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The Fundamental Limit on Binary Switching Energy for
Terascale Integration (TSI)

James D. Meindl and Jeffrey A. Davis

Abstract—The fundamental limit on signal energy transfer (log, 2)k17" = (In2)kT. Precisely the same result is derived
during a binary switching transition is E.(min) = (In2)kT. in Section IIl by treating an isolated interconnect, also suitable
Derivation of precisely this result based on two entirely distinct for TSI, as a communication channel described by Shannon’s

physical models confirms its validity. The first model is an ideal . AN
MOSFET operating in a CMOS inverter circuit at the limit of theorem for channel capacity [6]. The implication of the funda-

its capacity for binary signal discrimination. The second is an Mental limit on binary switching energy for the minimum size
isolated interconnect treated as a noisy communication channel. of MOSFETs in TSl is discussed in Section IV. The conclusive-

Both models are relevant to modern terascale integration. ness of the limit is discussed in Section V to close the paper.
Index Terms—Binary switching energy limits, fundamental

limits, gigascale integration limits, limits, terascale integration [I. MINIMUM SWITCHING ENERGY OF AMOSFET

limits.

Lo [7] provides a convincing heuristic argument that estab-
lishes the following critical point. In order to fulfill the quint-
I. INTRODUCTION essential requirement of binary signal discrimination, the slope

HROUGHOUT the past four decades, semiconduct8f the static transfer curve of a (CMOS) binary logic gate must
T technology has advanced at exponential rates in both p@?— gregter than unity in absolute value at the transitiop point
formance and productivity. In the real world, such exponenti#fhere input and output voltage levels are equal. Imposing this
advances do not continue endlessly. Consequently, the intenf&suirement on the transfer curve of a CMOS inverter circuit
this paper is to establish conclusively this¢fundamental limit With matched n- and p-channel MOSFET drain-current charac-
on signal energy transfer during a binary switching transitidgrstics, theminimum allowablesupply voltage of the circuit
is E,(min) = (In2)kT, wherek is Boltzmann’s constant Was derived by Swanson and Meindl [5] as
and 7 is absolute temperature. This limit is characterized SN e
fundamental because its value is patently independent of ?f?éd(mm) = 2K/ L+ Cs /(Cow + Cu)] (24 Ca/ Co)
properties of any materials, devices, or circuits that may be 1)

used to_|mplement the bma_lry transition [1]. . _whereCj, is the fast surface state capacitance per unit &fga,
The first statement of this limit known to the authors is ate o gate-oxide capacitance per unit area,Gpis the channel

tributed to John von Neumann who “computed the thermOd?fepletion region capacitance per unit area. In an ideal MOSFET

namical minimum of energy per elementary act of informatio&_e_' a device with a subthreshold slope of 60 mV/decade at
from the formulak?’log, N” where N = 2 for a binary act [2]. 300° K) Oy << Cop andCy << Clp SO that

Keyes observes that “the report of von Neumann'’s ideas fails to
provide any justification of this assertion or explanation of the/,,(min) = 2 (In2)k7/q = 1.38kT/q = 0.036 V at 300°K.
reasoning underlying it” [3]. )
Landauer analyzed a hypothetical binary device consisting of
a particle in a bistable potential well [4]. Presence of the particle The signal energy stored on the gate capacitafigeof a
in the left-hand well defines theerostate and presence in thesingle MOSFET operating in a CMOS inverter circuit can be
right-hand well, theonestate. Calculation of the energy dissiexpressed a&’s = (1/2)Q,Vis Where@, is the gate charge.
pation involved in restoring the particle to tbaestate “shows Assuming the minimum possible gate charge of a single elec-
that if the lowering (of the potential barrier) of the right-handron @ = ¢ and the minimum allowable supply voltage given
well is carried out very slowly, the energy dissipation will, inty (2) gives the minimum signal energy transfer during a binary
deed, bekT'(log, 2)" [3]. switching transition of a MOSFET as
Based on the work of Swanson and Meindl [5], Section Il
of this paper rigorously derives the result that the minimum £s(min) = (In2)ET" = 0.693k1" = 0.0179 eV at300°K.
switching energy of an ideal MOSFET operating in an inverter 3)

circuit suitable for terascale integration (TSI) £ (min) = ) _ o )
A CMOS inverter binary transition involves simultaneous

switching transitions of two MOSFETs and consequently the
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[ll. MINIMUM SWITCHING ENERGY OF ANINTERCONNECT (), = ¢. Combining these expressions gives

Shannon’s theorem [6] states that the maximum capacity of @ Lumin = {2[E; (min)][T, /€ 0e][1/Vaa(min)]? }1/2
porr?mung)cation channel contaminated by a white noise source ={[T,z/c0x]d*/[2 (ln2)kT]}1/2. (8)
is given by
Assuming the minimum value of gate-oxide thickness neces-
C < Blogy[1+ P,/P,] bls (4) sary for retention of the bulk properties of Si@,. = 1.5 nm
= 2 . [8]. Substituting this value into (8) gives

where B is the channel bandwidth?, is the average signal Ly = 13.9nm (9)
power andF,, is the average noise power. Solving (4) for the
energy per bit gives as the benchmark channel length of a minimum switching en-

ergy single-electron MOSFET. Sindg,(min) = (In2)kT =

kT, a descriptive term for this device is airigle dectron,

thermal @ergy” or SETE MOSFET. Further reductions in
By = P, /C 2 (P, /O)2°7P —1]. (5)  channel length through increasing, or V,, are feasible.

SubstitutingP,, = KTB for the thermal noise power into (5) gives V. CONCLUSION

The central thesis of this paper is thhe fundamental limit
on signal energy transfer during a binary switching transition is
By = kT[ZC/B —1][c/B] . (6) Es(min) = (In2)kT. Derivation of precisely this result based
on two entirely distinct physical models confirms its validity.
Setting the derivative of (6) equal to zerod,;, /d(C/B) = 0 The first model is an ideal MOSFET operating in a CMOS in-
and employing L'Hospital’s rule gives verter circuit at the limit of its capacity for binary signal dis-
crimination. The second is an isolated interconnect treated as
a noisy communication channel. These models are relevant to
modern TSI. The fundamental limit that they serve to establish
Eyi(C/B — 0) = By (min) = (In2)ET. (7) isinfull accord with prior results [2]-[4] predicated again on en-
tirely different physical models. This further agreement serves
Note that(C/B) — 0 is tantamount to calculating the energywell to bolster confidence in the fundamental limit on signal en-
transfer of an infinitely long bit or a single binary transition. ergy transfer during a binary switching transition.
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