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ABSTRACT

In this paper we report the fully depleted CMOS/SOI
device design guidelines for low power applications.
Optimal technology, device and circuit parameters are
discussed and compared with bulk CMOS based design.
The differences and similarities are summarized. We
believe this is the first such study to be reported.

1. INTRODUCTION

In CMOS ULSI design, the interplay between device
technology and low-power applications using FDSOI
technology needs careful study. A detailed device design
and its impact on low power in bulk technology were
considered in [1]. Device design guidelines drawn from
bulk technology may not necessarily be optimized for low-
power design on FDSOI technology. In this paper, device
design guidelines for FDSOI technology are reported and
compared with bulk technology guidelines for low power
applications.

2. DYNAMIC POWER IN FDSOI CMOS

Consider a simple CMOS inverter circuit driving
another load inverter as shown in Figure 1. Ignoring the
short circuit power, dynamic power consumed in the
inverter can be written as:

Pdynamic = CLV
2
dd α ƒ     (1)

where CL is the load capacitance at the output of the
inverter, Vdd is the supply voltage, α is the activity factor
and ƒ is the clock frequency. CL can also be written as

CL = Cgate + Cjunc + Cwire (2)

where Cgate, Cjunc and Cwire are respectively, the gate
capacitance of the load inverter, source/drain junction
capacitance and wire capacitance at the driver inverter
output node. In FDSOI technology, gate capacitance (Cgate )
is less than in bulk technology as shown in Figure 2. This
reduction in Cgate is due to negligible gate-to-body
capacitance, which is Cbox in SOI technology compared
with Cox in bulk technology. An average gate capacitance
can be obtained by integrating Figure 2 as shown below
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where Cfoxn/Cboxn, Cfoxp/Cboxp are front/back gate capacitance
of load inverter n and p-channel devices. Cfox and Cbox are
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Cjunc, in FDSOI is also reduced. It is a function of buried
oxide thickness (Tbox) and it can be expressed as Cjunc =
L W

T
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 where Lsd is the length of the source/drain

region. However, in bulk technology, Cjunc depends on the
source/drain junction depletion widths that are a function of
substrate/well doping. It can be expressed as Cjunc =
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junction built-in potential, εsi and εox are the silicon and
silicon dioxide permittivity. Cjunc in bulk technology is at
least an order higher than Cjunc in SOI technology. A
constant Cwire is assumed in this study.
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3. MODELING INVERTER DELAY

Scaling down Vdd reduces power dissipation. In fact, it
is the most effective way of reducing CMOS power.
However the speed of the inverter also slows with reducing
Vdd. Hence optimizing the technology for lower Vdd could
minimize the speed loss due to Vdd reduction. An accurate
expression for inverter delay τ is given by

τ = 
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where Idsatn is the n-channel saturation drain current, Wn and
Wp are the widths of the n and p-channel devices [1]. In (5)
τ is interpreted as the average of the time for the n-channel
device to discharge CL from Vdd to Vdd/2 and the time for
the p-channel device to charge CL from zero to Vdd/2. It is
also assumed that Idsatn ≈ 2.2 Idsatp if Wn=Wp to account for
the difference in electron and hole mobilities.

Idsat dependence on channel length (L), mobility µeff,
velocity saturation νsat and effective front gate bias (Vgsf -
Vth) can be simplified by neglecting Rds effect as

Idsat = CfoxWνsat (Vgsf - Vth - a Vdsat)                  (6a)

Vdsat = 
( )V V E L

V V aE L

gsf th sat eff

gsf th sat eff

−

− +
                 (6b)

Esat = 
2ν
µ

sat

eff
.                  (6c)

Equation (6) relates drain saturation current to device
parameters such as surface mobility and applied front gate
bias (Vgsf). Surface mobility is a function of front gate oxide
thickness (Tfox), effective gate bias (Vgsf - Vth) and silicon
film thickness (Tsi). However in FDSOI technology, Idsat is a
weak function of Tbox and silicon film thickness (Tsi) [2].
Idsat dependence on Tsi comes from threshold voltage (Vth)
and surface mobility. For a fixed Vth, its dependence on Tsi

comes from surface mobility only. Furthermore, in the deep
submicron regime, velocity saturation is dominant and the
surface mobility dependence on Tsi can be ignored. Hence
surface mobility dependence on (Vgsf  - Vth) and Tfox can be
written as

µeff = 
µ0
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Substituting (7) in (6) one can obtain Idsat as a function
of Tfox, L and Vgsf - Vth. An approximate dependence of Idsat

on Tfox, L and Vgsf - Vth is obtained by fitting Equation (8)
to experimental data. Experimental data are obtained from
devices fabricated on SIMOX and BESOI substrates.
Devices with different channel lengths and front/back gate
thicknesses biased at different front gate voltages were
included.

