
Appl. Phys. Lett. 116, 024102 (2020); https://doi.org/10.1063/1.5131710 116, 024102

© 2020 Author(s).

Residual stress effect governing
electromigration-based free-standing
metallic micro/nanowire growth behavior
Cite as: Appl. Phys. Lett. 116, 024102 (2020); https://doi.org/10.1063/1.5131710
Submitted: 15 October 2019 . Accepted: 02 January 2020 . Published Online: 16 January 2020

Yasuhiro Kimura , and Yang Ju 

ARTICLES YOU MAY BE INTERESTED IN

Super-resolution photoluminescence lifetime and intensity mapping of interacting CdSe/CdS
quantum dots
Applied Physics Letters 116, 021103 (2020); https://doi.org/10.1063/1.5132563

Collective excitations in 2D atomic layers: Recent perspectives
Applied Physics Letters 116, 020501 (2020); https://doi.org/10.1063/1.5135301

Interplay between emission wavelength and s-p splitting in MOCVD-grown InGaAs/GaAs
quantum dots emitting above 1.3 μm
Applied Physics Letters 116, 023102 (2020); https://doi.org/10.1063/1.5124812

https://images.scitation.org/redirect.spark?MID=176720&plid=1086294&setID=378288&channelID=0&CID=358612&banID=519897914&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=aaa086372f9ee665edf0e430668794a2c108e2bc&location=
https://doi.org/10.1063/1.5131710
https://doi.org/10.1063/1.5131710
https://aip.scitation.org/author/Kimura%2C+Yasuhiro
https://orcid.org/0000-0001-7202-451X
https://aip.scitation.org/author/Ju%2C+Yang
https://orcid.org/0000-0002-7686-963X
https://doi.org/10.1063/1.5131710
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5131710
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5131710&domain=aip.scitation.org&date_stamp=2020-01-16
https://aip.scitation.org/doi/10.1063/1.5132563
https://aip.scitation.org/doi/10.1063/1.5132563
https://doi.org/10.1063/1.5132563
https://aip.scitation.org/doi/10.1063/1.5135301
https://doi.org/10.1063/1.5135301
https://aip.scitation.org/doi/10.1063/1.5124812
https://aip.scitation.org/doi/10.1063/1.5124812
https://doi.org/10.1063/1.5124812


Residual stress effect governing electromigration-
based free-standing metallic micro/nanowire
growth behavior

Cite as: Appl. Phys. Lett. 116, 024102 (2020); doi: 10.1063/1.5131710
Submitted: 15 October 2019 . Accepted: 2 January 2020 .
Published Online: 16 January 2020

Yasuhiro Kimura1,a) and Yang Ju2

AFFILIATIONS
1Department of Finemechanics, Graduate School of Engineering, Tohoku University, Aoba 6-6-01, Aramaki, Aoba-ku,
Sendai 980-8579, Japan

2Department of Micro-Nano Mechanical Science and Engineering, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya 464-8603, Japan

a)Present address: Department of Micro-Nano Mechanical Science and Engineering, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya 464-8603, Japan. Author to whom correspondence should be addressed: yasuhiro.kimura@mae.nagoya-u.ac.jp

ABSTRACT

In this study, the effect of residual stress in a film on the growth behavior of a free-standing metallic micro/nanowire due to electromigration
(EM) is examined. The growth of a wire is accompanied by atomic diffusion, accumulation of atoms, and release of compressive EM-induced
localized hydrostatic stress due to the accumulation of atoms. Hence, the growth of the wire dominantly depends on the EM-induced
localized stress caused by the accumulation of atoms. Because rigid passivation generates a strong localized stress field in the metallic inter-
connect, with greater accumulation of atoms, the EM-induced localized stress state for wire growth is influenced by passivation conditions,
including the thickness and residual stress associated with passivation. Two samples with different passivation thicknesses, resulting in differ-
ent levels of residual stress, were used to elucidate the influence of passivation conditions on the growth performance of Al microwires.
The growth rate was experimentally measured. An x-ray diffraction system was used to obtain the value of residual stress in passivation,
demonstrating that a higher absolute value of compressive residual stress results in a lower growth rate. In contrast, a lower absolute value
increases the growth rate of the wire and can decrease the delamination risk of the topmost passivation, deposited by sputtering. Contrarily,
a passivation that is too thin, resulting in a lower absolute value of compressive stress, increases the risk of passivation crack due to the
accumulation of atoms by EM. A suitable passivation thickness for a desired wire growth must be determined based on this finding.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131710

