A Method for Detecting and Monitoring Defects BACKGROUND OF | NVENTI ON
Field of the Invention This invention relates generally to nethods to
control processes and to screen product and nore particularly to a
statistical process control nethod for using regression analysis and
goodness of fit nmeasurenents to control processes and/or to screen devices
and nore particularly to a statistical process control nmethod for using
goodness of fit measurenents to control el ectronic/sem conductor
manuf act uri ng processes, such as resi stance and void defects in conductive
| i nes. Description of t Pr'o Dur i ion of sem conduct or
devices, multiple fi Mﬁ&ﬂé‘r’lgr 'ﬂgﬁé‘gqﬁgﬁggﬂn Weteg?s{ rate. Preferably,
the filmlayer should forma continuous coating of wuniformthickness over
the entire surface of the substrate. For exanple, a netal filmlayer may
be used to cover a dielectric layer, wherein the dielectric |ayer includes
hol es or trenches extendi al filmfills or
conformal ly covers the hoﬁ§§3%§%£ﬁ?gnc e@qlﬁpﬁhggglelectrlc | ayer to
provi de a conductive path through the dielectric layer to the |layer or

| ayers beneath the dielectric layer. After the netal filmis deposited on

t he diEiebtofrthe Ihwgdion it may then be masked and etched to formisol ated
metal interconnects sbasadef any
hol e or trench by aT%@”nQQEPﬁq?%&Eg%%%%ﬁﬁgfg y&gﬂﬁgggﬁﬁlkafhnlof t he

t hi ckneggedaf rbcﬁlﬁtﬁﬁiﬂlbré‘;bdrﬁi&ﬂﬁno&letsﬂhsunaitﬁnmeds eintrol miethod| fayesingand t he

dept h of the hol e or trench. 02 ensure that the i terconnectsrtggg on the
subst r ategrassion apajEsis grkgaadaess|od & me@%ﬂrelaf:rgbg)rqqngg PRSP dR YS! t he

metal filmdayginse B%Eﬁlﬁgy A LBERYPSLEAS Bontiol method for using goodness of
fit measurements to control electronic/semiconductor manufacturing processes, such as

resistance and void defects in conductive lines.

Description of the Prior Art

During the fabrication of semiconductor devices, multiple film layers
are deposited on a substrate. Preferably, the film layer should form a continuous coating of
aniform thickness over the entire surface of the substrate. For example, a metal film layer
may be used to cover a dielectric layer, wherein the dielectric layer includes holes or
trenches extending therethrough. The metal film fills or conformally covers the holes or
trenches in the dielectric layer to provide a conductive path through the dielectric layer to
the layer or layers beneath the dielectric layer. Afier the metal film is deposited on the
dielectric layer, it may then be masked and etched to form isolated metal interconnects on
the substrate that extend above the base of any hole or trench by a height that
approximately equals the sum of the thickness of the metal film deposited on the dielectric
layer and the depth of the hole or trench.

To ensure that the interconnects formed on the substrate have the

desired electrical properties, the thickness of the metal film layer deposited on the substrate
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must be maintained within a specified tolerance band. If the nmetal filmis
too thick or too thin, the height, and thus the electrical resistance, of
the interconnects created on the substrate will fall outside of the desired
tol erance range. Likewise, if the thickness of the $ filmlayer is
substantially non-uniform the electrical resistance of a potion of the
interconnects will fall outside of the desired tol erance range. In these
cases, the devices ultimately forned with the interconnects that fal

out si dg, af 4 ﬂﬁmﬁfg&&f@mﬁﬁ 'sPBAReMdidraii® badefI€ e eal fOneisred thick aftoaret hod of
noni t oring I ckness an electrical l%q conductive fi.l m eposited on a
sem cottdnl,othehmghllbsmd éwetheselwérl@?éa%tﬁﬁ@cﬁ 1 1o intarsqnRssts SkaEH B8 st ance of

the I:Nléu rg‘?cg\?nil&gﬁ {;;sosﬁ n&;e%irgé tcidth et rh%@s L?k%vﬁ&”m%ﬂé bfndl@léﬁﬂfeﬂe with one

of g appar at uses. ti-point probe may be placed
into comhagter M dubstahigly donnodi foyer thb@lam&asahremstahee olespatoanddhof the film

| ayer between the points, or. a non- ntactin curre may be
pl aced lthCpWFSWﬂVaWﬁlqeh)ét%%fr?%fo er?%cerf@é%uel CE@’%% C‘rjlselil’n[{’1 B%Xg%i%st ance of

the fil ;E‘mS}X 5/ orrRaP St HRAR IR SRO R FASRSANGRY R srencbtbacnedl feor t he
filml & n-conparison wth the tol erance band for the sheet resistance

val ue @efictite prior sheet resi stance val ues obtained fromthe sane batch
of substrates, a determ nation can be made as to whether any adjustnents
in the operating paraneters of the deposition chanber need to be nade.

Exanpl es of a resi Sg AR GRUNRATHERRNSf Bkl tRinghRethidk@sissdfianicteptricaas ur ement
are provided here. Resistance can be neasured on a two paqint a3&Eucture (not

shown) .cofd@tiv fithaagosich ermatsewiiongueion SUpIvISTe MERYERNY %leﬂﬁ? ¢4t the
prior art for f}ﬁu“ ng the resistance value of a device 1000 (e.g., a
resi std’?‘%ls’ffll?‘?eé’rﬂ? rated circuit. In FIG 1, device 1000 is connected to

four termnals (padghe 4RRLrctRRAce HCEOY finitgs tomirvaly measured with one of
two different measuring apparatuses. A multi-point probe may be placed into contact with
the film layer to measure the resistance of the film layer between the points, or a non-
contacting eddy current probe may be placed in proximity with the substrate to measure the
sheet resistance of the film layer. Based upon the sheet resistance value obtained for the
film layer, in comparison with the tolerance band for the sheet resistance value and the
prior sheet resistance values obtained from the same batch of substrates, a determination
can be made as to whether any adjustments in the operating parameters of the deposition
chamber need to be made.

Examples of a resistance measurement and a sheet resistivity
measurement are provided here. Resistance can be measured on a two point structure (not
shown). FIG. 1 shows schematically a four-point Kelvin technique in the prior art for
measuring the resistance value of a device 1000 (e.g., a resistor) in an integrated circuit. In
FIG. 1, device 1000 is connected to four terminals (pads) 1001-1004. According to the
four-point Kelvin technique, a current I is forced through device 1000 via terminals 1001
and 100ﬁ, resulting in a voltage difference V-V, across device 1000. The voltage

difference is measured across the other two terminals 6003 and 6004. The resistance R of
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four-point Kelvin technique, a current | is forced through device 1000 via
termnals 1001 and 1002, resulting in a voltage difference V 1-V2 across
devi ce 1000. The voltage difference is neasured across the other two
term nals 6003 and 6004. The resistance R of 2 device 1000 is provided by:
R=(V i-V2)/1 Sheet resistance Rs is a convenient neasure of resistivity of
a conducting layer. FIG 2 shows a Kelvin structure 2000 In Kelvin
structure 2000, rectangular portion 2201 for which a resistance is-

" measur gevicheoiteggudvadediorti on 11201 has a length L which is much greater
than its wwdth W A current | is forced across the |ength of rectangul ar
portion 2201 vi a probe pads 2202 and 2203 to create a voltage difference
AV=V1- Y2 LI jthe length of rectangular portion 2201, which is neasured
across p#obe gads 2204 and 2205. The sheet resistance (Rs) is thus

determ ned by: Rs AVYI*VVL By choosing a width Wwhich is nuch |arger
than the m ni.nal for Lyd) question
(e.g., eW\?’iifmc)e Sl%éla\? I}\/m PHEE asrugggg%gfs ‘%bfﬁ%@&gﬁﬁ nsren5| tive to CD
| oss. Further, by hani mkshawkanditinlstrottote H06dh &eltihamudties 2008t h Wt her eby
raising its resi stance R al on Ien th L, test E‘ucture 10 0 tains a
rel at i vedtyngue @suicad 281 ol Wh’@g adesiy %ﬁ%@eﬂ?ﬁg SHAREETRG ggi and 2205,

while SYohiLag PXASSNYSaSALLNG P SRkp vheCaUTEN 0% fhedrelcat ineel y sral | er

current or provided only for illustrative
pur pos gendifof Refanglilbep@Etiape20ff viapeotpqratis BR02aw1dcP3 whicshte &‘ééﬁag% ance is

neasured I1s not essential for achieving the resu e. vi de the
requi sidiffenaness dvapi eV dengthedength ghregipgulas %TIP%%(?IH V{qﬁ\ﬁ i lEl)lre‘gtl on of

current fl By 184 ﬁ@ﬁc%f REN@thiué & té{frﬁlﬁéd bye W dth
suffi ceaé:rosggm\%)?%gs ?%4 a?‘é%?g% ZZOIE%‘%U 1 RSN )

Rs= AV/I*W/L

By choosing a width W which is much larger than the minimal width
Wi for conductors in the layer in question (e.g., W=20% W), Kelvin structure 1000 is
relatively insensitive to CD loss. Further, by having a length L much greater than its width
W, thereby raising its resistance R along length L, test structure 1000 maintains a relatively
measurable voltage difference across probe pads 2204 and 22035, while avoiding excessive
heating effects because of the relatively smaller current. Rectangular portion 2201 is
provided only for illustrative purpose. In fact, the shape of the portion across which
resistance is measured is not essential for achieving the results above. To provide the
requisite measurable resistance, an effective length in the direction of current flow which is
significantly greater than its effective width suffices. For example, region 2201 could be
replaced with a serpentine resistive trace which has a total length greatly exceeding its
width, provided that the resistive trace's width significantly exceeds the minimum width
Wi for the conductor layer. A field solver can be used to calculate the effective length-to-

width ratio, and hence the relationship between R and Rs, using well-known techniques.




replaced with a serpentine resistive trace which has a total length greatly
exceeding its wdth, provided that the resistive trace's width
significantly exceeds the mnimumw dth Wn,, for the conductor |ayer. A
field solver can be used to calculate the effective length-to- width ratio,
and hence the relationship between R and Rs, using well-known techniques. 3
Resi st ance neasurenents are common nethods to nonitor and control the
resistivity (sheet resistance) and width in sem_conductor progessing.
However, the i nvenResistaas mwntbm@ﬁ@@a@fﬁmoﬁ@a@m@ﬁ@m@“ﬁp n %‘?Yé’i” 1y not

sensitive enough to detect .smpll. . |ow |.ev : Rt d def ects.

