JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 3 1 FEBRUARY 1999

The piezoresistance of aluminum alloy interconnect structures
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The effects of applied strain on the resistivity of Al thin film metallization interconnects have been
measured with a novel methodology that uses thermal expansion mismatch to produce the strain.
The interconnect volumetric strain is induced by thermal cycling of passivated and unpassivated
interconnects between70 and 373 K. The coefficient of piezoresistivity, definedia&de,, where
p=resistivity ande,=volumetric strain, is determined by properly accounting for the degree of
interconnect constraint and thermal expansion mismatch strain induced during temperature changes.
The volumetric strains are calculated for unpassivated and passivated lines of varying thickness and
width. A model which incorporates the geometrical and piezoresistance effects on the measured
interconnect resistance during temperature changes is described. The coefficient of piezoresistivity
is calculated by a fitting procedure which provides an accurate and consistent fit for both
unpassivated and passivated interconnects of different geometries and different strain states. The
measured coefficierdp/de, is 2.0<10°° Qcm in tension, similar to earlier results in bulk Al
samples measured in compression but significantly higher than values recently measured in Al
interconnects. The application of the calibrated coefficient of piezoresistivity for the measurement
of electromigration-induced stresses in novel interconnect test structures will be described.
© 1999 American Institute of Physid$50021-897@9)09803-3

I. INTRODUCTION strain. The method utilizes thermal expansion mismatch to
induce interconnect strain during temperature cycling. Care-
High resolution measurements of metallization intercon-ful resistance measurements during the temperature cycling
nect resistance during the early stages of electromigratioin combination with a model for interconnect thermal expan-
reliability testing have the potential for characterizing sion mismatch strain allows for the determination of the co-
aspects of electromigration-induced processes such aficient of piezoresistivity. The temperatures during cycling
local changes in the vacancy concentrafiorsolute are primarily below room temperature in order to prevent
concentratiofi® void growth; or mechanical stressln par-  complicating contributions to the resistance describe above.
ticular the measurement of stresses during electromigration We review previous piezoresistance measurements for
may provide information about the diffusion pathways, elec-Al in bulk and patterned interconnect samples and describe
tromigration driving forces, and the mechanics of stress dethe mechanical model, the thermal cycling experiments, and
velopment in confined interconnects. Interconnect mechaniesults which yield the coefficient of piezoresistivity. The
cal stresses may be interpreted from resistance changatimate motivation for this work is to aid in the interpreta-
measurements via the piezoresistance effect, defined as ttien of the early resistance changes and mechanical stress
change of material resistivity due to volumetric strains orevolution during electromigration that characterize the kinet-
equivalently hydrostatic stresses. These measurements ries of electromigration-induced processes. Applications for
quire a precise definition of the interconnect volume contribthe  calibrated  coefficient of piezoresistivity in
uting to the resistance signal, detailed knowledge of the meelectromigration-induced stress evolution measurements us-
chanical state of the interconnect volume, and accuratig novel interconnect test structures will be described.
calibration of the coefficient of piezoresistivity for intercon-
nect materials. Unfortunately the interpretation of sensitivdl. BACKGROUND

resistance measurements is often complicated by several pro- Extensive experiments to measure the effects of pressure

cesses such as solute redistribution which occur in the Aﬂi e., negative hydrostatic stréssn the resistance of bulk

alloys at elevated electromigration test temperatures. metals have been performed by BridgnfaFhose results for
Recent measurements of the piezoresistance effect in Af . | samples in compression aréR/RyAc=4.2

