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Abstract

Simulation based yield optimisation is becomingraportant
solution for increasing robustness of analog IFckdo This
paper describes the yield optimisation of a powereset cell
as part of an analog IP library. Yield analysistioé initial
design is performed and sensitivities with resgecprocess
parameters are determined by Monte Carlo simulafidre

measurements on special test chips [4,5].
information on the yield of the circuit with respeo a given
specification it is also important to get infornwatiabout the
main contributors of yield loss by means of sewvigjti
analysis with respect to design and process paeamefThis
information can be used in two ways. First, for ammal
design having a low yield at some operating corribe,
designer can shift design parameters of the reteglavices

Besides t

input parameters used for the Monte Carlo simutatigmain contributors) enabling efficient design ceinig [6,7,8]
describe global and local variations of the semilcmtor during a re-design phase. Secondly, during prodarcip up
devices. The results of the yield analysis are tsetttermine the sensitivity analysis gives information aboutsgible
a shift of the PMOS threshold implant dose enabdingield process shifts to increase the yield of the origihasign.
enhancement of the initial design. A re-design gisibesign for Yield (DFY) tools provide both sensitivanalysis
simulation-based design centering is performedltiaguin a and yield optimisation based on Monte Carlo simofat
significant yield increase in consideration of tbhperating Simulation based yield optimisation is performed dgsign
conditions. The optimisation is based on an algorit centering and automatic shift of design parameteithin
maximizing the worst-case-distance. The simulatesults on specified design parameter limits. In the presewmestigation
improved production yield are verified by electtitast at the yield of an analog building block (power-onetsell) is
wafer level for varying process conditions. increased by two ways: first a shift of productjperameters
is calculated from sensitivity analysis to incredse yield of
the initial design and afterwards a new set of gtesi
parameters is determined by maximizing the worseca
distance (sigma to target) for the reset voltadee Simulated

The performance and the yield of analog circuit® aield increase is verified by production resultingsprocess
determined by variations of the production proc€3sting window verification.

the development of analog building blocks (e.g. do@ap

cells, operational amplifiers, comparators etcg tesigner 2 Problem Formulation and

chooses a circuit topology and tries to achieve ivaerg . . o
nominal target for a pre-defined performance vector Circuit DeSCI‘IptIOI’l

Afterwards it must be verified that the design imdtional
under varying process and operating conditions. &gply
voltage and temperature variation). To calculagyield of a
circuit dependent on both global and local variaioMonte

1 Introduction

A power-on reset cell has been used as an IP blittkn a
mixed-signal circuit and has been designed usistapadard
0.8um CMOS technology. During yield ramp-up of the

Carlo simulation is supported for most CAD platferfd]. A
critical point with respect to the accuracy of Mertarlo
simulation is the accurate statistical modellingtteé SPICE
parameters reflecting the distribution of basic cess
parameters (e.g. threshold voltage, gain factorclannel
length). Methods for accurate determination of Mo@arlo
parameters from electrical test data are presentgj3]. The
distribution of global process parameters is deitgeth from
the statistics of the relevant process control ipatars and
correlations of the parameters should be taken actmunt.
The distribution of local

determined from statistical

parameter extraction

product it turned out that there is significantlgiéoss at low
temperature (-40°C). The yield loss could be aitgd to the
threshold voltage Y of the power-on reset cell which was
measured during electrical wafer test. Therefdrewas

decided to perform a yield analysis of the cirquitsuing two
goals: First, find a possibility to shift the pradion process
in order to increase the production yield of therent design
and afterwards find a new set of design parametsirg) the
given circuit topology (see Fig. 1) that will resuh a

improved yield over the whole temperature rang®°E4to

fluctuations (mismatch)s i85°C) without changing the process.

of
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Fig. 1. Schematic of the Power-On Reset Cell

