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Fig. 2. Transistor gain-bandwidth product versus quiescent col-
lector current. Vo = 3.0 V for transistors A and B [7].



CMOS Inverter Transfer Curves
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Fig. 3. Static CMOS inverter transfer characteristic [14].
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Fig. 4. Implantable telemetry system [16].




A Fundamental Limit from Thermodynamics
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Fig. 5. Model for derivation of fundamental limit from thermo-
dynamics.
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Fig. 6. Average power transfer P during a switching transition
versus transition interval t4; for fundamental limits derived from
thermodynamics and quantum mechanics.
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Fig. 7. Square of reciprocal length (1/L)? of an interconnect
versus interconnect circuit response time 7 for the fundamental

limit from electromagnetics.
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Fig. 8. Carrier velocity versus electric field strength £ for elec-
trons and holes in Si and GaAs.
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Fig. 9. P versus ty for fundamental limits and Si material limits
based on energy storage, transit time, and heat removal.
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Fig. 10. Model for derivation of material limit based on heat
conduction.
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Fig. 11. (1/L)? versus 7 for fundamental limit and material limit
with polymer dielectric replacing free space. Both limits are based

on the velocity of electromagnetic waves.



Uniformly Doped Bulk MOSFET
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Fig. 12. MOSFET structures.
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Fig. 13. Short channel threshold voltage versus channel length
for the Si devices shown in Fig. 12. Device parameters at 300
K are: 1) Deep-junction bulk MOSFET: N4 = 8.6 x 10'7cm?,
Junction depth = 1000 A [29]. 2) Shallow-junction bulk MOSFET:
Nis = 86 x 10"7cm3 Junction depth = 50 A. 3) PSD or
low impurity channel deep junction MOSFET: N =10'cm?,
NFT =5x 108 cm?, Nt =5x 10" cm®, d = 218 A, Junction
depth = 500A [29]. 4) LICT or low impurity channel shallow
junction MOSFET: Ny =5 x 10 cm3, Ny =5 x 10" cm?,
d = 318 A, Junction depth = 50 A. 5) SOI single gate MOSFET:
Ny =5 x 10'® cm™, d = 55 A. 6) Delta or SOI dual gate
MOSFET: N4 = 5 x 10® cm™ d = 109 A.
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Fig. 14. P versus tg for fundamental limits, Si material limits
and MOSFET device limits derived from gate energy storage and
channel transit time.
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Fig. 15. (1/L)? versus 7 for fundamental limit, material limit
and device limits on interconnects for a polymer-copper technol-
ogy. Device limits represent the response time of a distributed

resistance-capacitance network.



Static Transfer Curve

Fig. 16. Static transfer characteristic of a nonideal CMOS in-
verter.
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Fig. 17. P versus ty for fundamental, Si material, MOSFET and
CMOS circuit limits. Circuit limits are derived from switching
energy and intrinsic gate delay analyses.
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Fig. 18. (1/L)? versus 7 for fundamental, material, device, and
circuit limits on interconnects. Circuit limits represent the response
time of a circuit consisting of a MOSFET driving a lumped

interconnect capacitance.



32x32 Cellular Array of 10° Gates

............... { Single Cell

: Ll ~106
: Gates

............... L
\ Length = 2L
------ Capacltance Cec

Fig. 19. Systolic array system block diagram.



System Switching Energy Limit
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Fig. 20. Critical path used to define the system switching energy
limit.
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System heat removal limit based on packaging.
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Fig. 22. P versus ty for fundamental, material, device, circuit,
and system limits. System limits are imposed by switching energy
(Pty = 3CsV2), heat removal (P < QA), and cycle time
(Te > Tcs + T¢p) requirements.
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Fig. 23. (1/L)? versus 7 for all levels of the hierarchy. System
limits are imposed by global interconnect response time designated
by T: > Tecs + Tep and length designated by L2, = NgA,.

min



Quasi-Adiabatic Switching
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Fig. 24. Quasi-adiabatic switching.
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Average Minimum Feature Size [microns]

100
10 - F
1.0 -
:
R \\.‘ ........... 025
0.1 - o Device Limit -cccccvvcvveainnn. "-,\..._.\._. ............. 0.125
i " "Q:: ------ 0.0625
! omteﬁall_imituxxxxxxxxxx;'x_x x\x.§ 0.0312
0-01 — T .
- e FundamentalLimits ? 22?2?77 7
0.001 | [l ] 1 | 1 ] ]
1960 1970 1980 1990 2000 2010 2020 2030
Calendar Year, (Y)

Fig. 26. Average minimum feature size F' versus calendar year
Y.
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Fig. 27. Square root of die area D versus calendar year

Y. Vdie area = D.



Packing Efficiency, (PE) 1/(PE)
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Fig. 28. Packing efficiency PE versus calendar year Y. Note
that packing efficiency is defined as the number of transistors per
minimum feature area.



Components Per Chip, N
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Fig. 29. Number of transistors per chip /V versus calendar year
Y.
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Fig. 30. System level power-delay product Pty versus calendar
year Y.



Chip Performance Index, (CPI) [Number of Compoents per JOULE]

Fig. 31. Chip performance index CPI = N/Ptg versus calen-

dar year Y.
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