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Abstract

We have analyzed fundamental physical limitations on power consumption of prospective semiconductor digital
integrated circuits based on nanoscale silicon MOSFETs, using simple models of these devices and power dissipation.
Results show that the temperature dependence of the power is determined by circuit speed requirements. For high
speed operation, both power P and power supply voltage VDD saturate when T is reduced below approximately
100 K. In the low speed limit, P scales as T 2, while VDD drops linearly with T . However, thermal fluctuations
may alter this scaling, leading to P ∝ T and VDD ∝ T 1/2, at low temperatures and/or large circuit densities. We
compare this scaling with that of superconductor RSFQ logic.
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1. Introduction

Continuing aggressive scaling of MOSFET critical
dimensions into the sub-100-nm range and the result-
ing circuit density growth lead inevitably to a further
increase of power consumption of CMOS integrated
circuits. This increase presents one of the main chal-
lenges for the further successful progress of this lead-
ing electronic technology [1–3]. One way to reduce the
power consumption could be circuit cooling. However,
as temperature is reduced, the maximum heat density
removed from a chip by comparable technical means
is also decreased, at least proportionally to T . This is
why in most cases cooling is effective only if power dis-
sipation decreases faster than T .

In order to estimate the temperature dependence of
the minimum power, we have combined a 1D model
[4,5] of the most promising transistor type, a double-
gate, nanoscale MOSFET with an ultrathin intrinsic
channel, with a simple model for total (static plus dy-
namic) power consumption in CMOS integrated cir-

1 Corresponding author. Present address: Department of

Physics and Astronomy, SUNY Stony Brook, Stony Brook, NY

11794-3800, USA. E-mail: svk@hawk.physics.sunysb.edu

cuits. In the later model [6], the specific power P (per
unit channel width) may be expressed as a function
of just three parameters: the power supply voltage
VDD , linear current density JON of an open transistor,
and circuit “activity parameter” λ ≡ 2πp

∑
i
αiWi/W .

Here p is the ratio of the load recharging time constant
to the clock period, αi is the switching activity of the i-
th circuit block, Wi is the width of all logic transistors
in the i-th block, and W is the width of all transistors
of the circuit. For any particular transistor model, the
function P (JON , VDD , λ) can be minimized over VDD ,
yielding the minimum power and optimum power sup-
ply voltage (Fig. 1).

2. Results

Calculations show that temperature behavior of the
minimum power depends strongly on circuit speed as-
sumptions. In high-performance logic circuits, current
density JON has to be quite high (close to 600 A/m,
the industrial standard). In this case, both the mini-
mum power and the optimum VDD reduce with tem-
perature rather slowly and saturate close to 100 K (see
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Fig. 1. Total power of a CMOS circuit as a function of VDD

for several values of T , at fixed Jon =600 µA/µm. Transistor

parameters: electrode doping 3× 1020cm−3, channel thickness

3 nm, gate oxide thickness 1.5 nm.

the upper solid line in Fig. 2). This saturation is cased
by the need in a high gate voltage swing VDD necessary
to bring the transistor from a well closed state to a well
open state. This voltage is determined by the density
of 2D electron states in the channel, and its specific
capacitance [4,5] and for high source and drain doping
does not depend on temperature.

If the high speed requirement is removed, and JON

may be small, the lowest power is achieved in the sub-
threshold region. In this case, the ratio P/(JONT 2) is
a function of the activity parameter λ alone, so that
the minimum power P scales as T2 (strait solid line in
Fig. 2). In this case, the optimum power supply voltage
VDD is proportional to T .

However, this scaling may be invalid because of the
thermal fluctuations. Indeed, the energy scale of a
CMOS signal, E = C0V

2
DD/nt, (where C0 is the total

load capacitance per unit area, and nt is transistor
density) must be much larger than the scale of ther-
mal fluctuations, kBT . (In order to keep bit error rate
to acceptable level, the ratio E/kBT should not be
below 300.) Dashed lines at the Fig. 2 show the limit
for the minimum power set by thermal fluctuations,
for several values of nt. This figure shows that for the
circuit densities above 109 transistors per cm2, envi-
sioned for the end of this decade [1], the fluctuation-
imposed power limit is not too much below than that
for high-speed operation.

Thus, deep cooling of CMOS (and more generally,
all semiconductor transistor) integrated circuits may
be advantageous only in special cases of relatively
low speed and low density circuits. In contrast, low-
temperature superconductor RSFQ circuits (see, e.g.,
the recent review [7]) with submicron junctions may

 

 

10 100

1E-4

1E-3

0.01

0.1

3*107
108

3*108

109

n
t
 = 3*109

J
ON

 -> 0

JON = 600 µA/µm

P
/(

af
C

0)
 (

m
V

2 )

T (K)

10 100

1E-4

1E-3

0.01

0.1

 

Fig. 2. Power P as a function of temperature. Solid lines: mini-

mum power for high-performance (upper curve) and low-speed

operation. λ= 0.003. Dashed lines are lower bonds for P

set by thermal fluctuations, for several nt (in cm−2) and

C0 = 10−7F/cm−2. Transistor parameters are the same as in

Fig. 1.

combine very high operation speed (beyond 100 GHz)
with extremely low power, of the order of 100 nW/gate.
The fundamental reason for this difference is that
RSFQ devices, which communicate with ultrashort
pulses propagating ballistically along superconductor
transmission lines, need not change the physical state
of the interconnect as a whole each clock cycle, while
in semiconductor circuits with their normal-metal
wiring such change is apparently unavoidable.
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