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Since 1994, the International Technology Roadmap for Semiconductors (ITRS), then called the NTRS (National, rather than International) has recommended a steady reduction in silicon device size, with an accompanying improvement in device performance, measured predominantly by circuit speed.  It has served as a sort of “how-to” guide for the preservation of Moore’s Law, the time-honored pronouncement of these ever-increasing component densities. While a variety of new materials and processes have been added to silicon process technology to maintain this rate of device scaling, the primary limitation has been in the area of photolithography, the ability to pattern and etch the ever-smaller device features.  In the last few years, however, it has become clear that this steady scaling of feature sizes may have been about to reach its first absolute physical limit, the thickness of the silicon dioxide gate dielectric.  In the 1997 Roadmap, the gate oxide thickness was projected to go below 1 nm at the 50-nm technology generation for high-performance devices.  Given that a monolayer of atoms in an SiO2 film is about 0.2 nm thick, and that one monolayer is needed as an interface to each of the electrodes, this leaves three or fewer monolayers left to comprise the bulk of the film.  This is surely a lower limit for a structure to be able to be called silicon dioxide with the attendant implication of commonly understood physical parameters.


This impending barrier has led to the development of new dielectrics as potential replacements for SiO2, designed to address the shortcomings of the ultra-thin oxides.  A first step has been the use of silicon oxynitride.  Incorporation of nitrogen in the SiO2 has been shown to improve the electrical robustness of the film, and as the nitrogen concentration increases, the barrier properties against boron penetration from the PMOS polysilicon gate electrode improve.  At high nitrogen levels, the dielectric constant is found to increase, permitting a physically thicker film with the same, lower, equivalent oxide thickness (EOT).  Because of the relatively low dielectric constant of the silicon nitride, this latter effect is of limited use, and greater departures from the original SiO2 are required.  


Since the primary electrical shortcoming of the ultra-thin SiO2 films was their very high direct tunneling leakage currents, it is necessary to develop physically thicker gate insulators where tunneling currents are reduced, while still maintaining the low electrical thickness needed for high device performance.  Both these requirements can be simultaneously met by use of dielectric films with higher dielectric constants.  Since 1997, interest has increased in development of so-called high-k gate dielectric films that will perform adequately as replacements for our long-established SiO2.  Materials considered have included Ta2O5, TiO2, BST,Al2O3, and more recently the oxides and silicates of zirconium, hafnium, lanthanum, and yttrium.  Based on Roadmap requirements up through the 1999 version, the goal for electrical characteristics of these films had been achievement of EOT values less than 1.0 nm with leakage current densities in the range 0.001-10 A/cm2.  While such films have been produced in exploratory capacitor and some transistor test structures, obtaining desired operating characteristics, e.g. mobility, stability, and reliability along with compatibility with conventional CMOS processing has proven difficult.  

From the reliability viewpoint, these new materials have some inherent advantages as well as potential liabilities.  The potential advantages tend to be associated with the increased physical thickness of the films, leading to higher Weibull slopes and improved breakdown time predictability, lower electric fields, and possibly more robust bond strengths, at least for the oxynitrides.  Some liabilities can be associated with charge trapping and hysteresis effects, which may be related to the stacked nature of some of the structures, and the wide range of process-related effects that will be very time-consuming to explore.  For the high-k films, many basic questions remain to be addressed; the nature and importance of extrinsic defects, possible effects of structural non-uniformities such as nanocrystals, and even a clear definition of an electrical defect from a measurement viewpoint.  We have had 40 years to try to get SiO2 right, and significant reliability issues still remain.  We’re just now starting with the high-k’s, and bringing them to an equivalent reliability level in the time frame required by the Roadmap will be a considerable challenge.


The newly released 2001 ITRS Roadmap has introduced some very novel concepts into the business of CMOS device scaling.  Whereas in earlier versions, the aggressive EOT and leakage targets were intended for high performance devices, the new roadmap introduces specifications for low operating power, low standby power, as well as high performance devices.  With an eye toward improved device design, the leakage current specification in the new roadmap for high performance devices has been increased to levels consistent with bulk gate dielectric current densities above 103 A/cm2 in 2007.  This value could conceivably be achieved with pure SiO2 films near their physical limit, about 1.0 nm thick, and should be more easily achievable with silicon oxynitrides.  Initial application of the high-k dielectrics would be in the areas of the low standby power devices, where leakage current densities will be less than 2.0 mA/cm2 with EOT’s in the 1.6-2.0 nm range in 2005.  Concepts underlying these proposals and their implications for new dielectric development will be discussed.  While not specifically indicated in the 2001 Roadmap numbers, it is expected that the high-k gate dielectrics will eventually be deployed for the high performance devices, avoiding the performance-driven, extremely high gate dielectric current densities shown for the long-term period out to 2016.
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