Idsat ∝ L-0.57Tfox
-1.23 (Vgsf - Vth)

1.6     (8)

Equation (8) fits well with experimental data obtained
from NMOSFET as shown in Figure 3 and Figure 4 for
different effective gate biases, channel lengths and front
oxide thicknesses. One can also include Tsi dependence on
Idsat in the curve fitting, which is given by

Idsat ∝ L-0.57Tfox
-1.34Tsi

0.13(Vgsf - Vth)
1.6     (9)

The weak dependence of Idsat on Tsi is re-confirmed in
(9) as explained earlier. Hence Idsat dependence on Tsi is
ignored. Bulk NMOSFET data suggested that Idsat is a weak
function of L and Tox as presented by [1] and re-stated for
convenience here:

Idsat ∝ L-0.5Tox
-0.5 (Vgs - Vth)

1.3                  (10)

By comparing (8) and (10), one can state that Idsat in
SOI is a stronger function of front oxide thickness (Tfox)
and (Vgsf - Vth) than Idsat in bulk. Substituting (8) in (5) with
Vgsf ≈ 0.9Vdd, one obtains
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Switching energy in the CMOS inverter is a function of
load capacitance and the supply voltage, which is given by
E ∝ CLVdd

2. Hence the Eτ product is given by
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Compared to bulk technology, our data suggests that
inverter delay dependence on Tfox and Vdd is increased.
Equation (11) was also verified this by device simulation.
An FDSOI CMOS inverter driving another load inverter as
shown in Figure 1 was simulated in a MEDICI 2-D device
simulator with a circuit-analysis advanced- application
module for different stage ratio (a) and wire capacitance
(Cwire). PMOS and NMOS devices in the simulated driver
and load inverters are L=0.1mm, Tfox=5nm, Tsi=50nm and
Tbox=400nm. Figure 5 shows the comparison between
Equation (11) and device simulation results. Good
agreement between Equation (11) and simulation data were
obtained for different threshold voltages, stage ratios and
wire capacitances.
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4. OPTIMAL V DD/VTH RATIO

To minimize Pdynamic without suffering excessive speed
degradation, the normalized delay and energy-delay
products obtained from Equations (11) and (12) are plotted
for varying Vdd/Vth ratios in Figure 6. It appears that a Vdd

between 3-4 times the Vth is the optimal without suffering
large degradation in speed. The delay is independent of
Vdd/Vth for Vdd >3Vth. This is less than bulk CMOS
technology [1]. Similarly, the energy-delay product is
minimal at Vdd=1.5Vth instead of 2Vth as in the case of bulk
CMOS technology. Due to sharp turn-on characteristics of
FDSOI devices, Vth scaling versus device leakage current
trade-off is improved in FDSOI technology.

5. TRANSISTOR SIZING

Sizing the transistor for optimal delay and energy-delay
product is essentially the same as for bulk CMOS
technology. This is due to the same functional dependence
of the delay and the energy-delay product on Wn and Wp.
The optimal ratio is independent of load capacitance and it
is given by

W

W

p

n
= =2 2 1 5. .  .

Also the optimal Wn+Wp is obtained by plotting delay
and energy-delay product versus the driver device gate
capacitance as a fraction of total load capacitance CL.
Figure 7 shows that the delay reduces with increasing
Wn+Wp and there is no minimum. However, the energy-
delay product initially improves with reducing the delay and
degrades thereafter due to an increase in the load
capacitance. There is a broad minimum for the energy-delay
product that occurs when the driving device gate
capacitance (Cgate) is around one third of the load
capacitance (CL) for different Cwire with a unity fanout. The
minimum for energy-delay product shifts to a lower value
of Cgate/CL for a higher fanout.

6. OPTIMAL BURIED OXIDE THICKNESS

In SOI technology, reduced junction capacitance is due
to the presence of thick buried oxide. However, thick buried
oxide formation is difficult. Moreover the self-heating and
floating-body effects will increase with increasing buried
oxide thickness. An optimal buried oxide thickness that
minimizes delay and energy-delay product is important to
know. Figure 8 plots normalized buried oxide thickness
versus the delay and the energy-delay product. The buried
oxide thickness chosen is normalized by 1mm. A buried
oxide thicknesses between 300-400nm is a good choice.

