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1. SCOPE

This document describes an algorithm for exccuting of the Standard Wafer Level Electromigration
Accelerated Test(SWEAT) on computer controlled instrumentation. The algorithm described represents
one approach to the execution of SWEAT. Development and employment of other algorithms may
produce satisfactory accelerated electromigration test results.

This document does not address the design of SWEAT test structures. Users of this algorithm report it
effective on both straight line and "bow tie" structures. The JEDEC electromigration work group, JC
14.2.2, }s currently preparing a standard on SWEAT structures. N

2. INTRODUCTION

SWEAT is an accelerated electromigration test performed on mig
accelerdted test was developed as a fast method for obtaining a

providi ¢
in-use !

This do The
algorith i ature: ides litile innovation beyond what
is curre i ; T

The SW

metalliZ f
the stru et
value.

. evel Electromigration Tests for Production Monitoring”,
[EEE/International\Rgliakili isics Symposium, Pg 100-107, 1985,

dard Method for Measuring and Using the Temperature Coeflicient of
Resistance to-Determine the Temperature of a Metaliization Line"

JEDEC|Standard-JESD37 “Standard for Log normat Analysis of Uncensored Data, and of Singly Righ-
Censor¢d Data Utilizing the Persson and Rootzen Method"
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4. DEF

INITIONS

4.1 estimated time to failure(rgp)

The required time of applied stress to cause the test structure resistance to exceed the failure resistance.
estimated by Black's Equation! |

where:

E,

{1 is the estimated time to failure (s)

4.2 failure resistance criterion (Rpy¢

The res

4.3 ini
Structui
heating

4.4 inif

Metalli]
before j

region
joule hg

A is an empirically determined constant, provided by the program
T is the current density (A/cmz).

N is the current density factor, usually 2.0, provided by the p
E, is the activation encrgy of the metallization, provided by

k is Boltzmann's constant (8.62E-5 eV/K).

T is the structure temperature (K).

dAo have failed.

ating, exanmple tempratio is given by equation 2,

Nsn
W(Nm +N,,)

sn sW

tempratio =

o))

jre

¢))

where:

Ngp, 1s the number of resistive squares in the narrow region

N,y is the number of resistive squares in the tapered and wide region.

§

'BLACK, J. R, “Electromigration of Al-Au Alloy Films", Proc: International Reliability Physics
Symposium, 1978, pp.233-240


https://iecnorm.com/api/?name=d23f7590c3a6adcfa4f393af5cfed56d

Copyright © 1994, JEDEC; 2000, IEC

A PROCEDURE FOR EXECUTING SWEAT
JEDEC Publication No. 119
PAGE 3

Note that in the extreme case of a straight line structure Ng, is equal to 0 and the resulting temperature
ratio is one. For a derivation of this tempratio, see Appendix A, DERIVATION OF A TEMPRATIO.

4.6 Temperature Coefficient of Resistance (TCR(T))

TCR(T) is the fractional change in resistance per unit change in temperature at a specified temperature T,
as described in equation (1) of JEDEC Standard JESD33,

z

1

TCR(T) = R(T) AT (OC-]) [\ *)

N

where] R(T) is the resistance of the test line at temperature T (°C).

4.7 reference temperature (TRef)

The tefnperature at which the TCR(T) is specificd. Note that the/referenceemperature is’not necessdrily
the temperature at which the structure resistance is measured butiis usug putéd as described in
JEDEC Standard JESD 33.

4.8 tafget time to failure (1pp)
(gTis

4.9 starting current density (Jg)

Jy is the current density in/the OWEE truc wre at the initial application of the SWEAT

4.10 Area (a)

a referfs to the cross- ow region of the structure, in square centimeters.

4.11 grror band (
The ey
target K
to adju

¢conds, for the estimated time to failure(tz ), centered around the
within which the SWEAT algorithm will not permit the feedback control [loop

tpr -By <ty <tpg +Bg )

4.12 ime to failure (+p)

The tifne_in-scconds, at which the structure resistance cquals or exceeds R - while the structure is 1.1nder
stress from the SWEAT algorithm

4.13 resistance at failure (Rp)

Ry is the structure Resistance during the control cycle just prior to f, in ohms.

4.14 current density at failure (Jp)

Jy-is the applied current density (A/em?) during the control cycle just prior to 1 based upon the a.
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4.15 temperature at failure (T)

T'r- is the estimated temperature (K) of the narrow regions of the SWEAT structure during the control
cycle just prior to ¢

5. TECHNICAL REQUIREMENTS

5.1 Equipment Requirements

(DAp ngrommahla current source canable of (‘n"}ply‘in() sufficient current densidyt to accelerate the
s t p &

electromigration failure of the metallization. Typically, current density o£ 40 aniptres p
cenfimeter or greater is sufficient. Minimum force resolution of 12 bit g di ded.

