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Abstract—The yield of CMOS logic circuits satisfying a specific —
high performance requirement is demonstrated to be significantly
influenced by the magnitude of critical-path delay deviations due
to both extrinsic and intrinsic parameter fluctuations. To evaluate 2 -———-
the impact of these parameter fluctuations, a static CMOS crit- Nep
ical-path delay distribution is calculated from rigorously derived
device and circuit models that enable projections for future tech- L
nology generations. Two possible options are explored to attain a —
desired yield: 1) reduce performance by operating at a lower clock
frequency; and 2) increase the supply voltage and, consequently, rig 1. critical path model.
power dissipation, to satisfy the nominal critical-path delay. For
the 50-nm technology generation, the delay and power dissipation
increases are 12%-29% and 22%—-46%, respectively, for extrinsic  Rigorously derived device and circuit models [3] are em-
parameter standard deviations ranging from (a) 5% for effective 0 15 calculate a critical-path delay distribution for a statis-
channellength and 0% for gate oxide thickness and channel doping . .. . - .
concentration to (b) 10% for effective channel length and 5% for t|cal' range of extrinsic fluctua.uons.ln effective channel length,
gate oxide thickness and channel doping concentration. Combining doping concentration, and oxide thickness, as well as computed
both extrinsic and intrinsic fluctuations, the delay and power dis- values of intrinsic fluctuations from a stochastic device model
sipation increase to 18%-32% and 31%-53%, respectively, thus [4]. The model equations, derived from fundamental device and
demonstrating the significance of including the random dopant ot analyses, enable projections of extrinsic and intrinsic
placement effect in future CMOS logic designs. . L SR

fluctuations on circuit performance distributions for future tech-
Index Terms—Circuit design, CMOS logic circuit performance,  nplogy generations. Depending on the estimated number of crit-
critical-path delay variations, gate delay variations, parameter ., haths per chip and the desired yield, the permissible increase
variations, random dopant placement, technology projections. . . : ; S
in delay can be determined. The increase in power dissipation
is calculated by shifting the nominal distributions through in-
I. INTRODUCTION creasing the supply voltage such that the required nominal crit-
S microelectronic technology continues to advand@al'p"?‘th delay is achieved. .Th_erefore_, th.e goal of this paper is
through reducing the minimum feature size and ifo define the impact of extrinsic and intrinsic parameter fluc-

creasing the number of transistors per chip in accordance wigitions on circuit performance for future generations of tech-
Moore’s Law [1], two major circuit design issues are: 1) th@ology by evaluating the increases in delay and power dissipa-

nonuniformity of electrical characteristics across the chip: af@" @bove nominal values that guarantee a specified yield.

2) the increase in power consumption per chip [2]. Extrinsic The methodology for evaluating the impact of parameter fluc-

macroscopic manufacturing process fluctuations and intrindg@tions on CMOS circuit performance is discussed in Section Il

microscopic random dopant fluctuations produce deviations iPng with the results of the extrinsic fluctuations. In Section Il

MOSFET drive current, resulting in critical-path delay distriIhe analytical models used to incorporate the intrinsic fluctu-

butions across the chip. In this paper, the impact of extringiions are presented along with results. In Section IV, the ex-
and intrinsic fluctuations are quantified by two methods: jinsic and intrinsic parameter fluctuations are combined to an-
reduce performance by operating at a lower clock frequen&),yze the impact on CMOS circuit performance for future gen-

and 2) increase the supply voltage and, consequently, po\ﬁ@tiong of technology. Finally, concluding remarks are offered
dissipation, to satisfy the nominal critical-path delay. in Section V.

II. IMPACT OF EXTRINSIC FLUCTUATIONS ON THE CRITICAL
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number(n.,,) of identical two-input static CMOSIAND gates 0.08 o ; ;

: : = &--oN
with a fan-out of three [5], where each gate drives an average Na=1.55x10"%cm™ o iy
wiring capacitance calculated from a stochastic interconnect L=80nm iy A--AT,,
distribution [6]. The static CMOS logic gate was chosen for 0.06 ;‘;’;_‘__ng\';' / \ —oN, LT,
its low standby power drain, large operating margins, scal- V1=0.30V { 4 (oxIX)=56%
ability, and flexibility of logic functions [7]. Static and dy- n (Wi/L)=20 X oy
namic contributions to power dissipation are considered where £ 44 .g’v"__f'g)=23 N | 552ps
the short-circuit power is assumed negligible in high perfor- g * o
mance/low power designs [3], [8]. o  [NaL,Tox | 12.56ps