iptercc_)nnects have_ provided in_consistent resm@a‘iﬂmma- X102 GPal and AR/RyA0c=9.16x10"2 GPal at 0
rized in more detail beloyvpossibly due to complicating 5,4 —183°C, respectively. More recent work by Sundqvist
factors described above. We propose and utilize a novel,y panhfor Al wire under hydrostatic compression yielded
me_thodology to measure the qogfﬂuent of plezore3|s_t|V|ty,AR/ROAGZ4.25>< 10°2 GPa! in the range 20-40°C. A
defined aglp/de, , wherep=resistivity ande, =volumetric ., pjicating factor in comparing various piezoresistance
(AR/RpA o) measurements is the variation Rf with tem-
dElectronic mail: jsanchez@engin.umich.edu perature. We note however that the temperature effe®pn
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does not entirely account for the variation adfR/RyA o) tance increasédue to the local region of tensile stress in-
between the 0 ane- 183 °C Bridgman data. Further, in order creas¢would cancel the resistance decreéhee to the local
to compare various experimental data, a more fundamentalompressively stressed regjoriThus the Verbruggen pi-
expression of the piezoresistance effect is defined as the cezoresistance interpretation of the measured resistance
efficient of piezoresistivityAp/e,, whereAp is the change changes is consistent with but dependent upon their asym-
in material resistivity and, is the applied volumetric strain. metric stress simulatioAsvhich show a net induced stress
The Bridgman data may then be expresések the Appen- change when averaged along the interconnect. A more pre-
dix) asAp/e,=1.06x10°° Qcm at 0°C andAp/e,=2.27  cise correlation between resistance and stress evolution re-
x107° Qcm at—183°C. quires an accurate characterization of both the sign and mag-
Beverly, Alers, and Prybatameasured the piezoresis- nitude of the actual hydrostatic stresses at well-defined
tance response of passivated Al interconnects on Si sutyolumes of the interconnect and an accurately determined
strates between 20 and 200 °C, where the strains were apoefficient of piezoresistivity. We illustrate a methodology to
plied by bending of the Al interconnect—Si substratecharacterize stresses in well-defined interconnect structures
structure. They report a coefficient p/poAc) which in-  during thermal cycling which allows for an accurate deter-
creased with temperature, from0 at room temperature to a Mmination of the piezoresistance effect.
maximum and constant value Ap/pgAc)=1.2
X 10" ° MPa !at 120 °C and above. This value may be con-
verted to Ap/e,=2.7X10"% Qcm (see the Appendix
where ¢, is the longitudinal bending strain and a nominal The resistance of a conducting wire undergoing a change
value ofpg at 120 °C is used. This value is significantly lessin temperature can be described by
than found by Bndgman. It is not clear to what magmtude (Lot AL)(pot Apg+ Apg)
the applied bending stress includes the hydrostatic stress R(T)= , (1)
component, or equivalently to what extent the applied longi- (Wo+AW)(Ho+AH)
tudinal bending strain ) includes the volumetric strain where AL, AW, and AH are the changes in interconnect
(€,)- Again note that in this methodology the unstrained re-length, width, and thickness due to thermal expansion, re-
sistivity (po) increases with temperature which itself pro- spectively, p, is the initial material resistivity, and\py,
duces a temperature dependence\@iip,Ao. Other factors = (dp/dT)AT is the change in the resistivity due to a tem-
such as temperature-dependent metallurgical evolution, VOiCberature changAT. The termA p describes the change in
ing, or mechanical yielding may also have complicated thehe material resistivity induced by the volumetric straég)(
measurements and contributed to the obsensegdl/ oA o) due to interconnect thermal expansion mismatch with the
coefficient. These careful tests suggest that minimizing theonstraining surrounding. Note that the Al temperature de-
complicating contributions to the total resistance by usingpendence of the resistivitydp/d T=11.45 f) m/°C) is inde-
pure Al conductors or by low temperature testing may bependent of composition for Al-dilute solute content alld¥s.
beneficial in determining the piezoresistance effect in inter-The volumetric strain will depend explicitly on the tempera-
connects. ture change and the degree of constraint induced by thermal
Several attempts to provide a piezoresistance interpretaxpansion mismatch between the interconnect and the sur-
tion to electromigration-induced early resistance changes imunding material, and is therefore dependent on intercon-
interconnects have been made. Scorzihistrated that pos- nect geometry. Thus thermal expansion affects the measured
sible competing contributions to the measured resistanceesistance in two ways, by the variation of interconnect di-
changes, such as void growth and the corresponding relaxaensions with temperature and by the variation of thermal
ation of hydrostatidtensile stresses, prevent simple charac- mismatch strain with interconnect geometry.
terizations of the piezoresistance effect. Alers, Beverly, and Both the interconnect dimensions and the applied mis-
Oated® made careful resistance measurements on Al vianatch strains are determined by the constraint placed on the
structures during electromigration testing. Their analysignterconnect by the Si substrate and encapsulating layers and
showed that attempted correlations between the detected rewust be properly determined in order to interpret the inter-
sistance change and piezoresistivity effects were inconcluzonnect resistance during temperature changes(1EqThe
sive. mismatch strains in the interconnect length, width, and thick-
Verbruggen and co-workers measured reversible resisness dimensions can be computed for the various degrees of
tance changes during electromigration testing of unpasskonstraint, encapsulating materials, and interconnect geom-
vated Al lines at 150 °C, and attributed these as due to meetry. For example, the linear thermal mismatch strains in
chanical stress buildup and the piezoresistance effectvide (W>H) unpassivated Al lines on Si substrates in the
Interestingly their simulations of mechanical stress evolutiorlength (e,) and width (¢,) directions are given by, = (1
yield a net positive stress when averaged along the entire v)(asi— aa)AT~¢€,, where v=Poisson’s ratio for Al,
interconnect. Typical simulations of the stress dipoles whickand wherex,, andag; are the thermal expansion coefficients
develop during electromigratidhyield a net zero stress state for Al and Si, respectively. The wide line strain is approxi-
averaged along the entire line if material is conserved duringnately equibiaxial.e,~e,, with the strain in the thickness
electromigration-induced diffusive mass flux processes. Irdirection (e,) given bye,= —2ve,, and with relaxation of
this case no net piezoresistance effect would be detected &, at the line edge. The applied strains for passivated wide
the total interconnect resistance is monitored, since the resiéines are similar but with increasee, and €, at the line

