() e3e \NIFF6414I LGNW\ND 2 A thhod for Ektectlng and anltorlng i
Defects 5 BACKGROUND OF I NVENTI'ON'7 Fiel'd of the Invention 8 This |nvent|onfmmg
rel ates generally to methods to control processes and to 9 screen product s
and nore particularly to a statistical process control nethod for using 10 :
regression anal ysis and goodness of fit neasurenents to control processes
and/or to screen 11 devices and nore particularly to a statistical process
control nethod for using goodness of 12 fit neasurenments to control
electronlc/senlconductor manuf act uri ng processes, such as 13 resistance and
voi d defects in conductive lines. 15 Descriution of the Prior Art 16 During
the fabrication of semiconductor devices, nultiple filmlayers 17 are
depoglted on a substrate. Preferably, the filmlayer should forma
contj nuous coating OfA%BetHGdi‘cﬁfmtTew:ﬁhﬁlstmﬁhdgmefeml re surface of the
substrate. For exanple, a netal fil ayer 19 may be used to cover a
diel®ctric layer, wherein the dielectric layer includes holes or 20
trenches extendi ng therethrough. The netal filmfills or conformally covers
the holes or 21 trenches in the dielectric |layer to provide a conductive.
pat hst hrough the diel ectri BACKGROUNIPOFIINVENTEN or | ayers beneath the
dielectric layer. After the netal filmis deposited on the 23 dielectric -
Iaye6 it may then be masked and etched to formisol ated netal :
inte %;qg i g:ﬂlégf substrate that extend above the base of any hole or
tren 25 approxi mately equals the sum of the thickness of
t he get al f||mdeposTmemmnmﬂmaﬂesegeacnaﬂymmthodymcmlpmembmt@f the

hol e or trench. 27 To ensure t at t he.i.nterconnect.s e substrate
havedt h&ctoen Bodpstagd @F‘EEP?H“&%‘PI piopSlptistieal P?ﬁ%gsfﬂ?%?%ﬁ%éfé&g?"%ﬁﬁel metal film

| aygp d?%’@éésfo%%ﬁ@sfs@ﬁ gHQé{eE%ﬁit]measw%nﬁH%tto Rentidliphdcebdes endvof toi soreen:
e e ba

speci fi eran I the netal filmis too thick or tooZtE th'e
hei ght , devides Msznoﬂaqaaﬂioammoalstauets%épme@ copfrok methpe farrusBigraoetaess Plat ed on

t he strate will fall tside of. th eS|r r Li kew se,
iR i resRmeon 1 ) FfeF‘}‘r?fF%(&‘é?‘CP%‘F‘% Tl "191“? S e e
el quI’I gé’slvlst |aﬁg@gﬁede@gct§m%ha@ﬁvgflmggﬁe 5 interconnects will fall outside
of t esired tol erance range. In these cases, the devices 6 ultimately

forrtéd with the interconnects that fall outside of the tol erance range wil |

5 defgctwg SEa %e %t hod of nethod of nonitoring the thickness of an
eI ed? il mdeposited on a sem conductor substrate is
to mgasure the el ectpufiak: tmwcahbnbesembmmfdemes fiultiple fikm Tapers heet
resistance of thin films is commn gﬁg rﬁ%&ﬁ’ one of: 13 two.different

meaddr i rage émaﬁqt @s%gubsﬁatﬁuﬁ’lief@f%}’, PRASOFEPHRYS OBHES: wi t h
14 t fil e
- fmgnﬁ%equgs Qv F e ﬁ]ﬁ% E\gr O%@%k&feasﬂﬁ a8, FBP@X flmdﬁxﬁlﬁmxawn e

poi y curren probe may be pl aced
pr 0><1I9m tiiaybd thetl Be cowe s ididdéctric e aduren thhdidétshbyer inekidss lameseorof the film

| B d h h ob f

I der, I&ﬁ@&q&&gﬁﬁrﬁﬁéqé?g%%?ﬁg@ ung t ’E’ng’s‘?‘?gg{sttﬁ%gélgﬁ %rnce val ue
d | h of

an glr at zlcﬁés i él‘tlescﬂgl%&nth%lﬁ§ &cgﬂ%@u%aa ddhdu dc%% ?hﬁ&ecﬁrdfugﬁ M diSlesEEBayRAtCh O

sub erm na can be nm whet her any adj ustnents .in
t he opere ia3er PABRTE beteattothe tivfecthplapért Afuar (e nudtalrfieris depsittdobthennde. 21

ot 0 Br oviidleetindrer 1HO8Y eaRe A B RSP SUTbHO B PP IeRRre i e (not
gf’l ?}0‘2”‘% fslfﬂsﬁate]th&@i’&d%@@ém& b&2! dr¥nPhbRW: tRAby Kﬁél\ghﬂhhtec hnique in the
25  approximately equals the sum of the thickness of the metal film deposited on the dielectric '
26 layer and the depth of the hole or trench.
27 To ensure that the interconnects formed on the substrate have the

28  desired electrical properties, the thickness of the metal film layer deposited on the substrate
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.24 measuring. the resistance val ue.af ‘a .device 1000 (e.g., .a.resistor). in

integrated circuit. In 25 FIG 1, device 1000 15 connected to four
termnals (pads) |1001-1004. According to the 26 four-point Kelvin
technique, a current | is forced through device 1000 via term nals 1001 27

and 1002, resulting in a voltage difference VI-VZ across device 1000. The- -
vol tage 28 difference is nmeasured across the other two term nals 6003 and
6004. The resistance R of 2 1 device 1000 is provided by: 2 3456 7 8
9 10 11 12 13 14 15°16 17 18 19 20 21 22 23 24 25 26 27 R=(V;-VZ)/| Sheet -
resistance Rs is a convenient neasure of resistivity of a conducting |ayer.
"FIG 2 shows a Kelvin structure 2000 In Kelvin structure- 2000, rectangular-
por t1 onmRR(He rhaintaedotittin pepssfiettolranse beaad Jf be mateldftlanig rathickaripon 11201

has a | engt hich ks o reater th bteS M db [ I s o
for cba Ttcksneif: fuin b e Hepliegiinrs o Heindhisely ool BR B ' 5000
and 2203HsRate AR Butidk bagR dikitéelRiare OMEY, Liwitepiithd theekhess gif theof |
rectangul ar portion 2201, which is neasured-acrossfprqpe Q& s 2204 and

22054 THbm dayeeis subsansially men(umifprmsthe plgstrigal resipppesPIAPOURE /1* WL By

* choosi g A L YN ke FURLASBerba e 1L SElse it o, o

conductorsin ayer 1n question Kel vin structure
10006 i S ultihasly fedmed wiseths ihtercontetsGhal ol outsiderdf e toldpgnchastigegvil beengt h L
much_greater than its wwdth W thereby raising its resistance R al ong

| engf h Hefegd&: structure 1000 maintains a relatively measurabl e vol t age
di ffgrence across probe pads 2204 and 2205, while avoi di ng excessive
heating effects because of the relatively snaller current. Rectangular -
port$on 2201 is provOnkesetholiyf iupthdd dfwsinitating theghickpess of pielegigicallf he shape

or tgon 220 erictiniipf » el he
ety Repdusive Bn Redosinbome seaieapERt s brER R Yl Rlpde REAGMRT ML Tor

resﬁftapgﬁm?ﬁgogﬁkqgﬁive length in the direction of current flow which is
significantly greater than its effective width suffices. For exanple,
regildn 2201 coul d beThegheatoesistaiterpfahindipe it ¢oremprelyimeasyed idc@ei ch has a

t ot | engt reatly exceeding its w.dth [ QVi : I.Sk:hve
tradd s P dUFTa Gt R AT RO Bio R HE s g I8 e Al
conqyct Qe KRY Bier 1 rhda8ind (BOIURInEHHS tBE filth ¢sbet DetbRES teatotnts,foe aafohect i ve .

| ength-tow dth rati o, and hence the rel ati gnship between R and Rs, ﬁSIngj

wel I3k neentactingeddy gementprobd mpebe plessicia predaNy sWEnthe subat i BRsHEHods to -
mon !1%8;] &ﬁ%& 5??5%3%1%% 8£§1|e%§1 Ilrgg | SEA My Iuﬁcg{ @Q Qfilet E&?éta%ﬁ@@ﬁﬁ)ﬁ oBRsheWi Bt thei N

sem WwWever, i nventor has found resistance
neagur enRmtisyR! @ @fipanadd with e olermict barel fontheghedtoesistreetvaliesmalthe | ow

| evel defects, such as void defects. 5 The se '%p%guctOr nd el ectronics
Aol s

i ndd8t r yrior shegt TesistanepeawesPbiring! tem b samech Stralsy @ (5 PENAL Tt | v,

aut ted inspection ' § j ; : f 85&

Fechi qgde bEaRgRet ROShHg fsbitals Bhe b disbebaRo08 A BlcepltSg
shr ipok ichb@béheedeche suddri cron regi me, since the size for which defects are

critical also 9 shrink. Defects such as interior VO%di in.Cﬁgductive i nes
are2ven nore diffi chramples gkt esistange meagsgmsnt ajgp SESFEFeSISUEHY defect's, such

as shr eslﬁef-e{s&r%ﬁl%ﬁf%rg %%(ﬂlzd%rhe‘?g‘ Iicfilsjfgﬁﬁce B 10 asBRBIA a fivb ot shrus@memet :

procCéss steps a conductors were inspected. 12 13 There is a need
for 2an iswpwa)y el Ghess seteniaticdllyanfburpuine Kelvin teohiinge inherptipodt {5 be

itive t | i at | in m test val .such. as .sh
6524 b BeAITE Tp revgoRYBRE SR AT SN i PR P B R Y s
not ed abgye ;i g 18 ®¥h &ﬁﬁgct%totdﬂgﬁr%ﬁﬁ&'(g%s? e6HNOOME iAcRbrddigve tRpENt

diréCted 10 the sdb}ec , as curent ed he rel evant patent and .
t echdsi cafout-poiar Kelviretechitigues h osmatt Ianfbrendphrough Hyvieo 10/ da teménghhtOdlechni cal -

d I ts in the patent |it t be gl ' ing 21 US
o, 48, SEDRIDERINHS 12 OB ATETHE oD 1557 REXREA TG RQBIFosi St ance. 23

US 5¢6274 ! 1o terniRialtsbob ahd 8heS TR redigaakFOOE 24 |
usi?@ a‘Rég%Téiﬁgﬁﬁ%Wgh?@?%h@$§3§¥ure 25 26 US 5,987, 398(Hal verson et al.)

shows a nethod for SPC for a process 2 havi ng a non-constant nean of a
response vari abl e. : :




