Met hod to nonitor critical dinmension of IC

i nterconnect Background of Invention 1) Field of the
I nvention This invention relates generally to nethods
for the electrical neasurenent of critical dinensions
and more particularly to electrical measurement of
line spacing of conductive structures in .

sem conductor devices. 2) Description of the Prior Art
An inportant driver for keeping More's Lawis the

I mprovenent in productivity of sem conductor

manuf acturing. This is acconplished by the constant
shrinking of device structures. The main burden of
this shrink roadmap is carried by the |ithography,
whi ch i Methed to,manitarsritical dimessjon of intergarnnect The
|'i t hography process and exposure tools require an
ever growi ng effort and support from nmetrol ogy and

i nspection. New pr oBackgresinaraf Ingentidnhere to

1) BiéRy grhi l’]t"%ﬁ'&r equi red precision and accuracy

specl % well as the requirenents for

t hrTWhpéhtlmlétégbeﬁéﬁaﬂ?lto nfetSeUs fof ﬂ{écée?t-ﬁ% measurement of
ow- vol tage scanni ng el ectron m crosco

C”t'ﬁﬂ 4imgRsieBs gy Mers| parlp(aﬂardy ﬁqele@trlcelumeaﬁuremeoomhne spacing of
conHQ(’:H\fe‘%{ti'Lfc‘:fl.lre%r eréérﬁlétoﬁduéta? EWH&? required for CD SEM

measur enment mts the nu er o' neasurenent sites to
be coll ected per wafer. However, sonme applications

L. o tooI which is able to coll ect
2) qeg‘%gfgﬁ%nﬁ%f}ﬁ%frb a W|thi n a short tinme frane to
obtain statistically significant results on the

l.ete image fields. One exanple is the _ -
g%%d&p@rt%gtﬁm@q fef kqaning Mogps Lawds thssimrsovenest ibageductivity

of s%r?i@ﬁd@ét%?ﬁ?a‘ﬁ%fﬁct%nd. i isAcHApIifhed by e RERSBRTE M Ring of
device structures. The main burden of this shrink roadmap is carried by the
lithography, which is currently pushed to its physical limits. The lithography process
and exposure tools require an ever growing effort and support from metrology and
inspection. New procedures are needed here to guarantee the required precision and
accuracy specifications as well as the requirements for throughput and statistical
significance.

The low-voltage scanning electron microscope (SEM) is a main metrology tool
for critical dimension (CD) monitoring. Typically, the time required for CD-SEM
measurement limits the number of measurement sites to be collected per wafer.
However, some applications require a metrology tool, which is able to collect large
amounts of data within a short time frame to obtain statistically significant resuits on
the complete image fields. One example is the characterization of lithographic
exposure tools based on an assessment of their actual printing performance by
measurement of line spacing.



measurenent of |ine spacing. 9 The inportance of
overcom ng the various deficiencies noted above is
evi denced by the extensive technol ogi cal devel opnment
directed to the subject, as docunented by the
rel evant patent and technical literature. The cl osest
and apparently nore relevant technical devel opments
in the patent literature can be gleaned by
considering the follow ng. Jason P. Cain and Costas J.
2B?nos, F!ectrLcal i newidth nmetrology for systematic
ariati,on c ' ' , 1sal: i :
oA isseanes 965 BRthichThe 2ar g dEmiaRieg AN Bheve s
evidanged biyané ekieasiveesitmplagical Genplopmentdirested i the subject, as
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app%r%ﬁy%eﬁﬁ%vaﬁ?feﬁﬁﬁﬁcéme\/éﬂidnbérﬂé irthe-pafertnitérature can be

ctron mcroscope calibrating nmethod for
gleared by considesingdbe fdlowigthuf act ure, invol ves correl ating
optical workpiece neasurenent with reference sanple
feature critical dinmension Inventor: Rangarajan,

Bhaimabh P. Gairahnd US2R630 Spanas,Hlecical linewidth naeteqlogy for
struct

cture and test t.hod -D el [ :
b S o} S PO AP P Bipg o710 o
wetgéit%eﬁ 2 PagSs, ANEh L RRGH & IEVSCtrida FEeigindepingeidiGarnpleter Sciences,
dielectric layer - Inventor: Wang, Mi-Chun US 6754593:
Uninersity of EatifosppaBerkaleys 6A 28ur i ng def ects - Vor kpi ece

€. Q15647 4x0aP Readlfb | oidh.a COVSEMEsN
e LR EHeRE FREFRE ot e ficht BFRTuten0 sERplE o ‘
meg‘ibfda‘ur eatibraticsi + Scarming\elekipore oHcrosepreedliPeating mewedifed
semi%or?&ﬁctor device manufacture, involves correlating optical workpiece
measurement with reference sample feature critical dimension

Inventor: Rangarajan, Bharath; et al.

US20030155933A1: Dielectric test structure and test method -Dielectric layer
test structure for semiconductor device manufacture, has liner pads and conductive

layers formed inside dielectric layer - Inventor: Wang, Mu-Chun

US 6754593: Method and apparatus for measuring defects - Workpiece e.g.
microprocessor defect measuring method, involves measuring defect characteristics
at each of measurement sites on workpiece responsive to measured defect
characteristics being greater than predetermined threshold Inventor: Stewart,
Edward C.; Buda, TX



characteristics being greater than predeterm ned
threshold Inventor: Stewart, Edward C ; Buda, TX 2
US6891627: Met hods and systens for determining a
critical dinmension and overlay of a specinen -
Speci nen properties determ ning systemfor

sem conductor fabrication process, determ nes
critical dinmension and overlay m sregistration of
speci men based on out put signals generated by

UsqBRBRT B hons sy stemia fr eterBYG B bk Gig eds R dagt overlay
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circuit manufacture, has pairs of contact areas which
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Levpmdysystens for determining a critical dinmension and
a presence of defects on a specinen - Specinen
properties determ ning systemfor sem conduct or

f apIepabren CipHcrefcirdlit ﬁruatmesoﬁdétbrrﬁmkng @Ué?wserﬁﬁ Error
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whldér(‘f@ﬁs s@% uQﬂ]Q s etha?&apaléﬁapgr%%oﬁé %@'\ded inwards and

rica I Mensi'on measur emen
overidppingraisles of sqeme -stnveotan Ezdny, KuweaGiyuamg criti cal

ncl ydes cro S-resi stor.
or R0 ReP2eBIRL WRRSRE arti b RtHTE oF dBITUERG Brftielec
dimémsibmaee a presénce 6Tddpsdts Ond sigeciiert Spetimdie®peniés
ot her nmeasurenents Inventor: Chan, David Y.; Austin,
determinipg sygtgm for semiconductor fabrication process, determines critical
dimension and overlay misregistration of specimen based on output signals

generated by measurement device Inventor: Wack, Dan; et al.

US20020102472A1: Electrical critical dimension measurements on
photomasks - Test structure for measuring critical distances on photomasks,
includes cross-resistor, bridge resistor and split-bridge structures connected to image
line, for performing sheet resistance and other measurements-

Inventor: Chan, David Y.; Austin, TX, United



3 Summary of the Invention The enbodi nents of the
present invention provides a nmethod for neasuring the
critical dinensions of a structure which is
characterized as follows. An exanpl e enbodi nent for a
met hod of nonitoring and neasuring the critica
di nensi ons of interconnects conprises the steps of
nmeasuring an IN profile of a sanple interconnect
structure to obtain a sanple |-V profile conprising
| eakage current neasurenents at two or nore voltages;
o the sanple inter@ﬂﬁﬂ%ﬁﬁhafﬂﬂ§ﬁH%ﬁﬁbﬁ conpri sed of
spaced lines having a I'i'me spacing;, conparing the
safMmeserhbodimehtd ef the hesent ifventort prdvidéspa ofetha far measuring
reference .line spacing to determne .if sanple
the FRGH SBTRNSot 3 St WRBT Gidretirized 88T Blvs, e
sanple IN profile is simlar to the reference IN
profile, then | eakage currents for the sanple
I nterconnect structure are derived fromthe IN
pr of i : \, ; ; '
i Al @Bk s AEhEE: (PRl oRnidRod e Bty ingtne
criticalidimensiens shriptescannecisraniprises Ane stepsef ¢ enbodi nent
for a method of nonitoring and neasuring the |ine
spaci ng of interconnects conprises the steps of : 4
eqs UnkeBSurity an Mvisrefile!of adfanplé ShRirédHfiRct RreERPe ke6btain a

structure with a .
sample |-V profile comprising leakage current measurements at two or

more voltages;
o the sample interconnect structure is comprised of spaced lines
having a line spacing;
e comparing the sample I-V profile with a reference |-V profile at a reference
line spacing to determine if sample interconnect structure is not defective;
o If the sample |-V profile is similar to the reference |-V profile, then
leakage currents for the sample interconnect structure are derived
from the |-V profiles at a selected voltage; and
¢ calculating the line spacing of the sample interconnect structure using the

sample |-V profile.