The delay and energy-delay products are independent when
Tbox is > 400nm. This means a Tbox thicker than 400nm
would not improve speed or power consumption
significantly.

7. OPTIMAL GATE OXIDE THICKNESS

Dependence of the delay and the energy-delay products
on the gate oxide thickness in FDSOI technology is
increased due to increased mobility dependence on the gate
oxide thickness. Figure 9 plots the delay and energy-delay
products versus front gate oxide thickness (Tfox) for
different fanouts. No minimum exists for delay with
reducing the front gate oxide thickness. However there
exists an optimal gate oxide thickness at which energy-
delay product is minimized. The optimal gate oxide
thickness increases with increasing fanouts. For the unity
fanout condition, the optimal front gate oxide thickness is
between 7 to 8 nm for low power applications.
Interestingly, the general trend in front gate oxide scaling
[3] falls in the vicinity of the energy-delay product
minimum. Hence, high-speed and low-power conditions can
be met without significantly sacrificing either speed, power
or short channel effects in deep submicron FDSOI
MOSFET technology.

8. OPTIMAL STAGE RATIO

The optimal way to drive a large capacitance is to use a
minimally sized inverter to drive a larger inverter. The next
step is to use larger inverter to drive a still larger inverter
until at some point the larger inverter is able to drive the
load capacitance directly. If N such stages are used, each
larger than the previous by stage ratio ‘a’, then the total
delay of the inverter chain is given by [4] :
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where τ is the single inverter delay and ‘a’ is the stage ratio.
A similar approach is used to compute the energy dissipated
in the inverter chain, which is given by

Etotal = 
( )a a

a
E

N −
−

1

1
                 (14)

where N = log( )C
C aL

gate
/ log( ). E is the single inverter

energy dissipation. Figure 10 plots the total delay, the total
energy and the total energy-delay products versus the stage
ratio used in driving large capacitive loads. The energy is
minimized at the stage ratios that are at an optimum and are



4

suitable for performance. Hence the optimal stage ratio is
between 2 to 4 for low-power designs.

9. CONCLUSION

The device design guidelines obtained from the above
discussions are summarized in Table 1. By comparing this
system with bulk CMOS [1], it appears that bulk CMOS
designs can all be transferred to FDSOI with minimal
perturbation. This saves design effort and time in meeting
the SOI low-power application requirements. However, the
optimal front gate oxide thickness that minimizes the delay
and energy-delay products in FDSOI is different in bulk
technology. An optimal buried oxide thickness is about
400nm for low-power applications without significant speed
degradation.

Device design guidelines using devices with L=0.1mm
for FDSOI low-power applications are presented using a
simple drain saturation current model fitted to experimental
results and 2-D numerical simulations. The optimum occurs
at Vdd=3Vth for performance and Vdd=1.5Vth for low power.
The optimal buried oxide thickness is between 300nm to
400nm. The optimal gate oxide thickness for low power and
good performance is between 3nm to 8nm. The optimal
transistor sizing is when the driver device gate capacitance
is 0.3 time of total load capacitance. The optimal stage ratio

for low power is the same optimal stage ratio for high
performance.
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Parameter SOI τ (Bulk τ) SOI E.τ (Bulk Eτ)

L min (min) min (min)
Vdd >3Vth (4Vth) >1.5 (2Vth)
Tfox Ctox=C/1.5 (C/2)

(or) 7 - 8 nm
Ctox=C/1.5 (C/4)

Wp/Wn 1-3 (1-3) 1-3 (1-3)
Wp+Wn max (max) Cd=C/3 (C/2)
Tbox 300-400nm 300-400nm
Stage Ratio (a) 2-4 (2.8) 2-4

Table 1.  Comparison of Device design Guidelines for SOI and bulk technology. Bulk technology device design Guidelines
are obtained from [1] and shown in parenthesis.
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Vthn Vdd-Vthp

Cfoxp+Cboxn Cfoxn+Cboxp

Cfoxp+Cfoxn

Coxp+Cdn||Coxn Coxn+Cdp||Coxp

In
pu

t C
ap

ac
ita

nc
e,

 C

Applied Input Bias, V
Vdd0

SOI
Bulk

Figure 2  Comparison of gate capacitance in bulk and
SOI technology. Cdn and Cdp are the depletion
capacitance.