.4 -2.3.4.568 US5, 883, 437(Maruyana et al.) discloses a method for.........
“Tapplying a tine varying vol tage between the el ectrode and wiring pattern at :
different locations. US 6,466, 038(Pekin, et al.) shows a nmethod for
non-i sothermal electrom gration testing of interconnects. US
5,514, 974(Boul din) shows a nethod for testing for netal failures by using 2
different test structures. US 6,087, 189( Huang) shows test structure to
moni tor silicide. US 5,552, 718(Bruce et al.) shows a test structure for
- space and line 9 nedasurenent. 10 5 'SUMVARY OF THE INVENTION It is an
obj ect of an enbodi nent of the present invention to provide a process
~cont.rol .or.screening. method. ‘It -is-an objective of an ‘enbodi ment of the
invénti@fﬁ/l‘%eom@pd%l’.’@gldgg ¥st nethod that is sensitive to | ow |l evel defects.
An e%‘oodi ment of the present invention provides a nethod of testing which "
is characterized as follows. First, test neasurenent values from a device
are Dbt RE(fédVakl a plurality of independent variable values. W calculate a
goodpess of fit value for a fitted curve between : (1) the test neasurenent
val ues; and (2) the independent variable values. W use the goodness of fit -
~ val ue t gL Rist@inct RS iP4 66:8RERE MeBUrd of rEdsiivityd adewniledingAagsther aspect of
t he enbodi nent includes using control |[im n.the goodne f fit val ues.
Anotfer aspect furtP'Féfav?ﬁb‘l"éﬁjégel}%?ﬂ‘ﬁ"%‘&ﬁ@b@?.ﬁ}Fﬁ&f%ggﬁg?ﬁza%(godness of fit
val ugs; the control LiHi ' . Redtiufhuirpoftfongiaadness of -
fit val ﬂeé;gangpﬁgﬁo 89i22g1 ?%J@?%@%eér?tﬁg&giﬁgtﬁﬁ%?ﬁgs%eect. fur%pher i ncl udes the -
goodges saf lehpth Ii &hivhdomueh gteaten tamdfstwidtheWt Aogurzentt isrforsed agpisghe val ue.

Anot her aspect further includes.the fit ur 1S, a ares fitted
str a?ghﬂeﬂgthféf.re%ﬁ@ﬁ%rpoétﬁﬂib%ﬂ%ﬁevﬁq pRgpe Pﬁ‘%é%@?gﬁ?zﬁ%cﬁ%iﬁg%%& i-des a :
met had ol tr%?ctei §?=Wi@ rhlém;% DA SRS JoRidronE01, ahichiiowiediungl a devi ce
structure at Pas at 1ea a first test structure, a second.test structure-

andia t hivogs prebt padsrA20t and 220(c dihp sheet resigtance €R9)sisilpes %% om whi ch

12 {abnt st
resigtagee hR e

13

14 By choosing a width W which is much larger than the minimal width

15 Wi for conductors in the layer in question (e.g., W=20%Wnin), Kelvin structure 1000 is

16 relatively insensitive to CD loss. Further, by having a length L much greater than its width
17 W, thereby raising its resistance R along length L, test structure 1000 maintains a relatively
18  measurable voltagé differénce across probe pads 2204 and 2205, while avoiding excessive
19  heating effects because of the relatively smaller current. Rectangular portion 2201 is

20  provided only for illustrative purpose. In fact, the shape of the portion across which

71  resistance is measured is not essential for achieving the results above. To provide the

22 requisite in_easu:rable resistance, an effective length in the direction of current flow whjgh is |
23 significantly greater than its effective width suffices. For éxample, region 2201 could be
24 replaced with a serpentine resistive trace which has a total length greatly exceeding its

25  width, provided that the resistive trace's width significantly exceeds the minimum width

26 Wi for the conductor layer. A field solver can be used to calculate the effective length-to-

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




ST ectT Ve Wi dEh- (W37 (2) the FiTst, “second and thi'rd test -structures

1 1) the reSIstlve portl on haV| ng an effectlve Iength (Lx) and 2 an

have resistive 4 portions with different effective w dths (Wi w, .... 5
W); 6 (3) the resistive portion of the first, second and third type test 7
structures have effective lengths (LI, L2, .. Li); 8 b) measuring the

resistance (R) of the test structures; 9 c) cal cul ating the goodness of fit
value for a fitted curve between: 130 (1) the effective length divided by

t he nmeasured resistance (LI/R, 11 L2/R2, ..Li /Ri); and 12 (2) the
effective wwdths (WI, W, ..W ) of the test structures; 13 d) using the
goodness of fit value to: (1) control the proc used. tof rm.14 the
devilte or (2) screeRosHENERIFEBREIONES arg CAy ?F?’%%eod?mﬁ% % nt -of

t he J nvgnt | Yors {)ﬁ({ R 0Lk thowa&dﬂqaeare
sensjltlt\?/"e lr‘%S?Snlvlti/( eveﬁeglg@&gtggﬁlﬁ%?%n%y lﬁot us? how ue in 19 standard SPC -
met i dsinvEsbr EasdomEresistaacembaniiamsemisara genaralty wéemse@vmmngbtqﬁ%r ement 20

to nmonitor_for |ow.level defecté é@g voi ds defects) in nmetal lines vvhere
t he 4oi emalbrewlerebdefpes.cuch apvaiddpi6tBince, but not enough to exceed -

tradjtional control 4y, %ﬁl%onggctggmﬂ@g&ﬂogﬁgkndabwghﬁlaﬁqcu@éﬂ@adtoa;ges of

enbodi nents the invention w || 24 set forth in the description that
f ol | ®ws maanal niiaroseupic, \mdi moberaowboastomatmhmmc@@s@phrpﬂwﬁo 36151 % mpy be

| ear ned by cti t i nventio |
" i ncofip I 84T ’a‘i‘i’g‘s%cﬁﬁ Eﬁcﬂi"‘iqﬂéfstbef’ﬂlge?‘?ﬁgﬁe?m% 1?0(;}’563’8%; a%@&n%ﬁ%g/ Ijﬁ%lc%s and -
advag gﬁ%ﬂk iR RRdidp Rt BmRkord fegmze sinke u{a:vsezetfopwmm;delﬁmsraabmm aod
obt a| ne nmeans of instrunentalities and conbi nati ons 2 a&}{o ul arI y

p0| n® ed slumk iDefediesubpe rmtendnavm@ ingondugtiye Brgsgre BrssCeRpIsTd tDRAW NGS

f eat ur es .and advant t pda? the 4
pr elggnt V}Sﬁéb’nt SrFOX e STy ?%e‘?“ ‘def a$ ?ﬁgq%@o@égsgﬁéﬂ%agﬁﬁgiﬁt% such a
sem congdyGt Rieral dﬂ@&’ésﬁ@teb@a@éi‘&mAaﬁtﬁﬁuwmfmérbéns@eﬁsdlnt invention will be '
nore clearly un stood fromthe 6 follow ng description taken in

conjlZinction with the accorrpanyl ng drawings in which like 7 reference

al s designate EEFHO k portions
ang?% in which: 9 Fﬂé‘%ﬁ‘%l g&%@%ﬁ@ﬁ@dﬁo&gie Vi ﬁa%cggﬁjéﬁ}r%lé&g%% of the
pri o4 akdethcdto e semas to @maﬂersnsﬁcamxemhsmedjew whdueacsoh df sigpet wsistaEcPHri or:
art. 11 Figure 2 shows a four-point Kelvin test structure 1000 for
det éﬁm ning 12 a sheet resistivity for a conductor |ayer; four-point Kelvin
tesg?structure is relatively 13 insensitive to critical-dimension |oss

according to the prior art.
The importance of overcoming the various deficiencies noted above is

18  evidenced by the extensive technological development directed to the subject, as

19  documented by the relevant patent and technical literature. The closest and apparently

20  more relevant technical developments in the patent literature can be gleaned by considering
21 US 6,403,389B1(Chang et al.) shows a method for measuring sheet resistance.

22

23 . US 5,627,101(Lin et al.) shows a test method for electro-migration
24 using a Metal and Poly test structure '

25

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

27  having a non-constant mean of a response variable.




15 for ¢

| engt h (RI/LI 16 R2/ L2, .. Ri /L|) and (2) (x aX|s) the effectlve mndths (VV
l, W, .. W ) of the test structures 17 according to an exanpl e

enbodi ment. 18 Figure 4A shows an exanple frequency plot of r (correlation
19 coefficient) vs frequency according to an exanpl e enbodi nent of the
invention. 20 Figure 4B shows an exanpl e "goodness of fit value" (e.g.,

correlation 21 coefficient) vs sanple showing an exanple control limt
according to an exanple 22 enbodi nent of the invention. 23 Flgure 5A shows
.an exanple of a fitted curve for. R vs... Tenperature 24.accor to an

" exanpl e enbodi nent . %S,ISB%BEI\WW@ %)Ehéﬁlloéesﬁ‘tlﬁhiaé ISPR "H‘é‘t’ﬁ from..2.--

different test. site nper at ur es

accot di W8 VQH%%(%WF%I %ﬂﬁﬁﬁ fhdd %dﬁglnyp%%ﬁ%f%@%gﬁﬁgﬁ%w OF THE -
PREMRRED EMBODI MENTS ¢lag6 naa@emr ethd siowsaimethat faomneisothomed] eBeto+ sti cal
Process control methods are insensitive to |ow | evel defects. For exanpl e,

r esi bt amigahemssingefingr@needbnmon met hods to nonitor and control the o
resigtivity (sheet rt‘?§5%t1i‘@9$éﬁ] el 4 2 HhetFOP S i 1B ghed BT Stor's
i n sem conduct or processing ventor as found t resi stance :
neas&reﬁﬁﬁgsdﬁﬁﬁaﬁ&ﬁﬂSﬂdxmﬂsdetect defects that |ncrease resi stance. The

inventor has found that tr SPC .neasurned resistance
meas{r ement val ues d/@9 A@Fﬁgaﬁﬁwpg 096 ‘%F6¥ 9%?Eﬁg$ects (e.g., -
metag voids). The f%S%tséﬂ%scmhe@aaﬁtgldvelaaﬂest\éatummﬁ)e@pactelan@hmd al so
anbi guous, as the fluctuations due to defects are conpounded wi th the

fl uc® uatieasigerexd. t 0 resi stance variations that may al so arise from
conpositional variation or dinmensional variation. The inventor has found

usi 3 sigma control Iimts on resistance neasurenents were not sensitive
enough to detect small, |low |level defects in netal |ines, such as void
defects. Resistance excursions outside a 3 sigma control limt have been:

fal se signals for metal voiding. These false alarns created del ays shlpplng
waf ers, as well as causing the unproductive depl oynent of resources to

i nvestigate whether netal voiding was present. 21 Overview 22 An exanple:
enbodi nent of the invention is a nethod that uses a 23 goodness of fit

val ue neasure arising froma regression or curve fitting technique 24

test/ measurenent (e.g., correction correlation coefficient, standard error)
for a test 25 paranmeter (e.g:, resistance) for nonitoring/lscreening or for
process control. The goodness 26 of fit value arises froma regression or
curve fitting technique. The m ni mum nunber of 27 test values required to -
cal cul ate a goodness of fit test is obtained. 10 1 Acurve is fitted to
the test paraneters values (e.g., dependent variable) 2 and an i ndependent
"variable (s). A goodness of fit neasurenent/test (e.g., correlation 3
-coefficient) is perforned on the curve. The goodness of fit neasurenent
value is used to 4 screen devices (wafers) or for process control. Control’
limts or scrap limts can be 5 established on the goodness of fit

nmeasur enent val ue. 6 The enbodi ment's goodness of fit test is thought to be
~nore sensitive 7 than conventional SPC nethods. One reason for the S
enbodi nent sensitivity is that the 8 enbodi nent utilizes nmultiple
measurenents for curve fitting. In contrast, usual SPC 9 met hods use a

si ngl e measurenent. Moreover, the exanple enbodi nent for nonitoring 10
resistivity tests resistivity on multiple width lines, both |arger and at

| east one that is equal 11 to the mninmumusable line width of the
particul ar technol ogy. For exanple, 0.18um




