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INTERNATIONAL ELECTROTECHNICAL COMMISSION

STANDARD METHOD FOR MEASURING AND USING
THE TEMPERATURE COEFFICIENT OF RESISTANCE
TO DETERMINE THE TEMPERATURE
OF A METALLIZATION LINE

FOREWORD

A PAS is a technical specification not fulfilling the requirements fo availgble to the

public and established in an organization operating under given prg

IEC-PAS| 62204 was submitted by JEDEC and has been proces ghni ittee 47: Semiconductor
devices.
The text of this PAS is based on the ig PAS wasgapproved for
following document; io the embers of the
ommittee sonc d as indicated in
the following document:
Draft PAS /X Report on voting
47/1509/PAS\ (\ > 47/1541/RVD
Following publication of this i tigate the

possibilily of transforming

An IEC-PAS licen EC and is

recorded at the Ce 2

1) The | mprising all
nation hational co-
operaji in addition
to oth ommittees;
any |H ternational,
gover n. The IEC
collab conditions

determined by agreement between the two organizations.

2) The fgrmal decjsions or agreements of the IEC on technical matters express, as nearly as possible, an ipternational
consejnsusof\opinion on the relevant subjects since each technical committee has representation from all interested
National Committees.

3) The dociiments produced have the form of recommendations for international use and are published in fthe form of
standards, technical specifications, technical reports or guides and they are accepted by the National Committees in
that sense.

4) In order to promote international unification, IEC National Committees undertake to apply IEC International Standards
transparently to the maximum extent possible in their national and regional standards. Any divergence between the
IEC Standard and the corresponding national or regional standard shall be clearly indicated in the latter.

5) The IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with one of its standards.

6) Attention is drawn to the possibility that some of the elements of this PAS may be the subject of patent rights. The
IEC shall not be held responsible for identifying any or all such patent rights.
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STANDARD METHOD FOR MEASURING AND USING THE
TEMPERATURE COEFFICIENT OF RESISTANCE TO DETERMINE
THE TEMPERATURE OF A METALLIZATION LINE

(From JEDEC Council Ballot JCB-95-11, formulated under the cognizanc(e/ch\l%l4.2
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2 Introduction: Significance and use

The temperature increase of a test line due to joule heating can be an important parameter in
accelerated stress tests used to characterize the susceptibility of a metallization test line to
electromlgratlon failure at a glven temperature and current dens1ty (1], [2] ure of this
susceptit ' : ‘ ' nbout
the metpllization temperature during the test is important because thg'mgek S ilute is
exponentially dependent on the reciprocal of the metallization strg g
For example, an error of 5 °C in stress temperature introduces 4 LIOK i ; stimate
for tso (at 150 °C and when the activation energy is 0.7 eV

Electromigration is a metallization failure mechanis I the

reliability assessment of very large scale integrated

The lingar dependence of the resistan
be used|as a temperature sensor as long
changeg in the resistivity of the metalliZation.

perature permits a test ljne to
ditions do not cause irreversible

The temperature coefficie etallization is essentially dependent only
on the residual resistiv ined by departures from the structural order

of pure] bulk aluminu : i tron scattering [3]. As such, the temperaturg
coefficient of re nental chgracteristic of the metallization.

3 Definitions

Metallizati

ratureCoefficient of Resistance. TCR(T): the fractional change in resistance pet unit
change [in temperaiur€ at a specified temperature T,

1 =R
ICR(T) = — X — (°C ), (1)
R(T) =R

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

Test Line: a metallization line of specified dimensions, the length of which is defined by the
locations of two voltage taps used to make Kelvin-type resistance measurements of the test line
when two other terminals force a current through the line. (See 4.4.1.)
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Test Structure: a passive metallization structure, which includes a test line, that is

fabricated on a semiconductor wafer by procedures used to manufacture microelectronic

integrated devices. (See 4.4.1.)

4 Summary of method (\

4.1 Assumptions
The method is based on two assumptions:

4.1.1 Assumption 1

The resistance of the metallization test line is a\linga

R(T) = R(0) + S+ T,

pare line and R(0) is the resistang
ated in figure 1. (See 5.1.)

