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ABSTRACT

Copper back-end-of-line interconnects have been the industry standard for decades, but copper’s susceptibility to electromigration failure has
motivated a search for alternatives. While cobalt’s resistivity is higher than copper’s in bulk form, it scales more slowly with decreasing
interconnect size, making cobalt a promising alternative for highly scaled interconnects. To better understand the electromigration behavior
of cobalt, we map both temperature- and the current-induced strain in cobalt nanowires using a scanning transmission electron microscope
equipped with an electron energy loss spectrometer. We consistently see cobalt move away from the anode, and we find cobalt’s effective
ionic charge Z� ¼ þ26 1 near 300 �C. This result will inform the design of highly scaled cobalt interconnects.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0304171

Copper is the current industry standard back-end-of-line inter-
connect material (BEOL).1 Compared to aluminum, the previous
industry standard, copper has higher electrical conductivity, thermal
conductivity, and superior resistance to electromigration (EM) failure.
However, as the critical dimension of transistors, and thus first-level
BEOL interconnects, continues to decrease, the effective conductivity
of copper decreases due to surface and grain boundary scattering.2,3

Furthermore, copper interconnects require barrier and adhesion layers,
which decrease its effective conductivity at small critical dimensions.1,4

Cobalt is being investigated as a next-generation interconnect
material. Cobalt’s carrier mean-free-path is shorter than copper’s, and
its bulk electrical conductivity is lower. However, because its mean-
free-path is short, cobalt’s effective electrical conductivity scales more
slowly with the interconnect cross-sectional area.5,6 Cobalt’s activation
energy of 1.89 eV is also higher than copper’s 1.11 eV, which means
cobalt is more resistant to electromigration than copper at elevated
temperatures.2 Moreover, cobalt may require fewer diffusion and
adhesion liner layers than copper, and therefore would be subject to a
smaller liner volume penalty.1,7 For these reasons, cobalt was incorpo-
rated into the first layer of metallization, “M0,” at Intel’s 10nm process
node.8

According to the standard model9 of electromigration, the ion
current density J is given by

J ¼ Z�eqjD0

kT
e�Q=kT ; (1)

where q is the material’s resistivity, j is the electrical current density,
kT is the thermal energy, Q is the activation energy of the ion, and D0

is its self-diffusion coefficient. The effective ion charge Z� is a critical
parameter for determining how resistant a material is to EM. Cobalt’s
Z� has been measured as Z� ¼ 1:66 0:3 in the temperature range
1260–1360 �C (Ref. 10) and �13 < Z� < �0:05 in the range
360–615 �C (Ref. 11), which suggests that cobalt’s Z� switches from
negative to positive between 615 and 1260 �C (Ref. 11). More recently,
cobalt’s Z� has been observed to be positive at 790 and 925 �C, and
negative at 525 and 625 �C (Ref. 12). Cobalt’s Z� has not been mea-
sured below 360 �C, which is the temperature range most relevant to
microprocessors. Given cobalt’s potential to replace copper in highly
scaled interconnects, new data in this temperature range are particu-
larly timely.13

Cobalt’s electrical conductivity r ¼ 1=q and thermal conductiv-
ity j are �4� lower than copper’s, and the temperature change

Appl. Phys. Lett. 127, 231901 (2025); doi: 10.1063/5.0304171 127, 231901-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 06 February 2026 22:29:23

https://doi.org/10.1063/5.0304171
https://doi.org/10.1063/5.0304171
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0304171
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0304171&domain=pdf&date_stamp=2025-12-08
https://orcid.org/0000-0002-3604-5791
https://orcid.org/0000-0003-0581-4153
https://orcid.org/0009-0008-4325-068X
https://orcid.org/0009-0002-1132-8530
https://orcid.org/0009-0008-8096-7911
https://orcid.org/0000-0003-3923-2688
mailto:mmecklenburg@cnsi.ucla.edu
mailto:regan@physics.ucla.edu
https://doi.org/10.1063/5.0304171
pubs.aip.org/aip/apl


produced by Joule heating scales as DT / j2=rj. Thus, at the same
electrical current density j, the temperature shifts in cobalt are both
larger and more nonuniform than in copper. Because the EM mass
transport J depends exponentially upon the temperature [Eq. (1)],
knowledge of the temperature distribution across an interconnect is
crucial for predicting robustness to EM. Unfortunately, electrical trans-
port measurements can only provide spatially averaged thermometry,
and the size of nanoscale interconnects is below the diffraction limit
for infrared thermometry.14 In this work, to extract a value for cobalt’s
effective ionic charge, Z�, we map temperature- and EM-induced
strain in cobalt nanowires using electron energy loss spectroscopy
(EELS) in scanning transmission electron microscope (STEM).