T one 13 measurenent ¢an” bé made on a sial l'er than the usable Tinewdth te

.12 OMDS technol ogy has. a drawn. 0. 18um polysilicon and width. -if desired,

enhance the sensitivity 14 to small defects but at the risk of introducing -
fal se signals because the process may not be 15 fully capable of a smaller -
width. 16 A dependent variables 17 The test value (e.g., neasured val ue or.
result value) is the dependent 18 variable. Ot her variables are independent.
“variables. For exanple, the independent variables 19 can be paraneters of
the test structure (e.g., resistor width) or test conditions (e.g., 20
tenperature). 21 The test val ues can be obtained using any conbi nati on of
~test structures 22 and test conditions or any. other independent E
varilabl'e(s). For exanple, the test values can 23 be neasured on three _
different test sites that have different test structures. 24 Al so, the test
paré%eters can be obtained on one test site, but the tests 25 are perforned
undey different conditi OrSUNMMARY OFTPHEINVENTEON ent, vol tage, |ight 26

intensity, etc.). In addition, different c i nations of depend

varidbl es are possi Bt i anppject oflwmwdggﬂﬂf@%%fﬁﬁgm%%% p(g%wﬁ% |
different f it - jjons at two. different 2 conditions. 3 As the
nunoer %#Oc%sggé%%ﬂ&eﬁﬁg%bgaeﬁgg'(N - degrees of freedon) 4 increase, the.
mi nigrum number to ddt & apaibective of mupmbetiment dthainventioa tg peeridssest fit

val ues 5 increases ,N+2£.% 6 B. l%?a?d ess of fit tests 7 The enbodi nent can
use hn?’eﬂvﬂé@téﬁs‘f&é‘b‘ﬂﬁ lowglevelidelelles 1 s, such as 8 correlation coefficients
(r of r-sq), standargh ghbodin®ht sfhBe pRESRIHANon froviRs ashethidof testingor ot her
9 types of statistics that evaluate the difference between the predicted -

val uds ehidhiechfateimedssifaiowso Fins, testroeasusemestiyaduwesfzomagevies 28 curve

fitting 12 The curve. fitti,ng f.ornul.a or r
variélbl g%‘qaglegﬁgag@ﬂﬁﬁ}ﬁg e e%i’l""flg%l gd@%?g@ﬁaﬁiﬁ E@:daégsoﬁfgg@gnuf type
of g Vo fd fitdan@ric etk : (3188 168 mbdsironemxalpheand (2) theimglepeidene, curve;
nth order polynomal, trigononetric, exponentjal, or 15| O%%&I ihm'ﬁ.1 :
equdl i omaridhe Eluesp e waettoaigondnessef ftgplyg IBIGRRRISEE BFOCPTSES YR LOTFBIC
m)n'#ori n% resi stance on 17 el ectronic devices 18 An exanpl e enbodi nent of -
t he nvE8RYfon is a nethod usi ng goodness of 19 fit value (e.g., correlation
coefificient) for reshgséBacRpéd esthepaitadihar inclaies esingrtatvelrlinitd @)the0 on a
wafer (e.g., device structure) to screen for defects or for process -
contfol godinesaf fitesilugsance i s neasured on at least 2 different test _
stryctures that have \dj Wiree ' hiaditsQh th@ebddrebsdtt IS
cal 3§| ated for the IéAg{s? egé%é}%tes st?gfcbﬂgg}ligﬁgeeﬁtf&of Resi stgnce '

17  fit values; the control limits established based on a history of goodness of fit values or on

18  device requirements.

19 Another aspect further includes the goodness of fitis a correlation

20 coefficient or a standard error value.

21 Another aspect further includes the fitted curve is a least squares fitted
22 straight line.

23

24 Another embodiment of the present invention provides a method of

25  testing which is characterized as follows.

26 a) providing a device structure that has at least a first test structure, a
27 second test structure and a third test structure incorporating a resistive
28 . portion from which resistance is measured;

6




'2-23 (dependent value) VS Vthh (tndependentuvalue)‘v24_The test nethed LR e
conprises the following. A device structure, such-as a 25 wafer is ST
provi ded. The wafer has at least a first test structure, a second test
structure and a 26 third test structure. The test structures preferably
incorporate a resistive portion from 12 1 which resistance is nmeasured.
For exanple, see resistance test structures in figures 1 and 2 2. 3 The
resistive portion has an effective;length (Lx) and an effective width 4 -

(W). The first, second and third test structures have resistive portions

with different 5effect|ve widths (W W, .... W). 6 The re5|st|ve portlon
“of the first;” second and tfjy Cth&¥é§?st1t.r@§éru%h'hﬁﬁh§%ﬁ%ff@ctik@fl@ng&ﬁt
‘lengths (LI, L2, .. Li). Theé effective |engths Can be t esanefor aII test.

8 st2uctures but do not have toabeffe@iveixitth (¥, r esi st ance (Ri) of each of
‘the test structures is measured 10 As shown in figure 3, a fitted curve:

can be calculated for: 1) y-.axi s) b he effective Iength dj vi ded the
measdired resistance (e. g  fEshcRs thigd tost gtrgcryps have regstive | | IR

and 43 (2) (x-axis) the effectl Sn%g%d%ﬂrent\%fec IV%C%HTS( e gpendent:

vari able) 14 of the test struct res. Inthis exarrp st squares _
fitt®d straight line can be cal &ilated. 15 For this exanple, where there |s
one i ndependent variable (W (we 16 assune the L i.s not changed e.g., LI.=
L2 = .Li), there is 1 degree of freedom (N). 17 Therefore, need at

| eas® 3 data points (N +2) (Do tharsistixe poriogediedyst, é%coﬂﬁﬁHQQHWHB%Eétnent
19 f all th h 20
fi tf“éé"cu'rveacant be cal cul ated TOK %Qﬁ%%a&?cﬁ%é.ﬁéé“ﬁ@ a1

resigtance (e.g. d%%gﬁﬂéth\égéiﬁ%&)(ﬁ gng,tesggm}‘g (| R 1 /R) and 23

(2) (x-axis) the effective w dependent vari abl e) '
24 o the test styuctalmésinglthe gduidsesxdifip value aot a fisted sopvartetwédnt t ed str ai ght

(e 80 Correl at o coBiks eRGHY Brefgv iR LY TPt st AR Bt ) 1 s

-cal ¢yl ated for a fitfeRruryRil;end. . | east squares fitted 28 straight
l'ine 13 1 The processes used to formthe device can be controlled or
the1 evi ces 2 screené@th%ﬁﬁfg:tnvh@’l@beﬂweswl’of -Wi ) ofrthetagt gmstireg;of the LIR vs

val 1 of tne gootheseishir Einsatotidng i roticl iyGRldie tRERRE 110

nmeagqyir ement is outsi ﬁﬁ:&ﬁncb%?@%fdéﬁ?lthelddﬂdﬁ establ i shed, the device 5 (or
wafer) is flagged or the process is flagged for process control or ot her

corkective action: 6 Figure 4A shows an exanple frequency plot of r _
(coiéel ation 7 coefficient) vs frequency. A process control or warning -
limt can be established base on 8 historical data of r (correlation

coefficient) or pr octmtadxraeeugb b€ tRnSHodindrit @8 R iATersioaWsthanthe xasdtess
"goodness of fit value" (e.g.; correlation 10 coeff|C|ent£ vs sanple #

shoW¥ ng ohHt BrespRenéLYRIVES|arg seppitive thlovslgnel|detects that masonetsgow 1pin f el | bel ow
thejgo nEtraﬂtliar!i 'S@btm@tﬁgds‘.'\@&l &aﬁﬁal& ltl?eg&?lgodtments are can use resistance measurement '

20  to monitor for low level defects (e.g., voids defects) in metal lines where the void defects
21  raise the resistance, but not enough to exceed traditional control limits.

22

23 Additional objects and advantages of embodiments the invention will be
24 set forth in the description that follows, and in part will be obvious from the description, or

25 may be learned by practice of the invention. The objects listed above are incomplete and

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




14 SPC nethods because the resistance variation shoms up when t est ed acros§M@L'

multiple width 15 test structures.(possibly, some type defects test better
on different type/wdth test 16 structures). Also, for the exanple where
the test condition if varied (see fig 5), possibly 17 sonme type defects
show up at better. at different test conditions(e g., tenperature). The use
18 of multiple data points also mnimzes the ' ‘noi se” in the
process/testing because the other 19 variabl es that coul d affect the test
are nore constant. 20 Another advantage of this enbodi ments' use for