Ill. RESISTANCE MODEL
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TABLE |. Calculated dimensional changes and strain terms as a function of temperature chang®r

various interconnect conditions: narrow passivated, wide unpassivated, and narrow unpassivated. The thermal
expansion coefficient for the Al, Si, and Si@re ay=24x10°°C, a5=3X10"°°C, and aspo,=1.5

X 10" %/°C, respectively.L,, W,, andH, are the length, width, and thickness dimensions, respectively, of the

line at the initial temperature prior to cycling.

Narrow passivated

Wide unpassivated

Narrow unpassivated

AL LoagAT LoagAT LoagAT
AW WoasAT WoagAT —Wor(ag)AT
+Wy(aaAT)
AH Hoasio AT —Ho2v(ag)AT —Hov(ag)AT
+Ho(anAT) +Ho(anAT)
(asi—aa)AT (asi—aa)AT
€ —v(asi—apn)AT —v(asi—ap)AT (asi—an)AT
—v(asio,~ aa)AT
(asi—an)AT (asi—an)AT
€y —v(agi—apn)AT —v(ag—an)AT —v(ag—an)AT
—v(asio,~ aa)AT
(asio,~ aa)AT
€ —v(as—apn)AT —2v(asi—an)AT —v(asi—an)AT
—v(agi—ap)AT
€, 20.64<10°° (AT) 13.44x10°5 (AT) 6.72x10°5 (AT)

edges due to the constraining effect of the passivation theréion of interconnect dimensions and mismatch strains may be
Narrow unpassivated lines are nearly uniaxially strained irused to deduce the piezoresistance effect and coefficient of
the length direction, e,=(asi—an)AT, with e,~€, piezoresistivity in interconnects during temperature cycling.
=—ve,= —v(agi— ap)AT. Narrow passivated lines are tri- We describe the resistance measurements during low tem-
axially strained to an extent which is dependent upon theerature thermal cycling and the analysis used to measure the
interconnect aspect ratioM/H). For example in lines with piezoresistance effect in unpassivated and passivated Al in-
W/H=1 the strains approack,~ €,~ €, especially if plas- terconnects.

ticity allows for relaxation of shear stressésTable | sum-

marizes the te_mperatur_e dependen_ce of mterc_onnect dlmep\]_ EXPERIMENT

sions and strains used in the following calculations. The line

averaged volumetric strains calculated for passivated and un- Single level and multiple level Al alloy interconnect
passivated interconnects for several aspect ratios are in egtructures were fabricated for resistance monitoring during
cellent agreement with those calculated by finite elementemperature cycling betweew70 and 373 K. The single
method$* and with those measured in Al lind$!® level patterns were patterned from Qufa-thick Al-0.5%

We may now simulate the interconnect resistance as &u-1% Si films which were deposited in a low base pressure
function of temperature including both dimensional and pi-load-locked multichamber sputter deposition system onto
ezoresistance effects, Ed), for several states of constraint. oxidized Si(100) 150 mm diam substrates. Single level four-
First consider a “free” Al interconnect, unsupported and terminal test structures were defined using standard plasma
unconstrained by any substrate or passivation and which igtching methods to produce #im wide and 250Qum long
therefore allowed to freely expand with temperature. For this
example theR(T) behavior is computed from Edql) with

no piezoresistance effechp,=0) and with the intercon- 4r

nect dimensions determined solely lay,. The data are ——~ Passivated, fugl
shown in Fig. 1 plotted as the fractional change in resistance 3T Bpidey =0 -

from the initial value AR/Ry. Next consider an Al intercon- §2 | ‘
nect fully constrained by the Si substrate and encapsulating g g D%ﬂgg‘{,ﬁi‘;‘ged’
SiO, passivation, but again with no piezoresistance effect 1 L .