The Power-On Reset cell is used to reset the autfudigital

gates. When the supply voltage reaches the thidsiodiage

level Vg the output of the cell M:sgr switches to low. The
level of the threshold voltage is mainly definedtbg voltage
drop at the transistors in Path 2 and with thispla¢ currents
of the current sources M4 and M13 are comparedxpdain

the main function of the cell two different suppdpurces
considering the rise time have to be distinguished:

1) Slow Rise Time (s)

Figure 2 shows the simulated transient reset veli4gserat

room temperature (27°C) when a supply ramp witlorsstant
slope of 5 V/s is applied. At the beginning of tinansient
examination the transistor M4 causes a current fioRath 1
(see Figure 1). The transistor M13 causes the g®ltavel at
Node 1 to rise with the supply voltage. The voltdgeel at

this node is amplified by two inverters resultimythe reset

Thus a current flows in Path 3 and causes the g®lkavel at
Node 1 to decrease. After the voltage level at Nbdeaches
a certain value (supply voltage reaches thresholidge level
Vtrie) the first inverter (M14, M15) delivers a HIGH
(corresponding to the value of the connected suppltage)
at its output (Node 2). This signal is inverted inghy a
second inverter (M16, M17) and delivers thereforeG\W
(OV) at the reset outputr¢setof the Power-On Reset Cell.

2) Fast Rise Time (us)

Figure 3 shows the simulated transient reset veliagserat
room temperature (27°C) when a supply ramp witbrsstant
slope of 10 V/us is applied. Because the supplyagel is
rising very quickly the Power-On Reset is not atdepull
down the voltage level a Node 1 fast enough. Theeethe
output Vkeser does not switch to zero at the defined threshold
voltage Vg, but when the supply voltage is already at the

voltage \keser Therefore Yeserrises in the same way as thenaximum value. To prevent short pulses (spikefebutput

supply voltage.

Supply Voltag

Reset Vitage

Fig. 2. Transient characteristic of the reset \g@t®reserfor a supply
voltage with a slow rise time

The voltage level at Node 1 rises until a currean @ow in
Path 2. This current is mirrored by the transistd& M10
and finally by the transistors M11, M12 with a facbf 3.

of the cell the RC-element consisting of the trstoss M21
(Capacitance) and M12, M13, M20 (Conductance) g
the pulse duration at the outpupéer
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Fig. 3. Transient characteristic of the reset \g@tskeserfor a supply
voltage with a fast rise time



3  Yield Analysis and WiCkeD [8]. The original design had an overall gigif 72 %
. within the allowed temperature range (T= —-40°C to

Yield Enhancement T= +85°C) where the vyield at the critical operatipgint

(T= —-40°C) was 73 % whereas tpmin—2.6V and

. . V1riemar4.1V (see Fig. 4).
3.1 Monte Carlo Simulation TRIGmaC

The variation of process parameters is derived fribm
statistical distribution of electrical test paraerstfor MOS
transistors and mapped to the variation of SPICEmaters
used for Monte Carlo simulation. The global andaloc
variation of SPICE parameters in the Monte Carlalet® are
defined in the following way (e.g. for the MOS tsistor
threshold voltage vth0): =

vthO = vtnom+ delvt+ delmatxM (1) "

Jod 5

where vtnom is the normally distributed nominal threshold T a4 e e
voltage, deltvt-N(Qs,,) is a global random variable Vs ()

Count

i ot i Fig. 4. Monte Carlo simulation: Histogram of theeshold voltage Ykic
descrlblng the process variation (Wafer to Wafenatmn)’ for the original design at= —40°C, Yield=73%. Specification (solid line)

delmat ~ N(0,1) is a local Gaussian random variablg,q simulated 3limits (dashed line).

describing device mismatch and is allowed to vary

independently for any transistaw,and| are the drawn width

and length of the transistor. The third term of ga@ameter The Monte Carlo simulation at the critical opergtipoint
definition describes the geometric dependence aimaich (T=-40°C) results in the following mean and standar
corresponding to the Pelgrom law [9], where th@esléactor deviation for the output threshold voltage
Asrsm IS determined from  matching parameteYtric: 7 = 398V, s =0.212V .