An example embodiment for a method of monitoring and measuring the line

spacing of interconnects comprises the steps of :



reference line spacing to obtain a reference |-V
profile; the reference interconnect structure is at

| east partially in a reference insulation |ayer; o the
reference interconnect structure is conprised of
spaced lines having a |line spacing; o the IN profile
is conprised of |eakage current neasurenents at two or
nore voltages; o the reference interconnect structure
is conprised of a conb-shaped section; neasuring the
i ne spacing of the reference interconnect structure
by measeNng en F¥prefde ioh adeterencediataieonngchatructyrep mithia e

of le i r GO .S ai

PN SeRER e BRERE IR GRS | BRI, Beltefdifice
r efrderepopedtiStnacture iscatdeast patfialydn @agefdrenee msalation ldyer;
determ U’?@ i; t he ﬁﬁg’pl e i qt?rconnect structuyre is Pot

def ec? i & rerggenge cQanet STURIULT 55 ¢9raprised of spaced lines
si gni fi panhg¥ Ifefdpacmat than the reference IN profile,
then a process defect Is determned to exist in the

sanpl@® thent¥épeafite iscgorsprisesk efleakage) quriene measgremends at two or

profil enio?‘e%l@%ie%r to the reference IN profile, then
| eakage currents for the sanple interconnect structure

are der thee@dfdrence intéreohheqi rstriuclues isastcomprissdeaftaecbmb-shaped
vol tage; .calculating the |ine spacing of the sanple
i nt er coRf&N structure usi ng the sanple I-V profile.

e measuring the line spacing of the reference interconnect structure by a SEM
or TEM technique;

e measuring an |-V profile of a sample interconnect structure to obtain a sample
I-V profile;

e comparing the sample |-V profile with the reference |-V profile at a reference
line spacing to determine if the sample interconnect structure is not defective;

o if the sample |-V profile is significantly different than the reference |-V
profile, then a process defect is determined to exist in the sample
interconnect structure;

o Ifthe sample |-V profile is similar to the reference 1-V profile, then
leakage currents for the sample interconnect structure are derived from
the |-V profiles at a selected voltage;

e calculating the line spacing of the sample interconnect structure using the

sample |-V profile.

An aspect comprises wherein the step of calculating the line spacing of the
sample interconnect structure using the sample I-V profile comprising using

equation 7 or equation 8:



An aspect conprises wherein the step of cal cul ating
the line spacing of the sanple interconnect structure
using the sanple |-V profile conprising using
equation 7 or equation 8 5 J 0.0146 ;rl D(, In ; 1l
Equation 7 Jo ,jk.. V)0 D or 1In('~) =1n(Do) + 0.0292
j {1)-),; ° 1 Equation (8). Additional exanple
enbodi ments are described in the clainms and foll ow ng
specification. The above and bel ow advant ages and
fe urQﬁnage p res ntatlve enbodi nents only, and
aj &/"7 vt-Dng)aerll or excl uEquation{é) are
sent i0 I 0 assi-st i n understanding the
|nvent|on It should be understood that they are not
representative of all the inventions defined by the
claims, to be considered linmtations on the invention

as defj ned t tations on
eqmln(é’llr)stﬂhﬁ@vﬂy) %%2% Do) 1’—20{1;]} nst ahgqeatiaoi®. of
these-fadvantl%\ges ual Iy contradictory, in

that they cannot be Si mJI taneously present in a
singl e enbodiment. Simlarly, some advant ages are
appl i cable to one aspect of the invention,

i nasislitianabpyamplembedments greriasttped '%@Pﬁéﬁiwse?gﬂe’el!@mng

s flcﬁn?n cl ai med i nventi on have not been di scussed
pe% rern. However, no inference should be drawn
regar di ng t hose di scussed herein relative to those

"ol R (E0E R ASos Rl el R T B
emi)@cﬂhiéhfgiorﬂy carfpareMmict @kRasdtivel ahdrartexeist@nTheg aeslpresented only
to qsgéf ﬁ@%&ahaﬁgghg E[g}ggltl&? %g)u\fc? L)g TJ%ger ddd ttt1|a?ﬁ1ae|y are not
representative of all the inventions defined by the claims, to be considered limitations
on the invention as defined by the claims, or limitations on equivalents to the claims.
For instance, some of these advantages may be mutually contradictory, in that they
cannot be simultaneously present in a single embodiment. Similarly, some
advantages are applicable to one aspect of the invention, and inapplicable to others.
Furthermore, certain aspects of the claimed invention have not been discussed
herein. However, no inference should be drawn regarding those discussed herein
relative to those not discussed herein other than for purposes of space and reducing
repetition. Thus, this summary of features and advantages should not be considered
dispositive in determining equivalence. Additional features and advantages of the
invention will become apparent in the following description, from the drawings, and

from the claims.



invention wll beconme apparent in the follow ng
description, fromthe drawings, and fromthe clains.
6 Brief Description of the Drawi ngs The features and
advant ages of a nethod according to the present
invention and further details of the nmethod for
measuring the CID of a device in accordance wth the
present invention will be nore clearly understood from
the following description taken in conjunction with

t he acconpanying drawings in which |ike reference
nunmeral s designate simlar or correspondi ng el enents,
regions and portions and in which: Figure 1 is a plot
of (I1-V) Leakage current vs E (V/cnm) for a reference

i nterconnect st Bmiafllnescaiptiombfrthtmawingsaerl e

e di.ment of th resent |nv t on 21iS a, .

o e gpatrestand Adeoea or ametid RleapingtoitGe Beeahigvention
and O IRSICRAIRCHT thé Mthed BoraREsufingdhé @[ﬂﬁf ﬁlﬂé{?’ﬁé n accordance

embodi nent of the Eresent i nventi on. gure 3 is a

withghe pregent inventier wilbge mase pmlywdgr$w¢wM toe fellowing
; r r
des{} tg{nggﬁ(%% g‘{é&gﬁ%@c‘rﬁgﬁng tﬁ% éé% Snﬁﬂg d?an\gﬁgg n‘?whlch like
refetdreepnursenats designdte cs'rmilaFlog lcoerespomjnaag eletriemtsvhegbns Iaows
t he I|ne cing and i Leakage for a references
porttqnéfaé}d %ﬁd sanple). Figure 5is a top down view of
an interconnect structure used to neasure the | eakage
current accordi ngl to an exanpl e enbodi nent of the

pr Eigatie 1iipadtet frl-V) tiegkage sunrrgntavsCE d¥envder a sefarengeew

intefcBhnbét RIckRE 1380rdhd 18 & EMBRerEsdimeht Sttht Fesent invention.

Figure 2 is a plot of (I-V) Leakage current vs E (V/cm) for a sample
interconnect structure according to an example embodiment of the present invention.

Figure 3 is a plot of (I-V) Leakage current vs E (V/cm) for a reference
interconnect structure and a sample interconnect according to an example
embodiment of the present invention.

Figure 4 is a table which shows the line spacing and iLeakage for a
references (reference and sample).

Figure 5 is a top down view of an interconnect structure used to measure the
leakage current according to an example embodiment of the present invention.

Figure 6 is a cross sectional view for illustrating an interconnect test structure

(comb structure) according to an example embodiment of the present invention.

Figure 7 is a plot of (I-V) Leakage current vs E (VV/cm) for a two interconnect
structures with line spacing of 0.227um and 0.237um according to an example

embodiment of the present invention.