The serfh%fﬁﬁtf%’t%bﬁs SrtdCHERey %r?gédtﬁl Hhi\ggi‘?%“%lblfﬁﬁgﬁﬁ%%‘“ égg%ﬁr’on nmanual

m cr Oscig%rﬁor 1R G R Esi S8R @NhédburcidnOrmE geheralbpet stmititeerhnglyivedtecd find and
e

screen ects. These techni ques becone |ess effective, however, as
geonet rinesd], kontdvaludefedts sadlr dsieid A¢fect-he deep submicron regi me, since the

size for which def ecrrtngﬁare 8(51!1(:%1‘%%'(16?(‘,!0?1’81&1‘0? B pl%gﬁg,t(fepgﬁtcela@s interior

voids in conductive guiIcgPeeven nore lcult to detect, visually.
VDI 0V e, SO MRcESIBR, Gnd Mlotdreastst nesmateddupectiomiedmiques Ap finaed, may not

appear until|l several process steps after the A conductors - l.pspect ed.
Ther e i sreenrieéatst &heﬁtepmﬁ‘éﬁ?éﬁc?ﬁ%@é%&%‘Hﬁ Wt aagg?%%t%g%\?%nzlrlﬁhgg

method o he sensitive to spall variatl aRSideToPRARUERECREE cldddiaBo such as
sheet r@sgihgfﬂé?fg%.%he Afﬁgsﬁgigr}rnp%%aljﬁ%le 6%1%%%/%3%6% ng the various deficiencies
not ed afpuR. iMcfec@yidBRAE aderdyt viokis inxbehsiive lineschin ovagners didieul|te ArEs!

directed to the subject, as docunented by .t he relevant. pat chni cal

literat uitseaﬂyméox@pwe%qmea%ﬁfe%ﬁaﬁ?ﬁ jigpss %‘E}P‘ée%r"é’l“iifgﬁ%‘ 1%“3%6%%%‘?%%1’%

devel opng tfgé{gl rﬁr@%s??t%ﬁ?éﬂéritﬁeeAﬁ&dﬁrdﬁct%%ﬂVQ@ isdpe@p@d by considering US
ang ‘et al.

6, 403, 38 shows a nethod for neasuring sheet resistance. US
5,627,101(Lin et al.) shows a test nethod for electro-mgration

There is a need for an improved process control and device screening

method to be sensitive to small variations in measured test values, such as sheet resistance.

The importance of overcoming the various deficiencies noted above is
evidenced by the extensive technological development directed to the subject, as
documented by the relevant patent and technical Jiterature. The closest and apparently
more relevant technical developments in the patent literature can be gleaned by considering

US 6,403,389B1(Chang et al.) shows a method for measuring sheet resistance.

US 5,627,101(Lin et al.) shows a test method for electro-migration

using a Metal and Poly test structure

US 5,987,398(Halverson et al.) shows a method for SPC for a process

having a non-constant mean of a response variable.




using a Metal and Poly test structure US 5,987, 398(Hal verson et al.) shows
a nethod for SPC for a process having a non-constant nean of a response
variable. 4 US 5, 883, 437(Maruyarma et al.) discloses a nethod for applying a
time varying voltage between the electrode and wiring pattern at different
| ocations. US 6, 466, 038(Pekin, et al.) shows a nethod for non-isothernal
electro- mgration testing of interconnects. US 5,514,974(Boul din) shows a
met hod for testing for nmetal failures by using 2 different tes

t.
structures. US 6, 087S SSBeHidAd riyhoast alogtischasesie method foT ARIMYIREA 1879 i ci de.

US 5,552, 718(Bruce et al..) .sho a,tes g and line

neasur &REHE wétaswgmw &—g) %O\ABF\IWFé§ ? %{eﬁgétg{ﬂﬁ%%?{elgtéag’ggan enbodi nent of
the present inventigg 6&4236503@@6&@1,%1;5119@&6@33m}ﬁddﬁknom—i@dre@eni&iq:tmet hod. It
is an objective of an enbodi nent of the invention to provide a test nethod
t hat i snigemtishtdstieg bbintaepinggel defects. An enbodi nent of the present

i nvention provides I I i 1aZ edluas; Hyol | ows.
First, test rreasureﬁégg@g%&géoélggl%%e%@ggﬁgrfgr &gg{ggi%%lgﬁ at a pl l}(r)al ity

of I ndeppdeniferat icdtin@ciadsues. Ve cal cul ate a goodness of fit value for a
fitted curve between : é\i}l')) t he test neasurenent val ue?' an e(2) t he
kg9 (H dretiit

i ndependent vari abHé & Vgl SROVHESHHUGHES Y 1gpit al'ue to nonitor
the processes used {@ { O8I {diBruce et al.) shows a test structure for space and line

measurement.




devi ce. Anot her aspect of the enbodi nent includes using control limts on
the goodness of fit val ues. Another aspect further includes using control
limts on the goodness of fit values; the control limts established based
on a history of goodness of fit values or on device requirenents. Another
aspect further includes the goodness of fit is a correlation coefficient
or a standard error value. Another aspect further includes the fitted curve
is a least squares fitted straight |ine. Another enbodi nent of the present
i nvention provides a nethod of testing which is characterized as foll ows.
a) providing a device structure that has at least a first test structure, a
second test structure and a third test structure incorporating a resistive

portion from which resisg ApymaymmvﬁN([:IDN he resi sti ve portion
havi ng an effective |len an effective width ( rP}5!53}2) t he

first, second and tlhisrah abgst O’émr @@b@ﬂd@?fmﬁsf\ihe prgsgnd ﬂri‘i?éﬁorb@r §%i t h

dlfferent effective w dths (t%;ll W, .... W); (3) the resistive portion of
the fi P‘é’tcesssc@%ﬂlcprzfﬁ?fe’tnﬁgf‘&e]? pe test structures have effective |engths

(L1, L2, .. Li); b)yneasshédtgebhen eebodiencef thi)nvefitisthe frewide stestict ur es;

method that is sensitive to low level defects.

An embodiment of the present invention provides a method of testing
which is characterized as follows. First, test measurement values from a device are
obtained at a plurality of independent variable values. We calculate a goodness of fit value
for a fitted curve between : (1) the test measurement values; and (2) the independent
variable values. We use the goodness of fit value to monitor the processes used to form the
device.

Another aspect of the embodiment includes using control limits on the
goodness of fit values.

Another aspect further includes using control limits on the goodness of
fit values; the control limits established based on a history of goodness of fit values or on
device requirements.

Another aspect further includes the goodness of fitis a correlation
coefficient or a standard error value.

Another aspect further includes the fitted curve isa least squares fitted

straight line.

Another embodiment of the present invention provides a method of

testing which is characterized as follows.
a) providing a device structure that has at least a first test structure, a
second test structure and a third test structure incorporating a resistive

portion from which resistance is measured;
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c) calculating the goodness of fit value for a fitted curve between: (1)
the effective length divided by the neasured resistance (LI/R, L2/R2,

..Li /Ri); and (2) the effective widths (W1, W, ..W ) of the test
structures; d) using the goodness of fit value to: (1) control the
processes used to form the device or (2) screen the devices. An advantage
of the enbodi nent of the invention is that the goodness of fit
measurenents val ues are sensitive to low | eve] defects that Y not show up
in standard SPC met hods. (Borthexesifsive poktiea hamBedn F%VealF’égj‘EZﬁ Y

resi stance neasurenent to nonitaq : | defects (e.g., voids
defects) in netal |ines where taﬂggf\?%t?\rg vglg)flﬂedcvt@)\é)e rai se the resistance, but

not enough to exceed traditional control limts. Additional objects and

advantages of enbodi ments (dheglmvanid.on1 Md thirbeest Sihctdres hiveirdsisthe
description that follows, "and in part will be obvious fromthe description,

or may be |earned by practi ce poftiansavihrdiffpnenigffective volipetVd Wisted above

are inconplete and do not limg,.the invention in any way. The objects and
advant ages of enbodi nents of th %7 i nventi on may be realized and obt ai ned
by means of instrunentalities and conbinations particularly pointed out in

the append clains. 8 BRI Eqéﬁg%%%g};o%nw@lm@ws%dﬂﬁe thiedtype est and
(0)

advant ages of a test neth according'to exanple ‘enbodi nents the present
invention and further details ofruaucsitvotifentivhdgihs (hécht.ddride with
enbodi nents of the present invention will be nore clearly understood from
the foll owing ddscmieptiriog theatcsintanee Forjf GTESGHUAES: t he acconpanyi ng

drawi ngs in whi Ccr)] | icégulzrit?r];get%g réggdn%gsngfr ﬁtl value for a fitted curve between:
© (1) the effective length divided by the measured resistance (L1/R1,
1L2/R2, ..Li /Ri); and
(2) the effective widths (W1, W2, .Wi) of the test structures,
d) using the goodness of fit value to: (1) control the processes used to form

the device or (2) screen the devices.

An advantage of the embodiment of the invention is that the goodness
of fit measurements values are sensitive to low level defects that may not show up in
standard SPC methods. For example, the embodiments are can use resistance measurement
10 monitor for low level defects (e.g., voids defects) in metal lines where the void defects

raise the resistance, but not enough to exceed traditional control limits.

Additional objects and advantages of embodiments the invention will be
set forth in the description that follows, and in part will be obvious from the description, or
may be learned by practice of the invention. The objects listed above are incomplete and

do not limit the invention in any way. The objects and advantages of embodiments of the




designate simlar or corresponding el enents, regions and portions and in
which: Figure | shows a four-point Kelvin structure 600 of the prior art
for measuring resistance of a device according to the prior art. Figure 2
shows a four-point Kelvin test structure 1000 for determining a sheet
resistivity for a conductor |ayer; four-point Kelvin test structure is
relatively insensitive to critical-dinmension |oss according to the prior
art. Figure 3 shows an exanple of a fitted curve (straight jnq% cal cul at ed
for: (Ijvehsemuiagbe rtwdizodasloweinedby srancel iprumentalitge andoPpgaFect i ve

| ength (RI/L1, R2Q¥2.".. Ri/Lib nd (2) (x-axis) the effective widths (W,
v, . . pacylagly popued Qldn Jhe R égﬂn%ccording to an exanpl e embodi nent.