- procgs Sin‘?lgﬁﬁtfn%ay‘ Be 1t ze%]anﬁ%lta)lnééleéﬁﬁéér@ df ﬁstrhﬁfeﬁﬁhﬁékﬁrﬂ@o&bﬂiﬁtﬁhs do not _'
kill"a circurt I'mediately,. but whi'ch are 22 reliability hazards (such as-a
met £ Ipmﬁmﬂaﬂ%pamﬂﬂﬂmhunﬁKmededamm%edded particle 23 beconming an open .
circuit during operation because of electrom gration due to the higher 24
current density.) Al so, because the electrical resistance neasurenent may
be perforned 25 after the conpletion of the device (wafer), it is also
sensitive to defects, such as voids due 26 to stress migration, that can
devel op after the fornatlon of the test structures. Cbnparlson 27 of the
goodness of fit values derived from neasuring the resistances inmediately -
after 14 t 1 formation of the test structures, and after conpletion of

all process steps may al so be done 2 to nonitor and control defects that
may formin |ater process steps: 4 A Sanple size- various exanples 5 To"™
cal cul-ate a goodness of fit value for data with N degrees of freedom6 (e.
g., N independent variables), we need N+2 data points. For exanple, for the .
resi stance 7 test above, we had 1 degrees of freedom- the Wdth of the '
resi stance test structure 8 (independent variable)-- and therefore need 3
data points. 9 There are many different ways to set the sanple size for the
curve fitting 10 and goodness of fit tests. Exanples include sanpling by
wafer (mninum 3 11 neasurenents/wafer), by wafers or devices in a batch:
(process by a batch tool) (e.g., 12 nultiple wafer in a netal sputter
tool), by -wafers or device thru a tool in a given tinme 13 period (or
sequence) (for exanple a set of wafers thru a photo tool in a set tine
period or 14 sequence of runs). 15 Sanpling nmay al so vary according to
circunstances. For exanple, 16 routine nonitoring nay consist of measuring
3 test structures on x nunber of wafers per 17 batch. If one of nore of the
sanpl e wafers indicate an excursion, then a further sanpling 18 or even all
of the remai ning wafers may be nmeasured to confirmthe excursion or the
extent 19 of the problem and al so possibly to screen out defective wafers.
20 21 To cal cul ate a goodness of fit value, at |least 3 data points are need
in 22 this exanple of a linear regression (with 1 independent variable). -
The nore data points to 23 better the result in the sense of nore sanples
for detection. However, the nore data points 24 uses up nore using nore
area on the wafer (for test sites) and increased test tine. In a first 25
exanple, a wafer has at |least 3 test structures where resistance is C
neasured. The three test 26 structure have different effective widths. Mre
test structures can be nmeasured and this can 27 inprove the accuracy of the
goodness of fit test (e.g., correlation coefficient). 15 I n anot her
exanple, a wafer with a test structure is tested at three different
conditions (e.g., 3 different tenperatures ). In another possible exanple;
multiple test sites (all the sane |layout) on the sane wafer are tested
under 2 or nore conditions. For exanple, resistance can be neasured three
times on 3 different test sites (all sane width) at 3 different
tenperatures. For exanple, figure SA shows a plot of resistance vs
Tenperature. In another exanple, a wafers) with 3 different test structures
(e.g., resistance test structure with different effective wwdths W, W,
"WB) is tested at 2 different tenperatures (Tl and T2). Figure SB shows an
table with sanple resistance values (R). A curve can be fitted to the data
for each tenperature and a goodness ofofit values cal cul ated for each
curve. Different goodness of fit values for the two tenperatures may be -
anot her indication of defects. The above exanples are non-Linmting and
conbi nati ons of the above exanpl es can be used.




18 Exanpl s’ 19 The following non-liniting exanpl es represent. preferred. . ...

forms and best 20 nodes contenplated by the inventor for practice of his
invention, as well as illustrating the 21 results obtained through its use.
22 A. Resistance test 23 Below is an exanple of an enbodi nent of the
i nvention sinulated for a 24 resistance neasurenent of test structure on a
Integrated circuit. The sinmulation is for 25 30umlong lines, divided into
30 individual segnents of 1 Vim 26 27 The el ectrical resistance of a line
or wire is well known 'to be: 16 2 (1) R p(L/A) 3 4 where: 5 pis the
resistivity 6 L is the resistor/conductor length 7 Ais the cross-sectional
area 8 9 For a rectangular cross-section, 10 11 (2)A=WT 12 13 with: 14 A =
areall5 Wbeing the resistor wi dth 16 T be| ng the height or thickness 17 18
In the case of a thin ) of ten expressed as:
19 20 (3)R=RS(L/W 21 ' 2 known as sheet
resi gtance, then def Tﬁ'@ﬂ:aﬁl@es ﬁlﬁ a&@aﬂté@es Bﬁa s&hﬁoggucgﬁ cﬁ@ﬁe%@&rﬂlﬂg"t@t}f@c
length to width, L/'W is often referred to as the nunmb of squares
squafte @oesant ingtion and furthsr detpils ofaiprocess off frdppisating Suahgmamiconidlﬁtftmr ence | n
}_Qﬁcgl df:drgl c%:l\({:na cc %H%cﬁem gﬁﬂj(e%%lis%ngmverﬁ{o%ewi erggre%ﬁea%l ers ooa fromn&%r tance.
6  following description taken in conjunction with the accompanying drawings in which like

7  reference numerals designate similar or corresponding elements, regions and portions and
8  in which:

9 Figure 1 shows a four-point Kelvin structure 600 of the prior art for

10 measuring resistance of a device according to the prior art.

11 Figure 2 shows a four-point Kelvin test structure 1000 for determining
12 asheet resistivity for a conductor layer; four-point Kelvin test structure ié relatively

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

14 Figure 3 shows an example of a fitted curve (straight line) calculated
15  for: (1) (y-axis) the measured resistance (Ri) divided by the effective length (R1/L1,

16 R2/L2,.Ri/Li)and (2) (x-axis) the effective widths (W1, W2, ..Wi) of the test structures
17  according to an example embodiment.

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

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

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

22  embodiment of the invention.

23 Figure SA shows an example of a fitted curve for R vs. Temperature
24  according to an example embodiment.

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

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




CoAomeasurement s by aptical..techniques. or -by. et€ctron nmi croscopy. are ...
routinely performed to 2 control the manufacturing process. CD neasurenent
may al so be done electrically in the 3 case of resistors and conductors by - -
maki ng use of the resistor equation as follows: 5 (5) R- R~ L+dL WdW6 7 .
wi th dL and dW being the dinensional differences due to variation that i
m ght arise from8 manufacturing fromthe designed, or intended, values of
L and W A positive value of dL 9 or. dWwoul d indicate an increase whereas
a negative value would indicate a’loss fromthe 10 desi gned di nensions. 11
.12 Because typically dL L (or a test structure can be deliberately 13

desi ghed to be so since in nodern seniconductor nanufacturing dinmensional -. .
v_ar_ia&i on is 14 less than a tenth of a mcron, and resistor lengths are at -

| east™a few microns), L + dL = L, 15 so equation (5) can be al gebraically

mani pgl at ed t 9EROFD PRsd: + g 19 Equation (6) is _ -
recogni zabl e a - GSAIRED EMBOBHVIES (y axis) . -
bei ng41/ R, multiplied by the known value of L, the independent variable 21
(x axks) being W with slope 1/ RS and y-intercept of dWRS. 22 23 Thus,

el ectTical ‘nonitors c ¥1ytorchas fognd thatponventionsl StatistisalMrocandogigdr s 24 of

vari abl emstibidl Sre 6@ j.n sheet resistance and CD change. The
resi st ances 25 nifq@n%llaﬁgs %%%V 1%%}%5}"@%%% ﬁz’ﬁﬁ{@’&@ﬁ Tpastangs peqsyramentsare B
regr eSsi EMEARA demrooitabdnal contrbiethe GestdiQRe (shesk il .yal yes, from
whi chg cal culated. 18 ’ 31 ghegg??litgﬂg‘%?/?ﬁ%%aéﬁp ne .

d can b | o
requir e\s%flﬂgcﬁiﬂels &H‘g ESSHESS ( emipandyeton progessings tThe inesitathas sowd thanduct or s
to sdl vershBlantd@esubdhfdHR\Eh Rl dW..Use of 3.5 or_nore '
resistors or conduct or s ena\glﬁedég‘ggﬁo%aﬁfi%%s At ezeash Esstaees The val ues
‘such'’as YRenter ksifpwndihptaraditiett SECemthocBnﬂingtmd%ﬂrelg lf&‘igtﬁfcfﬁeagtﬂﬁmént | o
regrgssi i i ment recqgni.zes .7 _and useful ly enpl oys the goodness
of Zji@t pgf%eﬁe-g?éeﬁost%g%%g&eettgﬁond@f gg‘f"s}?vei'ﬁ?%ﬂﬁ ée-sepntid woidse She eastbtmepr esence
of déf ectabuasaterelaivkly iaHANGOS atdgl ' ' in equation 6, i.e., 9
ranq(r)?m y %Eﬁeaéi ng, dlgflect s int rodﬂ%%h%leﬁégérlg]leﬂ@*%go?so‘%%éﬁﬁf‘%ﬁaﬁe t hat
depend OWHENARS Wit flustuationseduieso resetarice vadigtbona fisht SMFEKH arlkBHonl S, the
pr egenceogf : e 11 nore scatter in the data so the fitted
| ng I5vvou °d ;fg? te)ﬁ%t"la%%‘?ﬁ %o‘?@gﬁ%?‘?% NAEEORs | thesiaveniprighas Jomndyusing % sigmdar d
errgdp. xenfroldimits ari iesistante mesRieridnts W hi ok al um num
al | qr; 14}6‘; Ea}ﬁ%t oLs w@ﬁp equievalezanjtn she%f?wrt g‘gfléisﬂtv!g%ggu%ﬁi)%%f T’P‘glttlu‘??gl sq. ,
and i neWUPHECH IR Bew! linesgsuoh agvaidodefenty. Rasistanrerdxedrsivik oufsidag:i*\’&i%hasoft
Excel7. AoMeéltiEn; -yl ation S..16 rried out to denonstrate that
the_corr g_l ati onlgg%‘}eeﬁe%%?%%et%l% lﬁ%%ef%%@ag}%g' gﬁ?ﬁ?rfa](sﬁﬁk‘ﬁgéﬁmﬂﬁd@obsﬁ bl e

t hd# sehippingivaders nasasall iag thain ; t th
Brewn_(sz%‘%g I Eusng i dﬁﬁéﬁt@é?fﬁg%@% Cdi Vi ged into

tilag dﬁf cts.t?f'or_ the sinmulation,

a continuouS&G YV ﬁgero‘fle VS8 ¥as piggemtong segments, with each i ndivi dual
segl@@&nt having a 10% probability of containing 20 a defect of dinensions:
0.lum w de and 0.1l um deep | ocated at the center of an edge of the 21
seguent; that is a notch in the shape of a square into the nmetal. 22 23 A
segﬁﬁnt Orerviewit - a defect has a resistance accor di ng to equation 3. A 24
se nt with a defect has an increased resistance due to an increased
squite count that cai gsne apbodimienbdfabe hivestidir idiavinginod tdigsgegMent into

t hep3 Wogd Rl i.eces outside the 26 defect, and the rectangul ar area
that isr edg%’mgatuﬁﬁ*%%%&fl?m%ﬁ@ﬁl%W@I%S&eapégwwﬁmgteslpaw ng to these 3

pi e¥es Wptémentdrethend@Et N@ireclh drelation coetficient, standard error) for a test

25 parameter (e.g., resistance) for monitoring/screenihg or for process control. The goodness
26  of fit value arises from a regression or curve fitting technique. The minimum number of
27

test values required to calculate a goodness of fit test is obtained.

