Crystallization study of GeSh, phase change material thin films
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ABSTRACT

GeSh is a promising material for phase change randaresscmemories. In this work, X-Ray synchrotron
radiation diffraction, time resolved reflectivitygasurement and Transmission Electronic Microscopy a
used to study crystallization behaviour of amorphfitns of GeSh Films with thickness as low as 10 nm
are studied. When temperature increases, Sb apth&es sequentially crystallize. It's shown thahlibe
crystallization temperature and microstructure ettoh are strongly dependent on the film thickness.
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1. INTRODUCTION

Te free high Sb content phase change materials these recently investigated as promising matefials
Phase Change Memories due to their very high dliystizon temperature [1, 2]. Recently Krushal. [3]
demonstrated aomposition closed to Gegbffers the best performances in terms of cryzeilbn speed
and reliability for cycling properties.

For GeSb two different crystallization steps arespnt: one corresponding to the crystallizatiorihef
rhombohedral Sb phase and the other one, at highgyeratures, corresponding to the cubic Ge one. In
this work the influence of film thickness on thesmallization behaviour of initially amorphous GeSb
studied by reflectivity measurements, X-Ray Diffiaw using Synchrotron Beam and TEM observations.

2. EXPERIMENTS

Thin films of GeSh (10 and 150nm), initially deposited in the amonmhctate by Physical Vapor
Deposition (PVD) and capped with 10nm of ZnS-Si@ave been submitted to various annealing
treatments under Ar ambient monitored by in-sitileativity. Then they were studied by ex-situ X-Ray
Diffraction using synchrotron radiation (beamlin@AM at ESRF). Thanks to the high flux of synchratro
radiation and 2D detection, grain sizes and testare measured for films as thin as 10nm.

High Resolution Transmission Electron MicroscopyREM) observations are carried out in order to abtai
a complete insight into the crystalline structure.

3. RESULTS & DISCUSSION
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Fig 1: (a) Reflectivity measurements of 10nm (ied)l and 150nm (blue line) GeShyers, (b) and (c)
XRD measurements on 150nm and 10nm respectivelpGigSs, annealed at temperatures aboygny
(blue line) and above ke)(red line). Table 1: Crystallites size in 10 an@is GeShsamples obtained
with Scherrer’s law on Sb(012) peak.



The crystallization temperature for the 150nm Ge&imple obtained from the reflectivity measurements
(Fig.1a) is 223°C, while for the 10nm sample iglsliy lower, 218°C, in agreement with literaturé. [fhe
XRD measurements performed on the 150nm Ge8imple (Fig.1b) annealed at 233°C show a wide peak
with a low intensity associated to Sb (012), cgrogsling to a grain size of a few nanometers (Tal®h)

the contrary, when annealing at 371°C, narrow atehise peaks are evidenced, corresponding to 3b, (10
Ge (111) and Sb (012). In this case, the calculgtath size for Sb crystallites is about 30nm. Treisult
suggests that Sb phase crystallizes following deation process, with the presence of a large teosi
very small Sb crystallites for temperatures jusbv@bthe crystallization temperature. These crystall
subsequently grow after Ge precipitation (Fig.2)dded, at this temperature, the cross-sectional TEM
images show a polycrystalline layer of 155nm, cosegbof Sb and Ge grains (Fig 2a and 2b). The grain
sizes observed through cross sectional TEM obsensis consistent with XRD measurements, while
larger grains (54nm in average diameter) are medsarthe plane (Fig.2d). As can be seen in Fighe,

10 nm layer shows a peak characteristic of Sb (@ft2y annealing at 230°C that remains unchanged ev
after annealing at 347°C. This result suggests ithahis case, at JJspj+10°C the Sb crystallites have
already reached their final dimension (Tab.1).
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Fig 2: TEM observations of GeSlayers annealed at 371°C. (a) Cross section (¥Sgmvation in Bright
Field conditions for the 150nm layers, (b) AssaiaHREM image in XS, showing Sb and Ge grains, (c)
Plan-view observation, with in inset the associaldfdaction pattern for the 10nm film, (d) Assoigd size
distribution of the grains measured in the plarwvigages.

4. CONCLUSION

For 150nm GeSpfilms, it was evidenced the nucleation of a higingity of small crystallites for
temperatures just above the crystallization tentpezaof Sb. These grains grow up to the size ofn80n
after Ge crystallization. The grain size measumedross-sectional TEM observations is in good agess

with the one measured by XRD (30nm) while the grainthe plane, measured in plane-view specimen are
significantly larger. On the contrary, for the 10rfiims, the grains have already reached their final
dimensions after the Sb crystallization. This s&around 10nm, independently from the subsequent G
segregation.

