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Abgtract : Different chemical mechanical polishing (CMP) durries are used to obtain s ngle-damascene Cu-wires with

different surface fluctuations as well as pre-existing surface-defects in wires with rougher surfaces. The presence of

such pre-existing defects strongly increases the rate of early failures to aimost 100 % ,reduces electromigration life-

time rapidly to the level of early failures,and changes the multimodal failure distribution into monomodal. The activar

tion energy (0 74 +0 02eV) for the failure mechanism associated with these pre-existing defects confirms a domi-

nant surface diff uson. It shows how a weakest link approximation analyss can be applied to a single wire by dividing

the wireinto relevant segments and ass gning diff erent fail ure mechani sms to the various segments. The analys s con-

firms that ,although surface-defects are not the fastest early failure mechanism ,the ten times higher surface def ect-

density in the rougher wiresis responsble for the observed high early-failure rate and unreliable performance.
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1 Introduction

Bimodal or multimodal behavior of timeto-
failure distributions is frequently observed in elec
tromigration (EM) tests. Early (or extrinsic) fail-
ures occur before the anticipated lifetime from a
monomodal distribution. This reduces Cu EM life-
times to an Al (Cu) level or even lower!*? . Studies
of Al interconnects®*! have shown that the pres
ence of preexisting defects appreciably increases
the rate of early failures,and these defect-related
early failures can be considerably reduced by in-
creasing the grain sze. For Cu interconnects,with
their dominant atomic diffuson path along the Cu/
dielectric surface rather than aong the grain
boundaries® "' ,the influence of defects on early
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failures is expected to be different. The step from
CMP to planarize the surface of Damascene lines
inevitably results in a surface fluctuation with a
certain surface defect-dendty. Besde the standard
CMP durry ,a dedicated CM P durry was chosenin
this paper ,in order to obtain randomly distributed
pre-existing surface defects in combination with a
large surface fluctuation. Accelerated EM testing
and weakest link approximation (WLA) analyss
are applied to investigate the influence of such sur-
face fluctuation/ defects on early fail ure behavior of
Cu single-damascene (SD) wires.

2 Experiment and results

The SD Cu test lines (0. 2% mrwide and 2mm-
long) were produced in 600nm-deep oxide
trenches;10nm TaN/ 15nm Ta was used as barrier
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material with 100nm Cu-seed deposited without
vacuum break ,followed by electroplated Cu to fill
the trenches. For the CMP step ,different Cu dur-
ries were applied to two sets of samples (Set - A
and Set _B) :durry A with pH= 7. 5,containing
abrasive alumina particles, versus the more acidic
durry B (pH= 2 5) ,with abrasve slica particles;
each set had 16 samples. Typical top-down scan-
ning electronic microscope (SEM) images after the
CMP arepresentedin Fig.1. At a given resolution,
the surface of Set _ A is smooth,and defects can
occasionally be observed. The second slurry (set _
B) results in a rougher Cu surface with far more
pit-like defects. Most of the preexisting surface
defects are elliptical and distributed randomly a

long the length of the Cu line;their dimensons var
ry from 20 to 200nm. After CM P ,the samples re-
ceived a 50nm SC top hardmask and were further
protected from corroson by a 330nm/ 500nm thick
S0:/ SN passvation layer. The average res stance
increasesfrom 2502 (Set _ A) to 30 (Set _B) ,in-
dicating an effective cross section reduction of a
bout 17 % due to the larger surface fluctuation/ de-
fect-densdity. After measuring and packaging (ce
ramic package ,Al-S wire) ,the samples were tested
at 300 and 3MA/cn? in an Aetrium 1164 EM
test system. A 20 % res stance increase is used as a
failure criterion. The experiment was terminated
after 1027 test hours.

Fig.1 SEM picturesof two different setsof samples without(a) and with (b,c) preexisting surface defects

The cumulative failure distributions (CFD)
for samples at the above-mentioned stressng con-
ditions are shown in Fig.2 (symbols). A multimo-
dal CFD is evident for Cuwires with negligible
surface fluctuation (Set _ A). Early failures oc-
curred within 400h at a rate of 50% (8 out of 16
samplesin Set _ A). Theintrindc EM-induced fail-
ure triggered after 1002h ,and more than 40 % (7
out of 16) samples still survived after 1027h (emp-
ty circlesin Fig.2) ,0 the median lifetime (tso) of
the intringc failure distribution is expected to be
longer than 1000h. Furthermore,the extrinsc fail-
ure distribution itself isfar from monomodal. This
implies the coexistence of several different early
failure mechanismsin these SD Cuwires,assuming
thefailure distribution due to a given kind of defect
is approximately lognormal® :

B [- (Inf)% 2]
f = 1
(v gy (1)

where0 is the shape parameter.

2
O

| 7=300C
[ j/=3MA/em?

3E8
T

Set_ B

(=
T

(=1
T

|

I Temi
| nate
}( 1027h)

L

100 1000
Time to failure/h

=g
T

Cumulative failure/%
—_— N L o N~ 00

(=] o

T L}

(d

[l
T

Jarly/ failures

(=

Fg.2 Time to cumulativefailure distributions of sam-
ples without (Set_ A) and with (Set _ B) preexisting
surface-defects  Symbols are experiment results, and
curves are smulated. Empty circles are surviving sanr

ples ater 1027h.