Plasmon energy expansion thermometry (PEET) is an EELS-
based STEM technique that has been used to measure temperature in
aluminum,14–16 silicon,17 molybdenum disulfide,18 silicon nitride,19

and indium.20 A material’s bulk plasmon energy is given by

Ep ¼ �hxp ¼ �h

ffiffiffiffiffiffiffiffi
e2n
�0m

s
; (2)

where �h is the reduced Planck constant, �0 is the permittivity of free
space, e is the electron charge, and m is the electron mass, all of which
are constant. The valence electron density n varies with temperature
because of thermal expansion. If the material can expand freely and
the temperature change DT ¼ T � T0 is small [so that the linear ther-
mal expansion coefficient aðTÞ ’ a1 is approximately constant],
then20

DT ’ � 2
3

DEp
a1Ep

: (3)

Thus, measurements of changes in the plasmon energy DEp can
be related to changes of the temperature via the thermal expansion
coefficient. In cobalt, the thermal expansion coefficient21,22 a1 ¼ 13
� 10�6/K and the plasmon energy is Ep ¼ 27 eV, so PEET’s tempera-
ture sensitivity DT=DEp ’ �1:9K/meV.

An electrical current density j in a wire induces a strain (and con-
comitant volume change) proportional to j2 via Joule heating. It also
induces a strain proportional to j via the electron wind force. The wind
force strain is derived from the current-induced pressure,15

PðxÞ ¼ Z�eq
X

xjðxÞ; (4)

where X is the atomic volume.
The Joule heating and wind force strain signals can be separated

by exploiting their different symmetries with respect to the electric cur-
rent’s polarity. We construct plasmon energy maps based on the rela-
tive difference of a bias-on map and a bias-off map: R ¼ ðEP � EP0Þ=
EP0 ’ Dn=2n0. We then construct linear combinations of RðþIÞ
þRð�IÞ ¼ Dneven=n0 and RðþIÞ � Rð�IÞ ¼ Dnodd=n0. Temperature
maps are extracted from Dneven=n0 ¼ �3a1DT and wind force strain
maps are extracted from Dnodd=n0 ¼ P=3B, where B is cobalt’s bulk
modulus.15

We pattern polycrystalline cobalt nanowires (30nm thick,
100 nm wide) on electron-transparent (20nm thick) silicon nitride
membranes [Fig. 1(a)] using standard e-beam lithography and metal
evaporation techniques. The 4-wire geometry allows the cobalt resistiv-
ity to be determined at the center of the nanowire, where the tempera-
ture increase due to Joule heating is uniform.

We acquire EELS spectrum images of the indicated region-of-
interest [dashed-red box, Fig. 1(a)] in a cobalt nanowire. EELS data are
acquired at the National Center for Electron Mircoscopy using the
TEAM 1.0 STEM, which is equipped with a Gatan Continuum spec-
trometer. The data are acquired at 80 keV beam energy. The spherical
aberration corrector and the monochromator are not in use. The EELS
energy resolution is 0.8 eV. A representative cobalt spectrum
[Fig. 1(c)] shows the zero-loss peak (ZLP), the first plasmon, and the
M2,3 core-loss excitation.

The cobalt plasmon energy is defined as the distance between the
ZLP and the cobalt plasmon peak centers. The peak centers are deter-
mined with a nonlinear fitting procedure.20 Briefly, the spectrum
image is preprocessed in Gatan DigitalMicrograph 3 for a rough ZLP

FIG. 1. Device architecture and EELS spectra. Low-magnification (a) and high-magnification (b) STEM ADF images of a cobalt nanowire supported on a silicon nitride
membrane. (c) EELS spectrum of cobalt, with Gaussian curve fitting applied to a localized window centered around the plasmon resonance.
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alignment. Then, for each real-space pixel in the energy-space-aligned
spectrum image, the ZLP region (�0.75–0.75 eV) and the low-loss
region (15–33 eV) are separately fit to a function consisting of a
Gaussian with a linear background [Fig. 1(c)]. The distance between
the two Gaussian peak centers is taken as the energy of the cobalt plas-
mon at the given real-space pixel. Our ability to precisely determine
this plasmon energy is primarily limited by the plasmon peak’s native
width and the total signal (i.e., beam current), which is why we do not
use the monochromator.

