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Thermal Characteristics of Submicron Vias Studied
by Scanning Joule Expansion Microscopy
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Abstract—Thermal characteristics of submicron vias strongly
impact reliability of multilevel VLSI interconnects. The magni- ) Laser
tude and spatial distribution of the temperature rise around a Photodiode
via are important to accurately estimate interconnect lifetime A

under electromigration (EM), which is temperature dependent. y

Localized temperature rise can cause stress gradients inside the B

via structures and can also lead to thermal failures under high Cantilever Beam
current stress conditions, such as electrostatic discharge (ESD) Feedback ]

events. This letter reports the first use of a novel thermometry Loop Electrically

technique, scanning Joule expansion microscopy, to study the Conducting

steady state and dynamic thermal behavior of small geometry vias
under sinusoidal and pulsed current stress. Measurement of the

spatial distribution of temperature rise around a submicron via Lock-In |«
is reported with sub-0.1 zem resolution, along with other thermal Amp
S X ; | 2 ‘ ]

characteristics including the thermal time constant. L xyz Piezoclectric] %

Index Terms—AC temperature rise, atomic force microscope, Z-£l8z0 2 Scanner T
current crowding, dc temperature rise, deep sub-micron via, _‘ -
electrostatic discharge, interconnect reliability, interconnect wmpogfaph'ca'
thermometry, scanning Joule expansion microscopy, spatial Image
temperature distribution, thermal characteristics, thermal time
constant, via electromigration. Fig. 1. Schematic diagram of the experimental setup used for the scanning

Joule expansion microscopy (SJEM).

. INTRODUCTION

ONTINUOUS scaling of VLSI interconnects has resultefitlrr)1 :g?g:?gze?gggeItm?'r;;(lag:ﬂgsand provide design guide-

in an increase in the aspect ratio of the vias (connection .
. - . ; In general, interconnect thermometry based on temperature-
between adjacent metallization levels) and increase in the cyr- . L : ;
. : dependent electrical resistivity of the interconnect metal is used
rent density and associated thermal effects, namely self-heating: . i ;
; e {G°Calculate a spatially averaged temperature rise along the in-
The magnitude and spatial distribution of the temperature rise . .
. . rconnects [6], [8]. However, this does not provide local tem-
around a via can strongly influence the EM performance @ . ; . .
. : . . perature rise which may be much higher around vias. The spa-
multilevel interconnect structures consisting of leads and vigs . ) ) ) i
: : . idl resolution of far-field optical techniques, such as scanning
which has an exponential dependence on the inverse metal tem-

perature [1], [2]. Furthermore, current crowding and localize ermoreflectance thermometry [9], infrared thermography [10]

. . . .and liquid crystal thermography [11], is diffraction-limited to
temperature rise [3]-[5] in the via can cause stress gradienis L - . .

. . “about 1um. This is insufficient to probe submicrometer vias
around the via structures and can also lead to thermal failure

o " 10 the size range of 0.1-0/5m. Near-field optics can be em-
under short-duration high current stress conditions, such as E 3 9 ; /m T pucs can |
: . is nd oyed to overcome the diffraction limit [12], but it is still under
events [6], [7]. Hence, a suitable thermometry technique is neg- . .
. . development. A new thermometry technique, called scanning
essary to allow measurements of the magnitude and spatial dis- : :
o . . o Qule expansion microscopy (SJEM), has recently been devel-
tribution of the temperature rise around submicron vias in order : . C
oped with spatial resolution in the sub-Q.fin range [13]-[15].
In this letter, SJEM is used to study the thermal characteristics
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sample Joule heating and temperature rise, resulting in sarr
thermal expansion. The AFM photodiode detects the cantile\

X
D
deflection due to both expansion and sample topography. Sir %
the feedback controller of the AFM has a bandwidth of 5 kH: 5%
the photodiode signal below 5 kHz is processed for feedba g _ 04pm
control of thez-piezo to image surface topography under cor § 62 T Via
stant tip-sample force or cantilever deflection. The Joule heati Q
frequency is kept above 5 kHz to avoid feedback response. 1 6‘76 . 8 - '8'2' 8'4 “86

lock-in amplifier is tuned to the Joule heating frequency, whic
detects only the expansion signal and provides this to an a
iliary AFM channel to form the expansion image. The syste!
can also be operated without feedback in which case the heat
frequency can be below the controller bandwidth.

