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Low-Voltage and Power CMOS Technology
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This paper describes that lowering threshold voltage, shortening gate length, thinning gate oxideand
reduction in parasitic capacitance are indispensable for CMOS devices with low-voltage supply, in
order to keep consistency between circuit performance and power di ssipation, based upon theoretical
understanding. Furthermore, the standby power reduction circuit has been proposed to keep standby
power low with expected improvement in circuit performance by continuous device scaling evenat

low-voltage.

1. Introduction

The basic scaling theory suggested that scaling MOS
device has provided si gnificant reduction in power dissipa-
tion peracircuit andimprovement in circuit performance as
well as increase in packing density [1]. Most of LSIshave
actually enjoyed all of advantages by using continuous
scaling down of MOS devices for these two decades with
gradual shift to CMOS technology. However, a severe
problem concerning increase in power d ssipation has been
actual ized owing to higher frequency and packing density
required from the semiconductor market evenin the CMOS
LS 1 This problem is beyond thelevel which is achievable
by scaling down of MOS devices with constant voltage or
innovation of packaging technology. Moreover, a strong
demand for battery-operated systems with moderate per-
formance should accelerate development of low-power
CMOS LSI [2].While system and al gori thm innovationis
most effective forreduction in powerdissipation, in order
to emphasize its effectiveness, device engineering and
process development are necessary.

In view of the above considerations, this paper descri bes
device technologies for low-power CMOS devices at
low-voltage operation. Based upon theoretical analysis of
the CMOS circuits behavior, it has been clarified that re-
ductionin parasi tic capacitance, lowering threshold voltage
and selective scaling concept are important to achieve
low-power CMOS devices. Moreover, an example is pre-
sented to realize the low standby CMOS circuits without
sacrificing performance.

2. Power Dissipation of CMOS LSI
It is well accepted that power dissipation in the
CMOS LSI can be given by the following two equations.
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where Poperation i$ power consum pti on during operation, Ps
is the average static power, o is activation rate, n is the
number of thelogic gate, Cload is the switching capacitance
perone gate such as gate capaci tance andwiring capaci tance,
Vioad is the signal swing and VDD is operating voltage, f
is a repetition frequency, and lleak is theleakage current in
the LS caused by subthreshold and junction leakage. Al-
though transient cument between nMOSFET and pM OS-
FET exists, this value canbe neglected during operati on. It
has been confirmed that experimental results in Fig. 1
support accuracy in Eqgs. 1 and 2.

Therefore, lowering operating voltage without sacri-
ficing circuit performance and minimizing parasitic

capacitance are key issues from the device point of view,
although o, n, and f terms are improved by using advanced
sy stem/al gorithm and circuit improvement [3]. Therefore,
it is significant for low-power CMOS devices to under-
stand the relationship between operating voltage and the
circuit delay.
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Fig. 1 The relationship between the power dissipation of
the microprocessor and normalized CV f in various ploy
gate length from 0.26pum to 0.3um with range from 150MHz
to 200MHz under 3.0-3.6V operation. The intercept value in
the power axis should mean standby power.

3. CMOS Circuit Performance at Low-Voltage

A typical delay time versus voltage curve fora CMOS
device is log-log plottedin Fig. 2. As shownin Fig. 2, the
fall time initially decreases with increasing power-
supply voltage. On the other hand, when VDD becomes
hi gher than the critical voltage Vc, saturation of improve-
ment in circuit delay begins to occur, andfinally, the delay
is independent of the power-supply voltage. This is because
the delay time of CMOS devices consists of two intervals ;
constant 1 ( technology dependent ) and 2 which is in-
versel y proportional to VDD [4]. At lower voltage less than
V¢, dependence of the delay on operating voltage is large,
since the total delay timeis dominated by t2. Accordingly,
operating voltage should be higher than the Vc to become
insensitive to operating voltage. The critical voltage Vc
can be expressed as
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Fig. 2 Relationship between power-supply voltage andthe
delay time. The Vc is defined as the intersection point be-
tween 11 and T2 curves.
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where Ec is the critical electric field at which camier
velocity is saturated, Leff is the MOSFET's effective
channel length, Vi is the threshold voltage of MOSFET
[5]. As cleadly indicated in Eq. 3, shorening of the effec-
tive channel length and lowering threshold voltage are es-
sential in order to reduce the Vc as low as possible.

Since the gate delay increases rapid y because of drastic
reduction of MOSFET's cument level as the threshold
voltage approaches one half of VDD, as shown in Fig. 3,
the threshold voltage should be less than 20%
of power-supply voltage [6].
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Fig. 3 The gate celay time of the CMOS inverter with
F/O=3 as a function of the ratio of the threshold voltage to
power-supply voltage.

On the other hand, the subthreshold leakage current at
VG=0 is inevitably increased, when the threshold voltage
is lowered as far as possible from the viewpoint of circuit
performance. This is because it is difficult to improvethe
subthreshold slope by adjusting device parameters.
Accordingly, it is necessary to introduce circuit technique
combined with advanced CMOS technology to have
consistency between high performance and low standby
power as discussed later.

