. Backside SIMS concentration vs depth profile forsad Al and sbd La
before and after RTA treatments of 100 Å Al2O3/1000 Å LaAlO3/p-Si s001d
stack in flowing N2. The depth scale up to,0.4 mm corresponds to the Si
substrate, followed by the 1000 Å thick LaAlO3 film. SIMS results are for
the same films described in Fig. 1.
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our back side SIMS studies reported here; such Si diffusion
has been reported for oxidized La deposited on Si resulting
in La-silicate formation,21,22 and more recently for similarly
annealed LaAlO3 from XPS depth profiles23 and nuclear re-
action profiles.24

The La and Al penetration into the Si substrate at or
below 935 °C, 20 s, RTA in N2 is close to the limit of detec-
tion of the SIMS technique and appears to be consistent with
a lack of detectible crystallization of LaAlO3 from these ther-
mal annealing budgets. This can be seen in the two-
dimensionals2Dd XRD images shown in Fig. 3 where evi-
dence of LaAlO3 crystallization is clear only after anneals at
sor aboved 950 °C, 20 s in N2.

We find that for RTA anneals above 935 °C, 20 s, in N2,
crystallization is detected for the Al2O3/LaAlO3/Si s001d
stack. We also find that La and Al metal diffusion into the Si
substrate is observed for RTA treatment at or above 950 °C.
Further studies are underway to examine the effects of an-
nealing on metal gate electrode candidates on LaAlO3.

The authors acknowledge Scott Baumann and Roger
Bleiler of Evans-Texas for SIMS analysis. They thank Pro-
fessor J. Kim, Professor I. Trachtenberg, and Professor D.
Shaw for useful discussions; P. Zhao and U. S. Bhansali for
assistance with the RTA and AFM; and the TEM sample
preparation group. They would like to acknowledge Bernd
Holländer and Jürgen Schubert for the RBS analysis. The
authors gratefully acknowledge the financial support
of the Semiconductor Research CorporationsSRCd and
EMATECH through the SRC/SEMATECH FEP Transition
Center. One of the authorssL. F. E.d gratefully acknowledges
an AMD/SRC fellowship.

1International Technology Roadmap for Semiconductors (ITRS) 2003,
Front End ProcessessSemiconductor Industry Association, San Jose, CA,
2003d, p. 33, Fig. 46s2003d. http://public.itrs.net/.

2R. M. Wallace and G. Wilk, Crit. Rev. Solid State Mater. Sci.28, 231
s2003d.

3B.-E. Park and H. Ishiwara, Appl. Phys. Lett.79, 806 s2001d.
4K. J. Hubbard and D. G. Schlom, J. Mater. Res.11, 2757s1996d.
5S.-G. Lim, S. Kriventsov, T. N. Jackson, J. H. Haeni, D. G. Schlom, A. M.
Balbashov, R. Uecker, P. Reiche, J. L. Freeouf, and G. Lucovsky, J. Appl.
Phys. 91, 4500s2002d.

6P. W. Peacock and J. Robertson, J. Appl. Phys.92, 4712s2002d.
7L. F. Edge, D. G. Schlom, S. A. Chambers, E. Cicerrella, J. L. Freeouf, B.
Holländer, and J. Schubert, Appl. Phys. Lett.84, 726 s2004d.

8M. Quevedo-Lopez, M. El-Bouanani, S. Addepalli, J. L. Duggan, B. E.
Gnade, R. M. Wallace, M. R. Visokay, M. Douglas, M. J. Bevan, and L.
Colombo, Appl. Phys. Lett.79, 2958s2001d.

9H. Bracht, Mater. Res. Bull.25, 22 s2000d.
10S. Guha, E. P. Gusev, H. O-Schmidt, M. Copel, L.-Å Ragnarsson, N. A.

Bojarczuk, and P. Ronsheim, Appl. Phys. Lett.81, 2956s2002d.
11The nominal film thicknesses given were calculated from the fluxes of the

molecular beamssmeasured by a quartz crystal microbalanced assuming
the amorphous LaAlO3 films had the density of crystalline LaAlO3. The
areal densitysatoms/cm2d of La and Al in the films was confirmed by
RBS.

12J. Lettieri, J. H. Haeni, and D. G. Schlom, J. Vac. Sci. Technol. A20, 1332
s2002d.

13L. F. Edge, D. G. Schlom, R. T. Brewer, Y. J. Chabal, J. R. Williams, S. A.
Chambers, C. Hinkle, G. Lucovsky, Y. Yang, S. Stemmer, M. Copel, B.
Holländer, and J. Schubert, Appl. Phys. Lett.84, 4629s2004d.

14Evans Texas, Roundrock, Texas: www.eaglabs.com.
15C. Gu, R. Garcia, A. Pivovarov, F. Stevie, and D. Griffis, Appl. Surf. Sci.

231, 663 s2004d.
16L. F. Edge, V. Vaithyanathan, D. G. Schlom, R. T. Brewer, Y. J. Chabal, Y.

Yang, S. Stemmer, H. S. Craft, J.-P. Maria, M. E. Hawley, B. Holländer, J.
Schubert, and K. Eisenbeisersunpublishedd.

17M. Nieminen, T. Sajavaara, E. Rauhala, M. Putkonen and L. Niinistö, J.
Mater. Chem.11, 2340s2001d.

18V. Sandu, J. Jaklovszky, D. Miu, D. Drăgulinescu, C. Grigoriu, and M. C.
Bunescu, J. Mater. Sci. Lett.13, 1222s1994d.

19M. V. Cabañas, C. V. Ragel, F. Conde, J. M. González-Calbet, and M.
Vallet-Regí, Solid State Ionics101, 191 s1997d.

20T. Gougousi, M. J. Kelly, D. B. Terry, and G. N. Parsons, J. Appl. Phys.
93, 1691s2003d.

21H. Yamada, T. Shimizu, and E. Suzuki, Jpn. J. Appl. Phys., Part 241,
L368 s2002d.

22M. Copel, E. Cartier, and F. M. Ross, Appl. Phys. Lett.78, 1607s2001d.
23T. Busani and R. A. B. Devine,Fundamentals of Novel Oxide/

Semiconductor Interfaces, edited by C. R. Abernathy, E. Gusev, D. G.
Schlom, and S. StemmersMRS, Pittsburgh, 2004d, Vol. 786, p. E.6.12.1

24L. Miotti, K. P. Bastos, C. Driemeier, I. J. Baumvol, M.-C. Hugon, and B.
Agius sunpublishedd.

FIG. 3. 2D XRD image of Al2O3/LaAlO3/p-Si s001d stack after;sad 935 °C,
20 s andsbd 950 °C, 20 s anneal in N2. Only diffraction spots associated
with the Si substrate are evident insad, while the characteristic rings are
observed from crystallized LaAlO3 in sbd.
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