(Aps=0). The AR/Ry behavior in this constrained case is — Passivated,
indistinguishable from the free interconnect resistance during o Le , dprde,=227x107 Qem,
thermal cycling, indicating that the constraining efféwith 50 150 250 350

no piezoresistance effgabn interconnect resistance is neg-
ligible, Fig. 1. Finally, again consider the fully constrained
interconnect with a coefficient of piezoresistiVit p/e, L ) ot e ) e

_ —5 _ ° . _ Interconnect constraint; unconstraine ree wire" Interconnect, tully con-
_2'_27>§ 10 . (lcm at 183_ C. The SImUIa_te(AR/RO be strained passivated interconnect without piezoresistance efthotdé,
haV|0r_|n this case clearly '”U_Strates_the plezo_reS|S'Fance ef=0), and fully constrained passivated interconnect with piezoresistance
fect, Fig. 1. Thus Eq(1) combined with a detailed simula- (dp/de,=2.27x10"5 Q cm).

Temperature (K)

FIG. 1. Simulated resistance change dai&(R,) for three conditions of
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TABLE Il. Dimensions and fractional resistance change as a function of 100
temperature AR/RyAT) for the single and multiple level interconnect 9 |
structures.

) Single level structure
Multiple level structure

Passivated Passivated Unpassivated

Resistance (Ohm)
3

30 |
L (um) 800 2500 2500 20 ¢

W (um) 0.8 4 4 13 L . . .
H (um) 0.4 0.4 0.4

AR/R,AT 1.08x 1072/°C 6.38<10°%/°C  6.66x10°%/°C 0 150 250 350

Temperature (K)

FIG. 2. Measured resistance behavior for the narrow passivated multilevel
interconnect as a function of temperature betwedi® and 300 K.
interconnects terminated by large pads. Several wafers were