2332

26

The CFD of the Cuwires with preexisting
surface-defects (Set _ B) is amost monomodal ex-
cept for a small tal at the right edge. These sam-
plesyield a tso of only 145h with shape parametero
=0 24.All thefailure timesin Set _B fall into the
time scope of early failures defined in Set _ A ,indi-
cating the rate of early failures to be strongly in-
creased to nearly 100 % ,and EM lifetimesto be re-
duced to the level of early failures. It isinteresting
to note that before the surface defect-related fail-
ures are triggered in Set _B (at about 90h) ,already
more than 10 % of the samples from Set _ A have
failed. Clearly another fast failure mechanism with
an even smaller tso is present in Set _ A. In subse
quent testing we have unsuccess ully tried to repli-
cate thisfast failure mechanism. We therefore con-
sider it to be rare and entirely processing-related.

The CFDs of Set _ B under different tempera
ture stress are shown in Fig. 3. Maximunrlikeli-
hood-estimate- based anal ys s suggests an activation
energy of about O 74eV for the related failure
mechanism. This would conform to typical activa
tion energies for Cu diffuson along the top sur-
face. FIB analysison postmortem samplesin Set _B
(see e. g. Fig.4) suggests that the densty and size
of surface-defectsincrease under stress due to EM-
induced surface diffuson in Cu. This resultsin a
dowly increasng Cu-wire red stance followed by a
sudden and catastrophic surface defect growth.
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Fig.3 Timeto cumulativefailure distributions of sam-
ples with pre-existing surface-defects (Set — B) under
different temperature stress The activation energy is
around 0. 74 £0. 02eV.

200nm

Fig.4 Postmortem FIB analysis of samples with pre-
existing surface-defects(Set _ B)

3 Analysisand discussion

The weakest link approximation® is used to
analyze the above-presented experimental results.
According to the WL A ,the Cu-wire can be treated
as a serial chain of statistically independent ele-
ments (Cu segments) ,which fails whenever any
one of theindividual elementsfails. In thisview ,el-
ements with preexisting defects are condsdered
weak links,prone to fail sooner than others. There-
fore the CFD of the whole structureis given by the
minimum order statistic of the CFD of theindividu-
al elements®° :

F() =1- []1- R(O] (2)

where F(t) and Fi (t) are the probabilities of the
whole wire and the i-th element ,respectively ,fail-
ing by time t,and n=L/le is the number of ele
ments,where L and le are the wire and element
lengths. Furthermore ,if the i-th element is subjec-
ted to two statistically independent failure modes,
its CFD is a mixture of the CFDs of these failure
modes*” :

Fi() = pFo(0) + (1- p) F (1) (3)
where F°(t) and F' (1) are the distributions of de-
fect-related and intrinsc EM-induced failurein this
element , respectively ,and p is the probability of
defect-related element failures.

Because of the short length effect in Cu inter-
connects,the threshold product at 300 liesin the
range of 2800 to 3500A/cm for SD Cu™. So Ie
should be much longer than 1Q4 m at the given test
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conditions (300 and 3MA/cm?) . In this case,the
2mnrlong Cuwireis divided into 12 elements. The
length of each element is 1644 m ,long enough to a
void any short length effect. Three failure mechar
nisms are consdered:an intrinsc EM-induced one
in the absence of defects,a surface defect-related
one ,and afast failure mechani sm.

According to the different fail ure mechanisms,
the 12 elements are grouped into three types,the
diagrams of which are inserted in Fig. 5. There are
no defectsin element Type_ ,andonly theintrin-
sc EM-induced failure mechanism is present. Ele-
ments Type_ and Type_ are resectively sub-
jected to the surface defect-related failure mechar
nism and the rare process nginduced failure mech-

anism.
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Figure 5 represents the smulated CFDs for
different element types estimated by Eq. (2). The
tso and 0 of each mechanism for a WLA element
(167 nrlong Cu segment) are shown in Table 1,
with test conditions of 300 and 3MA/cn?. It is
typically assumed in this type of smulation that
the presence of initial defects accounts for 33 % of
the failures.

Usng the CFDs of the sngle elements, the
CFD of the whole wire is calculated by Eg. (3).
The differences between the two sample sets can
be smplified as follows: Set _ B has a higher sur-
face-defect-density ,while Set _ A has three failure
mechani sms. Inour WL A model ,the samplesin Set

_ A aretreated asachainof 10 Type_
1 Type_ element, and 1 Type_

elements,
element. The
chain of Set _B contains2 Type_- | elementsand 10
Type_ elements. Infact ,here we assume that the
surface-defect-dendty in Set _ B is ten times higher
thanin Set _ A. The smulation results shown in
Fig.2 (curves) fit the experiments quite well ,indi-
cating a tenfold surface defect-density increase in
the samples with pronounced surface roughness
and resulting in a pronounced early failure rate and

reduction of ts.

Table 1  Parameters of different failure mechanisms
and their relative weight in different element types

Mechanism Fast Surface def ect Intrinsic

tso/ h 80 180 2100

g 0.4 0.3 0.3

Type — 100 %

Weight Type_ 33% 67 %

Type_ 33 % 67 %

Further experiments are ongoing to assess
how various durry components and the quality of
the Cu surface areinterrelated. A more comprehen-
sve analyss, taking into account these interde
pendencies as well as the efect of CM P-induced
corroson ,isin preparation.

4 Summary

Different CM P durries have been used to ob-
tain dngle-damascene Cu-wires with varying sur-
face fluctuations and pre-existing surface defects.
The presence of such pre-existing defects strongly
increases the rate of early failuresa most to 100 %,
reduces electromigration lifetime rapidly to a level
of early failures,and changes the multimodal fail-
ure distribution to monomodal. It corresponds to a
surface-driven falure mechanism with activation
energy of 0. 74eV. A weakest link approximation a
nalyss of the falure times from these Cu-wires
was performed, indicating a ten-fold increase in
surface-def ect-density and a corresponding overall
high early failure rate and poor EM performance.
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