(conb structure) according to an exanpl e enbodi nent of
the present invention. Figure 7 is a plot of (1-V)
Leakage current vs E (V/cm for a two interconnect
structures with line spacing of 0.227m and 0.237m
according to an exanple enbodi nent of the present
invention. 7 Figure 8 is a table showing the (I-V)
Leakage current at 2 difference voltages and |ine
spaci ng according to an exanpl e enbodi nent of the
Figpree® isma tabhe emwmg th&(lgvy &edkage curféndat 2idiffere(ee wpitagesand

904 906 908 f hod, t - of i .

ine Shecly ARorig lo Fhe%a T ShabAERER 68 arhpor ieni8a
ac @g@lermlsta)ﬂ@n cﬁéﬂlwtbps 9021904i9066080910)hef @h@hﬁﬁ to measure
i nvention. | ed Descrjption of the Exanp

-V prajies m&calwlaieﬁh%'aecspa@ﬁg Bnm@pl@nﬁs%ﬂrﬁ@mte afframple
i nterconnect/Iline spacing

em?@@ﬁé{nﬁgﬁﬁgﬂn@ﬁ%ﬁtgﬂ\?dgﬁnl i ne spacing) on a sanple work
pi ece. The conductive line(s) are preferably
insulated by a dielectric. The line spacing is the
di stance between adjacent conductive |ine segnents.
The Iine spacing is the thickness of the dielectric
bet ween the adjacent |ine segnents. Bel ow the nethod
and equations used to calculate |line spacing are
described. In the follow ng section, a process is
described to test sanple interconnect structures for
| eakage current at various voltages (I1-V profiles) and
used the IN profiles to calculate the |ine spacing
for the sanple



B. Termnology CD - critical dinmension - mninmm

di nensi ons al |l owabl e by design rules. Line spacing -
di stance between two adj acent (conductive) |ine
segnents. - distance between adjacent elenents. For
exanpl e, the m ni mrum spaci ng between adjacent netal
lines. C. |eakage current profile (I-V profile) is
very sensitive to the dielectric thickness between
the nmetal lines 9 Figure 5 shows a top down view of a
preferred test structure that is used to neasure the
| eakage current between conductive lines. Figure 5

i nes navooPASRIESErntidr B X IRR EROIBRNG |,

nmeasure the | eakage current between the two lines, a
voltage is placed between the two |ines and the

current flow (|l eakage current) is neasured. In this

enbodi ment, IN (current vs voltage) data is collected
oveA. a Umtrgductionvol tages to obtain a IN profile (or

| eakage current profile). The | eakage current profile

i s Bxample embotinents can ineeashire kane ssonitor theeintrebrawdatiite spacing

. . tal i h .ext [ e
S WA 8057 o5 BB R R Bty nee
are pfeféRiblyinduldted3ty aidislectlic. Fheuing sBasingusti digahee between

the | eakar%e current for test structures with

. showi n _ tes _ :
adjgggt pe chiye line gegments. Thailiep spasing is heckiskeess pithaetielectric
betW&éh ﬁ@é{ﬁ%nti"ﬁégé PBRRCts or lines) at two different

vol tages. The percént change colum shows that the
| eakage current is very sensitive to changes in line

spaci T [ ' pelectri hi ckness .
be?\j\e}e&e\'ﬁt e ﬁgtﬂgggﬁdﬁé@%ﬁﬂg Néggﬁgcalculafe fire spacing Are described.
In the following section, a process is described to test sample interconnect
structures for leakage current at various voltages (I-V profiles) and used the |-V
profiles to calculate the line spacing for the sample.

B. Terminology

CD - critical dimension — minimum dimensions allowable by design rules.

Line spacing — distance between two adjacent (conductive) line segments. - distance
between adjacent elements. For example, the minimum spacing between
adjacent metal lines.

C. leakage current profile (I-V profile) is very sensitive to the
dielectric thickness between the metal lines



test structures were neasured wth an opti cal

techni que. calculate |line spacing from | eakage

measurenents at different voltages (1-V profiles) It

is thought that there are five conduction processes

found in the dielectrics. They are Schottky em ssion,

Frenkel - Pool e em ssi on, Fow er-Nordhei mtunneling,

space charge limted current, and ionic conduction.

Anong them Schottky em ssion and Frenkel - Pool e
Figueeissstows atap Gowmjview ofom dreferrechtast stiuctlesntbat is used to measure

e[S IS SRR pEL Frour S A6 3hitg
strurgt‘glmb@gdgefb fwo &%ridur?tvé‘e Pﬁ?él havd “cokib exténsiohsé |th&carb einterweaved.
- To r(l!g?snurq[e [Npe ig;llj]a]ge; §|?|rrglgt\)l\g’q_t\tlvggrE;?rﬂt;l;\{;}ytg)r Iénejs pé/oﬂﬁ%é ) ﬁaged
betfick g@ttol u{?%btdhd tﬁ? gﬁhr%}gleﬂd%v AB kAL UrFMRSE Mdasurdd. 18 this
embodiment, |-V (current vs voltage) data is collected over a range of voltages to

obtain a |-V profile (or leakage current profile).

The leakage current profile is very sensitive to the thickness of the dielectric
between the metal lines (such as comb extensions). Figure 7 shows the I-V profiles
for two line spacing (0.227 and 0.237 micron). Figure 8 shows a table showing the
leakage current for test structures with two line spacings (e.g., dielectric thickness
between two adjacent interconnects or lines) at two different voltages. The percent
change column shows that the leakage current is very sensitive to changes in line
spacing. The line spacings (dielectric thickness) between line segments of the two

test structures were measured with an optical technique.

calculate line spacing from leakage measurements at different voltages (I-V

profiles)

It is thought that there are five conduction processes found in the dielectrics.
They are Schottky emission, Frenkel-Poole emission, Fowler-Nordheim tunneling,
space charge limited current, and ionic conduction. Among them Schottky emission
and Frenkel-Poole emission are 2 major conduction mechanisms in the typical
stressed electric field.

e Schottky emission can be described by the equation

10



gis the electronic charge, s is the potential barrier
at the netal/dielectric interface, E is the electric
field in the dielectric, s; is the dielectric
constant, k is the Boltzmann constant, and p is the
electron nobility. It can be expressed that = 2,/EE
Equation (3) J J-1 for Schottky em ssion and (t+ -j'E
) E Equation (4) 11 if iqgi 4iC1_.."'. for
Frenkel - Pool e em ssion, where 8 = can be calculated to
be 0.0146 and k; is the dielectric constant. As the
vol tage js stre seﬂ¢pe&ﬁ@§ﬁﬂ&h netal |ines, the
accuratéheﬁéLFFPc fierg verly difficuIE%PBﬁHE“)

cal cul ated. But Lt can e estl ted using infinite

| arge plate approximtion and be expressed to be

E=- DveEftartkebRoo®)emission [[vhich]} follows dheeequation:

thi ckness. It can be further expressed to be -- = -

JD Equation (6) D So thg—?}: ationshi p between the

| eakage Joegngiftex nd—el(@l-e tEEquatloe@) can be

where

J is the current density,

A is the Richardson constant,

T is the absolute temperature,

g is the electronic charge,

¢p is the potential barrier at the metal/dielectric interface,
E is the electric field in the dielectric,

& is the dielectric constant,

k is the Boltzmann constant, and

u is the electron mobility.

It can be expressed that

A JE £ Equation (3)

Y _a+ L B i
T =(1+ JE) Z Equation (4)

11



expressed to be J 0.0146 FV D,: , In(-} _ ~ } [/ -1
Equation (7) J" ~kr D for Schottky em ssion

mechani sm Foll owi ng the sane procedure, it can be
derived that In() =1n(Do) + 0.0292 [(9!'L)u2 -1 ~
Equation (8) J D D D 12 for Frenkel - Pool e em ssion
mechanism Jo is the current density corresponding to
the dielectric thickness of DO, while J corresponding
to D. The dom nated | eakage current nmechani sm depends
on the dielectric materials, syrgsamoltage and
farnpeankelPeole| emigsion; eehereo fl $ani brralsylated to be
(Si02) the Schottky emssion is t dom nant

conducti on smat t electric field below 1
W&@]aﬂﬂrﬁll'%?‘ ﬁ&ﬁ@ﬁ”crﬁ%f" Nbni ssion governs the

| eakage <current at the electric field between 1 MWW/ cm
and 2 MW/ cmat roomtenperature. In Fig. 3, we corrpare

IN profiles between patterns with |line sg ci ng
0. 8¥thernaitade bs girgssed hetweem thsemetat linesdbe ac@tpa@fezle@tgc field is

TRl o b Sl BB W s bt TR BIn M o eplate
approxirmatighandbé explessed tebepaci ng only changes 4%

The | eakage current at the electric field of 1.6 MV/cm

andV2 0O W/ cm of 2
E= Equation (5)

where D is the dielectric thickness. It can be further expressed to be

dE dD ,
—=—— Equation (6
= 5 q (6)

So the relationship between the leakage current and dielectric thickness can be

expressed to be

Equation (7)

m(Ji)= 0.0146 [V {(&)m _1}

o \5,[D
for Schottky emission mechanism. Following the same procedure, it can be

derived that

By
InG) =)+ 1[(%)‘ -1

ki VD,

] Equation (8)

12



patterns are obtained fromFig. 3 and listed in Table

1. It can be seen that the |eakage current increases

33.57% and 55. 75% at the electric field of 1.60 MV/ cm
and 2.0 MW/ cmrespectively as the |ine spacing reduces
around 4% Table 1. The | eakage current change vs line
space ........... R R

- _ 0
IL%kac% |F|gt)edjleg1<a_ge%u9?en mec arl%s?’ngdgp?en7 s/on e0 |el{actnc

materials, stress voltageand temperature.- tt-has-been found that for silicon oxide
---------------- 3 Table 2. The line spacin

&iPethaSeoBly eevase@”elsébe derminark soNdustin maehafgsm atthe

%&Wéa d:?"gt edﬁ@v% a?".rhé'tgﬁf{ ﬁﬂ{ﬁ*ﬁge em&su&\#ﬁt?\%rﬁgtwleakage

current at the electric flletrhketgeeOA) M@@n macz 0J\2/2Bi7at room temperature.
.................... -""--0.75% 1.6 MV/cm
In Fig. 3, we compare -V profiles between patterns with line spacing of 0.237

um and 0.227 um. It can be seen that |-V profiles overlap in the small electric field
region, but are clearly separated in the large electric field region, even though that

the line spacing only changes 4%.