Fi gure 4A shows an exanple frequency plot of r (correlation coefficient)
vs frequency according to an exanpl e enbodi nent of the invention. Figure 4B
shows an exanple "goodness of fit value' (e.g., correlation coefficient)
vs sanpl e show ng an exanple control Iimt according to an exanple

enbodi ment of the invention. Figure 5B shows a table with resistance data
from2 different test site (with different widths) and at two tenperatures
according to an exanpl e enbodi nent. 9 DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS The inventor has found that conventional Statistical Process
control nethods are insensitive to |low | evel defects. For exanple,

resi stance neasurenents are comon nethods to nonitor and control the
resistivity (sheet resistance) and width of conducting lines and resistors
in sem conductor processing. The inventor has found that resistance
measurenents can be used to detect defects that increase resistance. The




inventor has found that traditional SPC nethods using neasured resistance
measurenment val ues are not sensitive to nonitor |low |l evel defects (e.g.
nmetal voids). The resistance values are relatively insensitive and al so
anbi guous, as the fluctuations due to defects are conmpounded with the
fluctuations due to resistance variations that may al so arise from

conposi tional variation or dinensional variation. The inventor has found
using 3 sigma control limts on resistance neasurenents were not sensitive
enough to detect small, low I|evel defects in netal |ines, such as void

defects. Resistance EXWIEWES@RWTHW@)@TE@@AW%!‘,O' limt have been
fal se signals for netal vording. €se false alarns at ed del ays

shi ppi ng waf er s as widielfeajureg andsddyantages Oﬁﬁpﬁbmjltd&t)di V@Odétpgi oyenenpleof

FeSour L8680 difent %? sF&%hx?enYmg térh(f {UITH(?IIC% ail¥ 9 ? ﬁ Hle h%d été%:%@@%eﬁ%ﬁ%ew An

exanple eé% nent nv s a e ss of
fit vaémlmdﬁaaasmﬁthapmsm@ﬁmﬁm ailr i&gﬁ@ssle@ﬂy nﬁd@um&frcﬁml’tﬁa fogoweghni que
test/n&asurene corre&ééon correh%%ion coefficient, standard error)

for a $ESTPIRLT %‘?nj f%@“@n WIdLT EEYRBYUY eI AW RT ’tno‘?’}i”ﬁl@}"%‘?:rregé?ﬂcﬁ@u@teiaﬁsor
Pr 0CesgesfRe s@hilar bP @or%ﬁéifﬂﬁlﬁsel%exfté tregftﬁ{s‘%lﬁd @51‘ti%ﬁ§ add i@ Wfclf: €gr essi on or

curve fitting technique. m ni mum numnb of test values required to
cal cul ate a goodness of flt test is obtalned 10 A curve is fitted to the

test paraneters val ues érglgh?\?f{iz?%% et V@l |%% %ttu}e 60% he&g Olrgﬁgendent

variable (s). A goodn ur enent ion

coef f i mesntihg tesispecd arakdicemctdi¢ing tr e pridinet. goodness of fit measurenent
value is used to screen devices (wafers) or for process control. Control
limts or scrap limts can be established on the goodness of fit

measur erre_nt _val ue. ThgygEDQHWENous pSRORASHSeQbtrhdtbre 1866 fdr dckhialyt to be
nore sensitive
a sheet resistivity for a conductor layer; four-point Kelvin test structure is relatively

insensitive to critical-dimension loss according to the prior art.

Figure 3 shows an example of a fitted curve (straight line) calculated
for: (1) (y-axis) the measured resistance (Ri) divided by the effective length (R1/L1,
R2/L2,..Ri/Li) and (2) (x-axis) the effective widths (W1, W2, .._Wi) of the test structures

according to an example embodiment.

Figure 4A shows an example frequency plot of r (correlation

coefficient) vs frequency according to an example embodiment of the invention.

Figure 4B shows an example “goodness of fit value” (e.g., correlation
coefficient) vs sample showing an example control limit according to an example

embodiment of the invention.

Figure 5B shows a table with resistance data from 2 different test site

(with different widths) and at two temperatures according to an example embodiment.




t han conventional SPC nethods. One reason for the enbodi nent sensitivity is
that the enbodinent utilizes multiple nmeasurenents for curve fitting. In
contrast, usual SPC nethods use a single nmeasurenent. Moreover, the
exanpl e enbodi ment for nmonitoring resistivity tests resistivity on
multiple width Iines, both larger and at | east one that is equal to the

m ni mum usable line wdth of the particular technol ogy. For exanple, 0.18um
CMOS technol ogy has a drawn 0.18um pol ysilicon and width. |If desired, one
measur enent can be made on a snmaller than the usable linéw dth to enhance
the sensitivity to small defects but at the risk of introducing false
signal s because the process may not be fully capable of a smaller w dth.

A. “dependent DETARDEPDASERIPPIIOND KT HE PREFFRRTY PAINGDYSINTE syl t
val ue) is the dependent  variable. nt
vari abl es. For exanple, the independent variables can be paraneters of the

test structure (e.g. i r_wi dt or test condi.tio e.g.,
tenperature). The tezlt]g @gklﬁéés)h%s\gﬂu J;algtbcfogiv?fgﬂmaggrﬁﬁﬁﬁ[)g ‘i?(%??éi"ﬁ%‘t“i’lon of test
st ruct umeshodanet ineatsitvend idw RRS] AWfedYFRRBpNASREAEEMeaMALhakl 8¢S) . For

exanpl e, the teséﬂ¥alues,can be measured on three different test sites
t hat haV8THINBFEMS ip Saqniter prrbeanties theapsgivity{eherestispacamati evidthadn be

obt ai ne@oﬁh(cgi?%li?&fatenrc%gieﬁﬁorst?ff%erﬁﬁgn&u% gr%r%q%%sgﬁg?{‘l{m? l&ﬁn%e&qtiﬂﬁ%gﬁ@%l AR

condi tions . erature, current, *v Q@tetc.).
| n addi t4sotancdnfeharements oarbbaadet amdetodt ddeReNB&Theréaki rahitiBfceargepossi bl e, 11

such as.nakin asyrenent.s o wo different test site configurations at
two di ff‘bVFEEr‘?f ﬁasrc%HH‘i? f}}%ﬁ@ém%&ﬂtg & WEHBdT Ui MpRRERSTesipEnGeaneasbieaen( N -

degr ees valfied 4:8 @80 hsitive to monitor low level defects (e.g., metal voids). The resistance
values are relatively insensitive and also ambiguous, as the fluctuations due to defects are
compounded with the fluctuations due to resistance variations that may also arise from
compositional variation or dimensional variation. The inventor has found using 3 sigma
control limits on resistance measurements were not sensitive enough to detect small, low
level defects in metal lines, such as void defects. Resistance excursions outside a 3 sigma
control limit have been false signals for metal voiding. These false alarms created delays
shipping wafers, as well as causing the unproductive deployment of resources to

investigate whether metal voiding was present.

Overview

An example embodiment of the invention is a method that uses a
goodness of fit value measure arising from a regression or curve fitting technique
test/measurement (e.g., correction correlation coefficient, standard error) for a test
parameter (e.g., resistance) for monitoring/screening or for process control. The goodness
of fit value arises from a regression or curve fitting technique. The minimum number of

test values required to calculate a goodness of fit test is obtained.
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i ncrease, the m ninum nunber to data point is required to obtain the
goodness of fit values increases (N+2). B. goodness of fit tests The
enbodi ment can use many types of goodness of fit tests, such as

correlation coefficients (r or r-sq), standard error of the regression, F
test statistics, or other types of statistics that evaluate the difference
bet ween the predicted values of the regression to the actual neasured
values. C curve fitting The curve fitting formula or nodel relates the
dependent vari abl e t g\ tiree is fritteipe ticetast pasmcadik ealudh@e. e npahdepntsridbdy) use

any type of curve fitting fornmula, such.as for exanple, a strajght |ine,

c u%/v e?/ P ﬁ{l‘% B Flepensls P@%ngﬁl (?)‘ '[QFI g@%%ﬁ%qi}ﬁ&leaégrﬁgwgﬂgeptafqg.oq:orrqlzg@gr i thnic
equat i oRocfBsRAD/iEparhaRi Whe OfrveleiHRG8824R 8%%%&&&11&@% g8 i Qkq fPNi toring
resi stance on _electronic devices An exanple enbodi nent o the Invention is
a net ho8CE% Ry 1¢Fs SWASY ofor mrpgesy epnel.( Somtrol liwity @i satapdimitomhfbieci ent) f or

resi st aggey(desbn BRY BIREL o dlSRSSERLVagIAD ©) on a wafer (e.g. . device

structure) to screen ects or Tor process control. The resistance is

neasured on at | eastTi ehbddiments g@ethestof fie tadf @Sthbhat thBY motd §dsignt

wi dths. .-The correlation coefficient is calculated for the |east squares
st r ai ghtP@picRBVentionglrSHteriediodnc Onepaisge feiche embpdisienysenvitisitnis( thatitsendent
val ue) . ; 3 0 j ] A ice st ure, such
e A O R R e I S T O SO PRI R N e e,
second tegtodsusacsivgle naadwamenhi Mbréwst, thd exsiple embddimehe®l nhltghgr es

prefer apels%tiivf?}g UL rrezsi%sgvi?y o8 Snin?l%i{)l\é%viaglrl&rile(s),nb(;ﬂrl ?a?qge:%%nd at least one that is equal
to the minimum usable line width of the particular technology. For example, 0.18um
CMOS technology has a drawn 0.18um polysilicon and width. If desired, one
measurement can be made on a smaller than the usable linewidth to enhance the sensitivity
to small defects but at the risk of introducing false signals because the process may not be

fully capable of a smaller width.

A. dependent variables

The test value (e.g., measured value or result value) is the dependent
variable. Other variables are independent variables. For example, the independent variables
can be parameters of the test structure (e.g., resistor width) or test conditions (e.g.,
temperature).

The test values can be obtained using any combination of test structures
and test conditions or any other independent variable(s). For example, the test values can
be measured on three different test sites that have different test structures.

Also, the test parameters can be obtained on one test site, but the tests
are performed under different conditions (e.g., temperature, current, voltage, light

intensity, etc.). In addition, different combinations of dependent variables are possible,
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whi ch resistance is neasured. For exanple, see resistance test structures
in figures | and 2. The resistive portion has an effective length (Lx) and
an effective wwdth (W). The first, second and third test structures have

resistive portions with different effective wdths (W1 W, .... W). The
resistive portion of the first, second and third type test structures have
effective lengths (L 1, L2, .. Li). The effective |lengths can be the sane

for all test structures but do not have to be. Next, the resistance (Ri)
of eachsush ashenkimsmeatransniy estvedifersutetsite cdafighawons ot thb dufeed, a fitted
curve can Cpte calculated for: (lI) (y-axis) by the effective |length divided
t he mea¥i¢YPesi st ance (e.g., dependent variable) (L1/R, L2/R2,..Li /R)

and (2) (x-axis) thesefib@ehibeoMhdiiRdWar W deofde { vari abl e)
of the test structures. In this exe#r%%l_e, ?I%%gss@squrggg???%‘g&strai ght
| i ne calcpass drcuinmem nunfer 1a dits peloampkeyiragdte obtahteaobdnanef finddgandent

vari abl ssune the L is not changed - e.g., LI =L2 = ...Li),
t here igmge\é\ldeesgre%%of freedom (N). Therefore, we need at |east 3 data

points (N +2) to calculate a goodness of fit neasurenent. Also, if all the

test sites hBve the goodnedd offit tastbength (L), the fitted curve can be
calculated for: (1) (y-axis) one divided by resistance (e.g., dependent

variable) (I/R, 1/TRR.embodimert cARiide mmey {yRds ¢Heoadhd) of feteefsf @ehiaye wi dt hs
(w, V\2¢O . 1\@5’ ) g'gndgﬁ?egdent vari$ble oqt the test structures. In this
exanpl e°TF TR IR OF It e 244 d FAL of thp segraioper desf slatisiicacpr other

types of statistics that evaluate the difference between the predicted values of the

regression to the actual measured values,

C. curve fitting

The curve fitting formula or model relates the dependent variable to the
independent variable. The embodiments can use any type of curve fitting formula, such as
for example, a straight line, curve, nth order polynomial, trigonometric, exponential, or

logarithmic equation.