To obtain a critical-path delay distribution, the propagation 0.02 \
delay distribution of an individual static CMOSAND gate ’
is first analyzed. The average propagation delay through a
two-inputNAND gate is modeled by averaging the delay through -~ Xy,
two-series connected nFET's and the delay through one pFET 0.00 .3 " 570 585 600 615
given as Critical Path Delay (ps)

Tpp NAND = finet T pn +TPDP (1) Fig. 2. Critical-path delay distributions for a 5% standard deviation in
’ 2 N4, L, Tox, and all three combined from (4)—(6).

where fi..qr is the effective fan-in factor [9] for series con-

nected MOSFET's and’pp, and T, are the nFET and channel length and oxide thickness are shown to have a more

pFET CMOS propagation delay models, respectively, that iglgnificant contribution to the critical-path delay distribution

clude the transition (rise or fall) time effect [3]. thar_l variatiqns in doping concentration for a uniform channel
The extrinsic fluctuations of effective channel length), doping profile. B _

doping concentration{V.1), and oxide thicknes§ZTox) are A chlp. contains a number of critical paFlﬁBf), all of wh!ch

assumed to follow uncorrelated Gaussian distributions [10] fBUSt satisfy the worst-case delay constraint [10], [12]. Since the

the nFET’s and pFET’s in each gate. Thus, trnD gate fluctuations_ir_leach critical path areir_lglependent, the_prob_ability

propagation delay distribution density function is calculate@iat all V' critical paths meet a specified deld¥), defined in

from a convolution described as this paper as the yield, is

—(r . T N
FTPD,\IA\ID - (fmeffFTPr)n/z) k (FTPDp /2) (2) Yield = </ FTPD,(:P(t) dt) (7)
0

whereFr,,, andfr,,,, are the propagation delay distribution
density functions for the nFET and pFET respectivély,,,  wheret is the variable critical-path delay corresponding to pa-
andFrr,, ,, are developed by iterating through every parametggmeter fluctuations. As described by (7), yield should be in-
combination and its corresponding probability using compagirpreted narrowly as the yield of a testing process in which
delay models [3] for the nFET and pFET respectively. Singsroducts are "sorted" according to speed. Typically, this sorting
the deviations for each gate in the critical path are equivalgsfocess follows a reliability screening procedure in which prod-
ucts are stressed at elevated temperatures in order to reveal de-
fects, functionality, and reliability problems. Two possible op-
et(i]ons to achieve a desired yield (7) are: 1) reduce performance by
operating at a lower clock frequency; and 2) increase the supply
voltage(Vpp) and, consequently, power dissipation, to satisfy

1 —_— 2 = e s — nCP
FTPD,NAND - FTPD,NAND - — ~Tpp,NaAND (

the critical-path delay distribution density function is calculat
as a Gaussian [11]

Proper =Fh o oon % FR s Fer X the nominal critical—p.ath Qelgy. Incree_xsiﬁ@D in the second
R Nl B FO.NAND @) approach may result in reliability and lifetime concerns, such as
=N(top cr: OTop.cr): degradation in the gate oxide integrity and electromigration. To

The mean critical-path delay is calculated as determine the increase in deldyjn (7) is calculated as

(5) T= TNmninal +non (8)

Hrpp cp = TMeplTpp xaxp

whereTNominal 1S defined as the nominal or mean critical-path
delay with no parameter deviations presenis the required
number of standard deviations corresponding to a desired yield,
TTpp or = /epOTprp xaxn (6) @andoy is the nominal critical-path delay distribution standard
deviation. Computing the increase in power dissipation to
whereor,, .y IS theNAND gate delay standard deviationguarantee that a specified percentage of critical paths satisfy
Fig. 2 illustrates the separate influencesiofN 4, and7ox, TNominal, the supply voltage is increased to shift the nominal
as well as all three parameters combined on the critical-patistribution as pictured in Fig. 3(a). The nominal distribution
delay distribution (4)—(6) for a normalized standard devias shifted bynor, whereo is the target critical-path delay
tion of 5% for each parameter. The deviations in effectivdistribution standard deviation. Fig. 3(b) illustrates the proba-