(2) A djgital voltmeter capable of measuring the expected voltage mag
gredter is sufficient. Minimum measure resolution of 12 bits,

rrent
nd

(3) A computer controlier. The computer provides a feedbge
to the metallization under test, based upon discrete ti
computations directed by the SWEAT algorithm.

5.2 General System Recommendati

ith-a.period short enough to provide
t’should also provide sufficient feedback
s not recommended. Test executions with a

The sysgtem should be capable of exccuting
resolution of better than 1% in determml
for effegtive control. A co

control [cycle time of less than 58 ¢ d'torexhibit excessive failure time. This
phenonjena is caused bj\the ¢© : ingl/the applied current density so rapidly that the
failure condition i A : aximum test time is reached.

The opti Nz : ) erppirically for the metallization under test and may be longer
than 50

ms can be used to provide more complete data on the structure
His data can be gathered by performing measurements without

Data ag
charact

5.3 Te

Due to i gh current requirements for SWEAT, four-wire Kelvin connection to the structyre is
requireqd.

6. THE SWEAT AL GORITHM

6.1 Description of SWEAT

SWEAT uses a feedback control loop to adjust the stress current applied to the metallization such that
temperaturc and current density of the structure maintain the target time to failure within a programmed
error band. Figure ! on page 6 describes the feedback control loop for computer controtied
instrumentation.
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Current is forced through the structure to achieve and then maintain the cstimated time to failure within
the error band of the target time to failure. The current density initially begins at a low value to ensure
the device is not overstressed. A starting current density (/) is multiplied by the area (a) of the narrow
region of the SWEAT structure to provide the starting current. Then the feedback control algorithm
(described in Figure 1) operates to bring the current density to a level such that the estimated time to
failure converges to the target time to failure within some error band. This action of the feedback control
loop is called the initial scttling period. Immediately upon completion of the initial settling period, the
failure resistance R s~ is computed by multiplying the structure resistance by an empirically derived
multiplication factor. By computing R~ after settling, the failurc criterion is based upon the heated

s in
ring

se in

Settling period
aifure or at least 1 second. Settling
f less than 1 second may cause the {pp
overshoot {57, overstressing the structure

d invalidating the test.

Must not be less than target time to failure
during the initial scttling time to prevent
overstress of the structure.

1.0E+7 to 3.0E+7 A/cm?

200 ms so that the test has reasonable accuracy
and sufficient control.

Minimum feedback control time 50 ms so that the control loop does not respond
faster than the electromigration, reducing the
current density such that the structure resistance
TEVer exceeds Rc

Typical starting current density 7.5E+6 A/cm? so that the test does not start at
current density sufficient to overstress the
structure. Program Jg high enough to allow fast
settling at the target time to failure, and low
enough so that no overstress of the structure
occurs.
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Measure
Initial
Resistance

v

Compute R at
reference temp

R(TREF )

\k

Compute

'ee

621

622

AV

Ifrcprev = Ifrc
lpp Prev= (o

\E

Ifrc =
Jg *a

e

624

6.2.5

L —

Force lfrc
Delay

&

Measu;
voltag‘;
Vmeas

VNS

Compute
Ifrcnew

v

6.2.10

freprev = Ifrc

tog PIEV = I
Ifrc=Ifrenew

Exit
Conditions

Yes

Update Results
Stop Test

6.2.13

Figure 1

The SWEAT Algorithm.
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6.1.2 Example SWEAT exccution

Figure 2 illustrates a typical SWEAT execution.
6.00E+01 : : : :
4.80E+01]-J e .................... ..................... ) (\

T : i é 5
3.60E+0L). L. O B SR PRI 4 AN NN

F : :

E 2.40E+01}. oo R ..................... ............. e ............. (oY
1.20E401) o .................... ................... NN ...................
0.00E+00 :

0.00E+00 1.20E+01 6.00E+01
iple SWEAT execution.