The leakage current at the electric field of 1.6 MV/cm and 2.0 MV/cm of 2
patterns are obtained from Fig. 3 and listed in Table 1. It can be seen that the
leakage current increases 33.57% and 55.75% at the electric field of 1.60 MV/cm
and 2.0 MV/cm respectively as the line spacing reduces around 4%.

Table 1. The leakage current change vs line space

Pattern 2 Pattern 1 Change
Line spacing (um) 0.237 0.227 -4.2%
ILeakage (a) @ 1.4 E-10 1.87E-10 33.57 %
1.6M V/icm
ILeakage (a) @ 1.591 E-09 2.478 E-09 55.75%
2.0 M V/icm
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--------------------------- Leakage (A) @0.2270
-O 44 % 2.0 MV/cm The dielectric thickness (line
spacing) of pattern 2 is cal cul ated based on the
dielectric current of pattern 1 and 2, and dielectric
t hi ckness of pattern 1 using Frenkel-Poole em ssion
mechani sm of Egq. (8). Here, we briefly show an exanpl e
of a |ine spacing cal cul ati on using the above
exanple: 1. In the reference structure, the |ine
spacing is nmeasured to be Do=0.237mby SEM 2. In the
reference structure, the IN curve is neasured. 3. The
conTalslé 20Mhetiné apasing icalculated by tedkagércamsatl mBasurement using

em ssion at the lectric field between 1 M/ cm and
2M/ om by i t 11 ngF{9kel-Rogls RISEIgn SeRRianism (2). nd
| eakage current

E=1. 6MV/ cm 14 4. Measyred by5fMe stGaleylated by | N ¥arigtion
i s nmeasured. The | eakage currenq_e?ﬁa é@HPr@n be
J=1. 87E- 10A at [the sanme E (=1 rﬁ val ue of

D gék%@ A(’Ql ulU UEgié 73}[)”] firom 8015287()[] \ ) Uy 0.75%

usi ng e of and |[J. They are ligted in
t abl1eb Bl Vicm can be seen that tlhe dielectric thickness
cal culated framthe | eakage qurrent neasurenent is in

gobdalagieq@y@t (with ol2avoneasured 0.2260 -0.44 %
cross ec ional| SEM It clearlly shows that Eq. (8)

wor <0 YeVienhe| ||,

The dielectric thickness (line spacing) of pattern 2 is calculated based on the
dielectric current of pattern 1 and 2, and dielectric thickness of pattern 1 using
Frenkel-Poole emission mechanism of Eq. (8).

Here, we briefly show an example of a line spacing calculation using the above

example:

1. In the reference structure, the line spacing is measured to be Dy=0.237um by
SEM

2. In the reference structure, the I-V curve is measured.

3. The conduction mechanism is found to be Frenkel-Poole emission at the
electric field between 1MV/cm and 2MV/cm by fitting the I-V curve to equation
(2). And leakage current is found to be Jo=1.40E-10A at E=1.6MV/cm
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It can be seen fromthe above discussion that the

| eakage current profile (I-V profile) between netal
lines is a unique characteristic of the IC

i nterconnect system It is very sensitive to the

di el ectric thickness. Therefore, the exanple

enbodi nents of the invention present a novel nethod to
control and nmonitor the line CD of IC interconnects
based on | eakage current profile (1-V profile)

measurenent. A software program can be used to
4 alctheszaeRle structyee, dhak r@W%i%Wﬁ@%‘é’eﬂer laakage &Hﬁ?'ét IS

'Nfd?frﬂftb|b°e§9| éf@mmrﬂh&gsmg@ Dbesmsadnps metrol ogy

tool In a production |ine vvare ProgramTo

fallbalvatue dle]earspacfomrgi td 00 22Znm fooragraaticn (8)dyaesing the
rive the thickness fromthe |-V

devel op t
pr ¥?IPF’@?S?' E?qanﬁsl used as a netrol ogy tool. A software

Pr vHERETEAEd ir@BIE3 St EA® befsabh datnBe dielecthe tHd@Rss chlculated
field distribution between 2 lines is very

feaimtng leakage cugentrmeasurefent i Imgoedagmmeebwm&@ém&asured
fﬁﬂ'ﬁ.cp&t d@éﬁt%ﬁ&\ é%}n ftcféﬁr thols: tp%\g%& *t}g?m@gldsf \‘{”érv gvetllhe

ar ge € approxi na erive

LSS {8 105 BXutBUA e idloBid e B35 ot (v
grofille) batweemmeetal ihes isaf tnique chamagtatistie ofthepiCeidtdrconnect

ulate th | f th d, st
SRls oL ey Sefsitia lo BeidisleCiie Tunkihss EnSHITE: e Sfample
élzﬁbéﬁfﬁ'énﬁé)@c)ﬁt“@rlﬂ/e?ﬁ@mp%%t dSRflel Metithd to-coptrobahd Winfor the

shoul d be used to check whether the difference between
lineLs o ¢C interconnects based on leakage current profile (I-V profile)

measurement.

A software program can be used to calculate the line spacing thickness from

the sample |-V profile so the technique can be used as metrology tool in a production

line.

Software Program To Calculate Line Spacing

A software program could be developed to derive the thickness from the |-V

profile if it is used as a metrology tool. A software program might address the

following:

1. The electric field distribution between 2 lines is very complicated. As of yet, no
simple analytical equation can be derived to calculate it. in this pattern, the infinite

large plate approximation is used to derive the equation. It works very well in this
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profile and IN profile baseline is fromdefects or due
to the CID variation. Also the CD should be

cal cul ated fromsoftware. 4. CD neasurenent always
requi res huge anmount of data, so conmercial software
nmust be devel oped for all calculations. OQherw se, the

efficiency will be very low B. review It can be
found fromthe above discussion that: L-J The | eakage
current profile (I1-V profile) between netal lines is a

vase| Howeeay if theemeetodds developédiora metrologg ool sy sommercial

poiudre Tl RRERRYET b faleh e i o PRegTelEr "o

. BE®Erscehd sty theekakagdtlment! reedrResms Shd@d be(detdfmined.
profile). Therefore, this enbodi nent presents a usef ul

Rertaisusaftvarg sheuld bayaseebteidit: the |ine C D of
. %pft@Epr Shy e?e hRsg% EHeémhétEgkﬁ%edlﬁﬁ%hEQgeﬁwégd IIn%asured -V

measur enent Measur e
prafilevand {-0profiledbaSpline isgrain dSﬁeqls esduataetherplD grariation. Also the

bodi t 0 had npnitoring the critical
ﬁé@r@ﬁ Iﬁ %tgg rom%aé?Connect s is described
. B8 Measdremdnt aiveRs réqgiikes\eigs émofma]!cs’f d@t@,rani cbmmermal software
SO see

enbodi nent can conF Al H)

8iyst e Grexelogerirsal <@'¢Lt'@)l€§ns ﬂth%rvw%e 'aneng;v ék%ﬁ%@r low.
Comb structure is typically designed for |-V profile
nmeasur enent

B. review

It can be found from the above discussion that:
The leakage current profile (I-V profile) between metal lines is a unique
characteristic of an IC interconnect system.

It is very sensitive to the spacing between metal lines.

(0 The spacing between metal lines can be accurately derived from the leakage

current (I-V profile).

Therefore, this embodiment presents a useful method to control and monitor

the line CD of IC interconnects based on the leakage current profile (I-V profile)

measurement.