where pir,., «.yp 1S the meanNAND gate delay. The crit-
ical-path delay standard deviation is computed as
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—— Nominal Distribution . .
Vo, Target™ VoD, Nominal ° +——+ 99% yield -~
no; Shifted Dlstrllatlt\ion e 5| o-o 95% yield P
/ H —a90%yleld T
( Vbb,Nominat 5 == 80% yield
0.04 Vob Target | g 4
v °
'% on-Nominal g 3
il or-Target g Probability
% 8 1 0.841345
u0.02 [ o2t 2 |0.97724%9
° 3 [0.998650102
8 ; 4 [0.999968329
y Elrs 5 0.999999713
J 4 6 0.999999999
0.00 = ) 5 ’ "3 v 5 "
550 TTarget Tominat 600 10 10 10 10 10 10 10
Critical Pa(tla‘l)Delay (ps) Number of critical paths per chip
0.06 .
-=-- no, Shitied Distribution Tuomnal N Fig. 4. Number ofr’s required to achieve a yield of 80%—99% for a Gaussian
Yield = T;: (t)dt distribution versus the number of critical paths on a chip. The table defines the
f Teocp number ofo’s and their corresponding probabilities.
Taomion N = Number of critical|
0.04 TETpncp (t)dt paths in a chip | TABLE |
* o NOMINAL VALUES USED IN ANALYSIS
a
E F L Na Tox | Voo [ Vr Nep Prominat | Thiominal
5 (nm) | (nm) | (x10® cm™®) | (nm) | (V) | (V) | (#gates) | (uWigate) | (ps)
g 250 | 200 0.35 4.5 |2.21]0.32 15 14.4 1,733
w002t 180 | 144 0.58 35 [1.81]031] 12 10.5 1,194
150 | 120 0.76 2.7 [1.48]0.30 12 7.1 1,075
\ 130 | 104 0.99 2.3 [1.33]0.30 10 6.6 767
\ 100 | 80 1.55 18 [1.13]0.30 8 5.3 582
\ 70 56 2.55 1.2 [0.83]0.26 7 3.1 424
/’ \ 50 40 5.00 0.8 |0.66 | 0.26 5 24 283
0.00 N
550 TNominal 600

the estimated number of critical paths in a chip. The number

Critical Pa(tE)Delay {ps)
of critical paths per chip is dependent on the system architec-

Fig. 3. (a)nor critical-path delay distribution shift from the nominal delaytUre and optimization procedures, which may vary substantially
(TNomina1) due to an increase it 1, for a (b) desired yield given in (7). from one microprocessor design to another. Due to the compli-
cated nature of this issue, determining the number of critical

bility of one critical path having a delay less than or equal tpaths for a given technology generation is extremely difficult.
Trominal @S an integration of the target distribution from 0 tddeally, each transistor would be placed within a critical path to
TNominal- This probability raised to th&/th power is the yield. obtain a 100% timing utilization; however, data dependencies
The amount of increase iWipp is determined by calculating as well as other limitations in actual designs restrict the amount
the new critical-path target delay of critical-path transistors. Assuming 100-1000 critical paths

[10] for today’s 10 million transistor microprocessors, @ 3

(9) critical-path delay deviation may be an acceptable tolerance
to maintain a reasonable yield as shown in Fig. 4. However,

~ Asthe nominal delay distribution is shifted due to anincreasg the number of transistors per chip continues to increase as
in Vpp, the dequpn of targ.e_t delay will be redl_Jced such thﬂrojected by the roadmap (1.4 billion for the 50-nm genera-
on > or. Describing the critical-path propagation delay as tjon) [14] and assuming the ratio of critical paths to transistors
remains relatively constant, the acceptable tolerance may in-
crease to a & critical-path delay deviation to satisfy future
yield requirements, as illustrated in Fig. 4. To cover a range of
whereq is a value between 1 and 2 depending on the amouptssible requirements for future technology generations, this
of velocity saturation [13], the physical reason why > or paper provides an analysis of the 8nd & critical-path delay
can be explained. ABp p is increased the effect of the thresholdleviations.
voltage(Vr) deviations, due to variations ih, N4, and7ox, The values for feature siZé") and oxide thickness are chosen
is reduced irf’»p cp. Therefore, an iteration process of calcuin the range of parameters projected by the National Technology
lating T'ra: et iS required for complete accuracy. Roadmap for Semiconductors [14]. Effective channel length is
In order to determinen in (8) and (9), Fig. 4 plots the assumed 80% of the feature size [14]. Threshold voltage is cal-
number of standard deviations required to achieve a yield ailated by equating the subthreshold drain current [3] per unit
80%—-99% for a Gaussian distribution versus the number width (Vos = 0andVps = Vpp) to the maximum off-cur-
critical paths per chip. Fig. 4 provides a direct look-up to iderment per unitwidth giveninthe roadmap [14]. The nominal supply
tify the necessary value af by coupling the desired yield with voltage is determined by equating the saturation current [3] per