The teg

Paramdter \\ Value \/ Parameter Value

Rpc mpltiplication~\ '\ 1.5\ 1y 250C

factoa \

tempratio N\ \ 0483 TCR(T) 0.0035 oC-1

TREF 259C tFr 300s

Jg 1.OE+6 Alcm® Bg ls

L AC o 2z A 1 oy A 27 2

a S ULi=7 il Fg Y 2T 5 A /Wil

N 2.0 E, 0.64 ¢V

The initial resistance was measured as 23.3 ohins. As the test starts at low current density, the estimated
time to failure is out of scale. The actual value of {7r started at a value of the order of 1.0E+5. The
control loop increased the applied current until fg converged to the target value of 30 seconds. As the
test progresses, fluctuations of 17 outside of the error band arc compensated for by the control loop.
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Finally the structure fails at 26.4 seconds. 77y goes toward zero at failure because the large increase in

resistance is interpreted by the algorithm as a large increase in temperature.
6.2 Explanation of SWEAT flow chart in figure 1

6.2.1 Measure the initial resistance Ry

To measure Ry,use a current density that is sufficiently small so that joule heating is negligible. To

change[in resisfance is nofed by doing this, the onginal current used 15 accepiablg
interfergnces in establishing the initial resistance and temperature.

6.2.2 Cpmpute R at the reference tcmperature R(TRgg)
Becausg

resistan
resistarn

ature coeflicient

From J] stine\at tey is related to the resistance

another of resistance of the test line for

Thise i a temperature if the temperature cocfficien
q p

resistan
this rel;

R(T)

R,

R(Trer) = 1+ TCR (Toee ) (T, - Tigr)

where: | T4 is the ambient temperature of the structure.

of

T

sH

&)

of

©)

N

6.2.3 Compute the fpp as defined in 4.1

The estimated time to failure is derived from Black's equation, which models the median failure time of a
statistically significant sample of intrinsic electromigration failures. The procedure applies this

statistically derived model to the individual structure under test. While it is not physically accurate to
apply a median faiture time to an individual structure, the methodology has proven effective in controlling
this highty accelerated test. The term estimated time to failure is carefully chosen to express that the
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computation represents a statistically-based estimation, not a physically-bascd determination, of a
particular structure's failure time,

No correlation is implied between this accelerated test and conventional lifetime testing, although Black's
equation is used to control the execution of SWEAT,

6.2.4 Store the force current and £

The feedback control alporithm will compute the force current by linear extrapolation. The force current

used to|measure Ry and the resulting (- are stored to initialize the control lg for irstlinear
extrapo]ation.

6.2.5 Cpmpute the starting current

The forge current (Igg ) is initialized by multiplying the prog
a.

erit density, Jg, by|the

6.2.6 Force the current and delay

This is the first logical block of the feedba

from the starting current density or the linear extrapolat e.control loop.
The insfrumentation may g g R control img that is too fast for an effective SWEAT
implem aster than 50 ms are not rccommended. An optional delay

627M

After fo d waiting for the optional delay time, measure the resulting
voltage

6.28C

6.2.9 Egtimate/the Structure Temperature

From JESD33 equation (9) the mean value for the temperature increase above ambient, T-Ta, of the test
line is calculated from the following equation when Joule heating is present:

= .~ __ R(T)-R(T,) ®)
* R(Tus ) TCR(Tggr )

In the context of our use this equation becomes:
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_— R-R,
" " R(Tegp ) TCR (Tegp )

where: T is the mean temperature of the structure.
T, is the ambient temperature.
R is the structure resistance as computed in 6.2.8.

Ry is the initial structure resistance as defined in 4.3.

®

Due to g’can optiogally
be corrgcted to provide a better estimation of the temperature of th uitiplication of| the
tempergture increase above ambient by a temperature ratio. g temperature
increas¢ of the narrow regions of the structure above ambignt, e optional temperature ratio
adjustment, is:
10)
where:
tempratio is the rag ; i ature i the narrow region of the SWEAT structyire
to the change i i \
The rel:
- tempratio + T, 11)
RmEF ) -TCR (TREF )
The tenjpra .0 when no temperature adjustment is used.
The algprithm atiributes all change in resistance of the structure to thermal effects. This assumption i
valid dyring the initial settling period. Afier the initial settling period, electromigration should be a
significant cause of resistance change. This algorithm does not compensate for resistance change duc fo
electromigration. Rather, it assumes that change in resistance is due only to change in temperature.

The algorithm, in using this example tempratio, assumes a very simple thermal model for the structure.
The model assumes lingar heat flow from the structure in one dimension, based on the estimated power
dissipated in a section of the structure. It does not model thermal conduction from the narrow region to
the wide region, or to surrounding material (substrate, passivation, etc.). The estimation of temperature

may not be the actual temperature of the structure in the narrow region.
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6.2.10 Compute the new force current

Apply the method described in Figure 3 to compute the new force current. Compute a new force current
only if 1rE is outside of the error band(Bf).