RE

R(O) 0)+S-T

)

(2)

e of the

JJZD}J

(0)[1 + TCR(O) 1’]
1 \ )ll+lur‘1\lj'\l
| L

vl

0 T T
TEMPERATURE (°C)

Figure 1 — Illustration of terms used in text on a plot of resistance versus temperature.
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4.1.2 Assumption 2

The resistivity of the metallization does not suffer any irreversible changes when subjected to the
temperatures and currents of the test, thereby permitting repeatable resistance measurements at
any temperature and current used with the method. (See 5.2.) (\

N

4.2 Relations used

The method uses a number of relations:

4.2.1 H [ (see@’1.1) the resiptance
of the t4 wperature, T', by the
tempers

R 3)
4.2.2 H

R(T) = R(T) * { (4a)
to show that the resista

R(0) = R(<> (4b)
and tha

S (4c)

Becaus
S| = R(T). ¢ TCR(T)= R(T)) ¢ TCR(T).

Equatign4d relates the product of the temperature coefficient of resistance and test-line repistance
at one temperature, T, to that product for another temperature, 1.

4.2.3 Using equation 4c, the temperature coefficient of resistance at temperature T, can be
expressed in terms of the slope S and the test-line resistance at temperature T:

S
TCR(T) = —- (5)
R(T)
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Equation 5 demonstrates that the temperature coefficient of resistance is not a constant; it

decreases with increasing temperature because metallization resistance increases with temperature
while S remains constant. Therefore, the temperature coefficient of resistance must always be

referenced to a specific temperature.

4.2.4 Fhe-temperature-coefficient-ofreststanee-at-one-tempe ]
another temperature T, by:

TCR(T)
TCR(T") =

1 +TCR(T) e (T
4.3 Procedures

The method consists of procedures to dg
metallization at a specified temperatu
line dug to joule heating (i.e., 4.3.2), and :
inferred from a measurement of the test-line temperature(i.e., 4.3.3).

4.3.1 The temperature ceftiei 1 t%f th@>metallization at a preselected refere
temperature, T, is dete S :

4.3.1.1| Measu 5 in¢ at four or more ambient temperatures, unifq
distributed over a'preselcste range (see 4.4.3).

4.3.1.2 . ne fit of the resistance versus temperature data, using
unweig ) ‘ procedure [5] to obtain the slope S and the intercept of th
straight|li ith the verticahaxis at 0 °C. The latter is the calculated resistance of the test

0 °C, R

4.3.1.3 Calculate t
and R(Q)) by usihg equation 2:

R(Tref) = r(O) + S e Tref

ag resistance of the test line at temperature, T,s from the values obtaine

(6)

e of a
test
is

nce

rmly

F an
e
line at

d for S

(7)

4.3.1.4 Calculate the temperature coefficient of resistance from equation 5:

S
TCR(Tyf) = ——
R(Tref)

®)
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4.3.2 A mean value for the temperature increase, T - T,, above ambient of the test line is
calculated from the following equation when joule heating is present:

R(T_) ~ R(Ta)

T - Ta _ B (9)
R(Trer) ® TCR(Trer)
where:
R(T) is the measured resistance of the test line subjecte
R e stress
cy
R
C
433 T
(10)
where ] ed.
4.4 Pars
Before horeed
upon by
4.4.1 The design of the test structure that includes the test line shall be selected. (See section 3,

5.7, and

 5.8)

4.4.2 The stress current I used to generate joule heating shall be selected and reported with the
results of the measurements (see 9.4 and 13.2.5).
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4.4.3 The temperature range within which the resistance of the test line is to be measured for
calculating the temperature coefficient of resistance shall be selected. The range should include
the temperatures at which the temperature coefficient of resistance is to be used to determine

joule heating or ambient temperature (see 5.2.5). The minimum temperature shall be great
0 °C and greater than the dew pomt of the gas amblent (see 5.1 1) The te ature range
not be 1 han ) h h men

the maxi
tempery

4.4.4 7 i i stne\is to\be measufed

(see 4.3.
they arg

445 7
8.6) shd

5 Prechutions and measurement intrfe@s

5.1 Linear dependenge

The lingar dependénce af the rgsis minum-based metallizations on temperature i
approximated w@ S fpute, bulk aluminum [4], as revealed by Matthiess
Rule [3]]. The degreg to w i pdence is linear can be characterized by the correls
coeffici nwetg . least=sguares fitting procedure [5] of resistance-versus-temps
data. T S 3 ot the resistivity of pure, bulk aluminum versus temperature
charactgri ogredation coefficient of 0.99995 in the range of zero to 200 °C. The |
of the ckange stallization resistance with temperature is expected to be no better than
level. If the perdture limit is increased or if the range is shifted to higher temper:

the linegrity o 1shed data is less, as indicated by a reduction of the correlation coef]
to less than 0. 9999 his departure in linearity will be reflected in a degradation in the line
the depgndence of metallization resistance on temperature and the potential for reduced pry
of the method.