Example Method To Measure And Monitor Line Spacing On Samples

An example embodiment of a method of monitoring the critical dimension

(CD) of IC interconnects is described below.
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2) Establishment of -V profile baseline in the

speci ally designed structure GColden wafer is
selected: - UniformCD - No etch defect/CW residue -
Good barrier layer 1-V profile neasurenent Accurate
CD neasurenment by SEMor TEM 3) |-V profile
nmeasurenent of the structures in any |ocations /wafers
4) Conpare the |-V profile with |-V profile baseline
if profile is totally different fromthe baseline,
process defect s exist * If the profile is simlar to
basé i nStéeR®akage currents are calcul ated fromthe |-

V profil.es certain E 5),.Line spacing for, sanple is
cal et Sl exasipie erbosimens oBhLemHgiset (ASS ske figure 9)
conducting mnechanism This process is explained in
nore detail below Figure 9 is a flow chart of a

1) Tiest sibdctuie togneasuse I-\profitss is spscialiydesigaed cul at e t he
i ne ' : : MOV e
| nt v o dR EwpRERY Besibhel o bloffe a8 rgei

2) Hstaflishmeotof RY @rafde bastlingt indbe spegialhyadedignetestrgptas
for*ﬁ(gg I-V%ofi | e rét_easur enment. As di scussed above,
fi gffRIeN WRIRIES Se1EGI89down view of a references
i nt er conpr@britgpicture (conb structure). Figure 6
shows a cross sectional view of the sem conductor

st r uct ur dlosgtoh defest/EMR residuger 508, netal |ine

- Good barrier layer
* |-V profile measurement
* Accurate CD measurement by SEM or TEM

3) |-V profile measurement of the structures in any locations /wafers
4) Compare the I-V profile with I-V profile baseline
* if profile is totally different from the baseline, process defect s exist
* If the profile is similar to baseline, Leakage currents are calculated from the I-

V profiles at certain E

5) Line spacing for sample is calculated using Eq. (7) or (8) based on the conducting
mechanism.

This process is explained in more detail below. Figure 9 is a flow chart of a
method to measure I-V profiles and to calculate the line spacing on a sample.
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501(conb structure), barrier layer 503, capping |ayer
510 and overlying upper dielectric |layer 520. The

i nt erconnect 501 can be conprised of any conductive
mat eri al such as copper. C. neasuring a (reference)
|-V profile of a reference interconnect (baseline

i nterconnect) to obtain a reference 1-V profile for a
given reference |ine spacing W neasure a IN profile
of a reference interconnect (baseline interconnect)

t o Bobt aiprovidess reference interppomecés(ruewage current vs

voltag%for a |ven reference |ine C|n ée. Cy .
50Fyrst it @manS HetEe (8 eé%%%ﬂ*@“&ﬁ""&"f* Gtk 84 fie’ designed
for etV bFofild Fﬁa{s@ﬁe‘?ﬁ&ﬂ%s?&%@é%‘ﬁﬁ&fe héur@@&ﬁ‘dﬁ@bifo@&own view

east part y Inarererence I nsul ati on.
of arrefenreamlntercemrmm stsgctures(comdx sfruabung). wElgare 3 |Shews 1@ GOSS

s S PRS0 AR B o il AgE e e
501@@1&@ strdetrs); baricp fayer 803 deapbisiager HtGeandoverbing diyer

ro“'@f?g's nmeasured in the structure of a gol den
d'elﬁ)ﬁtf'ér'axqr rence wafer). A golden wafer means that

t herHgNh@r&sHHRE 501 88 b8 IcoH{Hrided of &ny @bﬁamwe%émnéwswh as
of defects such as etch defect, bridge, or

coppesi due, has a good barrier Iayer and CD is unlform
A good barrier layer neans that the barrier layer is

uni {or mpy,
(oY n% gnect t es@P&m@ o' féfgi'érrfceﬁntérBSnnect

reference [ structure preferab
has a ¢ o(haselhapemtamonneeﬂe dofahdain & eeﬂewrcﬂ-yweflé for a

shows a cross secti 0
given rererence lne acmg

We measure a |-V profile of a reference interconnect (baseline interconnect)
to obtain a reference |-V profile (leakage current vs voltage) for a given reference line

spacing (e.g., 502). Figure 1 shows an example of a reference |-V profile.

The reference interconnect is preferably at least partially in a reference
insulation. The reference interconnect is preferably metal line in a dielectric layer,
such as an inter metal dielectric (IMD) layer. For example, the metal line can be a

copper damascene or dual damascene interconnect.

The I-V profile is measured in the structure of a golden wafer (reference
wafer). A golden wafer means that the interconnect test structure is substantially free
of defects such as etch defect, bridge, or Cu CMP residue, has a good barrier layer
and CD is uniform. A good barrier layer means that the barrier layer is uniform

without defects. As shown in figure 5, the reference interconnect
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Whet her the wafer is a golden wafer or not can be
checked by the I-V profile itself or detailed SEM
observation. The accurate CID (line spacing) of this
test reference interconnect structure is nmeasured by
SEM and/ or TEM The relationship between |-V profile
on the reference test interconnect structure (referred
to be I-V profile baseline) and the line CDis
establ i shed. Then the | eakage current nechani sm and
the function range (electric fleld range) can be

test giusture Reaferabbrhaha cradstihang whan yewed feonpihe fop: Figyre 6

exanple, it has been found that
Shoﬁgra &%és gﬁ?tﬁ%ﬂ VIS%IR{I con Cu/Si02 netallization system

t h&Visethert thieywafer issa goides wdfier atanit cantbecdhedked bygthe I-V profile

I t fiel L ow 1
tselfBE RGBT ST oBSe Safdh T aschicste s (B Sharnd] B i st
refetditce intePEdriricet fsﬂr@étdrdligtrﬁﬁmréd bySEm and/of WEE.TRE rélﬁ@cﬁhshlp
bew?érgPerature nmeasure the baseline |-V profile

of
LY Peefilg on; the sefemnredest iptesepnnast ﬂﬁ@ctwfeeeref.eérﬁééo bey-V
[ I\/Easure the CD of the
profté Bakelfe) 3h3e)ifle Ch fe dhdtfishea M0 UT e (10 7 iy
t edhehdhelagkage currentasananismend) the diingtios raege(eeleciec field

rand iR 18" Brehtihgh B PR rdntRo 07y BuyeBy Wip mf TS For
exar'ﬁpw) $tasshern foahe thatdor tie@upeH0 Bicdi EMSIOS mamz@uon system,
m ssjon electron mcroscopy (TEM is an i %ﬁpgeld

the g@ yq%mlaﬁmrlémﬁ dominant sendddionesianism gt theele
belodv $RRGERERNIIE FHeﬂk@gPBBIe%@& f.cboweﬁfé A8 1& a;@%&‘?{i'(en? Bt fhe

fluorescent screen or |ayer o hot ogr aphi
electrimfield beeween MMViigm @HQCZMW@rreaHoomgtemperature

We measure the baseline I-V profile of the baseline interconnect to obtain the
reference -V profiles as shown in figure 1.

Measure the CD of the reference (baseline interconnect) by a SEM or TEM
technique

Next, we measure the CD of the reference (baseline) interconnect by using an
optical technique such as a scanning electron microscope (SEM) or Transmission
electron microscopy (TEM) technique. Transmission electron microscopy (TEM) is
an imaging technigue whereby a beam of electrons is focused onto a specimen
causing an enlarged version to appear on a fluorescent screen or layer of
photographic film, or can be detected by a CCD camera.
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For exanple, the test structure shown in figure 5 is
nmeasured using a SEMfroma top dow orientation to
obtain an optically nmeasured |ine spacing. Preferably
SEM neasurenents are taken at nultiple points.
Typically the mnimumline spacing is taken to be the
"optical" |ine spacing because it best correlates to
the "electrically neasured” line spacing (related to
the mininmum|line spacing that |eaks the nost current

Foriekah’mé thetast strudtoee shaven ingfigune i ig umeasbirexhosisg exSinidifeiom a
top BB B Rafiive SHHTE ani P Te AT g deB RAF e G4 Dl EM

me@éﬁﬁ‘%'eﬁts aredHkéh Bt mORpRe FoiktsOF§picaIBt m@mhm\(mm\h’néfsp‘ahﬁg is
reference interconnect as viewed by an SEM

takemto kg the, eatiealdlinpspaging besayss it pgaf correlates gqemq @@trlcally
meéfél{?% e ﬁﬁ;{‘?elaféd' to\(hé’ hifinddin Rbe @p ? ggltr%t Ieaks the most

ér conn a sa I nsul ati ng to obtain a
curmtrptthat panrofl | e; Next we nmeasure an |-V profile of

ot 1o SBe AU S sty e SoocliPie R sy Bffibnt o the
lineRIpRtinge02. THgureSsERbWs firtt fhe 60Mant seaondEn&603.

i nt erconnect on anot her wafer, such as a 0
waffér examplfyfigre QshRWHacERss sectiepabwupw of ﬁée @fﬁ%ﬁﬂ@e | -

mtepé n'e'cFag"\/iteWeHrkﬁ/ ér?éENFﬁ‘h% Wafdr %chléa%d Hhe ;ﬂ)ﬂéﬁecﬁcﬁgét the

0 conpare the sanple (neasured V profil
croﬂ;éwsectloeﬁbwewce -V profile (baseli ne) For exaerI e,
figure 3 shows the sanple IV profile (see figure 2)
on the sanme graph as the reference |-V profile
(baseline) . 20

D. measure an |-V profile of a sample interconnect in a sample

insulating layer to obtain a sample I-V profile;

Next, we measure an |-V profile of a sample interconnect in a sample
insulating layer to obtain a sample |-V profile (also called measured |-V profile). The

sample interconnect can be an interconnect on another wafer, such as a product

wafer or another work piece.