passivated with 2+m-thick chemical-vapor deposited SiO
layers at approximately 400 °C, with pad openings subsetional Instruments Labview programming environment.
quently defined and etched to allow for wire bonding. BothFour-terminal resistance measurements were taken as the
passivated and unpassivated structures were annealed, didethperature increased from the minimum temperatsg)
and placed in 24 pin ceramic packages. K for this system, since as before temperature stability and
The multiple level test structures consisted of multilay-control are optimized during heating rather than during cool-
ered Ti/Al-1% Cu/TiN{top) metallizations deposited onto ing.
Si(100 oriented 150 mm substrates covered with deposited The AR/R, behavior is calculated from the form of Eq.
dielectric layers, with the Al layer thickness approximately (1) appropriate for each sample geometry and constraint. For
0.8 um. The sputter depositions were done in an identicathe wide single level structures a nearly equibiaxial strain
system as used for the single level structures, with the interstate is assumed for the unpassivated single level line, since
connect patterning processes also identical to those describ®¥d#H~ 10, and for which a slight relaxation i, is assumed.
above. The test structure consisted of discrete lower-leveA triaxial mismatch strain state is assumed for the wide pas-
interconnect segments connected to the upper metallizatiosivated single level line, with relaxation assumed in the
levels byW-filled via plugs. The tested structures were pas-thickness direction again due to the wide line geometry
sivated by 0.Gum-thick plasma-enhanced chemical-vapor (W/H=10) as discussed earlier. The coefficient of piezore-
deposited Si@ similarly deposited at 400°C and subse- sistivity (dp/de,) is found by a fitting procedure which pro-
qguently received full processing. Die containing the testvides an accurate and consistent individual fit to &9 .ap-
structures were placed into 24 pin ceramic packages for ele@ropriate to both the unpassivated and passivated resistance
trical testing. The dimensions of both the single level anddata.
multiple level structures are summarized in Table II. Similarly, the resistance of the multiple level structures
Thermal cycling experiments on the single level struc-is also computed by Eq(l) using the mismatch strains
tures were conducted between 175 and 375 K in a liqyid N(Table |) appropriate for narrow passivated lines. As before
and He cooled cryostdtwhich was heatedvhen necessaly the coefficient of piezoresistivity is found by finding the
by a resistance heater embedded in the package holder. Cakedue of which accurately reproduces the measur¢d)
ful resistance measurements were made on heating from thehavior.
minimum temperature since the temperature ramp, stability,
and control were optimum during heating rather than durinq/ RESULTS
cooling. These measurements were made as part of an earlier
experimental progratfi but have not been previously re- The R(T) data for the narrow passivated multiple level
ported. line betweer~70 and 300 K are shown in Fig. 2. The simu-
The packaged multiple level structures were mounted oated AR/R, behavior for this interconnect under two condi-
a cantilevered holder containing an embedded Jouletions of constraint and the measurddR/R, data are illus-
Thompson refrigerator manufactured by MMR Technolo-trated in Fig. 3, whereR, is the resistance at the lowest
gies, Santa Clara, CA. The cooling is achieved by expansiotemperature of the cycle. In the first condition we calculate
of compressed Nin small expansion channels within the the resistance of the multiple level interconnect which is
substrate holder and is assisted by a vacuum pump on tHally constrained by passivation but with no piezoresistance
exhaust side of the cooling chamber. The temperature is a@ffect. In the second condition the interconnect is similarly
curately controlledto +0.1°Q by active control of current constrained but the calculation includes the piezoresistance
supplied to a resistance heating element embedded in theffect. As shown in Fig. 3 the observ&R/R, is accurately
holder. The entire sample and refrigerator-holder system areimulated using a coefficient of piezoresistivityp/de,
enclosed in an evacuated chamber to minimize convective=2.0x 10> Q cm, similar to that found by Bridgman for
heat transfer from the ambient chamber walls to the devicéulk Al in compression.
under test. Temperature control and the function of the moni- TheR(T) data for the wide single level unpassivated and
toring electronics are actively controlled via custom instru-passivated structures between 175 and 375 K are shown in
mentation software running on a computer within the Na-Fig. 4. We note the difference in the resistance behavior may
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3 1 — Model: Passivated, 1.6  —— Model: Passivated,
—_ -5
25| 8p/be, = 2 x10° O-cm , 1al dp/de, =2 10° Q-cm
2 = = Model: Passivated, - 2| = = Model: Unpassivated, ,Cj
o Spide, = 0 ’ ’ dp/de, =2 10° Q-cm
g 15t o | | — Model: Passivated,
L £os
“os6
0s | Data (Passivated Line) ’
0.4 o Data (Unpassivated)
0 -‘ L N — .
X O Data (P ted
50 150 250 350 0.2 ata (Passivated)
O 1 N 1 3
Temperature (K) 150 200 250 300 350 400
FIG. 3. Measured\R/R, data for the narrow passivated multilevel inter- Temperature (K)

connect, and simulatelR/R,, behavior for the narrow passivated intercon-

nects with fp/de,=2.0x10"° Qcm) and without (ip/de,=0) the FIG. 5. Simulated and measuré&R/R, behavior for both passivated and

piezoresistance effect. unpassivated single level interconnects, illustrating the consistent fit using a
coefficient of piezoresistivitylp/de,=2.0x 105 Q cm.

be in part due to variations in line cross section for these
interconnects, however initial width and thickness effects ardier work. It is possible that the thermal cycling methodology
accounted for in the simulation ardR/R,, calculations. The Yields a coefficient which is averaged over the range tem-
resistance simulations of these samples are shown in Fig. [geratures measured.
along with the measuredR/R, data. Note that the mea- It is interesting that the previous piezoresistance
sured data are accurately reproduced by @gwhen using ~ characterizatioh of thin film metallization interconnects
the same coefficient of piezoresistivitydg/de,=2.0 yielded a significantly lower coefficiemtp/de, (by a factor
x107° Q cm) as used for the multiple level structures. For of ~7) as calculated from theirdp/podo) data. A likely
illustration, we also include in Fig. 5 the simulation of the source of this discrepancy is the difference between the com-
wide passivated lindR/R, behavior under the assumption puted linear bending strains:{) and the actual volumetric
of dp/de, =0, and demonstrate that a finite piezoresistancetrains ,) applied during the bending. Further comparisons
effect is required in order to adequately describe the obbetween these data require knowledge of the temperature de-
served behavior. pendence of théunstrained reference resistancé{) or re-
We have showitFigs. 3 and bthat the coefficient value Sistivity (pg) used in that earlier work.
dp/de,=2.0x 10 ° Q cm consistently describes the piezore- ~ The validity of the methodology for piezoresistance
sistance effect in Al-based interconnects with different ge<characterization illustrated here depends critically on the fol-
ometry and thermal mismatch-induced volumetric strains|owing factors. We assume that the constraining effects of
and conclude that this value of the coefficient of piezoresisthe passivation and substrate are well described by the ther-
tivity is appropriate for Al-based interconnects under thesgmal expansion mismatch simulations. Close correlation be-
conditions. tween the simulated stresses and those calculated by finite
element modelinf and measured by x-ray methd@®sup-
port our thermal expansion mismatch strain simulations. We
VI. DISCUSSION further assume that the interconnect provides an elastic me-
The coefficient of piezoresistivity measured hereCh""nical response o the appliéq_/drostatic _component of
(dp/de,=2.0x 105 Q cm) is consistent with the range of stress_es during tempe_rature cycling. Thgt is, we assume that
values previously determined by Bridgnidor bulk Alina  1© void growth or shrinkage occurs during the thermal cy-
similar temperature range. However our results do not indiS"9- This assumption is supported by tfrimarily) low