TTarget = TNominal — nor.

v
Tppcp ( b (10)

Vop — Vr)e
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Fig. 5. (a) Delay and (b) power dissipation increases due to extrindiég. 6. (a) Delay and (b) power dissipation increases due to extrinsic
fluctuations corresponding to & Zritical-path delay deviation. fluctuations corresponding to a &ritical-path delay deviation.

unit width (Vs = Vps = Vpp) to the nominal on-current  The percentage increase in delay and power dissipation grows
per unit width provided in the roadmap [14]. Tt /L) ratio  steadily over the technology generations, which is due to the
is assumed to be 20 [14] and tfi&, / L) ratio is calculated as 23 reduction of the number of gates in the critical path [12] from
to obtain equivalent worst case charging and discharging deld$$ and (6) according to

for the two-input CMOS\VAND gate. Following historical trends

[15], the number of gates in the critical path is scaled from 1510 o7, .,  /PepOTrp xax 1
5 across the 250-50-nm technology generations to enable high - - :
performance local clock frequencies. Table | provides the values Hep.cr Herlep oo VPep PTeoaao

of I L, Na,Tox, Voo, VI, andn.;, used for each teChmIOgyThus, the ratio of standard deviation to mean for the critical-path
generation analyzed in this paper as well as the calculated ncHBTay is inversely proportional to the square roobgf
inal values of power dissipation per gate and critical-path delay. '

Figs. 5 and 6 illustrate the delay and power dissipation
increase due to a range of extrinsic parameter fluctuations i)
L, N,4, andTpx corresponding to ad® and & critical-path
delay deviation, respectively. The range of extrinsic parameter
fluctuations in L, N 4, and Tox were chosen judiciously in  As MOSFET’s continue to scale, the fluctuations in the
order to provide a useful analysis for today’s manufacturirigcation of dopant atoms in the device active region induce
processesoy /L = 5-10%) [14], [16] as well as for future drain-current fluctuations. This is an intrinsic effect since
projections(on, /Na = o1,y /Tox = 5%; or/L = 10%). it cannot be eliminated by external control of conventional
For a & deviation, Fig. 5 indicates a percentage increase fnanufacturing processes. By introducing the “cube model,”
delay and power dissipation ranging from 6% to 15% and 10%ewing a MOSFET as an array of MOS capacitors separating
to 22%, respectively, for the 50-nm technology generatiothe source from the drain, the distribution of dopant atoms is
depending on the magnitude of device parameter fluctuatiodgrived from fundamental device analysis [4]. Utilizing the
For a & deviation, Fig. 6 demonstrates a percentage increadgpant atom distribution, a threshold voltage distribution is de-
in delay and power dissipation ranging from 12% to 29% ani/ed [4] and compared with experimental data [17] to provide
22% to 46%, respectively, for the 50-nm technology generatioralidation for the model calculations, as shown in Fig. 7.