E. Compare the sample I-V profile with the reference I-V profile

The next step is to compare the sample (measured) |-V profile with the
reference |-V profile (baseline). For example, figure 3 shows the sample IV profile

(see figure 2) on the same graph as the reference I-V profile (baseline) .

20



If sanple and reference IN profiles are different then
possi bly a process defect in the sanple structure. If
the sanple IN profile is significantly different from
the reference IN profile baseline), a defect on the
sanpl e interconnect test structure is indicated. The
defect <could be a line etch defect, bridge, barrier
defect or Cu CWP residue. Certain criterion can be
used to deternine whet her the neasured IN profile is

nor T crit on shoul d be sel ected
it et an refzenee b praies are 5{&@*@% thenpessibly 3 PERsRss defect
in tAelsafipleistructipe. sensi tive to defects, the | eakage
current will increase si gnl ficantly if defects exist.

Forf thesapinte 12 mmfllieblSoBl@rm ¢andly alifferentfeorndhg seference |-V profile (

50Tyt bl S0 3o B0 BRI, To e

coutdhize allineetcrodefeat; bbldge,vlﬁaTrlélad@‘ect orfeu IOMP regidlie/Si S
shoul d be conducted to find the root cause. O herw se,
the difference between the profiles is fromthe CD

var Célttalﬁrbntém éa@ﬁ'ﬂfé‘gged?tﬂ GélgFrﬁlnétwﬁéiﬁer tﬁ@rrﬁééé‘ured I V profile is
electric field of structures can be calculated fro

normakomalnaTEs Jiheccritenorpslaguld e salmtegs:hb,%sedw@n ﬂmmetaéhzatlon
systent. tSIH fHe kD Ih étgeoé?i&ttlé) V%&eseﬁﬁfé‘i% 4@ Befdct ?‘?%(%%ﬁa?e gurrent will

curren reV|ous
mcrbaseJsedlfmanﬂmlédbfemteae)helr thexzdhbrbea didefeldoiatreass ih tre leakage

| N fil d t f fi
curiBl 86118 B Baisel R e CilribRESGPR potElEalf BespiReFor low-
k diélecice] iharcritétidréarPes elemmargédy. profile, then use IN for
calculations If the work piece IN profile is simlar

to @Her%%saévs'%éhwlwbsr@mu@tedttﬂénd |tfe%1kcec§@aue@+r%1erwlse the
dlffefrefl/cé BEtwRe ah@ p'\r;S\T ?é Fs%}ﬁ‘fﬁe efv&ioH fhehdkagl cLients at the

certain electric field of structures can be calculated from the new measured |-V profile
and baseline profile.

Fitting of I-V profile to the equation of leakage current mechanism (based on
the previous fitting) can be used to check whether the difference between the

measured |-V profile and the reference profile is from defects or CD variation.

If the work piece I-V profile is similar to the baseline I-V profile, then use I-V for
calculations

If the work piece |-V profile is similar to the baseline I-V profile, then leakage
currents for the sample interconnect are calculated from the |-V at certain Voltages.
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21 F. calculating the |ine spacing of the sanple

i nterconnect using the sanple |-V profile using

equations 7 or & W calculate the |ine spacing (line
spacing CD) of the sanple interconnect using the

sanple |1-V profile and equations 7 or 8 based on the

| eakage current nechanism This nethod can be

devel oped to be an effective in-line metrol ogy tool or
off- line E-test tool to neasure and control the |line

CD. FThe caésidating the Vinprsgfacing (af the sapiple éntercepnrctaising the

The datedating the Vi | _
Cpaci ng. PATHIA VAR BeliRflqidion LRy T TG

the sanple profile and the baseline I-V profile can
be used to determine if there are defects in the
saniecalaidte theeline spatingfiinespasiag GB) efdhesample tntrrconnect

oG GER B B G B o AR v

me€ifgiaémons 7 or 8. For exanple, when we search for the
conducti ng nmechani sm b

o oSSt L LAY ANE LM, SR By ot oot

line%Ekd st 88l to Afddsdtd ¥nd EBRrSIQREYRE OMY Mechani smis
eterm ned based on whether the value of k; is

((:onsi stent with that fromthe ot her neasurenent.
e Ko 10 b r
o 1 g8 FEbIENS S oM LB i BpeEa TRl s used to
Cald:lﬁétle&bé lingispacihg ifer tRe 4aAiple Gdriapieseailha chipansomusf thg sample
t j i
progllgg%q%ﬂtgg} bggqsl iﬁgqgéﬁf&ﬁ@e@g%aﬁ%%géé %%Fggﬁﬁeﬁgﬁﬁe!'é 8% defects in
the sample work piece and can be used to determine the leakage current conducting

mechanism.

The baseline |-V profile can be used to determine some constants in
equations 7 or 8. For example, when we search for the conducting mechanism by
fitting the 1-V curve to equation 7 or 8, the dielectric constant k; can be derived.
Actually, the conducting mechanism is determined based on whether the value of k;
is consistent with that from the other measurement. (Note: k; is easy to be found the
other method).

Referring to figure 4, We can see that the sample leakage current is 2.478E-
09 amps at 2 MV/cm. Using the equations above, we can calculate the CD line

spacing for the sample to be 0.227 microns.
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22 G Sonme non-limting benefits of sone exanple
enbodi nents Sone of the exanpl e enbodi nents can have
some of the followi ng benefits: IN profile neasurenent
is significantly different from single voltage-point

| eakage current neasurenment. IN profile nethod

provi des nmuch nore information than single voltage-

poi nt | eakage current neasurenent. |f the |eakage
current is msasured at a small voltage, it is totally
I MpQsSsi ference between the | eakage

to te t he di
cur Pent 06'?9 f1RA- ’IHHF{'Q( Egnﬂé’tlsho fs3ame exgmple eaphadiments

a1 Stk obP el Sl BRLFEReE ek oS b ppnerts

of around 55. 8% shown in figure 7 is al vvays consi dered
@84 be nmeasurepent variation in a typical single
Pref

%P?Hren@g-k Soionifieandiy difiergst fremesingle VPRﬁQﬁ'@Pi"F leakage

FERASH SR refBRS a very clear trend, and the

resolution and credibility increase strongly, so it

¥ prefde mestiod praides/much edrerirforatinmihamtsingl Roltagee point
IN profile is the m nimum CD of

Iﬁﬁﬁﬁé@gurfr@ﬁmﬁ%ﬁu?gﬁw%ﬂg Cruer !

egi on ructure covered, not just the

| ICtHe I@bkad;momastus emeisurgrbatnd sonall voltdde, itSENbtabpinhhsssible to tell

(Feiclferense Refiborcinp.eakads curisleptsne AR Sasabith gianslysiferen

dgest he 1-V profile is the electric dinmension, not

the physical dinmension from Cl D- SEM
Even if the leakage current is measured at around 2MV/cm, the difference in the

leakage current of around 55.8% shown in figure 7 is always considered to be the
measurement variation in a typical single voltage-point leakage current
measurement.

I-V profile measurement shows a very clear trend, and the resolution and
credibility increase strongly, so it can be used to derive the line spacing

The CD line spacing found from the |-V profile is the minimum CD of the region
the test structure covered, not just the CD of the measurement point using CD-
SEM, so the method is much more effective when designing a relative large
structure.

The CD line spacing found from the |-V profile is the electric dimension, not the
physical dimension from CD-SEM.

The CD line spacing found from the I-V profile is the final CD. In Cu processes,
the Cu line spacing will be slightly changed in the Cu CMP stage.

