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Abstract
Chip cooling is an attractive option for leakage control and power as well as thermal management
of high performance ICs. Subthreshold leakage being the main leakage contributor in nanoscale CMOS, it
rapidly increases with scaling due to continuous reduction in the supply voltage and is highly temperature
sensitive. The authors in this work investigate Si bulk nMOSFETs using both constant voltage scaling as
well as constant field scaling rules where temperature is employed as a design variable to improve
subthreshold characteristics in the deep and ultradeep submicron regions of operation. Devices of gate
lengths 90nm, 65nm in the deep submicron, and 45nm, 32nm in the ultradeep submicron region are
designed using 2D Silvaco ATLAS device simulator. Encouraging subthreshold characteristics in the
150K-300K range are achieved. The optimum temperature at which these scaled devices would produce
best subthreshold slope and maximum reduction in the OFF state leakage current is also suggested.
Minimizing power consumption than pure subthreshold operation being a major concern, standby power
is estimated at the optimized temperature to compare the scaling effects. This work recommends the
45nm device to be used for both ULP and HP applications at 200K.

Keywords: scaling, temperature, nMOSFET, deep submicron, subthreshold slope, leakage reduction, leakage
power, ultra deep submicron region, cooling
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considered a promising way to improve device
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ratio
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performance always improves under cooled

devices are operated in the subthreshold region

operation. Leakage power dissipation decreases

to

significantly as more cooling power is applied

characteristics in terms of S values and IOFF.

and the reduction of leakage power becomes

The optimum temperature at which these scaled
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devices would produce best subthreshold slope
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II. DEVICE STRUCTURE

cooling has been the increase in performance

This work highlights the combined impact of

due to the improvement of carrier mobility.

technology scaling along with temperature

Mobility increases as temperature decreases

reduction at the deep and ultra deep submicron

mainly because of the reduction of carrier

region. Few important device design parameters

scattering caused by thermal vibrations of the

used for the 65nm and 45nm nMOSFETs are as

semiconductor crystal lattice. Transistor carrier

shown in Table 1.
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mobility is a function of electric field, doping
concentration and temperature. At less than 77K

SiO2

Gate

carrier mobility may be limited by impurity
scattering. While MOSFETs can operate down
N+
S

to liquid helium temperature, there is added
complexity due to increase in freeze out, cost

N+
D
p doped substrate

and inconvenience of refrigeration below 100K.
Substrate

Thus, this paper does not consider operating

Fig.1 Schematic of planar bulk Si nMOSFET used

temperatures below 100K. Impurity freeze out

for simulation

becomes significant for temperatures lower than

A planar bulk Si nMOSFET device structure

100k.

This paper considers both the scaling

(Fig.1) is designed such that both constant

methods at the deep and ultra deep submicron

voltage scaling and constant field scaling rules

region while the temperature is varied between

are applied on all important device design
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parameters. The scaled parameters include the
supply voltage (Vdd), gate oxide thickness (Tox),
junction

depth

(Xj),

and

the

doping

concentrations (Na, Nd). In our study, the
physical gate lengths investigated in the deep
submicron region are the 90nm and 65nm,
whereas it is the 45nm and 32nm in the ultra
deep submicron region. NS/D is kept at 1x1020cm3

. Polysilicon gate, SiO2 insulator is used and no

Fig. 2 Schematic illustration of the scaling of a Si
MOSFET by a factor alpha [7].

type of halo doping or implants is present in
Table 1

III. RESULTS & DISCUSSION
Lg
(nm)

Tox,
(nm)
CVS

Xj
(nm)
CVS

Na
(cm-3)
CVS

Vdd
(V)
CVS

Tox,
(nm)
CFS

Xj
(nm)
CFS

Na
(cm-3)
CFS

Vdd
(V)
CFS

As CMOS technology advanced, the
performance gains due to the use of
cryogenic temperatures decreased in

17

65

2.17

43.47,

1.9x10

45

1.59

31.5

3.61x1017

17

0.86

magnitude and concerns arose about

0.62

inferior hot carrier reliability. This

1.2

2.17

43.47

1.38x10

1.2

1.59

31.5

2.62x1017

dimming of the technical promise of

these devices. Furthermore, in order to minimize

cryogenic CMOS combined with the need for

short channel effects, it is decided to use a

refrigeration systems in any practical usage

substrate potential of zero volts. DIBL effect

scenario, caused this option to be unrealistic and

remains a serious issue for deep submicron

not worthy the trouble.

MOSFETs even under cryogenic conditions

CMOS technology has evolved and is more

since it cannot be minimized by temperature

friendlier

reduction. As the channel length reduces, all

for

cryogenic

usage.