extraction [4,5]. The distribution functions foretlPMOS

transistor threshold voltage variation corres dm (1) are e .
defined in Table I. J Pogdmn (1) 3.2 Sensitivity Computation

The subsequent sensitivity computation providesrinition

TABLE | . LT .
_ o concerning the sensitivities with respect to preces
Monte Carlo modeling of PMOS threshold voltage variation. parameters
vtnom [V] delvt [V] delmat [V] AvT.sim[MVUM] ‘ ! . . | -
2076 N(0,0.03) N(0,1) 15 ‘ gggrm?rl]r;dcg;.tnbutors concerning the variance e§Yare

the process variation of the PMOS threshold voltage

In order to model the process variations accuratee delvt_p (59% relative influence)

following SPICE parameters for the MOS transistors

(BSIM3v3) have been defined by random variablesvedr - the process variation of the NMOS threshold voltage
from the distribution of production control paraewst vthO delvt_n o

(threshold voltage)u0 (mobility), xI (variation of effective (21 % relative influence)

channel length)xw (variation of effective channel width), - the process variation of the effective channel kidt
nsub (substrate doping)tox (oxide- thickness),cgd/s/bo del_xw

(gate-drain/source/bulk overlap capacitancesd), (diffusion (18 % relative influence).

resistance) andj (junction capacitance). The calculation of The bi . — I
e biggest influence is given by the variatidthe PMOS
the SPICE parameter distribution uses a backwardr er, 'ggest Infi 'S gV y van

threshold voltage where the sensitivity with resgecVirc

propagation method similar to [3] to model the atian of has been determined from the Monte Carlo analgsiaraing

process parameters based on SPICE simulation dfod:o_na standard deviation is,,, =30mv (see Table I) by:

parameters and numerical computation of sensdiuiti

Furthermore, correlations of SPICE parameters afenetl - = OViee _ -0.188V /s, = - 0.188V /003/ = - 63 (2)
reflecting the statistical interaction of processntcol delvt_p
parameters. The Monte Carlo models are implemeated DVirc = Sirp*XOVTP ©)

special device model sections for usage within $®RCE
simulator Spectre [1] and the DFY tool WiCkeD [8,10]. g information is used to calculate an appropristift of

The yield analysis of the power-on reset cell istgrened e p\OS threshold voltage in order to increaseytélel of
using the Monte Carlo simulation feature of the DEOI 4 original design during production.



The sensitivity analysis and optimisation featw&the DFY implemented for the given production process by a
tool WiCkeD are based on an analytical model ofdineuit corresponding decrease of the PMOS threshold aidppgant
behaviour as described in the remainder of thimgraph. dose (implant dose was changed from 3.4e12/¢m
Three parameter spaces are distinguished: The rdegigel2/crhi with an implant energy of 70keV). The
parameters denoted by the vector d implemented solution led to a yield increase of 1fsfiothe
(e.g. drawn lengths and widths of transistors), dperating original design during production.

parameters (e.g. temperature or supply voltage)bawed in

the vector and the statistical parametegsdescribing the

global and local process variation (1). The statst 5 Yield Optimisati()n by Design

parameters can always be normalized to be Gaussian Centerin

distributed with mean valug, =0 and standard deviation 9

= 1for each component. As far as the design propeatie ) ] ]
concerned,the components of the vectdi(d,s, - s, )are the For_ th_e mtended re-design of the power-on reslfathmyleI.d
- , . optimization feature of the DFY tool WiCkeD is usékhis
specified performances of the design (the thresholthge Vig g in . L . .
this example) and the specification vectyydescribes the upperSpeCIaI program optimizes design parameters fohesig
o yield. The yield optimization is based on the wocsise
a“d/‘?ff '(t’,Wer t,’fmf[?]ds for all performances. A C'Lcul‘fet? all gistance in the statistical parameter space. Thestwease
specifications it the expressioni(d,s, - s, ) <f, holds tue. yiance in the statistical parameter space iséogaained on
Finally, the yield Y(d,s;) is the percentage of manufacturedhe basis of the integration region of expressifn (