)

is

er than
shall
that
nigher

hat

d (see

en's
ition
erature
IS
nearity
this
itures,
ficient
arity of
bcision

5.2 Stability of resistance

The use of the method requires that the resistance of the metallization be stable so that resi

stance

measurements are repeatable for the currents and temperatures to which the metallization will be

subjected.
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5.2.1 Metallizations that have not been annealed or otherwise stabilized may exhibit significant
changes in resistance during the test, with the passage of time, or both. These changes will
introduce measurement error.

change~
error in
desirabl
when teg
the tem
temper3
repeatabili

5.2.3 N
long peti
resistivi
factors ¢
density

iciently

Current-

524 T
estimat¢
electrormi

iably

525 If
temperg
determi
introdu¢

i¢nt

will

5.3 Tes

When the resistance of the test line at a given ambient temperature is being measured, the yise of
too high a test-cuifrent will produce measurable joule heating and an overestimate of the
resistange.

5.4 Wafer-level measurements

When wafer-level measurements at elevated temperatures are being made, the use of the method
requires special attention to spatial nonuniformities and to variations of the wafer temperature.
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5.4.1 Spatial differences of the temperature on the heated stage, if uncorrected for, will cause
correspondingly large errors in resistance measurements of test lines at various locations on the wafer.
These spatial differences in temperature may be accentuated when the temperature-controlled stage
used to heat the wafer is operated near the high end of its temperature range and where heat loss by
convection becomes significant.

5.4.2 The difference between the temperature of the wafer and of the't SEN§Or 1|n the
heated $tage may increase as the temperature of the stage increas | mperature.
The difference can be caused by heat loss from the wafer by co i . Thig will
underestimate the temperature of the test line at which the resi the N d.

5.4.3 Variations of the temperature of the heated stagé withti
nonequ air{tain a set temperature), if uncorregted for,
will corj ' h@the gsistance of the test line is
measured.

5.5 Pa¢kage-level measurements

When making package-legel t ' d temperatures, the use of the method requires

special pttention to sp iti jations of the temperature in the environmental
chamber (oven).

5.5.1 Spatial dif;;e ACBS ¢ ature in the environmental chamber (oven), if uncorfected for,
will cay &Lrol istance measurements of test lines in packages at varipus

location]

5.5.2 Variati perature within the environmental chamber with time (as may he caused
by thermz or by power cycling to maintain a set temperature), if uncorrect¢d for, will
contrib estimating the temperature at which the resistance of the test line is measured.

5.6 Thermal equilibrium

When measuring the joule-heating effect of a constant-stress current, it is necessary to mak
measurcmen e TeSt-Hine Tesistar rther itibrium has bee ned. Other
degree of joule heating will be underestimated.

O ~111] d c allc Ncrmal equ OI'TUI] d D dlid cd. Ulhe

For measurements performed on packaged specimens, it may take several minutes to achieve thermal
equilibrium. For measurements on the wafer in contact with a temperature-controlled stage, the
thermal response time is typically much less than a second. In either case, the thermal response of the
test specimen can be determined by monitoring the variation of the test-line resistance with time after
a constant-current stress has been applied.
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5.7 Mean temperature of test line

The temperature calculated from resistance measurements of the test line undergoing joule heating
will be equal to the mean of the temperature along the test line only when the test line has a

constant w1dth and thickness. Changes in width over only a small percent

fthe length

line wil}s

calculaf
divided|

5.8 Peak temperature of test line

The calt

temperg

unaffec}

thermal

5.9 Th

the med
resistan|
electror
small fj

measure

510 P

In wafe
voltage
routinel
on the s

probe tips overaceramic surface before each contact with a test structure or at some othet
intervall

ed temperature will be the mean of the ratio of the temperat
by the mean of the reciprocal of the cross-sectional area.

modeling of the test line.

ermal-EMF voltage

action o

as may be determined to be appropriate.

gk

ire

nigration@ > sude,ofthe thermal-emf voltages will generally be only a
f i stage, Tt i

of the
sg, the
al area,

ss, and

[tages,

irfe the

injized by

ments

ame test-sttucture. Cleanliness of tungsten probe tips may be maintained by movinig the

longer
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5.11 Dew point

If the te

mperature at which measurements are made is at or below the dew point of the gas

environment, surface moisture will lead to shunting current paths and make the test results invalid.