10




W (WO0.1) 15 16 The results for individual -0.6um_ O Sum and 0.4um wide

1 -.¥n this case of a square defect:-there i's an exact sol ution f.or the i

square' 2 count, (See €.g., R W Berry et. al., Thin Film Technol ogy, Van
Nostrand Reinhold Co., 3 1968, p 490.) whichis: 45 (7)) n _L~+LZ+ 1
L(SZ +1) ~(S+1)-21n( 4S )~ 2 W W 2~ S S1 Sz -16 7 where 8 nisthe
square count 9 LI is half the length of the defect, or 0.05 10 W- is the
wi dth of the resistor segnent mnus the defect dinension, oi, inthis 11
example, WO0.1 12 LZ is the length;of one of the sub- rectangl es without the
defect, or 0.45 13 WZ is the resistor width, or W14 S = WlW, or -

segn'e]nt swith a def ech care id Tittdd #6thd Bost ﬁm&&ét%ﬁ;vaﬁﬁ&i (827 HeFAISRMUALiSSIe)

resp ve re slightly larger than the 18 correspondlng values'thatf
woul! ﬂftfio%’alrl ttVFPéa PEYoR sﬁ&gmﬁﬁ ofrfi FsasuaBent{tess d e 29 catyelation The S
squarge ngé@ﬁéi ne 'o el referred to as -

20 Squa? egﬁLﬂe}ﬂOHH%d él?{r?ﬁlcg%%o?ﬂég o‘?j;ﬁ@& fﬁ%?eraélgru tegt %a?e lﬁgﬁ‘%ﬁfﬁum long- -

| i nes4 dioyéerattvicas ovaorspdr fongioceshcahtrele gimtdos limfits br werap Aitd 3aBbe Si mul ati on

resul 4 Tahle A | ow shows the results of the simulation. 25
26 7 20" RS AL gddnts o AEMEERIAT ARG, No.  Squar s -
W dt ISl opel nt er cept R%Weﬁbo@ﬁl‘ﬂena’s g@l’)eﬁﬁ:@é‘@ﬂ?ﬁes R Lohbe r%%r% 8@%&"79 e
0.616. 7601 7-0. 07186870. 059665- 42881 0.999 989384 /.7 IE

- 18. 3145%an goryenensé SEC mebod. 6@9@@8(01 P #® @ER@PAent sensitivity is that the

0.616, 75 9669- 0. 005748. 0. 9999900 7.4808 277149 - .
0. 59%62%%‘%‘8%%@%%%‘2 ﬁ%%a SYIFRFETS 16T urEe gt?’tﬁa ?W?%B%fggﬁms 0. 00017 .
0. 9_999886thadsuse43SidEe ﬂﬁam&ﬁerﬁ7m&%09er5ﬂle@9€1§ o A& 940m Oni . 943451

611 . 85024- Q. 16045170, 059346- 0. 0095222 0_. 999958849 1. 5287E- 02 8. 277149 -
resistivity tests resistivity on multiple width lines; both larger and at least one that is equal

11 to the minimum usable line width of the particular technology. For example, 0.18um
12 CMOS technology has a drawn 0.18um polysilicon and width. If desired, one
.13 measurement can be made on a smaller than the usable linewidth to enhance the sensitivity
14 to small defects but at the risk of introducing false signals because the process may not be
15 fully capable of a smaller width.

16 A. dependent variables

17 The test value (e.g., measured value or result value) is the depéndent

18  variable. Other variables are independent variables. For example, the independent variables
19 can be parameters of the test structure (e.g., resistor width) or test conditions (e.g.,

20  temperature).

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

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

26  intensity, etc.). In addition, different combinations of dependent variables are possible, -

11
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0616, 66448 0; 08000730; DB000S- 0 0048d11 0. 99996032 1 4846E: 0258; 240112+
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. 616 85191 - 08} 55068 WP FHESS of fiDEses 9 0. 999960053 1. 5063E-02_ 4g. 258589

. 5- v 3. 9947E- 0546. 591846 0.4 2 21 1 3 The sinmulation was of 30umlong -
lines, divided into 30CCRWOdimARAFanussangnytypesoff ghodwess 6f Miests aach s of 15 .-

randgm tégrladiodr ' ahl gve ere "No. Defects" is the =
t ot al nurrbega%g? Cgee@g%%q% %Qﬁ v H&?ﬁradoa%) ?Iﬁ%fof\é\gl/% ISeoEs™ ]ﬂe;?t Hgusige QT other he 30
7 seg@henypestdsiatigtics thatferaluate tR7di fleferichBetoREs Blearbabeg 98kEL Gi@pt for a )
Iinef'br rrggﬁr?essipgps cal.cul at eg jth the Excel function RSQ and "Std Error"
i s the STERGAPHCLP? B7UYimeasured vags-essi on, cal cul ated with the Excel |
function STEYX. 10 11 The sinulation results show that nore defects result
in dlpoorer fCf as 1guppePirdpyg! ower values in the correlation coefficient
(Ordiﬂts devi ation fron’éunity, 1- Eg ,) and 13 hi gher values of the standard
err For conpari sonThé elirve Eiteh Gy t :

| i nﬁ\[z)yl dt.hs, Excel cal cul ates a_gggrrel S){P%S@%gﬂéfgﬁﬁegéﬁe%d%nw&gﬁq111'-3 Rz of

1 E%erendent wariable ha embedimsntsofan jues anyt tyae of Guse fittfagMotiaulaj duch 8s

conglud ¥ ce defects signi.ficantly degrades 17 the :
"goodneggr %@?}é{ Qg%rgllgﬁg |ésqu?‘tel’ ﬁ%aocr . of gk @@OHP%C%efﬁé’nﬁ@%ggary to" -
firdf edogapitisic eyjhatich8 basel ine statistics for a given production 1ine.

Then ongoing routine electrical 19 neasurenents and cal cul ati ons of the
type.described in this disclosure can be used to 20 nonitor for significant
devi?gt i n*pﬁ%ﬁﬁngﬂé‘"ilﬁﬂt ﬁﬁl%%ﬂ’és@loﬂﬁéis of fis valnes fornpnitering gesidtanee ¢hl scrap or
further eval ypifoRfRifRidea! unreliable or poor quality. filnms or lines ox
resistors. The 22 calculations are readily done by the existing nodern
mea$8ir enent tool s al AgaghmpIeeRBodisRa ATWela d _Dby. conputers

Wi tﬁl capabilities for perf%r m na the@%&%@%ﬁﬁ gsnaéﬁ%{)gg%ﬂggggd%fsnﬁJt

st at? st 1 ¥alue &.apcqrrelatngosicigppaionresisianed (ted pamarsirt depbivdedf virhidid)i ne

respet a fe . 27.1ncrease as th i newi_dt h becomes snaller. Th s",'

t hi E‘ﬂe@ﬁﬁi‘%aggq?-g-,%ilgggﬁmgf O SCIRR %?égﬁtl@{étéﬁ&orm@swnmm Ehais t he -

t ecBhol ogistanbe istiGasuR8 0ddt leasth File®nPAARILLS %&Habghifﬁeggﬂggﬂ{ég dness of
and’’s T

fit] statiiti,cs such as 2 the correlation COE%fICI en Cerror
cantbe CEHRIgncosfsien) icalanlateshfor dhe ledmt s@uasdsadmial ght Yinofit 6f Pesdtars. |t is
al spy i K at.istical values or paraneters, such as F 4

P ot [Eohdelri 88 O b B b

statistrcs may a manner, but the correlation

coeMicient and st ard@rieht meBiddVomMBiEs M 8slIRSLA S S tion. 6
O exappl es - Capacitancgﬂgslvbst ggﬁ%?%l ydggirﬁggg]ﬁrrenféﬁ%fastahis

1 1.5.05E- 0556, 573403

..E. Q.
i nvent i GRS b?rPrB‘éld%b%IhPé’@fﬁdlaanylea‘straef'astlicalstrectpm; asetond tdstepengdennd yar i abl e)
t hatg Cagp; tical uation 9 to one or nore independent
var by o teh S, e sl RAAE! P B Btnrboieieyeobe eiricn Fpe

capaci tance such as for 12 gate oxi dqﬁ. Two conponents may contribute to
t he measured capacitance, the area or




.13 paral | el - plate capacitance and.the. perineter.or . fringe. capacitance if. .. .. .
the measured capacitor 14 is made sufficiently distant fromanother =~ T
capacitor so that coupling capacitance is not 15 si'gnificant. The: : ;
capaci tance can then be represented by: 16 17 Creas. - Carea' + Ciringe 18 .
Where Cnre~, is total capacitance neasured 19 C~ea i s Capacitance of area -
conponent 20 C~; "ge capacitance of fringe conponent 21 22 Further, the
fringe capacitance can be representied by a unit |ength 23 capacitance .
mul tiplied by the perimeter (P): 24 2S C',e~. = Carea + P*ef~nge 26 27
where P is the perinmeter length and C~;nge is the capacitance per |ength. .

23 1 Nethéch rAEigMEse | Lie; r case.c to distinguish-this -
from upper case Cfri ﬁlgleeq%lrg 'ﬁg&éﬁggg%yﬂeﬁé\gﬁﬁﬁagmmeél%gﬁ%ﬁtléﬂé of the
same 4re&; but different perimeter 6 lengths (for exanple any 3 or nore -
~capacjtors of area 1 sg.. um consj sti ré%ﬁof_'length and 7 width of 1 x 100;"
2 x 50, 4 x 25, 5 x 20K ?JSt!L‘(S’B?“F‘EleﬂﬁaP gtiveelanath €bix)k apden effentive svidthbe 8
curvet fi {Well The iRE se@ndRBY ef; i s of fit,values can be
used to eyal uate 9§whet her ?%redrtgaﬁgugﬁﬁésglgﬁg%ggﬂgég%’ﬁgﬂ’? Wt{"l‘il%lffﬁ‘ém S
‘capaci t ofdectiyp vidthe f Wil W2.1.. EM0di nents of the invention are autonated,

scal apbl e testing techfj 12 for d cLing very snmall defects or |ow |level .
fl uctyua’z)]inaonsﬂeThe tewﬁﬁgﬁglvgfﬁnﬁns‘ﬁltﬁ%ﬁlﬁ%ﬁ i%8d thindrype sesestpucafreer the
condulct okavereffeetivesitngths €1 20 1. LBt THe e@ctAL I&), LOBnflofl (4 Process
stepg sosth{';tt glef ?Cts such as s?r ess incducedgtrrl‘%?gﬁlbgtglie S %hfgfalyeét generated -
in later %L}S‘F ginﬂb}}av@éﬂbal so be detected. The techni que, however, is

not mestricted to ne |4 : an be applied to doped Si , doped

pol ysi | i con, pol yci dgge%‘t’aﬂhéc}‘%%%‘ia?‘% @éi?fcﬁaﬁ%f’?ﬂ@,tg%wewmﬁasmedhose o
resil¥t ance can be nedsshedn idfgkee, h AUBALIHIE c5&RBe BAciigRl §yent ed using any

typgjof test and tesg ](9 s{f&gcture. For exanple, tests could include
capaci tance test. Te b (gaxisd by thee ffesvaplengthativided theaeavared rasistaiet U.85

foried aftpasRal vairRbRe(1d/RESE $RbVE PRELIQN to measure the effects of 21
| oadi ng or chg?ﬁ!(cal rre% ahi?%:la/?])p%ﬁi shing. See US patent 6,403, 389

mcr :
(Chal%g, et al. 22 R)gp-axisptheesteopleewidie (westwst r,qutg{naé?ﬁﬁg[&r‘jagggej n us
depend >

).
pat ept Chang,.et al.) 23 could be used. 2 above
doscri p'?’ff glge%ﬁ%%%f"é SQ‘%&ESPP‘%‘H ¢ 2jopst sqparesBtied siraightdine bambe Sficulhtdd hs,

| endfhs, thi cknessesFoahf -example0 vi.de a more thorqugh -
understandi ng of the 26 pregse te’fvﬁ%rﬁ‘é}%%&\etm%ﬂepg%éV%&?%&?(‘ﬂ%wever, to

one 18k PFYECthe Lriznefchangedi— ¢.pe Idresent.. 27), idwcent | ABo@BYf ﬁ@edbrni"ﬁgj. ced
/i

Wi t hput Tthgl%ﬁﬁe,ds% ﬂéelds at llaa?st gtdg%rpolinqg }I@Qg)etso’ ca\i\cl:eulla!te Egg\é\gnegsr c?f(': 'gts >es

18 measurement.