Several

semiconductor devices like the superconducting

results are obtained at a low drain bias of 0.1V,
to avoid the DIBL effect.

But over the years,

structures and Josephson devices can operate

CVT Lombardi

only at low temperatures. Cryogenic power

mobility model is used for simulation and

electronics is of interest to deep space

Newton-Gummel method is adopted to solve the

exploration where low temperature is the norm

equations in this model. The DEVEDIT and

than the exception. Due to the better electronic,

DECKBUILD modules of Silvaco simulator is

electrical, and thermal properties of certain

used to obtain all the results.

semiconductor materials at low temperatures

In Fig. 2, the schematic illustration of the

cryogenic power electronics is expected to have

scaling of a Si MOSFET by a factor alpha is
shown.
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better eﬃciency, higher speed, reduced leakage

carrier

current, and reduced latch-up susceptibility [8].

leakage mechanisms encountered in this region.

The conflict between the need to reduce Vdd
reduction in VTH can only be addressed by
VTH (mv)

(nm)

punchthrough

and

various

Table 2: Subthreshold characteristics
attained due to scaling in terms of S and IOFF
at 300K

while the basic physics prevents a proportional

Lg

effects,

S (mv/dec)

IOFF(A/um)

VTH (mv)

S(mv/dec)

IOFF (A/um)

Const.

Voltage

Scaling

Const.

Field

Scaling

90

0.491

70.7

6.94x10-7

0.463

69.4

2.34x10-6

65

0.477

99.5

5.32x10-9

0.457

69.2

4.63x10-7

45

0.419

135.7

2.34x10-11

0.400

78.1

1.94x10-12

32

0.415

115.9

9.44x10-14

0.320

109.9

1.204x10-10

decreasing the device operating temperature.

Weak inversion or subthreshold current between

Lower operating temperature provide pure

source and drain in a MOS transistor occurs

scaling and offer the only straight forward way

when gate voltage is slightly smaller than VTH.

of coping with the catastrophic headroom loss

Weak inversion typically dominates in modern

that threatens to cause the collapse of analog

device OFF state leakage due to the low VTH that

CMOS design techniques in sub 100nm

is used in lower geometries. As the temperature

technologies[4]. Digital VLSI circuits often

is reduced, the VTH increases resulting in

operate

exponential decrease in weak inversion current.

generation

at

elevated
along

temperatures.

with

Heat

degradation

of

As

the

subthreshold

leakage

current

is

subthreshold slope with temperature causes the

exponentially dependent on temperature and

leakage current at Vg=0 to increase considerably

supply voltage Vdd, temperature reduction is

over its room temperature value. In this work,

considered an effective method to enhance the

the device parameters are systematically reduced

OFF state characteristics in deep submicron

through constant field scaling and constant

devices. At lower temperatures, the density of

voltage scaling. Though the VTH obtained in this

thermal acoustic phonons is greatly reduced.

study conforms to the lower limit of the OFF

These are the dominant scattering mechanism

current specifications given in [9], the IOFF and S

faced by the conducting MOS inversion layer, a

doesn’t

reduction in the thermal phonon density leads to

values obtained at 300K (Table 2)

appear to be encouraging enough due to various

significant

reasons including short channel effects,

generalized mobility law has been proposed for

hot
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a temperature range 4.2K-300K valid for strong

Electromigration decreases with decreasing

inversion above threshold whereas the room

temperature. As the temperature is lowered the

temperature law is applicable for N channel

carrier mean free path increases due to reduction

devices down to 100K-150K. It studied in detail

in thermally generated lattice vibrations. This

the mobility and velocity modeling effects from

results in a larger fraction reaching the gate and

300K-4.2K along with parasitic leakage currents

a higher susceptibility to hot carrier degradation

and short channel effects. To gain the most

at low temperature [12]. The amount of

performance out of low-temperature CMOS the

reduction achieved can be attributed to the

threshold voltage should be tuned to lower

reduced reliability issues due to reduction in

values while maintaining the same OFF-current

temperature.

as the temperature decreases suggests [10]. In

achieved is attributed to lowered (scaled) gate

[11], the authors have analyzed the impact of

oxide thickness of the devices.

In energy

technology scaling on the subthreshold current

constrained

Tox

as a function of temperature, but restricted it till

minimize overlap and fringe capacitances [3].

0.13µm. node and not any further.

Moreover,

design,

optimizing

reducing/scaling

subthreshold
In this study, Fig.3 shows the variation of IOFF

Also, the amount of reduction

benefits

Tox
like

has

helps

other

improved

subthreshold swing S [Fig.4].

with the gate lengths Lg at the operating
temperatures of 250K-200K-150K. The plot

Low temperature operation of a MOSFET for

clearly shows almost steady decreasing trend of

sharper

IOFF due to constant field scaling as the

switching off of the transistor being an attractive

technology scales down to the ultra deep

option, the subthreshold slope indicates how

submicron region.