5.12 Temperature-sensors

Tempe
tempery
to avoi(

513 C

Errors ¢
perforn

6 Test

6.1 Cufrrent supply

The cu
current
the test

=

ature sensors, such as thermocouples, can lose their calibrati
tures over extended periods of time. Periodic calibratiafi ct
| temperature-measurement errors.
pncurrent testing

an be introduced if the method is used w]

ed that can affect the temperat

apparatus

stress current shall be capable of providing 4

rent supplyNor providing
stable an C 2% of the current used to measure the resistan

line.

ient temperature controller

7.1 WTfer-level measurement

in help

'e been

ce of

Itage

The temperature of the temperature-controlled stage used to make wafer-level measurements shall
be monitored by a sensor that is in good thermal contact with the stage and has a temperature

display

resolution of 0.1 °C. (See 5.4 and 5.12.)

7.2 Package-level measurement

The temperature of the chamber interior used for testing packaged test structures shall be
monitored by a sensor that has a display resolution of 0.1 °C. (See 5.5 and 5.12.)

8 Proc

edure for TCR(T,f) measurement
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8.1 Ambient temperature adjustment

Adjust,

as necessary, the ambient temperature of the test line to attain one of the temperatures

selected in 4.4.4 at which the resistance of the test line shall be measured. (\

8.2 De

Read th
ambien

8.3 Mg

Determ

8.3.1 S
measurj

N
If
cy

8.3.2 A
measur

and 5.1

8.3.3 (

8.34 R
steps 83.

8.3.5
averagg

4

fermine ambient temperature

e temperature-sensor display and make any appropriate to'estithate the

temperature of the test line, T;. (See 5.4, 5.5, 5.12,3

asure resistance R(T))

ot large enough to produce
and 5.3.)
OTE 1 — To detérmipe if jou e@is inSygnificant, halve the measurement cufrent.
the change in resiste he ability of the measurement, the original

hrrent level is a

L pply me@e 7 & ae test line for a time sufficiently long to permit the

alculate the resistance of the test line R(T;) at ambient temperature T, by taking th¢
of Rl(Tl) and Rz(Tl)

8.4 Determine R(T) at other temperatures

Follow

the procedure in 8.3 for measuring the resistance of the test line at each of the other

temperatures selected in 4.4.4. (See 5.2.2.)

ement of the A etwgerf the voltage taps of the test line. (See 5.4.3, 5.5.2, 5.10,

rement current, measure V,, and calculate R,(T,) = V,/I,, as indi¢ated in
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8.5 Analysis of R(T) data

Analyze the data obtained in 8.3 and 8.4 for the test-line resistance as a function of ambient
temperature.

8.5.1 Pe

unweig igble
(see fig

8.5.2 (falculate-the correlation coefficient (see [5]). If the correla effici s greater than
0.9990,| proceed to 8.5.3. Otherwise, return to 8.1 or 4.4.3%0 eat the ddure with ingreased

control jand measurement sensitivity. (See 5.1, 5.2, 5 4

8.5.3 (alculate the slope S of the chan @perature and calculate the

intercet of the line at 0°C, R(0).
8.6 Calculate TCR(Tyy)
Calculalte the temperature Cosfficier S s Trer

8.6.1 (falculate rest hes of
S and R(0) obtai S

(1)

8.6.2 T eht of resistance at reference temperature T, is calculated from:

(12)

9.1 Determine ambient temperature of test line, T,

Read the temperature-sensor display and make any appropriate corrections to estimate the
ambient temperature of the test line, T,. (See 5.2.5, 5.4, 5.5, 5.12, and 5.13.)
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9.2 Measure R(T),)

Measure the resistance of the test line at ambient temperature T,, R(T,).

9.2.1 Apply dc measuring current I,,, (8.
the megsurement— voltaee—V
5.5.2,apd 5.10.)

3.1) to the test line for a time suffi

OTTV Vortagce taps O

asv, a)s

9.3 Calculate R(Ty)

Calculate the resistance of the test line
relation}:

R(T.)

R(Tref =

where ¥
9.4 Md

Measur]
selected 1

9.4.2 (Jalculaté. the resistance of the test line R(T) = V(T)/I; (see 5.9).

9.5 Caleulate mean temperature increase T - T,

Calculate the mean temperature increase, T - T,, due to the joule heating resulting from the stress
current with the following formula (see 5.7 and 5.8 regarding the nature of the mean calculated):

R(T-) - R(T,)

