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Abstract†

A critical path delay distribution due to
intrinsic random placement of dopant
atoms in static CMOS is investigated by
employing compact physical device/circuit
models that enable projections for future
technology generations. The trade-off
between delay, power dissipation, and
yield, is discussed. The intrinsic random
dopant placement induces 7.5% ~ 15%
critical path delay increase for the 50 nm
generation depending upon the number of
critical paths on a chip.  To achieve a
desired nominal delay, more than 5% and
9% supply voltage increases, resulting in
11% and 20% power dissipation increases,
are projected corresponding to 3σ and 6σ
critical path delay variations respectively
for the 50 nm generation.

1. Introduction

As MOSFETs scale to the 50 nm range,
more severe fluctuations in structural
features induce ever larger deviations in
key electrical parameters that eventually
limit the number of transistors per chip that
satisfy a specific performance criterion [1].
The impact of manufacturing induced
macroscopic extrinsic parameter variations
on delay and power dissipation has been
studied by analytical models and numerical
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simulations [2-3]. However, no
investigation of the impact of microscopic
intrinsic random placement of dopant atoms
on critical path delay and power dissipation
has been reported.

In this paper, the impact of intrinsic
random dopant placement on critical path
delay is investigated through analytical
models based on previously derived
effective doping concentration distribution
density functions [4]. The impact of
random dopant placement is quantified by:
1) lowering the clock frequency or 2)
increasing the supply voltage to maintain a
desired yield.  The trade-off between delay,
power dissipation, and yield, is discussed
along with projections of the delay/power
penalty for the NTRS technology
generations [5]. Unless otherwise stated,
the input parameters used in this paper are
listed in Table I.

2. Analytical Models of the Critical
Path Delay Distribution

As MOSFETs continue to scale, the
variations of both number and location of
dopant atoms in the device active region
induce drive current fluctuations. By
introducing the “cube approach”, viewing a
MOSFET as an array of MOS capacitors
separating the source from the drain, the
effective doping concentration distribution
due to this intrinsic fluctuation in the
placement of dopant atoms is derived from
fundamental device analysis [4].  Utilizing
the effective doping concentration
distribution, a threshold voltage distribution



is derived [4] and compared with
experimental data [6] to provide validation
of the model calculations, as shown in Fig.
1. It is noteworthy that no fitting parameter
is used in model calculations.

In high performance static CMOS, the
main contribution to the power dissipation,
the dynamic power Pd for charging and
discharging the load capacitance, is
independent of dopant placement
fluctuations.  Depending on the average
value of threshold voltage, the static power
Ps due to subthreshold leakage current is a
small portion of the total power dissipation.
Thus, the intrinsic dopant placement
fluctuations do not appreciably affect total
power dissipation.  However, these
fluctuations do change the drive current
significantly through mobility and
threshold voltage, thus causing delay
variations across the chip.

The average delay of a two-input NAND
gate TG may be modeled as,

T f T n T nG in dn a dp d= +( ) ( ) /3 8 2 , (1)

where fin is effective fan-in factor [7], Tdn

and Tdp are the n-FET and p-FET delays
[8], respectively, and na and nd are n-FET
and p-FET effective doping concentrations
respectively.

The n/p FET delay distribution density
function FTdn/p among a large number of
nominal n/p-FETs is derived as
 F dQ dT f n dn dTT dn p a d a d dn pdn p/
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where Q is the probability that a n/p-FET
has delay less than a specific value, f(na/d) is
the effective doping concentration
distribution density function for the n/p-
FET [4], and na/d is the effective doping
concentration for n/p-FET [4]. The
distribution density function of two-input
NAND gates FTG

 is calculated by

convolving n-FET and p-FET delays
through (1) as

F f F FT in T TG dn dp
= ⋅ ∗/ /2 23 8 4 9 , (3)

since the intrinsic fluctuation in each FET
is independent.  The critical path delay
distribution density function FTcp with nG

gates is computed by convolving the two-
input NAND gate delay distribution density
function FTd for nG gates.  Since the delay
distribution density function for each gate
is identical, the critical path delay
distribution density function FTcp can be
calculated as a Gaussian distribution,
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with mean µ µTcp G Tn
G

= and standard

deviation σ σTcp G Tn
G

= , where µTG
and

σ TG
are the mean and standard deviation for

the NAND gate delay distribution
respectively. Fig. 2 illustrates the critical
path delay distribution obtained from (4)
for the 50nm and 100nm technology
generations in linear and logarithmic scales
respectively.  The 50nm device has a more
pronounced fluctuation than the 100nm
generation due to the reduced device
dimensions and increased nominal doping
concentration [4].

