512 IEEE ELECTRON DEVICE LETTERS, VOL. 18, NO. 11, NOVEMBER 1997

Thermal Mapping of Interconnects
Subjected to Brief Electrical Stresses

Y. S. Ju and K. E. Goodson

Abstract—The failure of metal interconnects subjected to brief and vias. Although the temperature distribution can also vary
electrical-current pulses is a reliability concern for the integrated  dramatically depending on the duration of the electrical stress,

circuits industry, especially in connection with electrostatic dis- ; ; ; ;
charge (ESD). Since the magnitude and spatial distribution of Itif:ttlaet;at?;%r;tnthermal mapping of interconnects has received

the temperature rise during pulsing events strongly influence : . . . .
these failures, the development of suitable thermometry tech-  This manuscript reports short-timescale spatial mapping of
niques is needed to understand the failure. This work reports temperature fields in unpassivated interconnects subjected to
scanning laser-reflectance thermometry with a novel calibration current pulses of duration as brief as 200 ns. The measurements
procedure, which captures transient temperature distributions 5.6 herformed using a scanning laser-reflectance thermometry
along interconnects subjected to sub-microsecond current pulses.t hni hich det . | | t t h .
The temperature distribution is strongly affected by corners and ec ”'quv _W Ic elermines _OC"?‘ empera ur(_—',' Changes In
contact pads and by the pulse duration. VLSI circuit samples by monitoring the transient surface
reflectance.
I. INTRODUCTION
[I. EXPERIMENTS

HE THERMAL characteristics of many microdevices, h ) | . ing | .
such as the maximum temperature rise and the spatiaIT e experimental apparatus integrates scanning laser optics

temperature distribution, are important figures of merit fd?”th ?ln electrical p|)(robe station apd 's deslc':rlbe.d in fde;f“'l
the design process. Thermal characterization is of particuflreWhere [10]. A key parameter in the calibration of this
importance for metal interconnects in VLS circuits, becaudBermometry technique is the thermoreflectance coefficient,
their reliability can be strongly influenced by temperaturQTR'Wh'Ch is the relative change of the optical reflectance per
fields. The median time to failure of metallization due t(JJmit change in the surface temperature. The thermoreflectance
electromigration decreases rapidly with increasing temperat&%efgc'em delpend; or]: tr;]e material being mterlrog?atetlj as v¥ell
and current density [1]. Also important are spatial temperat/@ (he wavelength of the probe beam. Typical values for
gradients [2], which can affect the median time to failuré.netals and semiconductors in the visible wavelength range

-5 —4 k-1 ization i ircui

Interconnects fail due to brief, high-current pulses encounter@tf 10~ ~ 107 K. Metallization in modern VLS circuits
during initialization of field-programmable gate arrays [3], [4 QnS'StS of alloys, whose optical propgrtles are rarely .knov.vn
ith the necessary accuracy. For this reason, a calibration

and electrostatic discharge (ESD) [5], [6]. While the exa ; . N
failure mechanism is not well understood, melting and delarfifocedure is essential for each metallization sample.

ination of interconnects and the fracture of the surroundir?g Previous thern:orfeflectall_rtl)ce _StUd'E'S used a urr]uformly-hegteld
passivation have been considered responsible. arge area sample for calibration. However, when an optical

Interconnect thermometry is required to investigate tﬂsns system with & high numerical aperture and shallow depth

failure mechanisms and to identify possible threshold temp&f—fOCUS IS used, which is the case for VLSI circuit elements,
atures and current densities for their occurrence. One metifygiematic errors can result from the thermal expansion of
for measuring the temperature of VLSI interconnects is fb heater-sample assembly. In orc_ier to avoid this proble_m,
monitor their temperature-dependent electrical resistance (e%e., have developed a two-step calibration methoq emplpymg
[5], [6]), which yields the spatially-averaged temperature rid terconnect structures both. as heaters and eIectncaI_ resistance
along the interconnects. Several optical methods, indudi”germometer; [11]. The callbratloq uses 1500-long Inter-
infrared thermography [7], fluorescence thermography [ ,nnectg, Whlch'are very nearly isothermal Whgn §ubjected
and laser-reflectance thermometry [9] offer the advantage \Bf€lectrical heating pulses. The temperature derivative of the
the ability to spatially map the temperature distribution. Th%lectrlcal resistance of the interconnects is calibrated using
temperature rise can vary significantly within an interconnefttemperature-controlled wafer holder. The thermoreflectance

because of nonuniform heating induced by contacts, cornéf@efficients are obtained by comparing the changes in the
surface reflectance with the changes in the electrical resistance
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Fig. 2. The shape of the temperature rise along the diagonal of the corner
at the timet = 100 ns after the pulse initiation. The temperature rise is

