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We have evaluated the thermal stability of,@k/LaAlO4/Si (001) stacks with atomic force
microscopy, Xx-ray diffraction, transmission electron microscopy, and secondary ion mass
spectrometry using a back side polishing approach. Crystallization of the amorphous;LfddlO

was found to occur for rapid thermal anne&RTA) above 935 °C for 20 s, in flowing N
Penetration of Al and La into the underlying @01) is clearly observed for RTA at or above 950 °C

for 20 s in flowing N. © 2005 American Institute of PhysidDOI: 10.1063/1.1928316

The International Technology Roadmap for Semiconduc-posited at room temperature to form the amorphous LgaAIO
tors (ITRS) 2003predicts the need for the introduction of dielectric film on(001) Si. The La and Al fluxes were each
higher dielectric constartk) gate dielectrics by 2006 to meet 2 10' atoms/cms. Rutherford backscattering spectrom-
continued scaling requirements in metal-oxides silicon field-etry (RBS measurement$l.4 MeV He/, 170° scattering
effect transistor (MOSFET) digital logic technology. angle showed that the~1000 A thick LaAIQ; films were
Hafnium-based dielectrics appear to be one of the leadingtoichiometric with a Lg1:1) Al ratio to within =5 mol %.
candidates for near term scaling of transisfot©xides and  The films were cappeih situ with ~100 A of ALO; at a
silicates of Column Il elements of the periodic table, includ- background molecular oxygen pressure of B0® Torr, in
ing La and Y, have also been examined. Lanthanum alumierder to protect the film surface from hydroxyl3his depo-
nate (LaAlO3) has been identified as a higheandidate be- sition process has been shown to yield an abrupt amorphous
yond Hf-based dielectriésdue to its highk ~20-25°  LaAlO4/Si interface free of interfacial SiJ>
thermodynamics stability on silicdhband gap of>5 eV’ The AlL,O4/LaAlO4/p-Si (001) stack was rapid thermal
and suitable valence- and conduction-band offédtse in-  annealedRTA) in a flowing N, (>99.99%%6 purity) ambient
troduction of LaAIQ, is anticipated for the 45 nm node. at 850-1040 °C for various annealing duratiqd®—20 3.

The thermal stability of a higk-dielectric film in direct Temperatures were calibrated using cross-referenced optical
contact with the underlying Si substrate is essential becauggyrometry and thermocouple measurements. Contact mode
outdiffusion of metal impurity atoms into the channel regionatomic force microscopyAFM) was used to characterize the
during processing can cause carrier mobility degraddfibh. surface morphology evolution and x-ray diffractioOiRD)

In this letter, we present results on the evaluation of La andvas used to study the crystallization of LaAl@Ims as a

Al outdiffusion from amorphous LaAl@thin films in direct  function of RTA temperature. Cross-sectional transmission
contact with Si(001) during annealing conditions relevant to electron microscopyTEM) images of the stack were ac-
the highest-temperature st@mplant activation in conven-  quired in order to study the microstructure of the stack be-
tional MOSFET processing. fore and after RTA.

Amorphous LaAIQ thin films ~1000 A thick (Ref. 1)) The depth profile of La and Al within the Si substrate
were grown on single-side polishe@-type boron-doped after RTA was determined using a back side secondary ion
(001) Si (NaA~0.3-1.5<10'cm™) by molecular-beam mass spectrometr(SIMS) approact’ In the case of con-
deposition in an EPI 930 molecular-beam epitaxy chambeyentional front-side dynamic SIMS analysis, the depth reso-
modified for the growth of oxide¥: Prior to insertion into  lution and detection limit are severely degraded after sputter-
the deposition chamber, the substrate was Radio Corporatidng through a thick film or an overlayer containing a high
of America (RCA) cleaned and hydrogen-terminated with level of constituent specigga, Al) due to ion beam mixing
~1% hydrofluoric acid. La(Aesar, 99.9% pujewas evapo- artifacts of matrix elements. These issues can be reduced by
rated from a tungsten crucible in a high-temperature effusiomemoving sufficient substrate material from the back side of a
cell, while Al (Aesar, 99.9999% puyavas evaporated from a sample with adequate precision to allow SIMS depth
pyrolytic boron-nitride crucible in a dual-filament effusion profi|ing_15 For the current study, the back side of the®@d/
cell with the tip filament turned off. La, Al, and £399.994% | aAlO,/p-Si (001) stack was polished down te-1 um
purity) at a background pressure ok@.0"® Torr, were code-  thickness with a lateral uniformity of 1-2 dh. A PHI