devices which meet all specifications over the whohnge of The worst-case poirg,. is the set of values of the process

operating conditions and can be expressed as parameter vector that is most likely to occur duyrithe
manufacturing among all process parameter vedbatsmake
Y(d,s,) = pdf (s, - s)ds (4) the circuit violate one specification. For a gissignment of

the parameter vectod, the worst case poins,. for

{sf(d.s-5.9)<fy U g} AN .
specificationl is defined as:

Details on the computation of this integral carfdaend in [6].

Sensitivity analysis is supported both for the perfances i T : ;

(deviation of a performance with respect to a patam) and Swe @ =argnin{(s, -s)&- 91T @As-9=1,} ©

the yield (deviation of the expression for yieldiwiespect to

a design parameter or the mean value of a stafistiThe worst-case distancs,{l-s|| between the worst-case point

parameter). In the present investigation sengitamtalysis of to the nominal value determines the yield of perfance

the performance with respect to the statistical cess no.i.: a large value ofg).-s|| indicates a high yield and vice

parameters has been applied. versa. The automatic yield optimization algorithfVWiCkeD
estimates vyield by worst case points. This enaldes

] ] calculation of the sensitivity of yield regardingesign
4 Yield Enhancement by Shift of parameters, which is not possible from a Monte arl
Process Parameters simulaton. — ,

By this yield optimization, a new solution vectbwas found

that resulted in a yield increase of more than 20b$o

changing only 3 transistor parameters: the chalemgths of

Hwo PMOS load transistors (L4 and L13) and of an Q&4

transistor (L7). The values of the transistor paters cann

be seen in Table Il. The moderate area increas¢hef

As seen from Fig. 4 the 3imit of Vg, at T=-40°C (4.6 V)
is 500 mV too high with respect to the specificatimpper
limit V1ric =4.1V). Since the PMOS threshold voltage is t
main contributor to the variation ofy¥c an appropriate shift

of the typical PMOS transistor threshold to deceedg g by o . )
500 mV can be calculated from the sensiti@y, (2) by 0pt|m|_zed deggn eqables an easy replacement afrigmal
cell without increasing the original layout areaeeved for

500=63>DVIP  DVTP=7SmV ®) this block. The yield increase was verified perfiomgn a

Therefore, an increase of the nominal thresholdagel by Spectre-Monte Carlo simulation within the Cadendd [
+79mV (VTP=-0.76 shifted to VTP=-0.68V) is ableltaver design environment (see Fig. 6).

the maximum output by 500 mV and enables a8sign for

the given operating point. The increase of thedyislverified

by Monte Carlo simulation assuming shifted process

parameters vtnom=-0.68V in (1) and results in thioWing

mean and standard deviation for the output threlshekc:

n=37,s = 02v and a simulated overall yield of 98 %.

The shift of the nominal threshold voltage has been
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Fig. 5. Layout of the original design (upper) ante t optimised

design (lower ).

The total computation time for the yield optimizatiwas one
hour using a parallel LSF-based simulation envirentrand

5 servers.

Original Design

Optimised Design

TABLE Il

Yield optimisation results for power-on reset cell.

Original Design

Optimised Design

Area=2055pm?

) ) Y=73% Y=98%
Monte Carlo Simulation 1=3.98V H=3.7V
at —-40°C
=212mv =191mv
Total Yield Y=72% Y=93%
. L7=6pm L7=7um
Design Parameters L4=L13=75um L4=1.13=150um

Area=2446y1m?

The yield increase was verified performing a Spebonte
Carlo simulation within the Cadence [1] design eowiment

(see Fig. 6 and Table III).