19 Also, if all the test sites have the same effective length (L), the

20 fitted curve can be calculated for:

21 } (1) (y-axis) one divided by resistance (e.g., dependent variable) (1/R1,
22 1/R2,.....1/Ri)and

23 (2) (x-axis) the effective widths (W1, W2, .Wi) (independent variable)
24 of the test structures. In this example, a least squares fitted straight line can be calculated.
25

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

27 (R) or standard error measurement ) is calculated for a fitted curve (e.g., least squares fitted
28  straight line).
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Cithetpresent 2 i nvention, 3 Untess expl i'Gitly st ated ot herw se - each

f"f‘_;l have not been descrr bed i det arl |n order to not . unnecessarl I y ob

“nunerical value and range 4 should be interpreted as being approxi mate as

if the word about or approximately 5 preceded the val ue of the value or
range. 6 Wiile the invention has been particularly shown and descri bed with:
7 reference to the preferred enbodi ments thereof, it will be understood by.
those skilled in 8 the art that various changes in formand details may be -
made wi t hout departrng fromthe 9 spirit and scope of the invention. It is
intended to cover various nodifications and simlar 10 arrangenents and -

_ procedures, and the scope of the appended clains therefore should be 11°

accorHed the broadestTherpremqss@médmrfoﬁﬁﬂ&devibe%ﬁtbmaaﬁtﬁol&ld|or$ﬁthbvrces L

" nodi f4 ca ns ,and s ar 12 rangenent s and procedures. fat is
T O A S b et e g RO B Somprplects ot

meas.g enpétbeﬂtﬁé S i@t belacBd Bh WAL ofdhe BoddiIEpRASHL YaL ab! le

val ues; 4 b) calculating the goddness o
bet wekn E‘tbqgo@aps; af §i messaementie nutSLdantﬁﬂE coatrd] Bm{t2 pstablRhéd) digpnaent

vari 'Ie us sai d s of fit value to nonitor the
proczés)se useé(:ﬁ J%%% gh%%f‘lfeﬁe‘é%@ %Qf%’ﬁpmﬁ’% CRBEPIRT ofter cPEPGHVE agfirein -

step qc) further I nclRigles 44sshbdrs 68 Bk Adple Felidri: 78 (Al dness of fit
val ues. The pethod of claiml &mﬁﬂér el ﬁhst ygﬁb f(urt er | ncl udes using

cont rol igienth s frequensy. ob puerssscantrol pr waringdlimit sam te egatilishéd basaiohs

estaly is godness 13. fit values or on device
r equi ren@ﬁ?gpﬂ%ﬁg‘ BPII'%OHEEE ﬁﬁéoe?{i ]f’t %pio%&reﬂ}lﬁe’fl?fg S:goodness of fit is a
corré ation coeffici @igurodBahd®s ﬁ%@ﬂé“@ddﬁéss@@ﬁ YERE®NL o é&rélau&be

met of &%‘Fé iml V\/nere%n the fitted curve is a | east squares fitted
st r al'ght S HEent) Vs HMple,é shawing an sramaplgicantrohliveit.c The samepless (7, 3@ asdizEnent

val ugs afeﬁb%%%ﬁl%%ﬂﬁ@olqgmx@&&% ﬁ‘lﬁ'bte%gg Jreasurenents values. 19 7. A test

met hod conpri si ng providing a device structure that has at |east a
firs2 test structure, a 21 second test structure and a third test structure
i ncquoratr ng a resi j,’ﬁl' ve, 2 ortion fromwhich resistance is neasured; 23

24 (1) said resistivepESMPPHRIHEgoqgness ok fit stk |%np@r'ﬁgﬂﬁtl(’¢_$b)ﬂn ataudard
ef f edt | VSPORHdIS YéoauseBe resistance variation shows up when tested across multiple width

15 test structures (possibly, some type defects test better on different type/width test

16  structures). Also, for the example where the test condition if varied (see fig 5), possibly
17 some type defects show up at better at different test conditions(e.g., temperature). The use
18  of multiple data points also minimizes the “noise” in the process/testing because the other
19 variables that could affect the test are more constant.

20 Another advantage of this embodiments’ use for process control is the
21 early detection of 'latent' defects which do not kill a circuit immediately, but which are

22 reliability bazards (such as a metal line with a notch or void or embedded particle

23 becoming an open circuit during operation because of electromigration due to the higher
24 current density.) Also, because the electrical resistance measurement may be performed
25 after the completion of the device (wafer), it is also sensitive to defects, such as voids due
26 to stress migration, that can develop after the formation of the test structures. Comparison.

27  ofthe goodness of fit values derived from measuring the resistances immediately after

14




T7(2) said fifst, second -and third test structures have resistive portions

. 25.26,27 28 29 30°31 32733 .34 35 36 37.38 39 40 41 42 43 .44 45 46 47 48 49

with different effective widths (W1 W2, .... W), (3) said resistive .
portion of said first, second and third type test structures have effective
lengths (L1, L2, .. Li); b): neasuring the resistance (R) of the test o
structures; c) calculating the goodness of fit value for a fitted curve
between: (1) said effective |ength divided by the neasured resistance
(L1/R1l, L2/R2, ..Li /R); and (2) the effective widths (W, W2, .. W .) of
the test structures; d) using said goodness of fit value to: (1) control

th ' ' 2 t he devi 8. Th
R e S S T D RS R o

fittell uwimgnitoriandsontss)defeess thatndfond in B pF&iosemd Clai m 7 wherein said.
test structures are forned in and/or over a wafer. '10. The nethod of claim -

7 whetein said test structures are conprised of a doped region in a waf er .
11. The method of claim7 wherein said test structures are conprised of.a

materd al thatahas a iSppIelle | 65HioheWEmigs The method of claim 7

wherein said test structures are conprise a conductive material and an
i nteronnect |ayer i MoakRlltéBEGHHE offRWakR thodAL W RGReREs SR dom -
conducti yve El}eg{ei al., 13. The ngt hod of cl gi m 7 -V\}ﬁe%n sag%ef éfsa{rgeéitopuct ures:
~are conp¥is persient variablesh wienesd N-+3/data phiats. Fer exsetplé, ofof dremesitade | i nes

in a®semn Vi 50 14..Th t hod of claim7 wherein said
test st %%gg&gkﬁ%ﬁ&%‘?ﬁ% ééﬁS?dOén ﬁilfee}vil‘%ﬁ Og%esré?lété’t“?&e?trsgk}?@?e group .
consiSSti(riugiepéncbhti/amble)amdﬂ{bmfsre&iebﬂgqatamty.si | i con, polycide, . 52

sili %I de, netal, copﬁﬁr, al um nu{}} and al I'oys and conbi nati ons thereof. 53
15. The nethod of cl aPficArGFEPE Ao avaye tuisee S sampld sizevfak te dusverfitting

cor rnel atdn@noe@sdst bEhLRk:s. | c] . deterpi nati.on of standard error
measur emen'[g test, 551?%%5 ?‘ﬁgﬁﬁg% Lﬂggldgg&gﬁgﬁl%ﬁww\?#éf@flﬁn@m resistive
por tlilonsmtesvensaisdva®f)cloy waferd @nigviveSh eb&itﬂgwiwé‘éé Bk badch Yoddy (%?g.,er t han
sai d effechgi e wdth and said effective width being 57 selected to be
subsfantT4 Ft} ‘ﬁg‘é‘éﬂflé‘rm?tﬁ]asﬁ’ugﬁr tehdut wefery qridevise thinpeneliion givaditior sai d 58
pr odess.pedidd {or seitgc BRSNS 4 j i asuri t he. resi stance
(R) of the t grt gt T uéc]jl?(tltjr es; %%)ecic%ltrrg}r‘ %ﬁ%@a@ﬁé&ﬁéﬁﬁ%aﬁggﬁgﬁ Bktod ofy
di f flér efequaraperansy es; and 61 further includes : cal cul ating the goodness
of fikt value for a sgr ai %}t | i ne for the 62 between
ampling may also vary according to circumstances. For example,
16  routine monitoring may consist of measuring 3 test structures on x number of wafers per
17 batch. If one of more of the sample wafers indicate an excursion, then a further sampling
18  oreven all of the remaining wafers may be measured to confirm the excursion or the extent
19 of the problem and also possibly to screen out defective wafers.
20
21 To calculate a goodness of fit value, at least 3 data points are need in
22 this example of a linear regression (with 1 independent variable). The more data points to
23 better the result in the sense of more samples for detection. However, the more data points
24 uses up more using more area on the wafer (for test sites) and increased test time. In a first
25  example, a wafer has at Jeast 3 test structures where resistance is measured. The three test
26 - structure have different effective widths. More test structures can be measured and this can

27  improve the accuracy of the goodness of fit test (e.g., correlation coefficient).

15




.63 (1).the effective. length divided hy the measured resistance (LI/R., .

L2/R2, ..Li /Ri).; 64 the effective I'ength of the test structure are egial
(LI = L2 =. Li) and 65 (2) the effective wwdths (W, W, ..W ) of the
test structures; and 66 (3) the tenperature. 67 18. The nethod of claim?7
wherein said device structure is a wafer; said wafer has at 68 | east three
test structures; 69 the goodness of fit nmeasurenent is cal culated on '
measurenents made 70 on the test sistes on said wafer. 71 19. The nethod of
claim?7 wherein said device is a printed circuit board, a ceramc 72
substrate or a chip scale package. 73 20. The nethod of claim7 wherein
strucjures are fornmed adjacent to said resistive 74 portion to nmeasure the -
effec%s of mcro | oading or chem cal -nmechanical polishing, 75 28 76 21.