T--T, =
R(Ts)* TCR(T,s)

where TCR(T,f) is obtained from 8.6.2.
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10 Procedure for measuring ambient temperature with test line
10.1 Apply measurement current, I,
Apply measurement current I, (8.3.1) to the test line for a time long enou rmit the
measurement-of the voltage V. between thevoltage taps-of-thetest hneni(See 53 455,
and 5.1D.)
10.2 Chlculate resistance R,(T) = V/I,,,
10.3 Rpverse measurement current
Revers¢ measurement current, measure voltage V, bg , and
calculate Ry(T) = V,/I,n. (See 5.9.)
10.4 Chlculate R(T)
Calculate the resistance of the test line 5.9.)
105 C
Calculage the ter@a
T = T (T) - R/\ ef
)i :(T ref )
where and TCR{T ) are obtained from 10.4, 8.6.1, and 8.6.2, respectively.
11 Me nt bias-and precision
Five laboratori€s and a reference laboratory took part in an interlaboratory experiment to
determine sample estimates of both the within-laboratory repeatability of the reference labgratory
and the|bétween-laboratory precision (reproducibility) and bias for the method. The following
parameters of AT T¥6STmetat tines were determined with wafer-tevet measurernments; using a

temperature-controlled wafer stage: 1) TCR(0), the temperature coefficient of resistance at the
reference temperature of 0 °C, 2) AR/AT, the slope of the resistance-versus-temperature line,
3) R(0), the resistance of the test line at the reference temperature, and 4) AT =T - T,, the
temperature increase of the test line due to joule heating.
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11.1 Summary

11.1.1 The sample estimates determined for the interlaboratory reproducibility standard deviation
of the method for measuring TCR(0), AR/AT, and R(0) are 2.5%, 2.1%, and 0.6%, respectively.

The sample estimates determined for the within-1 eviation for
these quantitiesare e 9% Te ety 3

11.1.2 joule
heating . [The
sample

11.1.3 ence
laboratq

11.14 5 used
by the y the
refereng

parame \tory
measur¢ments.

11.1.5 (Other sources forwaxiabili a.reld One
source 1s the mal ) other
source 1s related rature
of the wafer during.i

112 W

The reff

determinations of TC le of
one test structureon.ore of the three wafers used in the interlaboratory experiment.

11.2.2 [To calculate each of the four sets of values TCR(0), AR/AT, and R(0), resistance
measur¢mehts were made at four temperatures (at about 22 °C, 65 °C, 105 °C, and 150 °C)). At
each tempetature, five resistance measurements were made and the mean taken at the resistance

of the test line at that temperature.

11.2.3 The measure used for the sample estimate of the repeatability standard deviation for
TCR(0), AR/AT, and R(0) is the standard deviation of the four values divided by the mean,
expressed in percent. The mean of the four sets of measurements of TCR(0), AR/AT, and R(0)
were: 0.003592 °C™, 0.1055 Q/°C, and 29.376 Q, respectively. The standard deviations, as
percents of these means, were 0.21%, 0.13%, and 0.09%, respectively.
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11.2.4 The measure used for the sample estimate of the repeatability of joule heating
measurements is the standard deviation of the temperature increases measured at four times over
the three days in which the measurements were conducted.

11.2.5 Joule heatlng was produced by a stress current of 40 mA which was used at two amblent
M e-he be and

bth

11.3.1 [Each participating laboratory was asked to make prescribed measurements on a spgcific
test strycture that had been measured by the refereng © 17 oratory was instructed:
1) to rhake resistance measurements at the nominal temr res f 22 °C, 65 °C, 105 °CJ and
150 °C| 2) to use the measurement afd Stress cuirrer di{B3) to use 0 °C as the refgrence
tempergture, and 4) to describe the equipmes i gasurements. Test structures jon
three wafers were used in the experimen

11.3.2 imate of the Tnterhaboka oducibility standard deviation of the
method 1 ) aS'¢ ined from the standard deviation of the percent
differen ¢ valug Ix efefence laboratory and that reported by a
participgti ;

11.3.2.] &producibility standard deviation of TCR(0) measurgments
from fiy ¢ . R(0) values, as measured by the reference laboratqry,
ranged 0033 003592 °C ' and have a mean of 0.003529 °C ™'

11.3.2.2 s.sample estithates for the reproducibility standard deviation of R(0) and AR/AT
measur¢gmen e 056%and 2.12% respectively. The values for R(0) and AR/AT ranged,
respectively, from 17665 Q to 29.376 Q and from 0.06287 Q/°C to 0.1055 Q/°C.

11.3.2.3 The sample estimate for the reproducibility of joule heating measurements (at norphinally
22 °C apd 65 7C) from three laboratories is 0.14 °C. The mean temperature increases at the two
tempergtufes were: 7.7 °C and 8.7 °C, respectively. The temperature dependence of the jpule
heating is predominantly due to the increase in metal resistivity with increasing temperature.
Another participating laboratory used an automated control and measurement system which did
not permit thermal equilibrium to be established before making measurements and which led to
temperature differences that were almost ten times that obtained by the other three laboratories.
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