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            Abstract
An indispensable part of our personal and working lives, computing has also become essential to industries and governments. Steady improvements in computer hardware have been supported by periodic doubling of transistor densities in integrated circuits over the past fifty years. Such Moore scaling now requires ever-increasing efforts, stimulating research in alternative hardware and stirring controversy. To help evaluate emerging technologies and increase our understanding of integrated-circuit scaling, here I review fundamental limits to computation in the areas of manufacturing, energy, physical space, design and verification effort, and algorithms. To outline what is achievable in principle and in practice, I recapitulate how some limits were circumvented, and compare loose and tight limits. Engineering difficulties encountered by emerging technologies may indicate yet unknown limits.
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                    Figure 3: The evolution of metallic wire stacks from 1997 to 2010. Stacks are ordered by the designation of the semiconductor technology node.[image: ]


Figure 1: As a metal oxideâ€“semiconductor field effect transistor (MOSFET) shrinks, the gate dielectric (yellow) thickness approaches several atoms (0.5Â nm at the 22-nm technology node).[image: ]


Figure 2: As a MOSFET transistor shrinks, the shape of its electric field departs from basic rectilinear models, and the level curves become disconnected.[image: ]


Figure 4[image: ]
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        Editorial Summary
Probing the limits to computing power
Computers have evolved at a remarkable rate, with improvements over the past fifty years roughly in line with Gordon Moore's prescient observation that the number of transistors in a dense integrated circuit would double approximately every two years. The rate of 'Moore scaling' is slowing down and other physical limits are looming, but new technologies such as carbon nanotubes, graphene and quantum computation are on the way. In this Review, Igor Markov takes a fresh look at the fundamental limits at various levels, from devices to complete systems, and compares loose and tight limits. Markov argues that the study of the limits of fundamental limits to computation can lead to new insights for emerging technologies.
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