Example emboediment of Using goodness of fit values for monitoring resistance on

electronic devices

An example embodiment of the invention is a method using goodness of
fit value (e.g., correlation coefficient) for resistance (test parameter — dependent variable)
on a wafer (e.g., device structure) to screen for defects or for process control. The
resistance is measured on at least 2 different test structures that have different widths. The
correlation coefficient is calculated for the least squares straight line fit of Resistance
(dependent value) vs Width (independent value).

The test method comprises the following. A device structure, such as a
watfer is provided. The wafer has at least a first test structure, a second test structure and a

third test structure. The test structures preferably incorporate a resistive portion from

12




Next, a goodness of fit neasurenent value (e.g., correlation coefficient

(R) or standard error neasurenent) is calculated for a fitted curve (e.g.

| east squares fitted straight line). 13 The processes used to formthe
device can be controlled or the devices screened using the goodness of fit
measurenent (of the L/IRvs W). For exanple, 95 % percentile or 3 signma
limts can be placed on the value of the goodness of fit neasurenent. |If

t he goodness of fit nmeasurenment is outside of the control limts

est abl i sthech resibmncleisinmmsur¢dr Fwadx@mpld, sed lesiggeack @t sthetupssds Egsrdsd dndagged

for process control or other corrective action. Figure 4A shows an exanple
frequency plot of r (correlation coefficient) vs frequency. A process

control or warning | i fesis@ RSti6Shabld &&%ﬂv@@ﬁ%&nﬁ %am%gegthm%% of r

(correlation coefficient) or ‘product requirenen gure ows an
exanpl e (Wgdodhe§sst.gecdridiandahindtes( stugturesdmve edsiative portone ifithalifatent vs sanpl e

# show n n._ex I trol, limt. The sanples 6, 7, 20 and 21 fell below
t he confﬁg(%lvfiwﬁlg{ﬂgéﬁf&c%md \gé) fl agged. The enbodi nents goodness of fit

tests are nore sensiThemsibihapoianeeme firseRecHRt HRORiBeFRUSS shkh@ufgsi st ance
vari ati on shows u& when tested across nultiple width Ttest structures
B

(possi bhgve disctve irpatha ék bdis --tLds (Thp sffeetivedangihs ¢aarberthe sameforialitiest t est

structu xanpl e where the test condition if varied (see
fig 5),Etglg&s%ﬂﬁ§i)§todosr{é)%a%€t§é}%def ects show up at better at different test

conditions(e.qg., tendetahtts)stantheRUYSEcachiofMil febi@ctiadsas RRuASI.al SO
mnimzes the "noise" in the process/testing because the other variables

that coul d affect tHes$hosm igdiguor.@ fEdouavcan hgsalsslatesdfornt age of this
oot L 050 PR AT Sy RO SRR e Lt o
dependent variable) (L1/R1, L2/R2, ..Li /Ri) and
(2) (x-axis) the effective widths (W1, W2, ..Wi ) (independent variable)
of the test structures. In this example, a least squares fitted straight line can be calculated.
For this example, where there is one independent variable (W) (we
assume the L is not changed — e.g., L1 =12 = _..Li), there is 1 degree of freedom (N).
Therefore, we need at least 3 data points (N +2) to calculate a goodness of fit
measurement.
Also, if all the test sites have the same effective length (L), the
fitted curve can be calculated for:
(1) (y-axis) one divided by resistance (e.g., dependent variable) (1/R1,
I/R2, .....1 /Ri) and
(2) (x-axis) the effective widths (W1, W2, ..Wi) (independent variable)

of the test structures. In this example, a least squares fitted straight line can be calculated.

Next, a goodness of fit measurement value (e.g., correlation coefficient
(R) or standard error measurement ) is calculated for a fitted curve (e.g., least squares fitted

straight line).
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reliability hazards (such as a netal line with a notch or void or enbedded
particle becom ng an open circuit during operation because of

el ectrom gration due to the higher current density.) Al so, because the

el ectrical resistance neasurenent nay be perforned after the conpletion of
the device (wafer), it is also sensitive to defects, such as voids due to
stress mgration, that can develop after the formati on of the test
structures. Conparison of the goodness of fit values derived from

measuring the resi st dhepsicbsmedicdtie Fyrnadht @evidd cdoB@ineNe@br hhgetiest
structures, d.after c | etion of all process steps may al so be done to

moni t or SRR heraodress of Bsmeagyementiol e LR 88 WroEessanpépss %, Sanpl e
si ze - Fd I of fit v e for data with
N dogr odn e SaRn e S o P VRO Pictloous b VB B Uerd, o

poi nts. IFde gordmmss ef fif measuhmnane & attddeef the eshtrd bigvs, eslliftad, thedegeees of
freedom, - thfe Wﬁth f the resistance test structure éli ndependent

vari abl &35 WaSH S ﬁ%%egf%’ﬂée Heeys & @%&gﬁd %%M?%G.SS GHRI0b OBPIECHRECHYS 208Nt way's
to set the sanple SIE%uf@iAng%é@n{wéﬁémnC}aﬁgtgﬂo(qgﬁélﬁﬁ fit tests.

Exanpl es i nclude sanpling by wafer (mninum 3 asurenent s/ wafer), by
waf ers Gpelfieiznbes frequendyat/erocgrs sonisel dsywaamnibaiiotit ¢andie)established basaibd i pl e

waf er iR. S I fers .or, device thru a tool in a given
time pggs?(ggﬁ % %!Ftasoggkéﬁgee%t%?lf%rbffg%eﬁPﬁprgdggtre‘ﬁ?r%f‘@rs thru a photo tool
in a set time periodFigtre ARSHBRGE &ﬁmesgbod&@MﬁMn@y(e?gﬁ&ﬁé%%n

e,

accordin fgo, ci.rcunst ances. _For exanp routine nonitoring may consist of
measur i ﬁge CieaRvs sppplelewinganexgipeeonsn! Waite Thepampleb &t 20 4l Zdne of

mor e of félhﬁelg‘?%‘%n\%i ﬁﬁl?ta!ng%o%?ci - il &xcursion, then a further sanpling

agoe .
or even al e remal ning warers ﬁﬁ% be neasured to confirmthe
excursion or the extent

The embodiments goodness of fit tests are more sensitive than standard
SPC methods because the resistance variation shows up when tested across multiple width
test structures (possibly, some type defects test better on different type/width test
structures). Also, for the example where the test condition if varied (see fig 5), possibly
some type defects show up at better at different test conditions(e.g., temperature). The use
of multiple data points also minimizes the “noise” in the process/testing because the other
variables that could affect the test are more constant.

Another advantage of this embodiments’ use for process control is the
carly detection of latent’ defects which do not kill a circuit immediately, but which are
reliability hazards (such as a metal line with a notch or void or embedded particle
becoming an open circuit during operation because of electromigration due to the higher
current density.) Also, because the clectrical resistance measurement may be performed
after the completion of the device (wafer), it is also sensitive to defects, such as voids due
to stress migration, that can develop after the formation of the test structures. Comparison

of the goodness of fit values derived from measuring the resistances immediately after
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of the problem and al so possibly to screen out defective wafers. To

cal cul ate a goodness of fit value, at least 3 data points are need in this
exanple of a linear regression (with 1 independent variable). The nore data
points to better the result in the sense of nore sanples for detection.
However, the nore data points uses up nore using nore area on the wafer
(for test sites) and increased test tine. In a first exanple, a wafer has
at least 3 test structures where resistance is neasured. The three test

st r uct udemiwsivs ofiiticftest shitctufes cuidiafter whrdplagon Malbproess s&ps il utsehehne be

measur e d..this ca | nproye. the_.accuracy of the goodness of fit test
(e.qg., g%r%?)&t%ntarn ncogﬁglfﬁ!ql}%tse Smaﬁé‘)%“éﬂsﬁfetﬁew? le, a wafer with a test
structure is tested at three different conditions (e.g., 3 different.
tenperatures ). In another possible exanple, nultiple test sites (all the
sane layout) on the sane wafer are tested under 2 or nore conditions. For

exanpl e, reststance CaWple Siagrayarioysienamplesnes on 3 different test sites

(all sane wi dth) at different tenperatures, For example, figure 5A shows
a plot of resi stancelg‘?/galgl*ﬂﬁﬁé‘rg&f’a‘?eggofﬁt%‘&Wéﬁa@%’éﬁb%@egﬁe%gﬁee@mwth 3

di fferep ot EShdslehdiGk Y e Sl t i i.fferent
o oot et Rabdeelifl Vaonless: Gonced RAZ ANt 10 RAAHE) Sﬁgﬁ%ﬁﬁém and

T2). Fi tpst@o38 whbak! degreessifdronilom —stheWidtlr eishs taisemcy alst@micf} . A curve
can be E to.th %ata for each t erat.ure and a goodness. of fit val ues
cal cul a 1%%&;)%&%@?3%%%1 D‘r@g.tﬁﬁeﬁ%?%eﬂts bBYEYs of fit values for the two
tenperatures may be BR@$ e manyHirsabd Wiyseb sdeheShSnle 1D f&ﬁﬁéfsm%ﬁﬁ%ges are
non-limting and conbi nations of the above exanpl'es can be used. anpl es

and goodness of fit tests. Examples include sampling by wafer (minimum 3

measurements/wafer), by wafers or devices in a batch (process by a batch tool) (e.g.,

multiple wafer in a metal sputter tool), by wafers or device thru a tool in a given time

period (or sequence) (for example a set of wafers thru a photo tool in a set time period or

sequence of runs).

Sampling may also vary according to circumstances. For example,
routine monitoring may consist of measuring 3 test structures on x number of wafers per
batch. If one of more of the sample wafers indicate an excursion, then a further sampling

or even all of the remaining wafers may be measured to confirm the excursion or the extent

of the problem and also possibly to screen out defective wafers.

To calculate a goodness of fit value, at least 3 data points are need in
this example of a linear regression (with 1 independent variable). The more data points to
better the result in the sense of more samples for detection. However, the more data points
uses up more using more area on the wafer (for test sites) and increased test time. In a first
example, a wafer has at least 3 test structures where resistance is measured. The three test
structure have different effective widths. More test structures can be measured and this can

improve the accuracy of the goodness of fit test (e.g., correlation coefficient).
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The followi ng non-limting exanples represent preferred forms and best
nodes contenpl ated by the inventor for practice of his invention, as well
as illustrating the results obtained through its use. A Resistance test
Bel ow i s an exanple of an enbodi ment of the invention simulated for a

resi stance neasurenent of test structure on a integrated circuit. The
simulation is for 30Qumlong lines, divided into 30 individual segnents of
Im The electrical resistance of aline or wire is well known to be: 16
(1) R=p(L/A) where: pis the resistivity L is"thelresistor/confluctor (2)
length A is the cross-sectional K area_For rectangul ar cross-section

A —gWT with: A = afed %&Xﬁﬁp{ehéwia&ﬁ%‘f}b?te\ﬁ%rﬂlﬁWeﬁé?%ﬁ‘@i%tﬁhfcﬁei ght or

t hi Ckne%ﬁ"féréhtfcbﬁdlﬁéfése(c%{:\i ﬁditﬂ!%ké?it ftér‘aﬂ&raﬁlpéasl)r esi stance equation is often
expressed as R 1s resistance
In another p0331bie example, multiple test sites (all the same layout) on

the same wafer are tested under 2 or more conditions. For example, resistance can be
measured three times on 3 different test sites (all same width) at 3 different temperatures.