Maps of the plasmon energy determined by this fit procedure
show grain boundaries in the cobalt wire [Fig. 2(a)]. Imperfect atomic
packing at grain boundaries decreases the electron density relative to
the grain interior. The fact that we resolve these drops demonstrates
that this technique’s spatial resolution approaches the atomic scale.14 It
also highlights the need to compare bias-on measurements with bias-
off measurements performed in the same region. The grain structure
varies from place to place inside the wire, with concomitant variation
in the plasmon energy. This variation is not small compared to the
temperature- and pressure-induced changes created by an applied
bias. Thus, the bias-induced plasmon energy changes can only be iden-
tified by subtracting off the zero-bias plasmon energy maps (Fig. 2).

While cobalt’s plasmon energy can be used to determine
temperature- and wind force-induced pressure in principle, several

factors make these determinations challenging in practice. Cobalt’s
plasmon peak is broad in comparison to, say, aluminum’s14 or indi-
um’s,20 which makes it more difficult to measure the central energy
precisely. The cobalt peak range (10–50 eV) also overlaps that of the
silicon nitride (the membrane window) and carbon (contamination)
plasmons [Fig. S1(b)], making it difficult to measure the change in
central energy accurately. Due to the nonuniform distribution of the
carbon contamination, a naïve determination of the cobalt plasmon
energy shift would be corrupted by the change in the amplitude of the
cobalt plasmon relative to the carbon plasmon. To mitigate this sys-
tematic error, multiple linear least squares (MLLS) fitting is used to
generate a mask that confines our attention to regions that have cobalt
and do not have heavy carbon contamination [Fig. S1(d)].

Under bias, the plasmon energy drops across the entire map
because of Joule heating across the field of view. Plasmon energy pro-
files derived from the I ¼ 6 1:4mA bias maps (after masking) are
approximately 200meV lower than the I ¼ 0 maps [Fig. 2(b)].
Converted into a temperature shift with Eq. (3), this plasmon energy
shift implies a DT ¼ 400K at the center of the nanowire [Fig. 3(a)].
The temperature change introduced by Joule heating is consistent
between bias polarities, since the power density dissipated within the
nanowire is polarity-independent. The temperature drops symmetri-
cally away from the midpoint, falling by 40K at the limits of the field

FIG. 2. Cobalt plasmon energy maps.
Cobalt plasmon energy maps (a) acquired
at 6 1.4 mA current have a plasmon
energy �200meV lower than the refer-
ence zero-bias images due to thermal
expansion caused by Joule heating. Line
profiles (with colors corresponding to the
image borders above) representing aver-
ages across the nanowire’s width (b)
reveal a slight difference in plasmon
energy between the þ1.4 mA and
�1.4 mA image, due to wind force-
induced strain. Regions with no cobalt
(dark) or heavy carbon contamination
(bright) are excluded from the averaging
(see masking in Figs. 3 and S1).
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of view [Fig. 3(a)]. This drop is expected because the greater width of
the 4-wire source leads makes them more effective heat sinks than the
sense leads.

The temperature of the wire can be independently estimated
using 4-wire transport data acquired over the course of the experiment
(Fig. S2). These measurements yield DT ’ 250 K for both positive and
negative bias, �40% lower than the EELS-derived measurement. This
discrepancy indicates the presence of systematic errors in the transport
temperature determination, the PEET temperature determination, or
both.

Our simplifying assumptions could compromise one or both of
these temperature determinations. Neglecting the silicon nitride mem-
brane’s contributions to the EELS spectrum introduces an error in
PEET to the extent that silicon nitride and cobalt have different ther-
mal expansion coefficients and the membrane thickness is nonzero.
Neglecting the width of the sense leads introduces an error in the
transport thermometry to the extent that the potential they sample is
not equal to the potential on their midlines.