~ A nmethod for estimatilagardhedGkathsNe fd rements.
relatged t0.77 resistance of an i%%érggﬁﬁggg” a%é?ugﬁﬂgskﬁgﬁgggn?%r o
manuf ct8&#%@“&ﬂP¢H?%U?é%éHhﬂﬁﬁmuﬁmppaﬁmsﬂbd met hod conprising the steps of -

79 a)gfabricating on ' {.hg said nyfacturin rocess at least a -
first 80 test struct J?%%%%ﬁk%&@?@%ﬁﬁ?@t%%(gi ispe fayouonst: |
st r uct ur thegame vefermoe wtied gnder 286 iiére\BndiBbAd. ®Br é}faﬁwflw}éﬁﬁg‘?ﬁerﬁﬁ P%t ance is

measyr ed, 82 b),said resistive portion having an efféctiV eng and an

ef f ect i vECHTEThhresdmcsi g Teifiseanr (et siten Galhsatsi wigtt b3 ititrbmtl tbyipgamedser t han
sai d 2f {bataumphd bt anmvsalith SLLshids Wi beino selected to be -

substantially grea 85 t han "an expec i mensi on loss for said
process; 86 c) neasuring said resistance; and 87 d) deriving the sheet

resi g ance fromthe resisﬁance nmeasur enent ;. 88_gé_calculating a goodness of
fit val ue between t he? BRRENTTYAHBLE. pyafares) shitbek diffrenttsststmmtees((2/Bs) and a
secarid pesisERéekst sBc ' i dergQRA fit, uyahue to: (1) control .

t he processes used tgﬁngg%PﬁF%%%gfest.s ?ﬁ%ﬁ%}é@&oyﬂ?f3w§5@@E%d#ﬁﬁﬂﬁest

st r uct ur'é@pergpires)T1rnd TaptHigare 6B shbws om 2dblovheth aspledeSasmad AL FELer | s

t he jef f &Gl VELW f the 93 test structures or the tenperature.” 94 23. A
test metho @%%Fﬁ%?ﬁe tf’af)%" ?’é?nggaﬁlfe@@%gocad@SS|cdﬁt;ynbw cileatad devi ce

st r 4t urfer ¢dehtcuhas DiffetefSdoddedsi JFs: a.second test structure
andég third test struct uiragééof r?)r% whi g ﬁ?%@?&ﬁ&ﬁé@ﬁr@mﬁ’s&n%g‘é .
r

measyr i 1gHEHOR A detestsr amet er val ues on the test structures; cal cul ating the

goodgess of fit valu fitted curve, between (1) the test paraneter
val ues and (2) a di rrglﬁgs?goor‘{ CXHRRISR 7S oA m@)‘FmSﬁEdP‘@@%m%@mﬂﬁhmove

examples can be used.
17

18  Examples

19 The following non-limiting examples represent preferred forms and best

20 modes contemplated by the inventor for practice of his invention, as well as illustrating the
21 results obtained through its use.

22 A. Resistance fest -

23 Below is an example of an embodiment of the invention simulated for a

24 resistance measurement of test structure on a integrated circuit. The stmulation is for

25 30um long lines, divided into 30 individual segments of 1um.
26

27

The electrical resistance of a line or wire 1s well known to be:
16




5;29 102 103 104 105 106 107 I08 109 1IO 111,112 113 114 118 116 117 118
1190120121122 123 1247195 d)y s ng said goodness of it value: Fofiithe:
L/Rvs W) to: (1) control the processes used to formthe device structures
or (2) screen the device structures. 24. The nethod of claim 23 wherein
said test paraneter is resistance or capacitance. 2S: A test nethod
conprising: a) providing a device structure that has at least a first test
structure, a test measurement can he obtained fromsaid first test :
structure; b) nmeasuring a first test nmeasurenent of the test structures; c)
cal cul ating the goodness of fit value for a fitted curve between (1) a
first test measurenent performed under a first test condition and (2) a

second test measurenent perforned under a second test condition; d) using

sai d goodness of fit neasurenent to: (1 ) control the processes used to
fornﬁfheﬂdéhr@@Jéb (2) screen the devices. 26. The method of claim 25
wherein: said first test condition and said second test condition are
diffe#enhhhenperatures 27. The method of claim2S wherein: said first test
struggure is §1§tﬁ§ke°r,isﬁ’0ﬁ§ test structure that has a effective length (L)

and gf fecti VeLWtﬂE?es(sYgrfcoﬁ j, and said second test conditions have
di ff erent ten]ge gl Sealal |rs test measurenent is a resistance test.
rreas errent sal d goo ness %t neasurenent is for a strai ght line fitted

e effective Ien%th (L) di vided by the resistance (R) vs (2) the

o (
effe t|v°rv€i8ftﬁ1’¥L\}€f°f%‘i§S CAPe. A( |.ASY ,.A .A(.A A /.Ag< |
A AD APe. A AZ(/1. AP, . A< AP AP. A(/.A8Pe AP. AP. A A(/ . AQ A 0. A(. AI8P. ACI 0: 845

C (’7ﬂxp0@ A + §PEP8<< x@ 2+0f Vs> """# ' {vql gb\Wca] c*a] ca] ca] ca] ca]c
ay clza] caJ ca] ca]ca] ca]ca]ca] caljca]ca]ca]calcalca Uc”ralca _

13 with:

14 A = area

15 W being the resistor width

16 T being the height or thickness

17

18  Inthe case of a thin film, the resistance equation is often expressed as:

19

20 (3)R=Ry(L/W)

21

22 with

23 R is resistance _

24 Rs, known as sheet resistance, then defined as:
25 -

26 (4 Rs= p/T

27

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

29  square count.

30

31 In the s_emiconductor industry, a small difference in the width, W, from

32 the designed value may be of significant importance. Hence, critical dimension (CD)

17




: -.U]c"a] caU] ca] caU] ca] ca] ca] ca. ((((*++ G/ L/ P/ r/ 5/ 61656960 [
= NkP=VEWEG? ABB5 BT EPEQE] wr nif ‘a\ V\] cal'calca

U\/] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c”Ma] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca! QEkFnFy FFFGGEGGEH,
| >I Q RLXLYL[ SaSkS} W\ \\\\acccce~xgl gb] XSnf] ca] ca] ca] ca] ca] ca
WV] cal] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca
UV] cal] ca] ca] cal] ca WV] cal] ca] ca] ca egghhhbhi
j Jj Pkck~kKkkl I'I mmmnp| pi gl grrrtuz|w nticrYnf] ca] ] ca] ca] ca] ca] ca] ca] ca] caV] ca]
caV]ca V]c™aV]ca] ca] ca] ca]ca]ca] ca]ca] ca] ca]ca]ca]ca]ca]cal]ca]ca]ca]ca]ca
2zzzzzzZ+H{ ALV{X{{{{{{{{{{]}—— >DCKxr kf a\ Wrhc~Ynf ] ca] ca] ca] ca] ca UWV] caV] ca
W] caV] ca]eéﬂlr@af]rﬁa]ncaﬂiml/]echl]zqm]scﬁdn]z@be]cﬂﬁnhuﬁa];my]aceaa]wahdy‘ﬁhffaﬂxﬁa’dibc a] cal]

calc Caléh%!‘ﬁ‘ At aEP RIS R o be dpregleciriedlydntca) cal ca
] ca] @y é;gcgid[:\ﬁ%zgiﬁﬁd&ﬂh@m@]%ﬂqﬁé 6 Grahe Rk ohiARKE RINGLS: cal cal ca] ca]

ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caJca] cab ca ca] calca]ca] ca
] ca] ca] ca] ca! @ X _

] “zupkf a\ W] ] calcg] ga] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c] ca] ca]
ca] cd cajxat edd %%ﬁ%}] calcalcalcal]caM > # *10%00& ()-, *# *10% & () #i#t
*109C& ()-, # # )-,10%& ()-xO . 10%)())&() s/|[: # *10%Y& () - 4
*10% & () # *10%rQY& () # *10%0& ()-, # *10%0& ()-, #

*10%9]0& ()- It ~_> +1090°& ()-,10% & ()- 10 10 108V10%& (0)-

* 10900Y&’ ith dL%nd AW being the dimensional differences due to variation that might arise from

8  manufacturing from the designed, or intended, values of L and W. A positive value of dI
9 or dW would indicate an increase whereas a negative value would indicate a loss from the

10 designed dimensions.

1t

12 Because typically dL. <<L (or a test structure can be deliberately

13 designed to be so since in modern semiconductor manufacturing dimensional variation is

14 less than a tenth of a micron, and resistor lengths are at least a few microns), L+dL=L,

15 soequation (5) can be algebraically manipulated to:

16
R R R
18
19 o Equation (6) is recognizable as a linear equation with the dependent

20 variable (y axis) being 1/R, multiplied by the known value of L, the independent variable
21 (x axis) being W, with slope 1/R and y-intercept of dW/Rs.

22

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

26 slope and y-intercept values, from which dW and R, can be calculated.

18
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Mathematically, equation 6 requires the resistance measurement of at
least 2 resistors or conductors to solve for the 2 unknown values of Rs and dW. Use of 3
or more resistors or conductors enables calculation of ‘goodness of fit’ values such as the
correlation coefficient, and standard error of the regression. This embodiment recognizes
and usefully employs the goodness of fit parameters to detect defects. This is because the
randoni presence of defects materially changes the relationship shown in equation 6; i.e., |
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 WaSV
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 reéistance 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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1 In this case of'a square defect, there is an exact solution for the square
2 count, (Seee.g., R. W. Berry et. al., Thin F, ilm Technology, Van Nostrand Reinhold Co.,
-3 1968,p490.) which is:
4
2 .
sopiod L LIGT D S+l o S
2 W W, 2« S §-1 S -1
6
7  where
8 ~ nis the square count
9 L, is half the length of the defect, or 0.05
10 W1 is the width of the resistor segment minus the defect dimension, or, in this
11 example, W-0.1
i2 L; is the length of one of the sub-rectangles without the defect, or 0 45
13 W, is the resistor width, or W
14 S = Wy/Wy, or W/(W-0.1)
15
16  The results for individual 0.6um, 0.5um, and 0.4um wide segments with a defect are
17 1.76145,2.13576, and 2.71282 squares, respectively, and are slightly larger than the
18 corresponding values that would be obtained by the approximation method described
19 above. The square counts resulting from this more exact equation is referred to as “No.
20 Squares” in the simulation results. The results are for 30um long lines, divided into 30
21  individual segments of Ium.
22
23 B. Simulation results - Table A
24 Table A below shows the results of the simulation.
25
26
27
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1 Table A: Results

Simufation| No. (No. Squares| Width | Slope Intercept R, AW R Std Error
Sequence | Defects B 1-R*

1 ' 1] 9.981079 0.6 16.76017) -0.0718687  0.059665] -0.0042881] 0.999989384| 7.7229E-03
1| 8.314521 0.5 __1.66163E-05
2| 6.629045 04 '

2. 2] 9.962229 0.6| 16.75918) -0.0963319° 0.059669] -0.005748] 0.999990038| 7.4808E-03
3 8277149 0.5 9.96221E-06] :
3| 6.6103%4 0.4 ' .