ERROR =

o1 rm

¥ N

cuiside

B

Compute Alfrc
Alfre= Ifrc
- Ifreprev

Ifrcenew = Ifrce

[fropew
1.5%(Ifre)

Figure 3
puting the New Force Current.

urrent.\Bunng the initial scttling period, a change in g5 is caused by a temperafure
gexa theforce current. After the initial settling period, excursions of fg away from
gt are primarilydue’to clectronugrauon rather than a change in forced current. Regardless of the

o
B
5
[4:2
5
.
o
t
Q
B,
[¢]
£
o
&
o
=
o
=
o
=
Lo
fourt
5
a
=
~
Ded
o
5y
-t
(@]
o
g
5
B
(1]
s
%
=
=3
Q
=1
—3
=
[4]

change in 15 resulting from the last change in current, and adding that value to the present current.
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(12)

Ifrcnew =Ifrc + (£, - 1,5 ){ Ifrc- Ifr_cgﬂ)

! - L prev
where: Ifrcnew is the next current to force.
Ifrc is the presently forced current.

Ifrcprev is the current forced during the previous iteration of the control loop.

€ magrl
e structure,

times th

After the initial settling period, changes in {zg are due to a change i

current.| Under this condition, arbitrarily set the change in forced gurrd
change |n 1 is detected to prevent a zero condition in the lineg
force cuprent. The amount of 1.0E-6 ampere is chosen arbitr
multiplication by zero (Ifrc - Ifrcprev) without a large perty

6.2.11 Update the variables

Store the present values of the force current 3 i re for use in the next control logp

iteratior].

6.2.12 T

Use the method dgscribed inFipure ingif the exit conditions are true. To determine if exit

conditions are tr@ Qe ifthe initiahgefiling period has been completed. The initial settling

period i3 complete g inside the crror band. At the first occurrence of g

inside t} ; CeN§ set by multiplying the measured resistance of the structufe

by an erpipiricall SQt| iplication factor. The upper bound of the multiplication factor should

be 200 gerce i 19.to 30 percent.

Before gficiinitial settling pariod; the resistance of the structure is not used as a failure condition. In

summa arg/TRUE if any of the following is true:

(1) R has been d the current structure resistance is greater than or equal to R~ This is the
expepted exit candition for the test. The structure resistance has increased such that the resistance {s

(3) A new force current has been computed which is larger than the current limit of the power supply.

(4) Voltage compliance of the scurce has been reached.
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Exit Exit
Conditions Conditions
FALSE TRUE
Figure 4

Determining if EXIT conditions are TRUE.

6.2.13 Update Results, Stop Test
The results to report upon exiting the test are as follows.
Required results:

Time to failure (f), see 4.12. Should the test exit for conditions other than the structure resistance
cqualing or exceeding R, consider reporting a value outside of valid test limits.
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Optional Results:

Resistance at Fail (Rp), see 4.13.
Current Density at Fail (Jp), see 4.14,
Temperature at Fail (Tg), see 4.15.

The initial setling time, see 6.2.12.

The lesi status. Test status indicates the exit condition that caused the test to
status the number of the exit condition that caused the test to terminate, as

7. Integferences

7.1 Thermal conduction to surrounding structure

ple tempratio, the
ization under test.
siderable impact on SWEAT

Duc to
effectivg
Metalliz
results.

7.2 Feg

Section 5.2 ¢ 5 ; less than 50 ms. Based primarily on
experierice, 50 ms was cpasi ini i gjcontrol loop could be expected to operate and not
have a rp gs tha e higrati giding. Feedback control times much faster than 50
ms havd been obsefved to . logp t@reduce the current density so that the structure nevdr
completly fails. @

Acquisili he

structurg.

7.3 Co

Testing
beginni i
many laboratory en¥irehments exhibit ambient temperature ranges as wide as 10°C dunng a short peripd.

Such vafiance inthe'initial temperature has been observed to have an effect on the distribution of SWHAT
results. |Température control by means of a hot chuck or similar apparatus, or a determination of the
initial tgmperature for each structure is recommended to avoid this source for variation in the test resullts.

A hot chhuck“can be used to conirol the temperature at a moderate level above ambient such that the inijial
temperaturc variability is reduced.

-

7.4 Four-wire Kelvin test configuration

The structure must have separate contact pads for voltage taps to the test line. Placing two probes on one
pad, one to carry current and one to measure voltage, is not an effective Kelvin test configuration.
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