Figure 4 shows the dependence of the gate delay ti me of
CMOS circuits and the power dissipation pera gate with
F/O=3 and 2mm Al line on the power-supply voltage for
0.2um gate electrode with parameters of the threshold

voltage, gate oxide thickness and the effective channel

length. While the delay-voltage curves are sensitive to

various parameters, power dissipation per gate is not so

sensitive. Therefore, for a given circuit performance

(frequency), obtained power dissipation is strongly

dependent upon various device parameters. For example,

if 300ps/stage is given as a criterion of performance, stan-
dard CMOS process requires 2V operation, and its power

dissipation is 1.6pW/cycle. However, when the threshold

voltage is 0.25V, gate oxide thickness is reducedto 4.5nm

and effective channel length is lowered to 0. 12um, required

operating voltageis reducedto be 1.2V, andthus, the power

dissipation is 0.6pW/cycle. As aresult, saving powerby

about 60% can be realized by choosing device parameters

whichis specific forlow-voltage operation. Moreover, Fig.

4 indicates that thinning gate oxide thickness is also

indispensable for low-power CMOS in order to keep chan-
nel current drivability which is critical for the long metal

line drive [7].
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Gate delay and power dissipation versus operating voltage
for CMOS inverters (F/O=3) with 2mm Al. Each arrow
indicates attainable powerdissipation foragiven0.3ns gate
delay.

4. Reduction of Parasitic Capacitance

The Eq.1 al so teaches us that parasitic capacitance such
as junction capacitance, gate capacitance and wirng
capacitance play an important role in power dissipation.
Since gate oxide thickness is determined considering
trade-off between MOSFET cument drivability and gate
capaci tance, it cannot be decidedonly from the power point
of view. The juncti on capacitanceis inversely proportional
to the square root of the drain voltage, while the gate
capaci tance and the wiring capacitance are independent of
operating voltage. Therefore, the junction capacitance is
naturally increased as operating voltage is decreased. Ac-
cordingly, reduction of the junction capacitance is a key
issue for achieving hi gh circuit performance at low-voltage
operation. Various approaches to minimize the junction
capacitance are the SOI device [8], substrate engineering
such as CMOS-SJET technology [9] and Shallow Trench
Isolation (STI) structure in Fig. 5 [10].

The only way to offset the increase in wiring capaci-
tance during scaling downwards is reducing the dielectric
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constant in theinter ayer dielectri c. It has been reportedthat
a relative dielectric constant of 3.4 can be achieved by in-
corporating fluorine during deposition process [11]. This
technology makes it possible to decrease power di ssipati on
as well as achieve hi gher performance.
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Comparison of junction capacitance between STI and
LOCOS isolation.

5. Standby Power

The only drawback by choosing low threshold voltage,
as discussed in the previous section, is the increase in
standby power dissipation. However, if the threshold
voltage is controlled from the subthreshold leakage point
of view, obtained results cannot suffice expected circuit
performance. Therefore, the steepersubthreshold slope  is
desirable for reduction of the threshold voltage with main-
taining low subthreshold leakage. Even if the SOIdevice
and substrate engineering are introduced [12], the lower
limit of subthreshold slopeis about 60mV/decade at room
temperature owing to its physical limit. Therefore these
technologies are not necessarily eternal solutions to reduce
subthreshold leakage in the future. On the other hand,
low-temperature CMOS (LT-CMOS) can provide very
steep slope with other major advantages [13]. However,
LT-CMOS is not practically available in the commercial
market because of difficulty associated with economical
refrigeration system and special packaging technology
required for low-temperature operation.

Active Mode Standby Mode
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Fig. 6
Concept of Standby Power Reduction (SPR) circuit.

New circuit concept in Fig. 6 has been proposed to
di ssol ve the dilemmaas described above [14]. The main idea
of the standby power reduction (SPR) is that a substrate
bias in a standby mode to increase the threshold voltage and
to decrease subthreshold leakage current. In an active mo e,
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the substrate bias is OV, and thus the threshold voltage is
enough low to assure high-speed operation. It has been
verified that about 3-4 orders of magnitude of standby cur-
rent can be reduced by this technique in the ex periment,
compared with the conventional CMOS circuit scheme.

6. Conclusion

This paper has discussed device technologies of low-
power CMOS devices. In order to save the power
dissipation in CMOS LSI, reduction in power-supply
voltage is very critical. It is essential to lower the
threshold voltage, make gate oxice thin and shorten effec-
tive channel gate length comesponding to low-voltage op-
eration compared with the standard CMOS device. Moreo-
ver, reduction of pamasitic capacitanceis indspensable for
the low-power CMOS device to achieve hi gh-speed opera-
tion as expected from MOS device scaling. While several
device technologies exist to lower subthreshold leakage,
adjustment the threshold voltagein standby mode by using
circuit technology can lead to the CMOS device with con-
sistency with low threshold voltage in an active mode.
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