Fig. 1. Comparison of the shapes of the temperature rises along then50-compared withA Tepnrr, which is the temperature rise at the center of
long straight interconnects subjected to electrical pulses of durations 200{)S interconnect.

and 2 ps.

underlying passivation is a polymer layer capped with a 0.260rmer (n) at the time¢ = 100 ns after the initiation of the
pm silicon dioxide buffer layer. Repetitive electrical pulseBulse. The temperature rise decreases toward the outer part of
from a pulse generator are applied to the interconnects wHifte corner. The temperature rise is compared with that at the
a focused laser beam is scanned along the length of the ligenter of the interconnect structurexat 0, ATcenrer. The
z. The rise time of the pulse is 50 ns and the pulse repetitigffect of nonuniform heating diminishes as the heat diffusion
rate is 100 Hz. The low duty cycle eliminates the residui#ngth becomes much larger than the interconnect width. The
temperature rise between successive pulsing. At each s€amer region becomes nearly isothermal at the end of the
point, temperature rise is recorded as a function of the tinkeating pulses of duration near or larger thapsl A recent
after pulse initiationt. publication showed that the temperature variation at the corner
for pulses of duration 250 ns causes extrusion failure to begin
[ll. RESULTS atn = 0 [11].
Jhe temperature distribution at the corner is predicted by

Fig. 1 compares the shapes of temperature rise distribution t solving the Poi i hich vields th A
along the straight interconnects subjected to electrical heqé'_i§ solving thé o1sson equation, which yields the curren

ing pulses of durations 200 ns and;®. The temperature Istribution and, hence, the vqu'metric. heat generation rgte.
distributions become more rounded with increasing time aftd} the present study, the two-dimensional heat conduction
the pulse initiation. This is because the interconnect ends &@ation is solved for the metal, whose boundaries are assumed
anchored near the initial temperature due to their proximit§ Pe adiabatic. The heat diffusion into the passivation layer
to the contacts, which are not significantly heated. At a givéiid the temperature dependence of the electrical resistance
time ¢, the influence of the lower temperature end conditiof¥€ Neglected. Fig. 2 shows reasonable agreement between the
propagates inward over a length comparable to the heat difffediction and the data. The discrepancy can be explained by

sion length along the interconnect. The relevant heat diffusidif 1arger heat loss to the underlying passivation layer at the
lengths,L, = (at)/2, wherea is the thermal diffusivity of Outer part of the corner. The change in the current distribution

the aluminum alloy, are 4 and %8n for ¢ = 200 ns and 2us, due to the temperature dependent electrical resistance also
respectively. For the largest value pfthe data are relatively influences the resulting temperature profiles. The analysis
independent of: only along a small portion of the interior and data in Fig. 2 shows that thermal failure due to current
of the line. Also shown are the predicted spatial temperatu¢eowding is important for pulses briefer than the heat diffusion
profiles, which are obtained from a numerical solution tBme across the diagonal, which is near 200 ns here.
the heat conduction equation. The cross-sectional temperaturkig. 3 shows temperature distributions measured along the
distribution of the metal at each location along the interconneegnterline, that is, along the coordinate of the interconnects
is assumed to be uniform and the heat conduction througfith sharp corners. The shapes of the distributions are strongly
the underlying passivation layer in the direction along th@fluenced by the corners and the time after pulse initiation.
interconnects is neglected. The average temperature rise at the corner of the interconnects
The inset in Fig. 2 shows the interconnect structures with smaller than that at the straight portion because of the
sharp corners. Due to current crowding, the heat generati®naller average power dissipation and a larger contact area
rate per unit volume is highly peaked at the inner portion afith passivation layers. A minimum in the temperature rise
the corner, which influences the temperature distribution @xists at the center of the corner shortly after the initiation of
short times after the heating pulse initiation. Fig. 2 shows tipeilses. As more time elapses after the initiation of the pulse,
shape of the temperature distribution along the diagonal of theat diffusion into the unheated contact pads becomes more
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in the temperature rise caused by the presence of corners,
contacts, vias and neighboring devices or interconnects. In
this manuscript, we report transient scanning laser-reflectance
thermometry of metal interconnects in VLSI circuits. A two-
step calibration procedure for interconnects is also developed
that uses the interconnects as temperature-sensing electrical
resistance thermometers.

The nonuniform rate of heat generations occurring near
contact pads and corners, is shown to influence the temperature
distribution within interconnects in a manner sensitive to the
duration of stressing pulses. The localized hot spots formed
due to nonuniform current distributions are most pronounced
for brief pulses.
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