00 The CD line spacing can be measured at any stage after Cu lines are formed.

It can detect the line defects such as etch defects, bridge, barrier layer issue, or
Cu CMP residue.
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The CI D line spacing found fromthe |-V profile is the
final CD. In Cu processes, the Cu line spacing wl|l
be slightly changed in the Cu CVW° stage. The CID |ine
spaci ng can be neasured at any stage after Cu lines
are formed. It can detect the Iine defects such as
etch defects, bridge, barrier |ayer issue, or Cu CWP
residue. 23 H other possible applications The

enbodi nents can be used on any other devices, in
addHt i oother possibimapplicatiaasaced netal |ines in
dielectric layers. For exanple, the enbodjnents cam

s e ambodimentsean he Ased ey aliendeviqes; inarsition to horizontally

spal?,g& WeRD s %ﬂz{le(ﬂﬁ& Qf/ﬁtse"?'o e?émpfé &ﬁB&@ﬁ?en?@@arﬁBe used

acent net al | cat e ends on
to oah:lulaié/ateasure)ﬂleleﬂtmﬂmmefss ebeﬂwee’rm edjaeemtdaeuaylevas ordmga

ol a9 B SR8 e Qpiaon o

eledth€ ﬂefdhﬂf’hé@t@ﬁbélﬁy @@ﬂbr@as ﬂfé slottat fidld &m bé caISUInwdy then the
easy to be used in adhacent nmetal |evels. However, the

lea I@ag@a@fr?%aaeql@am e Re foind bbﬁﬁ'ﬁactneeé%%/swacw%C%Q?gn
caléul d$t@5 980 #3¥ @8")‘ ?z—fsa/ tb Q{e 48 in “a@fa%eﬁf mtdt WVehS Howtded the

acent neta can be used, but is diffi cul t
capacrham:et measwuieawEnt wﬂl e siughdiasyif \M@lﬂeﬁln |a§axg@r<§apa0|tor For the

t
cxsf LA ] At b RS IBd] ph GBS Estnce o
ele@tﬂc ﬁél‘d distrisutidn 130bry bomphicated.sActualiy) thes mghsurneaiant of thickness
nmeasyrenent The exanp

l.e enbodi ment .of h
DetROB ATGIBHIMER AR (U A PIBRYR B oS CRsioL e isBeiBe oo
and defect of IC interconnect based on the |eakage
current profile (1-V profile) measurenent of
?Ii el ectrics. The new nethod is significantly different
rom

L contrast with single point leakage measurement

The example embodiments of the invention include a new method to monitor
the line CD and defect of IC interconnect based on the leakage current profile (I-V
profile) measurement of dielectrics. The new method is significantly different from
the one voltage point leakage current measurement. The former method provides
much more information than the latter one. If the leakage current measured at a
small voltage, it is totally impossible to tell the difference between the leakage
currents of the patterns with different spacings. Even the leakage current is
measured at around 2MV/cm, the difference in the leakage current around is
always considered to be the measurement variation in a typical leakage current
measurement. However, 1-V profile measurement shows a very clear trend, and

resolution and credibility increase strongly.
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the one voltage point | eakage current nmeasurenent. The
former method provides nuch nore information than the
|atter one. If the |eakage current neasured at a

small voltage, it is totally inpossible to tell the

di fference between the | eakage currents of the
patterns with different spacings. Even the | eakage
current is measured at around 2MV/ cm the difference
in the | eakage current around is always considered to
be the neasurenent variation in a typical |eakage

cur Pent cqmervwmﬁEMwemqmts pr ofi | e measur enment

a ver cI e res | uti on and
or g Rl R TBSUeGls srgfigas San haveayai adyaassEpyer the
measur enent s Sorre exaerI e enbodi rrents nmet hods can
et Y advant ages over the current CD-SEM  The
CD found fromthe I1-V profile is the mnimm CD of the

r egl ?He%%tﬁ% fré thB -\t Slg{gilesfsrtHgtd'l'ipﬁnurﬂ jgghﬁe géﬁ?rﬁgovered

of the neasurenent point tal ne rom
met hoey the tast istrootuee, efidtgost the G dfethiegmieaguremend | priintvabtained

Iarg t The nd fromthe | ofile is .
t e oy BEESERt e e, ABRAL e MyRersts el o deSianing a
from@&tﬁ&%rge'&mc@%found fromthe INprofile is the
finai &Pellne etch defect, brid barrier |ayer
| sSudhe & felinenieorndae dspealle isihe slacis dimension, not the physical
non- | diffiehsiof R OB-8ERodi ment s

e The CD found from the I-V profile is the final CD.

e The line etch defect, bridge, barrier layer issue, or Cu CMP residue can be

detected.

K. non-limiting example embodiments

Given the variety of embodiments of the present invention just described, the
above description and illustrations shown shall not be taken as limiting the scope of
the present invention defined by the claims.

While the invention has been particularly shown and described with reference
to the preferred embodiments thereof, it will be understood by those skilled in the art
that various changes in form and details may be made without departing from the
spirit and scope of the invention. It is intended to cover various modifications and
similar 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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G ven the variety of enbodinents of the present
i nvention just described, the above description and
illustrations shown shall not be taken as linmting the
scope of the present invention defined by the clains.
Wil e the invention has been particularly shown and
described with reference to the preferred enbodi nents
thereof, it will be understood by those skilled in the
art that various changes in formand details may be
made wi thout departing fromthe spirit and scope of
hﬁﬁthantiin“ It is intended to cover various

ti$ €8RS and sinilar arrangenents and
procedures, and the scope of the appended clains
t herefore shoul d be accorded the broadest

1. kﬂogﬁﬂcﬁéﬁhbﬁ?ﬂo AN FRaSiGRyPRIMead Pachigadl interconnects

ications and sim | ar arrangenents and procedures.
zémphisingitee stepisafd is: 1. A met hod of nonitoring and

el A L 10 b Sl RBRERREE Bttt
of a saapipie I-W@ofilervoagirisirig leakageecurcerdheasuremestsmiiteo or

-V profile ?ongr_i sing | eakage current neasurenments at
two or MG OIBEPYages; (1) said sanpl e interconnect

struct y§ psaid safipl intGrdomhedt ReGEMre is®iprsadisfgpaced Nees
spaci ng;  b) conparing the sanple |-V profile with a
r ef er encaviigp? e PRAGIAT;a ref erence |ine spacing to

S:} @ﬁo@érﬂmg%ﬁ&ghﬁ]d&ﬁ@rﬁ@ﬁlgm Srdférehts &V Srofiiat a reference

line spacing to determine if sample interconnect structure is not
defective;
if the sample |-V profile is similar to the reference |-V profile, then
leakage currents for the sample interconnect structure are derived from
the I-V profiles at a selected voltage; and
c) calculating the line spacing of the sample interconnect structure using the
sample |-V profile.
2. The method of claim 1 which further comprises:
measuring a reference |-V profile of a reference interconnect structure with a
reference line spacing to obtain a reference |-V profile; said reference interconnect
structure is at least partially in a reference insulation layer; and
measuring the line spacing of the reference interconnect.

3. The method of claim 1 which further comprises:
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if the sanple |-V profile is simlar to the reference
|-V profile, then |eakage currents for the sanple

i nterconnect structure are derived from the IN
profiles at a selected voltage; and c) cal culating the
i ne spacing of the sanple interconnect structure
using the sanple IN profile. 2. The nethod of claim1l
whi ch further conprises: nmeasuring a reference |-V
profile of a reference interconnect structure with a

reference line spacing to obtain a reference |-V
measuging|arefeygnee rlef @r@ﬂ%@f 7 referansariaierconseet gitusturei witha

| e?éfbré?%tlirﬁl ép‘écin@ # 6&5%55@3{%&%‘1l\?‘é}ognfécls%'odrrefe?gﬁce

measuring t spaci n ref
i nirderconnecttstrucire $hat Isastm'ai'tlalfy mlaanerferbnwmshldtmnﬂéw
ef erence, I

" oPRRTRend e YuBelie B SMiiseds! 4 arabsheadd secton

| i rendspacing to obtain a reference IN profile; said

r ef erence i nterconnect structure is at | east
meaavrﬂngathewnerﬁp@cm@rtaﬁ ceferense interennnest/ey a Skl or TEM

riéh%ﬁgfe i nterconnect structure is conprised of a
ed section; and nmeasuring the |ine spacing

4. Bie ﬂw@mfecrlaintﬁwhmfeﬁwtbeneompbyes SEM or fTEM
.
b SIS ofte RS Mool Fob 18 Shebid ey

di Sampinintdreomnech Bevieé &8 @oteminddid Havk & defenp! e
i nterconnect device is determ ned to have a defect.