For example, figure SA shows a plot of resistance vs Temperature.

In another example, a wafer(s) with 3 different test structures (e.g.,
resistance test structure with different effective widths W1, W2, W3) is tested at 2 different
temperatures (11 and T2). Figure 5B shows an table with sample resistance values (R). A
curve can be fitted to the data for each temperature and a goodness of fit values calculated
for each curve. Different goodness of fit values for the two temperatures may be another
indication of defects. A

The above examples are non-limiting and combinations of the above

examples can be used.

Examples

The following non-limiting examples represent preferred forms and best
modes contemplated by the inventor for practice of his invention, as well as illustrating the

results obtained through its use.

A. Resistance test -
Below is an example of an embodiment of the invention simulated for a
resistance measurement of test structure on a integrated circuit. The simulation is for

30um long lines, divided into 30 individual segments of 1pm.

The electrical resistance of a line or wire is well known to be:
16




Rs, known as sheet resistance, then defined as: (4) Rs = p/T and the ratio
of length to width, L/'W is often referred to as the nunber of squares, or
square count. In the sem conductor industry, a small difference in the
width, W from the designed value nay be of significant inportance. Hence,
critical dinmension (CD) 17 neasurenents by optical techniques or by

el ectron mcroscopy are routinely performed to control the manufacturing
process. CD neasurenents may al so be done electrically in the case of
resistors and conductors by making use of the resistor equation as foll ows:
R) WdW_wth dL and dWbeing the di nensional differences due to

vari ati 6h Rﬁaﬁ@fﬁ*bht arise from manufacturing fromthe designed, or

i ntended, values of L and W A positive value of dL or dWwould indicate
an i ncredsee:wher eas a negative value would indicate a |l oss fromthe

desi gned di nprisitenssistiBegause typically dL << L (or a test structure can be
del i beratel y [ idesd @siedr/ohdd@ios engttnce i n modem sem conduct or manufacturing
di mensi onal vafigd £88-EStiodBS/at Nan a tenth of a mcron, and resistor

|l engths are at least a fewmcrons), L + dL =L, so equation (5) can be

al gebr ai i ed..to: (6) R=- + dWEquation (6) is recognizable as
ali nea?ﬁgét@gﬁﬁgﬁh&h‘{oﬁ% ?‘%g%g’ependent variable (y axis) being 1/ R

mul tiplied by the known value of L, the independent variable (x axis)

bei ng W24 =hwstope 1/ R, and y-intercept of dWR, .

with:

A = area
W being the resistor width
T being the height or thickness

In the case of a thin film, the resistance equation is often expressed as:
(3) R = Ry(L/W)
with

R is resistance
Rs, known as sheet resistance, then defined as:

(4) Ry= p/T

and the ratio of length to width, L/W, is often referred to as the number of squares, or

square count.

In the semiconductor industry, a small difference in the width, W, from

the designed value may be of significant importance. Hence, critical dimension (CD)
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Thus, electrical nonitors consisting of at |east 2 resistors or conductors
of variable widths, can be nmade to obtain sheet resistance and CD change.
The resi stances are neasured, and a nat hematical best fit by linear
regression can be nade to obtain the slope and y-intercept values, from
whi ch dWand RS can be cal cul ated. 18 Mathematically, equation 6 requires
the resistance neasurenent of at Ileast 2 resistors or conductors to solve
for the 2 unknown values of Rs and dW Use of 3 or nore resistors or
conduct or@swnabhie Sy oatical terhnopeofr bygoedrassicadschpit irc vaktlieB Sdifimas td he
correl ati on Iggeffié:fi ent., and stgﬁjard error of the regression. This

enbodi mSREY SCOYANLRLUIING HrOgESt G ReRHSFBSES MRE alfedwsioas clsptrically prthanet er s
to det echsedgT@GdiSrs aldlcdnduBtREEAHBRINLRSE of ARIQRES %%gﬂ?&gasofollgﬁlg ects
materially changes the relationshi p shown in equation 6; i.e.,” randomy
appearing defects introduce additional ternms to equation 6 that depend on

the nunber of ects, their sizes and shapes. That is, the presence of
def ect s (5yoRI=dr Wc:rd re scatter in the data so the fitted |ine would have
‘at

a |l ower correl Waefficient and higher standard error. A sinulation of
a set of three, 30umlong, O0.5umthick alumnumalloy resistors with
equi val ent sheet resistance of 60mlli-ohns/sqg., and linewdths of 0.6, 0.5

and 0.4 . - US| . t cel . A te rlo.type
il at o ISRl e R S R AR o S o 0n QB B8 B 11 i e
or the swan@endngfioor th¢desipyst or posdedaliekbel sstavi st paatveRasres) can be
a useful arﬁéer .to detect the presence of defects. For the sinulation,
each refl @@(r)‘?’o dndigals L HCISatoWACIER R Reeabve valte miegldgndicateratlgssiframtheong
segnment gesigheli RiB@Gkhdsndi vi dual segnent having a 10% probability of
containing a defect of dinmensions 0.1 urn wide and 0. 1um deep | ocated at
the center of an edge of the segnent; that is a notch in the shape of a

square into the neta. .

q aéecause typically dL <<L (or a test structure can be deliberately
designed to be so since in modern semiconductor manufacturing dimensional variation is
less than a tenth of a micron, and resistor lengths are at least a few microns), . +dL =L,
so equation (5) can be algebraically manipulated to:

(6) L na + aw
R R R
Equation (6) is recognizable as a linear equation with the dependent
variable (y axis) being 1/R, multiplied by the known value of L, the independent variable
(x axis) being W, with slope 1/R; and y-intercept of dW/R,.

Thus, electrical monitors consisting of at least 2 resistors or conductors
of variable widths, can be made to obtain sheet resistance and CD change. The resistances
are measured, and a mathematical best fit by linear regression can be made to obtain the

slope and y-intercept values, from which dW and R, can be calculated.
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A segment without a defect has a resistance according to equation 3. A
segnent with a defect has an increased resistance due to an increased
square count that can be approxi mated by sub-dividing the segnent into the
two rectangul ar pieces outside the defect, and the rectangular area that
is reduced by the defect. Then the squares corresponding to these 3 pieces
are added together. 19 In this case of a square defect, there is an exact
solution for the square count, (See e.g., R W Berry et. al., Thin Film
Technol ogy, Van Nostrand Reinhold Co., 1968, p 490.) which is: n L L2 +
[(S2 +1)InS+1 4S5 (7) 2 W, +W2 2?r S (S-1) 21n(S2 -1) where nis the
square count L, is half the Iength of the defect, or 0.05 W is the width
of the resistor segnkfathematigally, keuadiehéckqdrasehsicoistanos measurdérhés of exanpl e,

WO0.1 L2 ] he.length .of one of the. syb-rectangles w thout. .t defect, or
0.5 el (B e TRl 8lve eIl vE P ot aar ' Fhe O acu 1 s
for i ndioy nthiétesRidRsion cdhdbettts cabBled cAMTHMOS SOQTRE & (W Lhuas Jeh g&thear €
1.76145, 2.13576, and 2.71282 squares, respectively, d are slightly

| ar ger CRARAERCOERBFRIspRshHigrd e el thqvagionpon.d b cotbpdined rpgoenives

25D 024 W LGP, SRR, hotg U SRR B ML 10T

resul t s ranfloen presunkt sf dafect$ anate3@ilpchangs thenelationhihiy shotni integuadn 6; ic.,
randomly appearing defects introduce additional terms to equation 6 that depend on the
number of defects, their sizes and shapes. That is, the presence of defects would cause
more scatter in the data so the fitted line would have a lower correlation coefficient and
higher standard error.

A simulation of a set of three, 30um long, 0.5um thick aluminum alloy

resistors with equivalent sheet resistance of 60milli-ohms/sq., and linewidths of 0.6, 0.5
and 0.4um, was carried out using Microsoft Excel. A Monte Carlo type simulation was
carried out to demonstrate that the correlation coefficient or the standard error (amongst
possible other statistical measures) can be a useful parameter to detect the presence of
defects. For the simulation, each resistor was divided into a continuous string of thirty
lum long segments, with each individual segment having a 10% probability of containing

a defect of dimensions 0.1um wide and 0.1um deep located at the center of an edge of the

segment; that is a notch in the shape of a square into the metal.

A segment without a defect has a resistance according to equation 3. A
segment with a defect has an increased resistance due to an increased square count that can
be approximated by sub-dividing the segment into the two rectangular pieces outside the
defect, and the rectangular area that is reduced by the defect. Then the squares

corresponding to these 3 pieces are added together.
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i ndi vidual segnents of 1 m B. Sinmulation results - Table A Table A bel ow
shows the results of the sinulation. 20 Table A: Results Sinulation No.

No. Squares Wdth Slope Intercept RR, dWR~rStd Error Sequence Defects t R2
1 1 9.981079 0.6 16.76017 0.0718687 0.059665 -0.0042881 0.99998 9384
7.7229E-03 1 8.314521 0.5 1.06163E-05 2 6.629045 0.4 2 9.962229 0.6

16. 75.918 -0.0963319 0. 059669 -0.005748 0.999990038 7.4808E-03 3 8.277149
0.5 9.96221E-06 3 6.610394 0.4 3 3 9.943451 0.6 16.57203 -0.0027982

‘0. 060343 -0.00017 0. 99908485 2f T seh29d Hefbet3the I8 aR éXdod Sol(tidn for MABliafe- 05 2
6.629045 0.4 --- --5 s+ ---- 4 3 9.943451 0,6 . 85024 -0.1604517 0.059346
0. 0005395105 saB4Y Peighel obi i Soralsey NN oS SREOmsT 60573403
0.4 5 4196892403 Gvificilf: 66448 - 0. 0800073 0. 060008 -0.0048011 0.99996032

1.4846E-02 5 8.240112 0.5 3.968E-05 4 6.591846 0.4 ------ 6 3 9.943451 0.6
16. 75802 -0.0957383 0. 059673 -0.005713 0.999739295 3. 8271E-02 1 8.314521
2. 60705E- 04 L1 (TS Sai 45
(7)22—'+—2+w 7+ )ln( ks )= 2In(-——)
2 W W, 2z S S~1 §° -1

where

~ nis the square count
L, is half the length of the defect, or 0.05
W is the width of the resistor segment minus the defect dimension, or, in this
example, W-0.1
L, is the length of one of the sub-rectangles without the defect, or 0.45
W, is the resistor width, or W
S=W,/W,, or W/(W-0.1)

The results for individual 0.6um, 0.5um, and 0.4um wide segments with a defect are
1.76145, 2.13576, and 2.71282 squares, respectively, and are slightly larger than the
corresponding values that would be obtained by the approximation method described
above. The square counts resulting from this more exact equation is referred to as “No.
Squares™ in the simulation results. The results are for 30um long lines, divided into 30

individual segments of 1um.

