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	San Jose, Calif. — Nanotechnology structures will almost certainly be needed on integrated circuits once CMOS scaling reaches its logical limits, but don't expect molecular devices like carbon nanotubes and nanowires to appear on chips for at least 10 years.

Research has yielded promising results, and nanotechnology has already been applied to silicon. But those efforts just scratch the surface of the envisioned development work involved in making nanostructures practical for chip design, panelists said at last week's International Symposium on the Quality of Electronic Design (ISQED) here.
One problem in assessing nano research's importance to microelectronics is the sometimes slippery definition of nano-technology. "It's a very broad buzzword," said Robert Doering, senior Fellow at Texas Instruments Inc. "What's called nanotechnology today depends on what you're trying to advertise, sell or get funding for."
Using the widely accepted definition of nanotechnology as anything on the sub-100-nanometer scale, ISQED panel moderator Ali Keshavarzi, staff research scientist at Intel Corp.'s circuit research lab, noted that 65- and 45-nm silicon technology "already is in the nanotechnology realm." But he differentiated between top- down microelectronics, which is taking silicon scaling into nanoscale dimensions, and "bottom-up" nanotech and molecular devices, which are built from molecular self-assembly.
Panelists debated whether nanotechnology can help CMOS scaling, whether systems and circuits can be built using nanotechnology and whether the technology will replace silicon or evolve along with it in various hybrid architectures.
Vivek De, senior principal engineer at Intel's circuit research lab, noted that 90-nm IC designs feature 50-nm channel lengths. As lengths decrease to 10 nm over the next six years, he said, there will be a need to deploy nonplanar CMOS structures, such as trigate transistors, in addition to high-k dielectrics and metal gates. 
Carbon nanotubes and nanowires are likely to appear around 2015 to 2019, but they will have to meet several criteria related to performance and power, the Intel engineer said.
H.S. Philip Wong, professor of electrical engineering at Stanford University, said multigate devices and transport-enhanced FETs will be employed in the near future. Further out are nanotubes and nanowires, but only a small fraction of the necessary engineering for those has been "checked off," he said.
The real question, Wong said, is how to use self-assembly techniques to build the structures that engineers want to build today, with control over variability and a reduced cost of manufacturing. Self-assembly techniques produce very regular features and will require IC layout on a regular grid, he said. "If you want to make an impact in the next 15 years, you have to use the silicon CMOS infrastructure," Wong said. "The design environment, EDA, verification and synthesis tools all have to be applicable for the new devices."
FinFETs, trigate FETs, metal gates and high-k dielectrics will all help push planar CMOS silicon as far as it will go, TI's Doering said. Beyond that, he envisions a hybrid nanotechnology-CMOS solution.
It's possible to build systems with nanotech devices today, but there's no payoff, said Franz Kreupl, principal for nanoelectronic technologies at Infineon Technologies. Carbon nanotubes are an attractive technology nonetheless, he said, given their diameters as small as 0.4 nm, their high mobility and high current density, and the attendant possibilities for low-power and high-performance operation. 
Carbon tube transistors, Kreupl said, can potentially outperform silicon, while interconnects built from the tubes promise high current densities and low resistance. But CMOS lithography won't disappear, he said. Like some of his colleagues, he envisions hybrid solutions, for which memories would be the main nanotechnology driver and nanotube interconnects might be employed.
Andre Dehon, assistant professor of computer science at the California Institute of Technology, cited promising research into semiconducting nanowires. The wires can be as small as 3 nm in diameter, he said, yet extend hundreds of microns long. They can be used as conductors or electrical devices; their electrical properties are controllable with doping.
Dehon said that while nanotech architectures "look highly plausible," they place demands on semiconductor manufacturers, including development of regular architectures, post-fabrication programmability and fault-tolerant design. "When you're working with structures that have 10 atoms in them, you can expect some degradation," Dehon said.
Carbon nanotubes are promising from an energy point of view, said IBM Corp. senior manager for device and integration technology Wilfried Haensch. Silicon nanowires are most promising for density and performance trade-offs, he said, but the next big thing will be high-performance FETs. "CMOS will remain mainstream for the foreseeable future," he said. 
"The consensus is that there won't be any new nanotechnology — that is, carbon nanotubes or nanowires — on ICs for probably 10 years," said TI's Doering. "Fifteen years is a more reasonable horizon." 
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