3. Results and Discussions

A chip contains a set of critical paths, all
of which must meet the worst case delay
constraint [2-3].  Since the intrinsic
fluctuation in each critical path is
independent, the probability that all N
critical paths satisfy the maximum delay
Tcp_max constraint, the yield, is
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where t is the variable critical path delay
due to random placement of dopant atoms.
Since FTcp  is described by a Gaussian
distribution, as demonstrated in Fig. 2,
Tcp_max is expressed in terms of σ’s as,

T T ncp cp Tcp_max _= +nominal σ , (6)

where Tcp_nominal is defined as the nominal
critical path delay without parameter



deviations and n is the number of standard
deviations.  To determine n in (6), Fig. 3
illustrates the number of standard
deviations (σ) required to achieve a desired
yield for a Gaussian distribution versus the
number of critical paths in a chip. The table
in Fig. 3 defines the number of σ’s to the
corresponding probability.  For today’s
microprocessors with millions of
transistors, a 3σ  critical path delay
variation may be an acceptable tolerance to
maintain a reasonable yield (Fig. 3);
however, as the number of transistors per
chip continues to increase as projected by
the roadmap [5], 6σ critical path delay
variation may be required to maintain a
reasonable yield.

Two possible options to maintain a
reasonable yield within the presence of
intrinsic fluctuations are: 1) to operate at a
lower clock frequency corresponding to
Tcp_max, or 2) to increase Vdd, resulting in
larger power dissipation, that ensures
Tcp_nominal is satisfied.  Thus, a power/delay
trade-off can be fully analyzed.

Fig. 4 (a & b) projects the normalized
maximum delay (Tcp_max/Tcp_nominal) for
NTRS technology generations. For the 50
nm generation 7.5% (15%) of delay
increase is projected for 3 (6) σ variations
with Wn/L=10 and nG=10. The intrinsic
random fluctuations reduce as the
MOSFET aspect ratio (W/L) increases. By
doubling MOSFET aspect ratios (Fig. 4 a),
only 1% (2%) reduction of Tcp_max, is
achieved for 3 (6) σ variations.  As the
number of gates in the critical path
increases from 10 to 15 (Fig. 4 b), the
normalized maximum delay reduces to
1.5%(2.5%) for 3 (6) σ variations, since the
ratio of standard deviation to mean for the
critical path distribution is inversely
proportional to the square root of nG, as
shown in (4).

The second possible option is increasing
the supply voltage to compensate for the
variations in delay such that Tcp_nominal is
satisfied for a desired yield. As shown in
Fig. 5, for the  50 nm technology
generation, more than 5% and 9% increases
in Vdd are required for 3σ and 6σ critical
path delay variations, respectively.  The
increased Vdd results in 11% and 20% more
power dissipation for the same technology
generation.

4. Conclusion

To maintain greater than 80% yield, the
intrinsic random dopant fluctuation induces
7.5% ~ 15% critical path delay increases
for the 50 nm generation depending upon
the number critical paths on a chip.  To
achieve a nominal delay at more than 80%
yield, more than 5% and 9% Vdd increase is
required that results in 11% and 20% power
dissipation increase for the 50 nm
technology generation corresponding to 3σ
and 6σ  critical path delay variations
respectively.
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Fig. 4.  Normalized maximum delay dependence
on (a) MOSFET aspect ratio, and (b) number of
gates in critical path projected for NTRS
technology generations.

(a) (b)

Table I input parameters for Fig. 2, 4, and 5.  * and ** are for Wn/L=10 and 20
respectively.

Fig. 5 Power and Vdd increases
due to the random dopant
placement. The nominal values
are listed in Table I.

Fig. 1 Comparison of
compact model calculated
Vts distribution with
experimental data from [6].

Fig. 2 Distribution of
critical path delay for
L=50 and 100 nm
respectively

Fig. 3.  Number of σ’s
required to achieve 80%
to 99% yield vs number of
critical paths on a chip.


