How Does the Substrate Conductivity Affect the On-Chip Coupling Inductance Behaviour?

Yehia Massoud

Department of Electrical Engineering and Computer Science

Massachusetts Institute of Technology

Cambridge, MA 02139

Ymassoud@rle-vlsi.mit.edu

Abstract

The goal of this work was to extend the FastHenry 3-D inductance extraction program[1] to include volume ground planes like semiconductor substrates, and then use the modified program to investigate a simple model for predicting on-chip inductive coupling between parallel lines. Our results demonstrate that a formula based on a simple two-loop model, accurately predicts highfrequency limit inductive coupling. However, our simulation studies show that the high-frequency limit is higher than 20 gigahertz, because of the poor conductivity of the substrate. Therefore, as a practical matter, models for coupling inductance must correctly predict the low frequency coupling inductance. Finally, we show that the simple two-loop model is inadequate, primarily because of the three-dimensional nature of the substrate current distribution.

Two-dimensional analysis[2] for two rectangular loop structure, leads to a simple formula for the coupling inductance, This formula is function of the loop length, height and separation. In order to examine whether that formula can be used to predict on-chip coupling inductance, a volume filament discretization for the semiconductor substrate was added to the FastHenry program, as shown in Figure 1. As the coupling inductance was plotted as a function of volume discretization for both very high and very low frequency, the formula based on the two-loop model accurately predicts the high frequency coupling inductance. For this comparison, the loop height was set to twice the distance to the substrate, based on the method of images approach[3].

The modified FastHenry program was also used to compute the coupling inductance as a function of frequency, for both realistic and idealized substrate conduc-

Figure 1: Volume filament-based discretization of the substrate.

tivities. The results clearly indicated that with a semiconductor substrate, and assuming operating frequencies below 20 gigahertz, it is the low-frequency-limit inductance, not the high-frequency-limit inductance, that is most important for predicting on-chip inductive coupling.

The two-loop model is inadequate for modeling the low-frequency-limit inductance. It was shown that even by selecting a modified loop width, in the two-loop model, the model does not accurately predict parallel line inductive coupling over a range of conductor separations, as shown in Figure 2.

The simple model fails primarily because the lowfrequency coupling inductance over a substrate ground plane is more three-dimensional in nature than can be modeled by a loop. This three-dimensional behavior is due primarily to the current spreading from the contact points through the substrate, as shown in Figure 3.

2-Dformula

Simulateddata

05101520253035012345678x10-11 separationdistancey

MutualInductance

Figure 2: Comparison of the coupling inductance predicted by equation(1), and the simulated coupling inductance as a function of separation distance. Note that a “best-fit” loop height of 14:3¯ was used for the comparison but the conductors are only 1¯ above the ground plane.

5101520-2024681012

Figure 3: Substrate surface current distribution at low frequency.

References

[1] M. Kamon, M. Tsuk, and J. White ”FASTHENRY, A Multipole-Accelerated 3-D Inductance Extraction Program,” IEEE Trans. on MTT, vol.42, No 9, pp. 1750- 1758, September 1994.

[2] H. A. Haus and J. R. Melcher, Electromagnetic Fields and Energy. Englewood Cliffs, NJ: Printce-Hall, 1989. [3] A. C. Cangellaris, J. L. Prince, and L. P. Vakanas, ”Frequency-Dependant Inductance and Resistance Calculation for Three-Dimensional structures in High-Speed Interconnect Systems,” IEEE Trans. Comp., Hybrids, Manuf. Technol., vol. CHMT-13, pp. 154-159, March 1990.

Acknowledgments

This work is supervised by Professor White and is supported by ARPA contracts N00174-93-C-0035 and DABT63-94-C-0053, NSF, the Semiconductor Research Corporation, the Consortium for Superconducting Electronics, and grants from IBM and Motorola.