3 3| 9.943451 0.6 16.57203| -0.0027982| 0.060343| -0.00017] (.999989952] 7.4291E-03
3] 8.277149 0.5 ) 1.00481E-05
2| 6.629045 0.4

4 3! 9.943451 0.6] 16.85024| -0.1604517] 0.059346] -0.0095222| 0.999958849] 1.5287E-02
3 8277149 0.5 4.11503E-05
5| 6.573403 0.4

3 41 9.924743 0.6] 16.66448| -0.0800073] 0.060008| -0.0048011]  0.99996032| 1.4846E-02
5] 8240112 0.5 3.968E-05
4|  6.591846 0.4 :

6 3] 9.943451 0.6/ 16.75802] -0.0957383| 0.059673] -0.005713] 0.999739265| 3 8271E-02
1| 8314521 0.5 ' 2.60705E-04
4] 6.591846 0.4

7 1| 9.981079 0.6! 16.85343| -0.1309582] 0.059335| -0.0077704 11 4.6332E-05
2] 8.295793 0.5 3.77882E-10
3 6.610394 0.4

8 4/ 9.924743 0.6| 16.47849; 0.04395002| 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 6610394 0.4 '

10 0 10 0.6] 17.04077| -0.2674271| 0.058683| -0.0156934| 0.998096413| 1.0525E-01
9  8.167024 0.5 1.903587E-03
4]  6.351846 0.4

11 2 9.962229 0.6| 16.47781| 0.06310843] 0.060688| 0.00382990| 0.999829238( 3.0454E-02
3] 8277149 0.5 1.70762E-04
0] 6.666667 0.4

12 6| 9.887538 0.6) 16.29246| 0.12456159] 0.061378! 0.00764535 0.999823426| 3.0620E-02
2] 8295793 0.5 1.76574E-04
2 6.629045 0.4

13 i 9.981079 0.6] 16.94616  -0.2020687| 0.05901] -0.0119242] 0.999750695| 3.7845E-02
5|  8.240112 0.5 2.49305E-04 ]
4]  6.591846 0.4

14 6|  9.887538 0.6| 16.29246| 0.10600141] 0.061378] 0.00650616] 0.999958502] 1.4843E-02
5[ 8240112 0.5 4.14983E-05
2| 6.625045 0.4 :

15 2| 9962229 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
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The simﬁlatio_n was of 30um long lines, divided into 30 individual
segments of 1um.

' The results of 15 random trials are shown 1n table A above, where “No.
Defects” is the total number of defects derived from the 10% probability of each of the 30
segments having a defect, “R*” 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 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, it is concluded that the presence of defects significantly degrades
the “goodness of fit statistics”. In actual practicé, 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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This example shows that common “goodness of fit” statistics such as
the correlation coefficient and standard error can be usefully employed to monitor the
stability of a process. It is also likely that other statlstlcal values or parameters, such as F

statistics may also be used in the same manner, but the correlation coefficient and standard

h B W N =

error were used as a simple demonstration.

Other examples — E.g. Capacitance

Most generally embodiments of this invention can be applied to any

measurable parameter (dependent variable) that can be related by a mathematical equation

oo 3 N

to one or more independent variables.

10

11 Another example is the monitoring of dielectric capaéitance such as for
12 gate oxides. Two components may contribute to the measured capacitance, the area or

13 parallel plate capacitance and the perimeter or fringe capacitance if the measured capacitor
14 is made sufficiently distant from another capacitor so that coupling capacitance is not

15 significant. The capacitance can then be represented by:

16

17 Cineas. = Carea T Cfringe

18  Where Crneas, 18 total capacitance measured :
19 Carea 1s Capacitance of area componeht :
20 Chinge capacitance of fringe component

21

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

23 capacitance multiplied by the ﬁerimcter (P):

24 '

25 Cueas. = Carca + P*Cpringe

26

27  where P is the perimeter length and Cringe 18 the capacitance per length.
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3

4

5 By using 3 or more capacitors of the same area, but different perimeter

6  lengths (for example any 3 or more capacitors of area 100 sq. um, consisting of length.and
7 widthof 1x100,2 x 50,4 x25,5x20,0r 10 x 10 umy), the measured capacitance can be
8  curve fitted to the perimeter. Then again, goodness of fit values can be used to evaluate

9  whether there is an issue or problem with the capacitors.

10  Benefits

11 Embodiments of the invention are automated, scalable testing technique
12 for detecting very small defects or low level fluctuations. The technique can also be

13 applied immediately after the conductor or resistor is fabricated, or after completion of all
14 process steps so that defects such as stress induced metal voids that are generated in later
15 processing, can also be detected. The technique, however, is not restricted to metal lines,
16  but can be applied to doped Si , doped polysilicon, polycides, and salicides; that is, to any
17 film whose resistance can be measured.

18 The invention can be implemented using any type of test and test

19 structure For example, tests could include capacitance test. Test structures can be used
20 that have structures formed adjacent to said resistive portion to measure the effects of

21 micro loadi_f;g or chemical-mechanical polishing. See US patent 6,403,389 (Chang, et al.).
22 Also, for example the test structures described in US patent 6,403,389 (Chang, et al.)

23 could be used.

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

27  invention may be practiced without these details. In other instances, well known processes
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3 Unless explicitly stated otherwise, each numerical value and range

4  should be interpreted as being approximate as if the Wofd about or approxi.mately

5  preceded the value of th_e value 6r range. |

6 Wlﬁle the invention has been particularly shown and described With.
7 reference to the preferred embodiments thereof, it will be understood by those skilled in

8  the art that various changés in form and details may be made without departing from the

9  spirit and scope of the invention. Ii: is intended to cover various modifications and similar
10  arrangements and procedufes, and the scope of the appgﬁded claims therefore should be
11 accorded the broadest intefpretation so as to encompass all such modifications and similar
12 arrangements and procedures. |
13
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What is claimed is:

1. A test method comprising:

1

2 a) obtaining test measurement values on a dewce at a plurality of

3 independent variable values;

4 b) calculating the goodness of fit value for a fitted curve between :

5 (1) said test measurement values; and

6 (2) the independent variable values;

7 ¢). using said goodness of fit value to monitor the processes used to form

8  said device. |

9 2. Thé method of claim 1 wherein Step (c) further includes using contrbl liﬁ}its on the
10 goodness of fit values. _
1 3. The method of claim 1 wherein step (c) further includes using control limits on the
12 goodness of ﬁt values; said contro] limits established based on a history of goodness of
13 fit values or on device requirements.

14 4. The method of claim 1 wherein the goodness of fit is a correlation coefficient or a.
15 standard error measurement.

16 5. The method of claim 1 wherein the fitted curve is a least squares fitted straight line.
17 6. The method of claim 1 wherein the test measurement vé]ues are resistance or

18 capacitance measurements values.

19 7. A test method comprising:

20 a) providing a device structure that has at least a first test structure, a
21 second test structure and a third test structure incorporating a resistive
22 . portion from which resistance is measured;

23 3 (1) said resistive portion having an effective length (Lx) and
24 an effective width (Wx),
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rst, second an test structure$ have resistive
26 portions with different effective widths (W1 W2, .
27 | Wiy,
28 | (3) said resistive portion of said first, second and third type
29 . test structures have effective lengths (L1, L2, .. Li);
30 b) measuring the resistance (R) of the test structures;
31 c) | calculating the goodness of fit value for a fitted curve between: _
32 (1) said effective length divided by the measured resistance (L1/R1, _
33 o L2/R2, .Li/Ri); and
34 _ (2) the effective w1dths (W1, W2, .\Wi) of the test structures;
35 d) using said goodness of fit value to: (1) control the processes used to |
36 ' form the device or (2) screen the devices.
37

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

40 9. The me_thbd of claim 7 wherein said test structures are formed in and/or over a wafer.

41 10. The method of claim 7 wherein said test structures are comprised of a doped region in
42 a wafer.

43 11. The inethod of claim 7 wherein said test structures are comprised of a material that
44 has a measurable resistance.

45 12. The rr_iéfhod of claim 7 wherein said test structures are comprised of a conductive

46 material and an interconnect layer in a semiconductor device is comprised of said

47 conductive material.

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

49 metal layer that is used to form metal lines in a semiconductor device.
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77 resistance of an interconnect layer in a process for manufacturing an 1ntegrated c1rcu_1t,
78 said method comprising the steps of: |

79 - a) fabricating on a wafer, using said manufacturing process at least a first
80 test structure, a seéond fest structure and a third type test structure
81 ._ incorporating a resistive portion from Which a resistance is measured,
82 | b)  said resistive portion having an effective length and an effective width,
83 - said effective length being substantially greater than said effective

84 width and said effective width being selectéd to be substantially greater
85 than an expected critical dimension loss for said process; |
86 ¢) measuring said resistance; and _

87 d) deriving the sheet resistance from the resistance measurement;

38 e) calculating a goodness of fit value between the one divided by the sheet
89 resistance (1/Rs) and a second parameter;

90 f)  using said goodness of fit value to: (1) control the processes used to
91 ~ form the test structures or (2) screen the test structures.

92 22. The method of claim 21 where said second parameter is the effective width of the
93 test structures or the temperature.

94 23. Atest rriethod comprising;

95 a)  providing a device structure that has at least a first test structure, 2
96 ] second test structure and a third test structure from which a test
97 : parameter is meaéured; |
98 b) measuring the test parameter Valu_e_s on the test structures;
99 c) calculating the goodness of fit value for a fitted curve between :
100 (1) the test parameter values and.
101 | (2) a dimensional measurement of the test structures;
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' ! processes used to form the device structures or (2) screen the device
104 : - structures. | |
105 24. The method of claim 23 wherein said test parameter is resistance or capacitance.

106 25: A test method comprising:

107 a) providing a device structure that has at least a first test structure, a test
108 measurement can be obtained from said ﬁrst test structure; |
109 b) measuring a first test measurement of the test structures;
110 c) calculaﬁng the goodness of fit Valué for a fitted curve between :
111 : (1) a first test measurement performed under a first test condition and
112 ' (2) a second test measurement performed under a second test condition; _
113 d) using said goodness of fit measurement to: (1) control the Drocesses
114 used to form the device or (2) séreen the devices.
115 | -
116  26. The method of claim 25 wherein: said first test condition and said second test
117 condition are different temperatures.
118 27. The method of claim 25 wherein: _
119 - : said first test structure is é.resistance test structure that has a effective
120 length (L) and effective Width (W);
121 o - said first and said second test conditions have different temperatures;
122 B said first test measurement is a resistance test measurement;
123 N ~ said goodness of fit measurement is for a straight line fitted to (1) the -
124 effective length (L) divided by the resistance (R) vs (2) the effective width (W).
125
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