REFERENCES

[1] C. Cabral Jret al., Applied Physics Letters 93, 0719062008)

[2] S. Raowet al., Journal of Applied Physics 105, 064918 (2009)

[3] L. Krusin-Elbaumet al., Applied Physics Letters 96, 121906 (2010)
[4] S. Raowet al., Journal of Applied Physics 103, 114310 (2008)

Biographies

Audrey Bastard is a PhD student working in partnership with CEA-LETIT $Jicroelectronics and
CEMES Toulouse. Her research area is the studyabdénmal crystallization mechanism for applicatian t
non-volatile access memory. She received a Mastgrd2 in the Departement of Material Sciences of
Engineering School in Luminy, Marseille in 2008.

Giada Ghezziis a PhD student at CEA, LETI, MINATEC. She got Master Degree at the Politecnico di



Milano, Italy, in 2009 with a thesis on crystallima kinetics in PCM memories conducted at the
Numonyx R&D Tchnology Development. Her current ggsh field is the study of scaling effect on
crystallization of Phase Change materials.

Jean-Paul Simon “Directeur de Recherches” au CNRS, shares hig thatween the University of
Grenoble SIMaP* Laboratory and the D2AM** frenchdogine in ESRF. He mainly checked the theories
of phase separation or ordering by neutrons andyXscattering experiments and, to differentiatenato
species, developed the resonant techniques.

*Science et Ingénérie des Matériaux et Procédés

**Diffusion/Diffraction Anomale Multilongueur d'ongl

Francoise Hippertis professor at Grenoble Institut Polytechnique dathg research in Laboratoire des
Matériaux et Génie Physique (CNRS and Grenoble .I'Rg obtained her PhD in 1983. Her fields of
interest is condensed matter physics: magnetisust(ated systems, Kondo effect), quasicrystalxk (lin
between properties and structure), ferroelectritifquids and recently phase change materials.

Caroline Bonafos(40 years-old) has obtained the Dipl-Ing. Degre8alid State Physics in 1993 and then
her PhD in 1996, both from the National Institute Applied Sciences (INSA) of Toulouse. The subjact
her PhD thesis was the "The role of End-Of-Randedat® on the boron anomalous diffusion She spent 2
years (1997-1999) in post-doctoral position atEhextronics Department of University of Barcelorsasa
Marie Curie fellow to study the growth of semiconting nanocrystals ion beam synthesised in silica f
opto-electronics. Since 1999, she is Staff Scier{ftthargée de recherche) in the Nanomat group of
CEMES an autonomous laboratory of the National @efdr Scientific Research, where she performs
work on TEM study and modelling of the growth kiastof nanopatrticles for electronics (charge steyag
opto-electronics and plasmonics application. Shiéné author and co-author of over 110 publications
international journals and conferences. In 2004,shs awarded for her research results by the “Méda
de Bronze” of CNRS. She obtained her “Habilitatébiriger les Recherches” in february 2007. She is
actually the coordinator of a French ANR proje®d@©@MAD”) dealing with the fabrication of nanocrystal
based non volatile memories implying high k matrix.

Jean-Pierre Gaspardis professor of Condensed Matter Physics at theddsity of Liege (Belgium). His
fields of research include: the theoretical stuflylisordered systems (liquid and amorphous masgyrial
matter under extreme conditions (high temperatuned high pressures), electronic instabilities and
symmetry breaking mechanisms, total energy calonatand computer simulation of liquids, neutrod an
X-Ray scattering and X-ray absorption under presgakAFS).

Frederic Fillot, PhD, is research engineer at CEA, LETI, MINATE(GSs research focuses on gate stack in
CMOS devices and more recently on ion beam andyXtharacterisation.

Sylvain Maitrejean has been in the staff of CEA LETI Minatec sinc€@@0Before joining LETI, he hold a
master's degree in physics and material scientieeaBGrenoble National Engineering School for Plg/sic
(ENSPG) in 1996. In 2000, he received a Ph.D. ipsiglal metallurgy from the National Polytechnic
Institute of Grenoble (Grenoble-INP).

Within CEA Leti minatec, his first activities inwed metallic thin film process and characterization
CMOS devices with special focus on metal gate.Lae he was in charge of the BEOL integration grou
and participated to the development of advancedrdohnects such as Cu/ULK interconnects, 3D
integrated circuit, Carbon nanotube interconnddts.actual research field concerns the developroént
material and integration processes for phase changmories. His main research interests are the
mechanical reliability of narrow devices and th@att of nano-confinement on microstructure evohsio
and materials properties.

He is the author or co-author of over 80 publigadion international journals and conferences.