Comparing this to the

effectively the transistor can be turned OFF

constant voltage scaling performance in these

when Vgs is decreased below VTH. Fig. 4 shows

devices, reduction in temperature cannot be

subthreshold slopes due to impact of reduced

appreciated much as the built in potential

temperature on the scaled devices. As the gate

doesn’t not scale with voltage, also higher fields

length enters the ultra deep submicron region,

cause hot electron and oxide reliability problems

the subthreshold slope S deteriorates due to the

adding to increased leakage. The reliability of

loss of electrostatic control of the gate over the

MOS devices is strong function of operating

potential barrier in the channel.

voltage and temperature.

Reliability issues

power obtained due to impact of temperature

include gate oxide integrity, electro migration

reduction on the leakage current in the scaled

and hot carriers. Scaling of gate oxide improves

deep and ultra deep submicron nMOSFETs is

the

shown in Fig.5. Other leakage mechanisms

reliability

at

low

temperatures.
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activated at this region include the punchthrough

150K.

current. A strong punch through current also
degrades the S and Vth,. The punchthrough
condition which arises due to large drain biases
in small geometry devices is restricted by
applying low drain biases at deep submicron
region. As the temperature is lowered, the
punchthrough current is reduced.
For very low power applications, reducing
supply voltage is a way of reducing power
dissipation. At 90nm and 65nm const. voltage
scaling proves better, at 45nm constant field
scaling proves better due to reduced hot electron
effects. The operating temperature of 200K

Fig.3. Impact of technology scaling on weak

holds good for the 45nm nMOSFET for both the

inversion current as a function of temperature

scaling conditions.

This device can be

applicable for ULP applications if it is field
scaled, and can be useful for LSTP and HP
applications if the supply voltage is kept
constant. Deviation of the 32nm device may be
due to impact ionization. The increase of the
electric field near the drain region and the
increase of current density going through the
high field region are key issues for deep
submicron devices. The generation hole current
due to impact ionization leads to significant
increase in substrate current.

Fig.4 Impact of temperature on subthreshold slope in

Because the

the deep submicron and ultra deep submicron region

channel current is significantly increased under
technology

scaling

the

substrate

leakage

component due to impact ionization is increased
as well. This device has to be operated below
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arrives at optimized temperatures at which the
investigated devices could give excellent S and
IOFF values due to the combined effect of scaling
and temperature reduction. When the voltage
scaling part is considered, the temperature had to
be reduced further to achieve better S values at
the 90nm node, whereas further reduction helped
achieve better IOFF values at the 32nm node
(Table 3). Depending upon the application to be
used for, designers may use table 3 to suit the
need of reduced leakage current and/or better
switching off capacity.

Fig. 5 Effect of scaling on static power in the deep
and ultra deep submicron region.

Table 3
Lg

Optimized

nm

Temp K

S

IOFF

Optimized

S

IOFF

Temp K
CVS

CVS

CFS

CFS

90

135

52.9

6.53x10-10

280

64.5

1.93x10-6

65

250

65.2

1.26x10-11

275

62.9

2.55x10-7

45

200

63

3.72x10-16

200

57.5

6.21x10-18

32

100

80.8

3.55x10-18

225

53.2

1.26x10-13

After taking all the above discussed aspects of

IV CONCLUSION

subthreshold device design into consideration

This study embarks the benefits of constant

and rigorous laboratory simulation time, Table 3

voltage as well as constant field scaling in deep
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and ultradeep submicron bulk nMOSFETs and
reduces the operating temperature till 150K to
achieve better subthreshold characteristics. The
simulation results of the impact of scaling of
important device parameters and temperature
reduction on the subthreshold leakage current,
subthreshold slope and static power is presented
in this work. Many aspects of deep and ultra
deep

submicron

devices

including

DIBL,

reduction in VTH, punchthrough problems and
reliability issues are discussed in this work. The
operating temperature of 200K holds good for
the 45nm nMOSFET for both the scaling
conditions. This device can be applicable for
ULP applications if it is field scaled, and can be
useful for LSTP and HP applications if the
supply voltage is kept constant. In case of
industrial limitations of cooling to 100K,
constant field scaling is advocated over constant
voltage scaling to achieve better subthreshold
characteristics.

The

improved

subthreshold

characteristics and operation over a large
temperature range can make these devices better
choice for future low power, low voltage VLSIULSI cryogenic applications.
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