Quadrupole SIMS instrument was used for the dynamic
author to whom correspondence should be addressed; electronic mai®lMS measurement. The stack was analyzed from the pol-
rmwallace@utdallas.edu ished back side usina 5 keV G* primary beam with an

0003-6951/2005/86(20)/201901/3/$22.50 86, 201901-1 © 2005 American Institute of Physics
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FIG. 2. Backside SIMS concentration vs depth profile(@rAl and (b) La

before and after RTA treatments of 100 A,®5/1000 A LaAlOy/p-Si (001)
stack in flowing N. The depth scale up te-0.4 um corresponds to the Si
substrate, followed by the 1000 A thick LaAJ@ilm. SIMS results are for
the same films described in Fig. 1.
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FIG. 1. (a) AFM images(area=5um x5 um) of the AL O5/LaAlO4/p-Si
(001) stack before and after thermal treatments at different RTA conditions.

(b) XRD spectra of the stack following RTA treatments in flowing. Nhe iall id infini fL d Al for dif
peaks correspond to all of the expected reflections of crystalline Laahd essentially provides an infinite source of La an or ait-

are indexed with pseudocubic indices. fusion into bulk Si.
Figure 2a) shows the Al concentration in the silicon

substrate as a function of depth at different annealing tem-

incidence angle of 60°. A positive secondary ion count forperatures. Up te-935°C, 20 s RTA in N, the penetration of
La, Al, and Si was monitored as a function of depth. A stylusAl into the Si substrate bulk is below detectible limits. How-
profilometer was utilized to determine the depth scale as aver, after a 950 °C, 20 s, RTA in,;Nsubstantial Al penetra-
function of sputtering time. La and Al concentrations weretion is observed. The concentration of Al is found to be
determined from comparison with ion implanted standafds. >10' atoms/cm up to a depth of~1000 A from the Si/

Figure Xa) shows the surface morphology evolution of LaAlO; interface into the bulk S{001) substrate after a
the ALO4/LaAlO4/Si (001) stack evaluated by AFM as a 1000 °C, 10 s N anneal, and would therefore be a concern
function of the RTA conditions. After a 900 °C, 20 s, RTAin for mobility degradatiof. The penetration depth of Al is
N,, a change of the surface topography and a root-mean~1500 A for the 1025 °C, 20 s, RTA. These results are gen-
square(rms) roughness(R,9 of 4 A is observed. At or erally consistent with previously reported Al interdiffusion
above 1000 °C, 10 s RTA, a grain size-90.5-3um diam-  from similar RTA treatments of AD; films in contact with
eter, andR,s~ 40 A is observed® Si, and may lead to mobility degradatibhAdditionally, our

The XRD 29 scans of the stack before and after RTA in results indicate that the penetration depth-i400 A deeper
N, are shown in Fig. (b). Above 900 °C RTA, XRD peaks before the Al concentration in bulk silicon is reduced to
corresponding to polycrystalline LaAlGire observed. These <10 atoms/cc.
results are consistent with previous reports from LaAlO Figure Zb) shows the corresponding La profile where
films produced by atomic layer depositi% ulsed laser significant penetration is observed at RTA temperatures
deposition'® and chemical vapor depositidh.Since the =950°C. The penetration of La was-400 A for the
Al,O5 capping layer is relatively thin compared to the highest-temperature RTA condition examined here of
LaAlO; film, no crystalline reflections of the capping layer 1025 °C, 20 s. These results are consistent with the relative
are detected in the@range analyzelf masses of the diffusing speciedz. Al diffusing deeper into

Figure 2 shows the back side SIMS concentration versuthe Si substrate compared to La, as well as recent reports on
depth profile for AJO4/LaAlO4/Si (001) stack before and the silicidation of La upon thermal treatments®? We also
after RTA in flowing N,. The 1000 A thick LaAIQ film note that Si diffusion into the LaAl@cannot be ruled out in
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