B. Simulation results - Table A

Table A below shows the results of the simulation.
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4 6.591846 0.4 ------ - - -- 7 19.981079 0.6 16.853.4.3_ -0.1309582
_0.059335 -0.0077704 14.6332E 2 8.295793 0.5 3.77882E-10 3 6.610394 0.4 8
4 9.924743 0.6 16.47849 0.04395002 0. 060685 0.00266711 0.999956158

1.5431E-02 ---- -= -=--- - - 2 8.295793 0.5 4.38424E-05 2 6.629045 0.4 9 1
9. 981079 0.6 16.85343 -0.1371727 0. 059335 -0. 0081392 0. 999959459
1.5176E-02 3 8 277149 0.5 4.05412E-05 ] 3 6.610394 0.4 - - -- --- 10
-0 10 0.6 17.04677 -0.2674271 0.058683 -0.0156934 0. 998096413
1. 0525E Tab® 8; R&GUGR4 0 5 1.903587E-03 ---- - -- 4 6.591846 0.4 11 2
9. 962229 .0..6 1n 47781 ’WB% 843 0.060688-0..00382990 9908292138
3. 0454E 51| 3Ny 29%?%§“).§“1.§BWBJE“6%WO 6.556666770. 4 1276 9. B8YEE8 0. 6
16. 2924%90n°¢ PASEE59 0. 061378..0. 007645350/ 99982R426 3 10620BK-02. 2 8 295793
0.5 1.76574E104—2 6620045 B0 40131 BTHEY0 9442 60404881 9%%2%9389 175887
’ ) NN AN .- 2N Co...0 —1; /n—;— nn - 1.1 E ; I
0. 05901 -0.0r19242 éﬁyg‘g L750pP5 3 7845E-02—5-8240112-6-5 = F 930504
2 2 9,962229 0.6] 16.75918] -0.0963319; 0.05%669] -0.005748] 0.999990038: 7.4808E-03
3 8.277149 0.5 G.96221E-06
3 6.610394 0.4
3 3 0.943451 0.6] 16.57203| -0.0027982] 0.060343 -0.000171 0.999989952| 7.4291E-03
3 8.277149 0.5 1.00481E-05
2 6.625045 0.4
4 3 9943451 0.6] 16.85024! -0.1604517] 0.059346| -0.0095222] 0.999958849] 1.5287E-02
3 8277149 0.5 4.11505E-05
5 6.573403 0.4
5 4 9.924743 0.6] 16.66448| -0.0800073: 0.060008! -0.0048011 (.99996032 1.484613-0_2_
5 8.240112 0.5 3.968E-05
4 6.591846 0.4
6 3 3943451 0.6/ 16.75802] -0.0957383: 0.059673] -0.005713] 0.999739295! 3.8271E-02
1 8.314521 0.5 2.60705E-04
4 6.591846 (1.4 _
7 ] 9981079 0.6] 16.85343( -0.13093821 0.053335| -0.0077704 1| 4.6332E-05
2 8.295793 0.5 3.77882E-10
3 6.610394 0.4
8 4 9.924743 0.6 16.47849 0.04395602] 0.060685| 0.00266711] 0.999956158 1.5431E-02
2 8.295793 0.5 . 4,38424E-05
- 2 6.629045 0.4
9 1 9.981079 0.61 16.853431 -0.1371727] 0.059335| -0.0081392] ©.999959459} 1 5176E-02
3 8.277149% 0.5 4.05412E-05
3 6.6103%4 0.4
i0 0 116 0.6; 17.04077] -0.26742711 00586831 00156934 09980964131 1.0525E-(1
9 8.167024 0.5 1.903587E-03
4 6.591846 0.4 )
11 2 9.962229 0.6 16.47781] 0.06310843! 0.060688] 0.00382990] 0.999829238| 3.0454E-02
3 8.277149 0.5 1.70762E-04
0 6.666667 (.4
12 6 9.887538 0.6] 16.29246! 0.12456159] 0.061378| 0.00764535| .999823426{ 3.0620E-02
2 §.295793 0.5 1.76574E-04
2 6.629045 0.4
13 1 9.581079 0.6] 16946161 -0.2020687| 0.05901] -0.0119242] ©0.999750695} 3.7845E-02
5 8.240112 0.5 2.49305E-04
4 6.561846 0.4
[4 6 9887538 0.6] 16.29246! 0.10600141; 0.061378| 0.00650616| (.9999585021 1.4843E-02
5 8.240112 0.5 4,14983E-05
2 6.629045 0.4
15 2 9.062229 0.6] 16.85191] -0.1530689: 0.05934 -0.0092019] 0.999960053 [.5063E-02
4 8.258589 0.5 3.9947E-05
4 6.591846 0.4
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6.591846 0.4 14 _ 6 9.887538 0.6 16.29246 0.10600141 0.061378 0. 00650616

0. 999958502 1.4843E-02 5 8.240112 0.5 4. 14983E-05 2 6.629045 0.4 15 2
9.962229 0.6 16.85191 -0.1550689 0.05934 -0.0092019 0.999960053 1. 5063E-02
4 8.258589 0.5 3.9947E-05 4 6.591846 0.4 21 The sinulation was of') Qum
long lines, divided into 30 individual segnments of 1 m The results of 15
randomtrials are shown in table A above, where "No. Defects" is the total
nunber of defects derived fromthe 10% probability of each of the 30
~segnents having a defect, "R2" is the correlation coefficient for a |linear
regression calculated with the Excel function RSQ and "Std Error"” is the
standard error of the regression, calculated with the Excel function

STEVX The siml ati omd esiulakisn QW b0ah 1R Fadloli ﬁitean{tS%l(vJ ildilud poorer fit

as seen by |ower values in the corr h coefficrent (or its deviation
from unstgments off2dm.and hi gher val ues of the standard error For conparison,
for zero defects in all of t i hewi dt hs, Excel calculates a
correl ati on coeffi ci re%‘fltsffdg(rﬁ?deqmt EHF sheysin teble.A abpyveapherst Aelar d
error obekRas i hdothl Fufber BRUSKech Weli PeLONG! tHIB6h, bii§ oPLERSRGE
defects significantly degr ades cthe egoodness ofotp?{?t%a stgtoliaszfclﬁcs‘lZ ﬂ\ act ual
practi ceegrmemtmu@a defedts QT ys the chitelation soaBiestfot hémeehasglea;slrtm statistics

f dyc I I
and cal SHFAPPRREIGH BReeuon dE PRRS SRR s BR Brdgiiante used to

regression, calculated with the Excel function STEYX.

The simulation results show that more defects result in a poorer fit as
seen by lower values in the correlation coefficient (or its deviation from unity, 1- R*,) and
higher values of the standard error For comparison, for zero defects in all 3 of the
example linewidths, Excel calculates a correlation coefficient of 1.0 (or 1- R? of about 1E-
15) and standard error of less than 1E-6.

Thus, 1t is concluded that the presence of defects significantly degrades
the “goodness of fit statistics”. In actual practice, it may be necessary to first establish the
baseline statistics for a given production line. Then ongoing routine electrical
measurements and calculations of the type described in this disclosure can be used to

' monitor for significant deviations from the normal baseline, thereby giving a signal to
scrap or further evaluate potential unreliable or poor quality films or lines or resistors. The
calculations are readily done by the existing modern measurement tools already being used
which are controlled by computers with capabilities for performing the regression and

goodness of fit statistics.

It is also apparent that the sensitivity of the line resistance to defects
increase as the linewidth becomes smaller. Thus, this technique is also scalable, and

becomes more valuable as the technology shrinks.
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nmonitor for significant deviations fromthe normal baseline, thereby giving
a signal to scrap or further evaluate potential unreliable or poor quality
films or lines or resistors. The «calculations are readily done by the

exi sting nodem neasurenent tools al ready being used which are controlled
by conputers with capabilities for perform ng the regression and goodness
of fit statistics. It is also apparent that the sensitivity of the |ine
resi stance to defects increase as the |linew dth beconmes smaller. Thus,
this techni que is al $hisszabplsl siovanbht chomnronEsonbieas valivadtBtiassuchas

t echnol shri nks. .Thi s. exa e sho th co n "goodness of fit"
stati st?@%o e SCOG‘E’T}z?éeHéaW %F%C{%Wfo@fl & H{lyswmé?%&eé BogUierther can be

usef ul | yiBmY 6y & drdcssTUNistao RS thed AR skdekti®i vEIUBE BCERSmetkls, IsiciphSe |1 kely
that other statistical values or parameters, such as F statistics may al so

be used staisti¢senaaaiec bansedrin themameheanser. but diticonelabed féafficntt addtataddar d

error 4 denmonstration. O her exanples - E. g.
Capaci ﬁﬁgre%%%gfsgggn%%arﬁés%m jodirnetits of this invention can be applied to

any neasurabl e parameter (dependent variable) that can be related by a
mat hematOthal exquples oE.g.t@amieBanée NOr e i ndependent vari abl es. Anot her
exanple is the nonitoring of dielectric capacitance such as for gate
oxi des. Two conponendMeshgeperdntenibodinentwoftthis imemtion egh bagadict anae; the area .

or parallel plate c i tance an%flth perimeter or fripge capacitance if
t he ma&ﬁaé'gaﬁﬁﬁﬁme%g?&?@nﬁﬂﬁ JadgRle); tﬁ?té’ﬁ’cl :bﬁ refpisd gﬁta m?tg‘?ﬁl%tﬁé fBPEUEApaci t or
SO that {€ekPbi AGrcGARPEhAARCRidblesnOt  significant. The capacitance can then
be represented by: Cneac. - Carea + Cfringe
Another example is the monitoring of dielectric capacitance such as for

gate oxides. Two components may contribute to the measured capacitance, the area or

parallel plate capacitance and the perimeter or fringe capacitance if the measured capacitor

is made sufficiently distant from another capacitor so that coupling capacitance is not

significant. The capacitance can then be represented by:

Cmeas. = carea + Cfringe
Where Cineas. 18 total capacitance measured
Care 1s Capacitance of area component

