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Positron Annihilation Spectroscopy: an Emerging Technigue For Characterization
of Oxygen Vacancies in Hf-based-high-k Materials?
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Introduction
® High-k Metal gate (HKMG) stacks required to tackle the technological issues brought by the drastic reduction of ® To assess these mechanisms » characterization of V_ by two techniques
gate length of CMOS devices (nodes < 32 nm). Use of High-k dielectrics (HfO,) and metal gate (TiN) induces shifts - Positron annihilation spectroscopy (PAS): the most sensitive characterization method to vacancies?

. . 1’ 2 . . . 3
in transistor Vit - = assumed to be related to oxygen vacancies (V) in both HfO; and SiO,. = Electron energy loss spectroscopy (EELS): potentially sensitive to V_, spatial resolution compatible with

® Charged V, might be created during activation spike annealing giving rise to dipoles! % > at the high-k/metal HKMG structures.®
interface and thus to Fermi level Pinning # which explains the Vt shift. Also, Vt shift is expected to be enhanced by

tion in Si0. interfacial | 5 ® PAS used to characterize vacancies in diverse materials 10 111214 byt only few studies for high-k.% 13- 15
oxygen vacancy creation in SiO, interfacial layer.*

Experimental
Samples elaboration PAS - Doppler Broadening Spectroscopy (DBS)
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® Substrates : p-type 100-oriented Si (B doped at = 101> cm3) ® Positron emission: B* radioactive source “*Na ® Measurement of (e*, ) pair momentum distribution by recording the Doppler broadening of
® E-beam PVD at 150°C from an HfO, target ® Moderator (monokinetic beam converter): 5 um the 511 keV annihilation line (AE)
® Plasma sputtering of Hf target under Ar/O, atmosphere at thick tungsten foil ® Extraction of low S and high W momentum annihilation fraction in respectively the momentum
300°C ® Accelerator: Kinetic energy 0.2 to 25 keV windows (0-]2.80|x103m,c) and (|10.61|—-|26.35| x103m,) where m, is the mass of the
® Atomic Layer Deposition (ALD) at 300°C, using HfCl, and ® Flux: =105cm2st electron and ¢, the speed of light
H,O precursors ® Detector: high purity Ge, resolution <1.14keV at ® S ®» agnnihilations with low momentum electrons, valence electrons
® Spike annealing under low N, pressure at 900°C during 10 s 511 keV, efficiency >25% at 1.33 MeV ® W ® annihilations with high momentum electrons, core electrons
® S and W extracted at energies ranging from 0.2 to 25 keV with step increasing from 0.2 to 1 keV
Results and discussion
PAS - Implantation profile PAS - VEPFIT simulation PAS - Results
P(z): probability of positron implantation for VEPFIT, fit and medialization software for PAS: 50 nm vs 500 nm (PVD, After spike annealing) 046
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Depth interaction = 8 um in bulk silicon ® E> 0: curves shifted towards lower energies % er annealing: Si characteristics reached more % Higher defect concentration in ALD vs in PVD layers
- Depth interaction = 2.5 pm in HfO, narrowing of the energy range governed by the quickly, energy range governed by annihilation in ~ AL AR ’
s after annealing
® Below 1 keV: positron annihilation at the HfO, layer ™ Positively charged defects at the HfO, narrowed. S /1, Wy. - 5 7 and W : [vacancy defects] increases
' - HfO,/Si interface. =» Defect concentration increases during annealing ' Y
sample surface is predominant - | | | e e i = Slower evolution toward Si characteristics . Steady
® Energy range implantation For HfO, ® E < 0: curves shifted towards higher energies ® || N Y, Sand W in 1-5 keV energy range
r ning of the energy ran rn th » Positively char f Hf i interf : ..
= 500nm=1to 10 keV broadening of the e.e gy rENFR FOvErnet [ e osit e.y cha ge“,' b ?t 02/,5_ fce ace, =» Negatively charged defects at HfO,/Si interface,
= 100 nm =1 to 5 keV HfO, layer ® Negatively charged defects at the created during annealing, result in a positive internal d duri i It . |
) HfO,/Si interface electrical field consistent with VEPFIT simulations created during annealing, result in a negative interna
= 50nm=1to3keV 2 ' electrical field consistent with VEPFIT simulations
Conclusion
® Slow positron beam DBS sensitive to the properties of HfO, layers down to a thickness of 50 nm on Si substrate. HfO,/Si interface

® \oid defect concentration in annealed layers higher than in the as deposited ones either by ALD or PVD process. ® Different behavior of ALD and PVD materials explained by different charged defects created during annealing
As deposited ALD material revealed more defects concentration than the PVD probably due to the out-of-range @ However, quantitative analysis based on data reduction using complete DBS simulations still limited by the lack

thickness for the ALD process. of the bulk parameters of the HfO, material ® Thick layers of homogeneous properties required.
® Simulations of DBS parameters highlighted the role of a built-in electrical field related to charged defects at the @ To fulfill the nano-electronic specifications, coupling PAS with EELS-TEM analyses is mandatory.
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