5.The method of claim 1 wherein the step of calculating the line spacing of the
sample interconnect structure using the sample I-V profile comprises using
equation 7:

In (J )= — 0.0146 |V [(D")”2 1] Equation (7)

T

for Schottky emission mechanism; or equation 8

InG50) = () + 2 1[(%)“2 -1

&\,

] Equation (8)

for Frenkel-Poole emission mechanism, wherein J, is the current density
corresponding to the dielectric thickness of Do, while J corresponds to D, k; is the
dielectric constant and V is the voltage between metal lines.
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5. The nmethod of claim 1l wherein the step of
cal culating the line spacing of the sanple
i nterconnect structure using the sanple IN profile
conprises using equation 7: 0.0146 r D4 u2 In(T D (~)
t Equation (7) for Schottky em ssion nmechanism or
equation 8 In(+) =1n( D) + 0.0292 F-LVO ( (D20 },ix
t Equation (8) o | for Frenkel -Pool e em ssion B
mechani sm wherein Jo is the current density
6. ﬁmeﬁm@oﬁdioggotimg aihe nidaslidng theclinenspacingsef ioferexneals | e
caorresponds to D, 14 is the dielectric constant and
corypiising i §16PF Qe bet ween netal |ines. 27 6. A nethod

im;]t g?’gioér?ﬁgiglﬁg aAndvV HRefg of Q?eﬁfei‘@dé iﬁt%rfo]méchgrmﬁure with a
conprisin e st : '

an | N pafarance o6 ShaFEBeiARia N elpeonn b Brellpqc Fa derence

Wth a tér%[)ﬁﬁ@&%?ulc:h{r‘s isggﬂééﬁ%atrﬁ’alghﬁ al refereh@ MkEIBEGSN layer;

-V profrle;, Said rererence interconnect structure is

at | ea¢t) gmid téfatdngeiimtesconppetrstructure s opraprised plaspaced lines
(1) said reference interconnect structure is conprised

of spaceBaY'Pﬂé’g“rfenscRﬂCHbg’a line spacing; (2) said IN

prof i | g2y i€ PVRsrbfileds @bmpesddigfleakageairrerdaseasememests at two
at two or nore voltages; (3) said reference

i nt er conREROrEVPliRI&H e i s conprised of a conb- shaped

(3) said reference interconnect structure is comprised of a comb- shaped
section;

b) measuring the line spacing of the reference interconnect structure by a
SEM or TEM technique;

c) measuring an |-V profile of a sample interconnect structure to obtain a
sample |-V profile;

d) comparing the sample |-V profile with the reference [-V profile at a
reference line spacing to determine if the sample interconnect structure is
not defective;

(1) if the sample |-V profile is significantly different than the reference |-
V profile, then a process defect is determined to exists in the sample
interconnect structure;

(2) if the sample |-V profile is similar to the reference |-V profile, then
leakage currents for the sample interconnect structure are derived

from the |-V profiles at a selected voltage;
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section; b) nmeasuring the line spacing of the

reference interconnect structure by a SEM or TEM
technique; c¢) measuring an IN profile of a sanple

i nterconnect structure to obtain a sanple IN profile;

d) conparing the sanple IN profile with the reference

IN profile at a reference |ine spacing to determ ne

if the sanple interconnect structure is not

defective; (1) if the sanple IN profile is

S|gn|f|cantly different than the reference |-

pr ofé)[C8ICUHiBR the fRe seading of Ka sanaplgdnteraanneet Qtw@%psv@ng the

in the saa{pM Rv fdrofigr connect structure; (2) if the
sanple |-V profF?Ie Is simlar to the reference |-V

profile, then |eakage currents for the sanple
i nterconnect structure are derived fromthe IN
profiles at a selected voltage; 28 e) calculating the

7. Thenaethodcfrogpiol 6 titereinrthe etemzofafamnatmg thetlinaGspating of the
ng. the le INprofile. 7.The rre{\hod of claim®6
saifls Blercennect sEpctyfe AaINGUhgSARIIE Y ATPle SpRerisRs wHng
eq,gétﬁ)n 'ﬁeﬁgh@aﬂdﬁ@r connect structure using the sanple
V profile conprises using equation 7 or equation 8:

J 0.0146 fr Do u2 In(-} (-} 1 Equation (7)

0.0146 VI:(DO)W 1} Equation (7)

1(J—)— T

; or I“(J—) ( 00292 {( D“)“’ —1] Equation (8),

Tk

wherein Jo is the current density corresponding to the dielectric thickness of Dy,
while J corresponds to D, k; is the dielectric constant and V is the voltage between
metal lines.

8. The method of clam 6 wherein measuring the line spacing of interconnects

comprises line spacing of interconnects of semiconductor devices.

9. The method of clam 1 wherein measuring the line spacing of interconnects

comprises line spacing of interconnects of semiconductor devices.

10. A method of fabricating an IC comprising:
monitoring and measuring the line spacing of interconnects, wherein
monitoring and measuring line spacing of interconnects comprises
measuring an |-V profile of a sample interconnect structure to obtain a
sample |V profile comprising leakage current measurements at two or more
voltages;
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J'" VDo D1), al Q9) i or 1f3(W) 1c~t - } _ },,.....
I 1 quad on {F3 , wherein JO is the current density
corresponding to the dielectric thickness of Do,

while J corresponds to D, k; is the dielectric
constant and V is the voltage between netal |ines. 8.
The nmet hod of clam 6 wherein neasuring the fine
spaci ng of interconnects conprises |line spacing of

i nterconnects of sem conductor devices. 9. The net hod
of cl amsaidvizene intercasnedtraructuse is eemprisad eigspaced lines having
int rconnects conprises |ine spacing of interconnects
of WG9t or devices. 10. A nethod of fabricating

an | C ceswpkfhg e s@anpledsV pg:fmmmmaaefe'ren@ I-Veprd)ﬁleat a
spaci ng of interconnects, ei n nitorin

e&efareneg meﬁ@agw@ctprﬁi@t%fmﬂ% éﬁmﬁlg‘@?@% 3@%%"9 is not
neggﬂ&mog an IN profile of a sanple interconnect
structure to obtain a sanple IV profile conprisin

| eakageifd¢he samplered prefdeimsimilar ta the referemmed- V@mftlggagr;‘

Spg%s%ggpic;gg@hﬁsa{gf‘ﬁbe' §a§ﬂﬁSﬁ@tei&@@f&%ﬁ&ﬁ;c‘u?reca‘?%%h?%dgfr% the |-V

sappdfited it peelected! wiltabeparcef erence IN profile at a
reference |jne ac ng to de{%rm ne.if sa

i nter coﬁﬁ'@h'lat'gg iR g BPacing, gt thefgmnle jrjgrco Hhnéet structure using

the sample |-V profile.

11. The method of claim 10 which further comprises:

measuring a reference |-V profile of a reference interconnect structure with a
reference line spacing to obtain a reference |-V profile, wherein said reference
interconnect structure is at least partially in a reference insulation layer; and

measuring the line spacing of the reference interconnect.

12. The method of claim 10 which further comprises:
measuring a reference |-V profile of a reference interconnect structure with a
reference line spacing to obtain a reference |-V profile, wherein said reference
interconnect structure is at least partially in a reference insulation layer and said
reference interconnect structure is comprised of a comb-shaped section; and
measuring the line spacing of the reference interconnect by a SEM or TEM

technique.
13. The method of claim 10 which further comprises determining the sample

interconnect device to have a defect if the sample |-V profile is significantly different
from the reference |-V profile.
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if the sanple INprofile is simlar to the reference
IN profile, then |eakage currents for the sanple

i nterconnect structure are derived fromthe |-V
profiles at a selected voltage; and cal cul ating the

i ne spacing of the sanple interconnect structure
using the sanple IN profile. 11. The nmethod of claim
10 which further conprises: neasuring a reference |-V
profile of a reference i nterconnect structure with a

14. 1P 6868 g ofbin S RQEhirt e ot of cdlguiglisg ke Sbacing of the

sanslé 'rmértd:bﬁnea s@rfuchﬁéirtsrr@&hélsahide |-V profilefcdnitees using equation
insulation layer; and neasuring the |line spacing o

the reference interconnect. 12. The nethod of claim

10 conpri-ses: neasuring a reference IN
céhJ:z)Lbc}fL f(Q& ﬁlc;ell | nt er connegiathr(@gture with a

ref/eren K]rﬂb lsgacing jto obtain a reference IN

gr ofile, _vvh_er ein said reference interconnect
for Sehattieyneission anedhamism puretq'uatiby 8 n a reference

[ nsul ati on | ayer al d r er ence i nt erconnect
mﬁ 1/2a_ Qﬁ’(%j 8 ction; and

?rkealgrurr nthhe rdn B adD?r the re énge

i nterconnect by a SEM or TEM techni que. 13. The

for FrenkeldP odle @nsissiod tnedhiacisni, wihdrein Jydsthe serserdeleasity ni ng

t t d t h def e
coripgoddBethe QefrBR e tint vqreRmnds G, k is the
dieléétfiBicbR§tahBa®d 9§ ¢he DbiRigef betReeR Phekdl linBde net hod of

claim 10 wherein the step of calculating the |ine

spaci ng of the
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sanpl e interconnect structure using the sanple IN
profile conprises using equation 7 In(~ ) = 0.046
F[(2L)u2 i] Equation (7) for Schottky em ssion
mechani sm or equation 8 Pt) 00 " Cv .3; hit Ins
Equation (8) 1) t) for Frenkel -Pool e em ssion
mechani sm wherein JOis the current density
corresponding to the dielectric thickness of Do, while
J corresponds to D, k; is the dielectric constant and
V is the vol tage between netal l|ines. 31



