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Extended abstract

With process technologies at 90 nm and below, electro-thermal effects are becoming a dominant source of IC performance, power and long-term reliability problems.

Today’s design methodologies, which assume a constant temperature, miss catastrophic design errors due to these effects. As a consequence, chip designers are forced to account for these effects by applying pessimistic guard-bands, which make design closure unnecessarily difficult and costly.

Heat generated by a chip is related to the power dissipated by the chip’s substrate, metal layers and the package parameters. The temperature T within the chip is related to the power density p of the heat sources in the substrate and the metal layers through the diffusion equation. In solving the diffusion equation, the proper boundary conditions of the heat sources are taken into considerations for interior points and at the boundaries at the package interfaces as well as the value of the thermal conductivity K which varies depending on the material, its dimensions and its temperature. The resulting solution provides the distributed temperature chart for all points within the volume of the chip.

The calculation of power consumption in today’s design methodology is done at particular temperature corners. This methodology has a serious shortcoming in designs that are used in the mobile, wireless and computing sectors. Such designs use low power supply voltages in conjunction with transistors featuring low threshold voltage and hence significant leakage power. Current design methodologies disregard local temperature variations and thereby neglect the consequences of the exponential dependency that exists between the leakage currents of transistors and their junction temperatures. The temperature variation causes the leakage power to change, which in turn changes the temperature. Thus depending upon the ability of the package to dissipate heat there may be a thermal runaway condition. The electro-thermal interdependency results in a departure from both the assumed temperature corner used to compute the power, and the computed power consumption based on such assumptions.

The influence of temperature gradients on signal timing, interconnect delay, clock skew, cross-talk noise, leakage power, voltage drop, and electro migration is significant.

Timing variations due to cross talk and voltage drop, both of which are not trivial to analyze, are further amplified by temperature gradients.

The reliability for wire interconnects within semiconductor parts is measured in the Mean Time Between Failure (MTBF). MTBF depends not only on the wire temperature itself, but also on the temperature gradient between a wire and its environment. Higher temperature and higher current density increase the thermal migration of metal ions. The effect on interconnect lines is catastrophic as it can cause both open circuits and short circuits. Such failure conditions are analyzed today under the erroneous assumption of constant temperature.

Thus temperature gradients have a significant impact on both performance and reliability. A temperature-aware design methodology can thus increase both the parametric yield and the lifetime of an integrated circuit. In this paper we will show various studies of temperature effects on timing, power, signal integrity, reliability and yield. We will further present a thermal analysis tool capable of analyzing a large-scale integrated circuit, comprising over 25 million transistors, at various levels of granularity. The results lead us to conclude that it is possible to estimate the temperature distribution on a large chip in the early physical design stage accurately enough to anticipate and prevent adverse effects of thermal gradients. Based on our findings, we will propose a temperature-aware physical design flow with support for parasitic extraction as well as delay calculation, power analysis, and voltage drop calculation. Early estimation of temperature distribution has to be complemented by accurate detailed analysis based on the finished layout. In summary, we introduce thermal analysis as a pervasive and feasible method throughout the physical design of large integrated circuits.