OTpp NAND (11)

| MPACT OF INTRINSIC FLUCTUATIONS ON THE CRITICAL
PaTH DELAY DISTRIBUTION
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Fig. 8. (a) Delay and (b) power dissipation increases due to intrinsic
fluctuations corresponding to a3and 6 critical-path delay deviation.

nFET/pFET [4], anch, 4 is the effective doping concentration
The propagation delay distribution density functions for th{r the NFET/pFET [4]. The effective doping concentration cor-
NFET and pFET are derived as responds to the doping density required for a uniformly doped
MOSFET without fluctuations to achieve a specific threshold
_dQup voltage. The intrinsic deviations are independent from device to
- dTppn/p device, thus, allowing theanD gate propagation delay distribu-
tion density function due to intrinsic variations to be calculated
where Q,,,,, is the probability that the nFET/pFET propagaby (2). Then the critical-path delay distribution is computed as in
tion delay is less than a specific valué(n, ) is the effec- (4)—(6). Using the same methodology as discussed in Section II
tive doping concentration distribution density function for thér extrinsic variations, the impact of intrinsic fluctuations on

dn,,,/d

FTPDn/p = F(na/d) X (12)

dTPDn/p
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In the previous two sections, the impact of extrinsic and in-
trinsic fluctuations on CMOS circuit performance was demon-
strated individually, now the extrinsic and intrinsic parameter
fluctuations will be combined. Assuming the extrinsic and in-
trinsic fluctuations are independent, the combined effect on the
NAND gate delay distribution is calculated [11] as

40

30

i

20

Power Dissipation increase (%)
s

_ 2 2
9TppNaxp = \/O—TPD,NAND—EXT + O—TPD,NAND—INT (13)

2

0 100 150 200 2

oL

Technology Generation (nm) where o, , caxp_exr aNd 075, avp e @re the standard
(c) ’ | ’

deviations due to extrinsic and intrinsic variations respectively.
Now the critical-path delay distribution is calculated as in

Fig. 10. (a) Delay, (b) supply voltage, and (c) power dissipation increases duB—(6) for both extrinsic and intrinsic fluctuations.
to extrinsic and intrinsic fluctuations corresponding tosadditical-path delay

deviation. Figs. 9 and 10 quantify the delay, supply voltage, and,
resulting power dissipation increases due to both extrinsic and
intrinsic parameter fluctuations corresponding t® 8nd &

CMOS circuit performance is examined. Fig. 8 evaluates thitical-path delay deviations, respectively. Foradeviation,

delay and power dissipation increases due to intrinsic parametgy. 9 exhibits a percentage increase in delay, supply voltage,
fluctuations. Fig. 8(a) indicates a percentage increase in dely power dissipation ranging from 9% to 16%, 7% to 12%,
of 7% and 13%, corresponding te-&nd & critical-path delay and 15% to 26%, respectively, for the 50-nm technology
variations respectively, for the 50-nm technology generatiogeneration, depending on the magnitude of extrinsic parameter
For identical conditions, Fig. 8(b) demonstrates a percentagefiactuations. For a 6 deviation, Fig. 10 projects significant
crease in power dissipation of 11% and 20%. percentage increases in delay, supply voltage, and power
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dissipation ranging from 18% to 32%, 14% to 24%, and 31%410]
to 53%, respectively, for the 50-nm technology generation.
Comparing Fig. 6 (extrinsic fluctuations only) with Fig. 10 [11]
(extrinsic and intrinsic fluctuations) for the 50-nm technology
generation, Fig. 11 indicates that the impact of intrinsic fluc-[12]
tuations increases the delay from 12%-29% to 18%—-32% and
power dissipation from 22%-46% to 31%—-53%, depending on
the magnitude of extrinsic fluctuations, corresponding to thd13l
60 critical-path delay deviation.

[14]

V. CONCLUSION [15]

A static CMOS critical-path delay distribution due to ex-
trinsic macroscopic manufacturing process fluctuations an#®
intrinsic microscopic random dopant fluctuations is developegh7)
and analyzed. Two possible options for achieving a desired
yield are explored: 1) reduce performance by operating at a
lower clock frequency; and 2) increase the supply voltage and,
consequently, power dissipation, to satisfy the nominal crit-
ical-path delay. For the 50-nm technology generation, the delay
and power dissipation increases due to extrinsic fluctuations
only are calculated as 12%—29% and 22%—46%, respective""
for extrinsic parameter standard deviations ranging from 5
for effective channel length and 0% for gate oxide thickne:
and channel doping concentration to 10% for effective chanr
length and 5% for gate oxide thickness and channel dopi
concentration. In comparison, when both extrinsic and intrins
fluctuations are included in the analysis, the delay and po
dissipation increases to 18%—32% and 31%-53%, respectiv
thus demonstrating the importance of incorporating intrinsic
fluctuations into future CMOS logic circuit designs.
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