0.40 0.50 0.60 0.70 0.80 0.90
Effective Channel Length in microns

0.000

0.002

0.004

0.006

0.008

Id
sa

t 
in

 A
m

p
s

Vgs=0.46V
Vgs=0.71V
Vgs=0.97V
Model

Tfox=7.5nm Experimetnal−NMOS
Tbox=1um
Tsi=48nm
Vsub=0V

Figure 3  Comparison of measured n-channel FDSOI
MOSFET drain saturation current and Eq. (8) for
Tfox=7.5nm.

0.2 0.4 0.6 0.8 1.0 1.2 1.4
 Effective Channel Length in microns

0.000

0.002

0.004

0.006

0.008

0.010

0.012

Id
sa

t 
in

 A
m

p
s

Vgs=0.5V
Vgs=1.0V
Vgs=1.5V
Model

Tfox=10.7nm
Tbox=400nm
Tsi=25nm

Experimental−NMOS

Figure 4  Comparison of measured n-channel FDSOI
MOSFET drain saturation current and Eq(7.8) for
Tfox=10.7nm.

0 1
Vth/Vdd Ratio

10
−11

10
−10

10
−9

10
−8

In
ve

rte
r D

el
ay

 in
 S

ec

2−D Simulation
Model

Cwire=0.1pF

Cwire=0.05pF

a=2.8, Vth=0.23V

a=2.8, Vth=0.23V

Cwire=0pF
a=2.8, Vth=0.23V

Cwire=0pF
a=1,Vth=0.31V

Wn=1um
Wp=1um
L=0.1um

Figure 5  The delay is compared between Eq. (8) and
2-D numeral simulation. The circuit configuration
considered in a 2-D MEDICI simulator is the same
as shown in Figure 1.



6

1.0 3.0 5.0 7.0
Vdd/Vth Ratio

0.0

0.2

0.4

0.6
N

or
m

al
iz

ed
 P

ar
am

et
er

Delay
Energy.Delay Product

Increaisng Vth

Vth=
0.2

VVth=
0.3

VVth=
0.4

V

Wn=Wp=1um
L=0.1um

Vdd > 3Vth

O
pt

im
um

 fo
r

lo
w

 p
ow

er

Tbox=400nm
Tfox=5nm

Figure 6  Effect of Vdd/Vth scaling on delay and
energy-delay product in FDSOI CMOS inverter for
unity stage ratio and Cwire=0.

0.0 0.5 1.0 1.5
Driver Device Gate Capacitance/Total Load Capacitance

10
−3

10
−1

10
1

N
or

m
al

iz
ed

 P
ar

am
et

er

Delay
Energy.Delay Product

Cwire=1fF,FO=1

Cwire=10fF,FO=1

Cwire=100fF,FO=1

FO=1

FO=3

Cwire=10fF
FO=3

L=0.1um

Increasing Wn+Wp 

Figure 7  Normalized delay and energy-delay
products versus drive device gate capacitance as a
fraction of total load capacitance for unity stage ratio,
Tfox=5nm, Tbox=400nm Vdd=1.2V, and Vth=0.3V.

0.0 0.2 0.4 0.6 0.8 1.0
Normalized Buried Oxide thickness,Tbox 

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 P
ar

am
et

er

Delay
Energy Delay product

O
pt

im
um

 B
ur

ie
d 

O
xi

de

Tboxmax=1um

Wn=Wp=1um
L=0.1um
a=1

th
ic

kn
es

s

Vth=0.3V
Vdd=1.2V
Tfox=5nm
Cwire=0pF

Figure 8  The delay and energy-delay products
versus normalized buried oxide thickness are plotted.
The buried oxide thickness chosen is normalized with
1mm.

1 10 100 1000
Front Gate Oxide Thickness in Angstroms

0.0

0.2

0.4

0.6

N
or

m
al

iz
ed

 P
ar

am
et

er

Delay 
Energy.Delay Product

Increasing C
apacitance

R
ed

uc
in

g 
Id

sa
t

Fanout=1

Fanout=3

Tfox Design Space

Cwire=0pF
Wn=Wp=1um
L=0.1um
Tbox=400nm
Vth=0.3V
Vdd=1.2V

Figure 9  Normalized delay and energy-delay
products are plotted for various gate oxide thicknesses.

1 10 100
Stage Ratio

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 P

a
ra

m
e

te
r

Total Energy
Total Delay
Energy.Delay Product

Optimum
Stage Ratio
for Delay

Optimum
Stage Ratio
for Energy.Delay

Figure 10  The delay and energy-delay products
versus stage ratio are plotted. Low power and optimal
speed can be obtained at a stage ratio equal to 2.8.


	CD-ROM Home Page
	ISLPED97
	Front Matter
	Table of Contents
	Session Index
	Author Index