Cringe capacitance of fringe component

Further, the fringe capacitance can be represented by a unit length

capacitance multiplied by the perimeter (P):
Crneas. & Carea + P*Cﬁ-ingc

where P 1s the perimeter length and cginge is the capacitance per length.
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Where Cnieas. is total capacitance neasured Carea is Capacitance of area
conponent Cfringe capacitance of fringe conponent Further, the fringe
capaci tance can be represented by a unit length capacitance multiplied by
the perineter (P): Creas. = Carea + P*cfringe where P is the perineter

|l ength and efringe is the capacitance per length. 23 Note: Above, we

del i berately used | ower case ¢ to distinguish this fromupper case Cfr;se
above. By using 3 or nore capacitors of the same area, but different

per i net &ote:| dngehwe (eldreraxianpéeloany cdeartontitiegoiap ads fromsuppkr @se&q1Q0 sq.
um conshstlng of length and wdth of 1 x 100, 2 x 50, 4 x 25, 5 x 20, or
10 x 10 ; t he nmeasured capacitance can be curve fitted to the
perimeter. Then again, goodness of fit values can be used to evaluate

whet her there is an issue or problemwth the capacitors. Benefits

Enbodi nents of the invention are automated, scal able testing techni que for
detecting very snall égg/ vel uctuatlo chni que can

al so be applied i m’re Oréglg ol 35?3 I?%P{Peg@%t ri cated,

or aft elierxgdrsﬂfcﬁtekﬁxﬂpk@fanmﬂ or nﬁkﬁr@@@;&ﬁ;tt&is&ﬂ%re&qm) @qtuxﬂﬂfo‘ﬂg%ﬁng%liqgngtﬁ aBiress
i nduced ng% voi ds that are ener at ed in later processing, can also be
det ect edVderd 1oetih 2qutd: 4Foiaev & 20, o5 It Opesy theanasgured capactiinacicaede  but

can be @&%'fﬁt‘édt@ﬁéﬁ%ﬁa}e@r ThePH @a‘?ré{%%éﬁég% bﬁﬁpvallpe%lc)ﬁﬁhg%%%d t%’%@atﬁ I ci des;

that is, to any ose resi Fi on can
be i npl evetieetheysisag isny ot yiobleaf withste @pacitoest

Benefits

Embodiments of the invention are automated, scalable testing technique
for detecting very small defects or low level fluctuations. The technique can also be
applied immediately after the conductor or resistor is fabricated, or after completion of all
process steps so that defects such as stress induced metal voids that are generated in later
processing, can also be detected. The technique, however, is not restricted to metal lines,
but can be applied to doped Si, doped polysilicon, polycides, and salicides; that is, to any
film whose resistance can be measured.

The invention can be implemented using any type of test and test
structure. For example, tests could include capacitance test. Test structures can be used
that have structures formed adjacent to said resistive portion to measure the effects of
micro loading or chemical-mechanical polishing. See US patent 6,403,389 (Chang, et al.).
Also, for example the test structures described in US patent 6,403,389 (Chang, et al.)
could be used.

In the above description numerous specific details are set forth such as
widths, lengths, thicknesses, etc., in order to provide a more thorough understanding of the
present invention. It will be obvious, however, to one skilled in the art that the present

invention may be practiced without these details. In other instances, well known processes
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structure. For exanple, tests could include capacitance test. Test
structures can be used that have structures fornmed adjacent to said
resistive portion to nmeasure the effects of mcro |oading or

chem cal - mechani cal polishing. See US patent 6,403,389 (Chang, et al.).

Al so, for exanple the test structures described in US patent 6,403, 389
(Chang, et al.) could be used. In the above description nunerous specific
details are set forth such as wdths, lengths, thicknesses, etc., in order
t 0 provhéle rdt Bedneddsbriticdug et de bateaRChdl Gnfdcebdadl]ly SBse@nke pRo¥GRtion. It will
be obvi ous, however, to one skilled in the art that the present invention
may be Pr&eH#9%ed without these details. In other instances, well known
processes 24 have n i i tail i I

unnecessarily obscu?%ﬂgﬁg&ggggg%%Rﬁgﬁ%gﬁﬁgﬁﬁkhﬂhﬁgggﬁgé%#%%??%§mstated

ot her wi seuldacintanpretedias dkingabpexanae aaifgee wekbudbshtbe appretipraetied as bei ng
appr oxi nmat about or approxinmately preceded the val ue of

e as if the r
t he valW@“ﬁ%gﬁﬁ%ﬁ%?eVﬁ%?égPﬁBrﬁﬁﬁ%ntion has been particularly shown and
described with refeygfsaetifydnfien Hé@ﬁ&%@ﬁi&%@h@ﬂ%ﬁﬁhé&%ﬁﬁ@é witht Wl be

understood by those skilled in the art "that rious changes in torm and
det ai | srefragndsdo tedeefsred ombodiepats thergof, itomillt Heaundssiaoidtbyahaseskijed inf t he
inventign. It is.intended.tq cove arious, nodifications and _simlar

arr ange%ﬁ ﬁpég%{ﬁrﬁnﬁ?so Bg?ségf%o%?fl‘{#ém&% ebeo‘fla@?fé”ts?)‘ﬂéﬁa%‘@“% frerhiet her ef or e
shoul d §erit aRcesstest thbmvBRGAHES ts thRhEIPLRLAH ARoEOMRRi A SNCARRARSaral | such

nodi fications and simlar arrangenents and procedures. 25 What 1s clai ned
is: arrangements and procedures, and the scope of the appended claims therefore should be

accorded the broadest interpretation so as to encompass all such modifications and similar

arrangements and procedures.
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1. Atest nmethod conprising: a) obtaining test neasurenent val ues on a
device at one or nore independent variable values; b) calculating a
goodness of fit value for a fitted curve between: (1) said test

measur enent val ues; and (2) the independent variable values; c) using said
goodness of fit value to nonitor the processes used to form said device.

2. The nmethod of claim1 wherein step (c) further includes using control
I|n1ts“@ﬁf$ﬁ@“n§b§dness of fit value. 3. The nethod of claiml|l wherein step

(c) further includes using control limts on the goodness of fit val ue;
said control limts established based on a history of goodness of fit
val ues oﬂ.oﬁid%uwdedmempﬁmegents and using said goodness of fit value to:

| trol th to f th
Gevi cos. 4. The HPRUE DR MERREETa B A" AL BbOERE I 11 val e I a

correlation CoeffIﬁﬂ@ﬁhd@ﬁvﬁuﬂﬁiﬂﬂﬂﬁrd error neasurenent. 5. The net hod of
claim1 wherein the fitted curve | east squares fitted straight |ine.

6. The nethod of® é?@PHPPgﬁﬁ@F@PW(ﬁﬁéVﬁ@%?”ﬁéé@dﬁéﬁ@ﬁ?“ﬁ%?ues are resistance
or capacitance ng@;g@g@gq%%smghgﬁgmh%se@ﬂtest met hod conprising: a)

providing a device structure that has at least a first test structure, a
second test struct{lyheandperdentivadablestiustruct ure incorporating a resistive

Eg\r/;[ Ingn a];,]r gp} \gg!{ ?C)\r;lé{ngglﬁl Egﬁ'gfr}?% of fﬁ::tE aa?ue 1¢) mon&o thes Sgo(cjesgtgsulsg {ovi%nﬁ) ortion

said device.

2. The method of claim 1 wherein step {(c) further includes using control limits on the

goodness of fit value.

3. The method of claim 1 wherein step (c¢) further includes using control limits on the
goodness of fit value; said control limits established based on a history of goodness of
fit values or on device requirements; and vsing said goodness of fit value to: (1) control the

processes used to form the device or (2) screen the devices.

4. The method of claim 1 wherein the goodness of fit value is a correlation coefficient or a

standard error measurement.
5. The method of claim | wherein the fitted curve is a least squares fitted straight line.

6. The method of claim 1 wherein the test measurement vaiues are resistance or

capacitance measurements values.

7. A test method comprising:
a} providing a device structure that has at least a first test structure, a
second test structure and a third test structure incorporating a reststive
portion from which resistance is measured;
(1) said resistive portion having an effective length (Lx) and
an effective width (Wx),
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an effective width (W), 26 (2) said first, second and third test
structures have resistive portions with different effective wwdths (WI

W, .... W); (3) said resistive portions of said first, second and third
test structures have effective lengths (LI, L2, .. Li); b) measuring the
resistance (R) of the test structures; c) calculating a goodness of fit
value for a fitted curye ,betvveen:rgﬁl) said effective |l engths divided by the
measur ed resi stances (AR, secpn gyt third fest simpjires Jaye eoiftivhe ef f ect i ve
widths (W1, W, .. W) pofiidbeimesirsbhneer-nflliaig (ffi Whe test structures;
d) using said goodness of fit value to: (I) control the processes used to
formthe device structur¥i)or (2) screen the device structure. 8. The nethod

of claim?7 wherein said fitted curve is.a.fitted strajght, line fitted using
a |east squares net h?ﬂ.Salg.ms’ﬁ(gieve%Fﬁgac’%ﬁm&;ﬁiﬁf’ ﬁ?c?né\ﬂ%ér%i“ﬁ sai d test%St
structures are forned i nuasdied haavedfecavenafi@hs (L1102, . Thig; met hod of claim7
wherein said test structuLes are conpr.ised of a doped region in a wafer.

11. The net hod o) BFasipReAnGUrsPENee €4i0f thedst SE¥ et ures are conprised of a

material that has.RuRBASHEMUnEss' RS SHBDER o fikd cINE pERIRRD of claim7
wherein said test structurés are conprised of a conductive material and an

i nterconnect |ayer i nlasasdkeffestnelsogibs daeded by themesnpdirsedanges iR,
L2/R2, ..Li /Ri); and
{2) the effective widths (W1, W2, ..Wi) of the resistive portions of the test
structures;
d) using said goodness of fit value to: (1) control the processes used to

form the device structure or (2) screen the device structure.

8. The method of claim 7 wherein said fitted curve is a fitted straight line fitted using a

least squares method.
9. The method of claim 7 wherein said test structures are formed in and/or over a wafer.

t0. The method of claim 7 wherein said test structures are comprised of a doped region in

a wafer. |

11. The method of claim 7 wherein said test structures are comprised of a material that

has a measurable resistance.

12. The method of claim 7 wherein said test structures are comprised of a conductive
material and an interconnect layer in a semiconductor device is comprised of said

conductive material.