Cobalt has an hcp to fcc phase transition that could potentially
impact both measurements. The 700K transition temperature seen in
the bulk23 can occur at lower temperatures in thin-films.24 This phase
transition introduces a 0.3% change in density22 and a 6% drop in
resistivity.23 We see no sign of such changes and the transition is

perhaps beyond the upper end of the likely temperature range, so we
assume that the sample does not make it.

To further investigate the thermometry discrepancy, we apply
PEET to the bare silicon nitride19 adjacent to the cobalt (Fig. S3). Here,
PEET gives DT ¼ 260K, which is a close match to the transport-
derived temperature measurement. In addition, a finite-element
steady-state thermal simulation (Fig. S4) gives a maximum tempera-
ture of 300K above room-temperature at 1.4mA bias.

We thus have four different methods for determining the temper-
ature. These give values for DT ranging from 250K (transport) to
260K (PEET silicon nitride) to 300K (simulation) to 420K (PEET
cobalt). Given these discrepant results, we estimate DT � 300K.

As the current-polarity-even effect in the plasmon energy gives
the temperature, the current-polarity-odd effect gives the wind force-
induced strain. Using the odd linear combination of the same EELS
maps used to extract temperature, we find the pressure using
P ¼ 3BDnodd. A linear fit of the strain values [Eq. (4)] gives a measure-
ment of Z� ¼ þ2 [Fig. 3(b)]. However, a systematic error in the PEET
temperature measurement would imply an error in the strain determi-
nation, which would produce a corresponding error in our determina-
tion of Z�. Since we do not fully understand the errors in our
determination of DT , we are conservatively assigning a 50% error to
our determination Z�, with the result Z� ¼ 26 1.

Given these uncertainties, we conducted additional experiments
tracking thickness changes with EELS in cobalt during biasing (Fig. S5,
and Ref. 25). The positive effective ionic charge indicates that the
“direct” force dominates the electron wind, or, alternatively, that holes
are the dominant source of momentum transfer from the electric cur-
rent to the cobalt lattice. We consistently see that cobalt is removed
preferentially from the anode (the positive electrode) by biasing, which
is consistent with a positive value of Z�.

Extracting a value of Z� using changes in wire thickness is chal-
lenging because the movement of cobalt ions (J) depends proportion-
ally on cobalt’s self-diffusion coefficient D0 [Eq. (1)] and exponentially
on the activation energy and temperature, all three of which contain
significant uncertainty. In fact, the ability of this EELS-based technique
to measure strain, and therefore Z�, directly, without complications
from D0, etc., distinguishes the present study from previous work and
was an important motivating factor.

In summary, we have biased cobalt nanowires inside a STEM
with a current density of 5� 107 A/cm2 and an electric field of
100 kV/m. Using STEM EELS, we simultaneously mapped the Joule
heating and the strain induced by the applied electrical current. We
find positive Z� ¼ þ26 1 at a wire temperature �300 �C. Compared
to prior measurements10,11,26 of Z�, these results concern lower tem-
perature (which is more relevant to microprocessor design) and higher
current densities (by more than 10�). We see no evidence of Z� < 0,
which has been reported previously.11,12,26 In fact, the cobalt nanowires
tested invariably failed near the anode, indicative of a positive Z�. This
direct measurement of Z� in a nanoscale cobalt wire will help elucidate
cobalt’s complex EM behavior and guide the design of next-generation
BEOL interconnects.

See the supplementary material for discussion and figures con-
cerning the masking of carbon contamination, temperature determina-
tion via transport, PEET on SiN, and finite-element simulations, and
tracking cobalt electromigration with EELS thickness mapping.

FIG. 3. Temperature and pressure profiles along the length of the nanowire. (a) The
even-polarity component, Dneven=n0, of the change in electron density with bias
(left ordinate) is used to calculate DT along the nanowire axis (right ordinate). A
parabola is fit (black dashed curve) to the DT profile, with a peak of approximately
400 K. (b) The odd-polarity component, Dnodd=n0, of the change in electron density
with bias (left ordinate) is used to calculate the electron wind force pressure along
the nanowire axis (right ordinate). A line is fit (black dashed line) to the pressure
profile, with a slope of approximately �0:9MPa/nm. The dark regions inside the
wire in both maps above are not voids, but rather regions that have been masked
off because of carbon contamination. (Compare the maps of Fig. 2.)
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