Count

Fig. 6. Monte Carlo simulation: Histogram of thee$hold \fric for the
optimised design at worst-case-operating point U024 Yield=98%.
Specification (solid line) and 3imits (dashed line).
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6 EXPERIMENTAL RESULTS

process window verification is used. The wafera @pecific
production lot are processed in different ways amd
production split reflecting different corner condits is
applied (group 1: typical mean, group 2: worst-gageer,
group 3: worst-case-speed, group 4: worst-caseandegroup
5: worst-case-zero). The worst-case-conditiongHerNMOS
and PMOS threshold voltage are spanning a rectanguéa
over the allowed specification (NMOS: 0.68V to 0/84nd
PMOS: -0.68V to -0.88V). The groups are realized/émying
the threshold adjust implant dose for NMOS and PMOS
transistors. A good yield over all split groupseuivalent to
a long-term production stability. For the poweriaset cell
the defined process window is especially suitableetrify the
robustness since the variation ofgé mainly relies on the
PMOS threshold variation as determined by the Heitgi
analysis. During electrical wafer sort, the thrddheoltage
V1ric is monitored at T=35°C and a test limig,¥#3.9 V is
implemented in order to screen out bad parts at low
temperature (parts with¥¢ > 4.3 V at —40°C). This guard
band limit is implemented to avoid a low temperatsiort and
is calculated from the linear temperature slopehef reset
voltage (TK = -5.8 mV/K). The original design had
measured mean valug = 373v and a standard deviation
s =0.3v for all split groups. The total yield of the origin
design is 69 % (n= 493 out of 606 parts) and clos¢he
Monte Carlo simulation results (72 %). As expediedn the
sensitivity analysis the most critical corner faistdesign is
the worst-case-speed corner (large magnitude of MO
threshold and NMOS threshold voltage). For the inalg
design, all parts are out of specification for therst-case-
speed corner (see Fig. 7).

worst casespee(

worst case power

Vire (V)

Wafer Number

Fig. 7. Original design: Histogram and Box Plotsifeeasured reset voltage
and different split groups. Totaleasuredield is 69 %. Wafer test limit
Vguare 3.9V .

As predicted by simulation a clear improvement miduction

yield can be seen for the optimised design (see&igvith a

measured mean value pu=3.38V and a standard deviatio
=0.23V.

For experimental veri_fication the yi.eI.d of the_cupifsed de§ign For the optimised design all measured parts li@voehe
is compared to the yield of the original designpogduction  critical production limits (= 3.9V) and the yield is 100%

measurements on wafer level (wafer sort). Therefae



for all split groups (=997 parts). The measuredstvoase-

distance (sigma to target) increased frons i@ the initial

determined by simulation based yield optimisatidrere the
goal was to keep the device area as small as p®ssid to

design to 2.8 for the optimised design at the low temperatureaximize the worst-case-distance. The simulatedld yie

corner.

Vguard

worst case speed

Vire (V)

N

worst case power

Wafer Number

Fig. 8. Optimised design: Histogram and Box Plotsnfieasured reset
voltage and different split groups. Totatasuredield is 100 %. Wafer test
limit V gyar 3.9V .

Figure 9 compares the histogram of the critical svarase
speed corner for the original (a) and the optimidesign (b).
For the original design all parts are above the ligst of
3.9V. For the optimised design all parts are betbe test
limit with an additional safety margin of 100mV tioe guard
band.

Fig. 9. Worst case speed corner of the originah(a) the optimised
design (b). Test Limit = 3.9V (solid line)

7 CONCLUSION

A yield optimisation of an IP block (power-on resetll) was
carried out using automated simulation based desgtering

and verification by experimental results. Firstfical process
parameters have been determined by sensitivityysisal

allowing the improvement of production yield (15%0) the

initial design by adjusting the PMOS threshold iamldose.

improvement (25%) for the optimised design was
experimentally proven by process window verificatid he
quality of the simulation results heavily relies the accuracy
of SPICE simulation models (Monte Carlo models)eatfng
the global and local variations of the productiomagess.
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In a second step a new set of design parameters was