cate a temperature dependent coefficient as found in that edfmperatures .used during.the Fhermal cycling, s.uch.th.at void
growth or shrinkage by diffusional processes is eliminated

during the time scales used in these experiments. Finally, we
assume that the temperature response of the Al resistivity is

38 | described by the constant factdp/dT, which has previ-
E 6o | O Data Passivated ously been validatetf
% 50 The correspondence between the coefficients of resistiv-
g ‘3‘8 i g ity measured in bulk and thin film interconnect materials
% 20 L o’ o Data U ated suggests that the factodg/de,) describes the fundamental
& ol ata Unpassivate piezoresistance response in Al, and may be used to charac-
0 ) - . terize the kinetics of electromigration-induced stress evolu-
100 200 300 400 tion in confined interconnects. However it is critical in these
Temperature (K) applications that the measured resistance changes come from

FIG. 4. Measured resistance behavior for the wide single level unpassivate ell-defined sections of the electromigration test structlire.

and passivated interconnects as a function of temperature between 175 ah@! €xample in multi.ply PrObEd intercqnnect Segm_\gmbe
375 K. actual electromigration-induced tensile-compressive stress



1948 J. Appl. Phys., Vol. 85, No. 3, 1 February 1999 C. J. Rellly and J. E. Sanchez, Jr.

dipole may be measured by piezoresistance interpretation of The approximation is valid for small strains, and note
the detected resistance shifts measured along individual setixat the significance of the termy in Eq. (A2) varies in-
ments of the interconnect. Future work will explore suchversely on the magnitude @R or dp. For the small values
mechanical stress characterizations of electromigrationef SR typically measured the term provides a reasonably
induced processes. significant correction to the measurements. The resistance
change due to applied hydrostatic streds() is
VIl. CONCLUSIONS SRIRG80 = (8pl pobdryy)— € 1 50y
A novel methodology to measure the effect of mechani-
cal stress on the resistivity of Al interconnects has been =( 5p/p05UH)_i, (A3)
evaluated. Precise resistance measurements of Al alloy inter- 3B
connects during thermal cycling primarily below room tem-\where we have used Hooke’s Law{=Be,=3B¢) and
perature, combined with an explicit description of thermalB=bulk modulus. The coefficient of piezoresistivity may
mismatch-induced volumetric strains, allowed the determinathen be calculated by
tion of the coefficient of piezoresistivity for Al-based inter- 1
connects. The resultdp/de,=2.0x10 > Qcm) consis- dple,=Bpo| SRIR Soy+ o=
tently describes the piezoresistance effect in Al interconnects 3B
of various geometry and thermal expansion mismatch strain, Values ofdp/ €, calculated from Bridgman'sR/Ryda
and is in close agreement with earlier results determined idata for bulk Al in compression yieldAp/e,=1.06

. (A4)

bulk Al materials. X 10> Q cm at~0°C between 0 and 0.7 GPa. At183 °C
Bridgman’s data give\ p/e,=2.27<X 10 ° Q cm in a similar
ACKNOWLEDGMENTS pressure range. More recent ddtar narrow Al wire in com-

pression confirmi p/ e, =1.06x 10°° Q.cm in the tempera-
ture range 20—40 °C and between 0.2 and 1.0 GPa.

The Beverly result for thin film Al interconnects
(AplppAo=1.2x10"° MPal) measured at 120°C may
APPENDIX be converted ta\ p/e,=2.7X10"° Q cm, usingB=75 GPa

andpo=3x10"° Q cm. The discrepancy between this result
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