The via structures were fabricated in a state-of-the-¢
0.254:m industrial CMOS process flow employing chemica
mechanical polishing (CMP) for planarization. The sample F Sinusoidal Current, Vpea = 1.8V,
used in the experiments contained @.®-thick Al-Cu inter- oo L3 30MATZSKHZ
connects (with top and bottom layers of 0.05 and&ni-thick 0 3 6 9 12 15
TiN) at two levels of metallization that were separated by Location x [um]
layer of 0.9um-thick silicon dioxide. These interconnects
crossed each other forming an overlapping region and we
bridged in this region by a single W-plug via with diamete
d = 0.4 um. Both levels of interconnects had a width of L1@.
The samples were coated with a passivation layer ofui0-

thick silicon dioxide followed by a capping layer of Oi3n
thick ilicon nitride. Since the thermal expansion coefficients ¢ Contact Ic:o;tact
ai

60 |

. Stress Conditions:
30

DC Temperature Rise [K]
-y
o

silicon dioxide and silicon nitride are very low, a 0.26 thick Fad Vi

film of poly methyl methacrylate (PMMA) was spin coatec AC Voltage(9
on top of the passivation layer to amplify the expansion sign S°'¢®
[13]-[15]. The thermal expansion coefficient of PMMA was
measured to b¢65.9 & 3.3) x 107¢ K=1. The noise in the
expansion measurements was found td 138 x 10~ mina
26 Hz bandwidtH, producing a temperature resolution of abot
0.08K.

«Metal 1

Metal 2

Fig. 2. Spatial dc temperature profile and the dc temperature contour map
around the 0.4¢m W-plug via sample. The peak current density in the via and
lll. THERMAL CHARACTERIZATION RESULTS in the interconnects af239 x 107 Alcm? and3.13 x 10° Alcm?, respectively.

. h h ial fil %—Qﬁ dc temperature rise was estimated from the SJEM measurements of ac
F'Q_- 2 (top) shows the spatial dc temperature_pro lle aroURGhnperature rise using the analysis discussed in the text. Also shown is the
the via sample. The dc temperature contour image (centeg)view of the via sample. The box indicates the scanning area of the AFM

shows the hot region on top of the via. Although the vig&ntilever.

were 0.4pm in diameter, diffusion in the passivation layers

spread the temperature peak to about &0 at full-width the penetration depth should be larger than M8 which is
half-maximum. It must be noted that despite this lateral spreagy,ch larger than the PMMA film thickness.

the temperature drop across the thickness of the passivatioqh addition to an ac temperature rise under an ac bias, there
layer and the PMMA film can be expected to be quite smalk 4150 a dc temperature rise due to the RMS power dissipa-
This is because thg temperature rise exponenually decays frggh The dc temperature rise is often much higher than the
the heat source with the decay length given\By/= f where 5 component and is, therefore, of interest. Since SJEM mea-
a is the thermal diffusivity of the material anflis the applied gyres only the ac component, estimation of the dc component
frequency. The thermal diffusivity of PMMA7'S t2he lowestyequires analysis. The thermal behavior follows a first-order
of the three passivation materials, and~80™" m*/s [16]. gystem [17] and is characterized by a time constarience,
Hence, if the modulation frequencies are kept below 50 kHgye maximum ac and dc temperature rises can be related as

The = Tdc/\/ 14 (47rf’r)2 [18]. The insetin Fig. 3 plots exper-
1This bandwidth of lock-in amplifier was used for SJEM experiments, whichmental data indicating this behavior and yields a time constant

is of interest here. The reason to choose 26 Hz as bandwidth is described im™ 26 HS. l.JS|ng'thIS first-order analys@lc was found as a
[14]. For compatibility between the lock-in bandwidthf and the AFM scan function of sinusoidalcurrent and plotted in Fig. 3, where the
rate fapu, the relationA f = N fapn /27 Hz (N = 256) should be used, The 12 behavior can be seen.

whereN is the number of data points per line. Considering the trade-off between Thei It fthe W-bl . — 2
imaging speed and noise amplitude, a threshold scarfxatg of 0.638 Hz was e internal time constant of the W-plug via,, = d*/aw,

chosen, thereford f = 26 Hz (N = 256). is on the order of 1 ns, wher@ is the via diameter,
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Fig. 3. Measured ac temperature rise and the corresponding estimated d
temperature rise under different sinusoidal current stress on top of the via. The
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IV. CONCLUSIONS

In conclusion, this work demonstrates that SJEM can be used
to measure the spatial temperature distribution around single
submicrometer vias and to study their steady-state and dynamic
thermal behavior under sinusoidal and pulsed current stress. The
thermal time constant of the via structure has been determined
from the measured ac frequency dependence of the temperature
rise. Furthermore, the average (dc) and peak temperature rise
under pulsed stress condition have been estimated from the mea-

sured first harmonic temperature rise. The sub-100 nm resolu-
tion of SJEM can be potentially used to thermally probe current
crowding effects in deep submicron interconnect and via struc-
tures.
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