13. The method of claim 7 wherein said test structures are comprised of metal from a

metal layer that is used to form metal lines in a semiconductor device.
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conductive material. 13. The method of claim7 wherein said test structures
are conprised of netal froma netal layer that is used to formnetal |ines
in a sem conductor device. 27 14. The nmethod of claim 7 wherein said test
structures are conprised of a material selected fromthe group consisting
of silicon, anorphous silicon, polysilicon, polycide, silicide, netal,
copper, alum num and alloys and conbi nations thereof. 15. The nethod of
claim7 wherein said goodness of fit value is a correlation coefficient,

coef fi gl el n@thdi’i%%[a%”f%ﬁe@éln 9£1d *sPAHRNHENE OSmTRRG UE £HBRYiqf St 16. The

met hod of claim 7 wherein said resistive portlons have sai d effective

| engt hseleckssi fragn m@mqnasm @mé@pe,ralmm‘ahrptsal domfrbbsiicore palydides and sai d
eHeM|ﬁ%mu%q d ﬂ@rﬁ%ﬁ%ﬁmk £%c SMIﬁJy greater than an
expect% Cg e ?¥ﬁ R R R AR P () %%gH 17. The met hod of
claim7 wherein the measuring the resistance (R of the test structures

conpri ses, measuring the resistance at different tenperatures and further
i ncl udés Th&a}eéfeﬂda({}C}?gnt’fh%he@%aﬁégemﬁessr?ftﬁtxrahuﬁé‘s FHTeiption FRFTHRET i ne for the

bet V\'eeEbefiﬁc]iéntto?Qet@ﬁﬁiﬁ&ddn‘(ﬁ sﬂaﬁ&!ﬁl& BSodh¥dsdRehRyicithe measured resistances
(LI'/RL, L2/ R). the effective lengths of the test structures

are equal (Ll = =. . L|) and (2) the effectlve wdths (W1, W, .. W) of
the t_e?]é;. t r I oléro% ciau r ucl%e(rgié Sdlg res:sv\lé 301 1torlljsr E?aae\%%frj g& ﬁwr{:ﬂ? &d of claim?7

wher ei &V e&E | east three

t est sbeim@i@&tesmaltymeeag@adm&i sffec,a‘wd wmﬁswedlsadeﬁb@ub atiédls beingreasur ement s
made
selected to be substantially greater than an expected critical dimension loss for said

processes.

17. The method of claim 7 wherein the measuring the resistance (R) of the test structures
comprises measuring the resistance at different temperatures; and

further includes: calculating the goodness of {it value for a straight line for the

between:

(1) the effective lengths divided by the measured resistances (L1/R1, L2/R2, ..Li /Ri).;
the effective lengths of the test structures are equal (L1 = L2 =.. Li) and

(2) the effective widths (W1, W2, ..Wi) of the test structures; and

(3) the temperature.

18. The method of claim 7 wherein said device structure is a wafer; said wafer has at
least three test structures;
the goodness of fit value is calculated on measurements made

on the test sites on said wafer.

19. The method of claim 7 wherein said device is a printed circuit board, a ceramic

substrate or a chip scale package.

20. The method of claim 7 wherein structures are formed adjacent to said resistive
portions to measure the effects of micro loading or chemical-mechanical polishing.
28




on the test sites on said wafer. 19. The nethod of claim7 wherein said
device is a printed circuit board, a ceramc substrate or a chip scale
package. 20. The method of claim7 wherein structures are fornmed adjacent
to said resistive portions to neasure the effects of mcro | oading or
chem cal - mechani cal polishing. 28 21. A nethod for estimating defect

| evel s by goodness of fit nmeasurenents related to resistance of an
interconnect |ayer in a manufacturing process for manufacturing an

i ntegraf edmebd %'e&tam%‘fi’d JiRt Rods 69 PBsdnéNg %aﬁﬁ&ﬁ&t@tfciat&i) tof abricating on
a wafer, usi ng sai d acturi ng process at | east a first test structure,

a secomgistipstolgn nru@pgn@ctalﬁmel ang marldfat:felgng procerstioreantifzstsngondnicagted
reS|st|vetport|on fromwhich a resistance is neasured, b) said resistive
porti o' WHvi ng an effective length and an effective width, said effective
| engt hsdembgod vlspaving tklsyepgofeat er than said effective w dth and said

ef fective MAq?h bei n selgﬁted t o be sg?stantlally t han an

r eat
expect ed crPtiUEPIRG FehERlH YSHesaid SrangBCHiring RERCEEA cia?fg"fte;?tocess c)

measuring sai gsf §2IREANGEcRH EhricBRE atd 4 HEHUEL Srucapd d) deriving the sheet
resistance fromthe resistance neasurenents:; e) calculating a goodness of

fit val ue bet Wserpordimgaresisiveipadigntipn whick heetistance s aeaswied (1 / Rs) and a

second par angs eclrr681slfsx)erprgh1‘tfoﬁllhqw%§%gn i ?flcng }{[an\ﬁaal %&fcétgr’e &éq control the

processes u ruc Screen the test

structures. 22mdﬁﬂaxnaﬁﬁgﬁ1@imgmﬂmmn%ﬂy@hﬁﬂet&amdﬂ&ﬂéﬁn@ paraneter is the

effective widt hdtg ané sald effective width being selected to be substantially greater
than an expected critical dimension loss for said manufacturing process;

¢} measuring said resistance of the test structures; and

d) deriving the sheet resistance from the resistance measurements;

¢) calculating a goodness of fit value between the one divided by the sheet

resistance (1/Rs) and a second parameter;
f) using said goodness of fit value to: (1) control the processes used to

form the test structures or (2) screen the test structures.

22. The method of claim 21 where said second parameter is the effective width of the

test structures or the temperature.

23. A test method comprising:

a) providing a device structure that has at least a first test structure, a
second test structure and a third test structure from which a test
parameter is measured;

b) measuring test parameter values on the test structures;

c) calculating a goodness of fit value for a fitted curve between :

(1) the test parameter values and

(2) a dimensional measurement of the test structures;
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test structures or the tenperature. 23. A test nethod conprising: a)
providing a device structure that has at least a first test structure, a
second test structure and a third test structure fromwhich a test
parameter is measured; b) measuring test paraneter values on the test
structures; c) calculating a goodness of fit value for a fitted curve
between : (1) the test paraneter values and (2) a dinensional neasurenent
of the test structures; 29 d) using said goodness of fit value to: (1)
control the processes used to formthe device structure or (2) screen the
device structure. 24. The nethod of claim 23 wherein said test paraneter
IS resistanige omgﬁgpﬂd@bahe&uﬂfﬁ&ﬂuéuté$}amﬁbhbd conprising: a) providing a
device structure that has at ast .a fi.rst test %@ uct ur a.test

measur ement can be %B?eé?eﬁé‘ﬁe‘ktf’g?ﬁ‘%@?&ewf’? %t’fucﬁ}’é%?l E?Clﬁ?:etndﬁéefievb‘ﬁe nmeasuring a

first test neasurengptwef the test structures; c) calculating a goodness of
fit value for a fitted curve between : (1) a first test neasurenent
performed under a first test condition and (2) a second test neasurenent

per f Or%?h?%@ﬁﬁ)d%{ ?I%xfh??ﬁ whERin SRNELtLh terq\c} 1fe§'.i§ﬂaﬂ& #’hsh.gapdness of fit

val ue con € processes use ormthe device structure or
(2) screen the device structure. 26. The nethod of claim25 wherein: said
first Eest condition and said second test
5. A test met od comprising:
a) providing a device structure that has at least a first test structure, a test
measurement can be obtained from said first test structure;
b) measuring a first test measurement of the test structures;
c) calculating a goodness of fit value for a fitted curve between :
(1) a first test measurement performed under a first test condition and
(2) a second test measurement performed under a second test condition;
d) using said goodness of fit value to: (1) control the processes

used to form the device structure or (2) screen the device structure.

26. The method of claim 25 wherein: said first test condition and said second test

condition are different temperatures.

27. The method of claim 25 wherein:
said first test structure is a resistance test structure that has an effective
length (L} and effective Width (W);
said first and said second test conditions have different temperatures;
said first test measurement is a resistance test measurement;
said goodness of fit measurement is for a straight line fitted to (1) the

effective length (L) divided by the resistance (R) vs (2) the effective width (W).
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condition are different tenperatures. 27. The nmethod of claim 25 wherein:
said first test structure is a resistance test structure that has an
effective length (L) and effective Wdth (W, said first and said second
test conditions have different tenperatures; said first test neasurenent
is a resistance test neasurenent; said goodness of fit measurenent is for a
straight line fitted to (1) the effective length (L) divided by the
resistance (R) vs (2) the effective width (W. 30 28. The nethod of claim1
wherein step (c) further includes using control limts on the goodness of

fit value; said control Iimts established based on a history of goodness
of fit Thesedodeh clagevi weerpagtdpriehiarhe: indvwdes ysing gorfed! dimdle oamesgrognessi t

val ue to_se&r ) Vi 6.6 1t t - ' ' en. (c)
For ther (nr e i VL B0 afsyislcabalEl i Qb KRes O RaMefh o (O
cont rol ddvivetrsquarsinabilsj sidedinigasied:ootneas bifi [§tvahy tofcrgmdbnésscesf fit val ues or

on device requirenents; and using said goodness of fit value to detect |ow
| evel defects in the devices. 30. A test nethod conprising: a) providing a

first, seqaached drbiaf f ®RdreRlstdpot HuALSAENudBGERG cantFd? SIREE bh ViR ddotistss
second and third test structure paraneter; b) obtaining fromeach of the

first, sefdoralugniddsingrgl iras establighadhecedan 4 lagety Wmeodnest of fitwakigs aheint

val ue, the.t . r v.ad i ik second and
Vhira t cRpiRlu TR SR ERAT X MY aRRAC e 00 IBDRt! dedlors BOEONTATE,
a fitteddwireve between: (t) said test neasurenent val ues; and

30. A test method comprising:

a) providing a first, second and third test structure each having a respective first, second and
third test structure parameter;
b) obtaining from each of the first, second and third test structure at least one test
measurement value, the test measurement values varying based on the first, second and
third test structure parameter;
¢) calculating a goodness of fit value for a fitted curve between:

(1) said test measurement values; and

(2) values of the first, second and third test structure parameter;

d) using said goodness of fit value to monitor processes used to form a device.

31. The method of claim 30 wherein step d) further includes using control limits on the goodness
of fit value; said control limits established based on a history of goodness of fit values or on device
requirements; and using said goodness of fit value to: (1) control the processes used to form the

device or (2) screen the device.

32. The method of claim 30 wherein the goodness of fit value is a correlation coefficient or a

standard error measurement,

31




(2) values of the first, second and third test structure paraneter; d)
usi ng said goodness of fit value to nonitor processes used to forma
device. 31. The nethod of claim 30 wherein step d) further includes using
control limts on the goodness of fit value; said control limts
establ i shed based on a history of goodness of fit values or on device

requir ts; and usin aj d goodness .of .fit value to: (1) control the

b acesSba HaTo0 of D AP HIICE B Srsb trSah RhTdauH HBeg9 PTYRECet hod
of cl abdmpieWBEEat Bnd d8cRaPaNeRIm Afa LliltivedoHfoni of R €LY Akis08ceRehid ci ent
or a standard error measurenent. 31 33. The nethod of claim30 wherein the
r especthingdedt siregturesecond and third test structure parameter conprises at

| east one of length or width of a resistive portion of the respective
first, second and third test structure. 34. The nethod of claim 30 wherein
t he re3petiid methbd pBtlainsBreheteianik tehpacdvd Bist, sabondiaidithérdpast atpeiet parg@BRRf | Ses
an area of . a caggci}ive ﬁgrtion of ?he resegﬁtive first, .second and third
test stPHIISHT 87 45801 FHRAHEY U F O PG FsPEH Y RMibt eredifad thitt teshsliugivEnent

val ues conprises resi stance or capacitance. 32

35. The method of claim 30 wherein the test measurement values comprises resistance or

capacitance.
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