High-density electron flow in a metal causes atomic diffusion,
referred to as electromigration (EM). In modern electronics, miniatur-
ization results in narrow interconnects that increase the current den-
sity, increasing the risk of deterioration in an interconnect due to EM.
EM deforms the interconnect as atoms are depleted and accumulated,
causing voids and hillocks, respectively. The formation of a hillock is
due to the fracture of the passivation film, which covers the metallic
interconnect to provide protection from external damage and corro-
sion, by the EM-induced accumulation of atoms. This EM-induced
accumulation corresponds to an increase in the absolute value of
hydrostatic stress at a localized region in a metallic interconnect under
passivation,1–3 and the excess EM-induced localized hydrostatic stress
decreases the reliability of integrated circuits with passivation fracture.
Contrary to the many studies regarding the mechanics of suppressing

EM-induced localized stress to increase the reliability of electronics,
this study addresses the promising growth technique of metallic
micro/nanowires (hereafter called the EM technique) through the
EM-induced localized hydrostatic stress: recent works have attempted
to use EM as a structuring tool to grow nanowires4 and to form nano-
scale small gaps and constrictions for molecular electronics.5–8

Hillocks, with a tiny cross-sectional area, grow as micro/
nanowire, which is a one-dimensional (1D) micro/nano-scale
structure. To date, in a metallic micro/nanostructure, a focus has
been placed on 1D nanowires (also called whiskers) composed of
Sn to clarify its growth mechanism, as Sn-based whiskers are often
observed in integrated circuits with Pb-free solder composed of Sn.
For Al, the self-growth mechanism and effective spontaneous
growth technique for high-quality Al micro/nanowires have not
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yet been established owing to a lack of research, and so many
research studies have been in progress,9–14 although Al has been
shown to be a promising material for application to plasmonic
devices.15–20 The EM technique is an expected growth technique
for free-standing metallic micro/nanowires, in which an Al micro/
nanowire would be formed with a high aspect ratio and a desired
cross-sectional shape at an intended location.21,22 However, the
development of the EM technique is in its early stages, and pro-
gress is being made toward its establishment as a sophisticated
growth technique for Al micro/nanowires. Thus, a firm scientific
foundation still needs to be developed.

As reported in previous studies,23–25 the growth of metallic
micro/nanowires in the EM technique is accompanied by atomic
diffusion, accumulation of atoms, and release of localized compressive
hydrostatic stress due to the accumulation of atoms. The EM-induced
localized higher compressive hydrostatic stress drives atoms out of a
hole in the structure, i.e., atoms are discharged by the pressure differ-
ence due to the accumulation of atoms and atmospheric pressure.
Discharged atoms form a metallic micro/nanowire, in which the size
of the cross section of the wire depends on the hole size. Two key com-
ponents in the EM technique exist: the artificial hole through which
atoms are discharged and the passivation that allows localized stress to
increase because of the accumulation of atoms by confining the defor-
mation of interconnects. Past studies have elucidated the role of the
artificial hole in the behavior of wire growth.24,25 The size of the hole
significantly impacts the performance of wire growth because the hole
size can affect the loss of discharging atoms through the hole.25 On the
other hand, the passivation effect, also one of the key components, has
not been yet delineated. In practice, even if the same values of the
input current were used, the different passivation thicknesses, which
cover the metallic interconnects, would lead to difficulty in the repeat-
ability of wire growth.

This work aims to reveal the function of passivation thickness on
the growth of a micro/nanowire and propose a design strategy to facili-
tate this wire growth through the EM technique. Because the passiv-
ation thickness influences the residual stress in a film, the relationship
between the passivation thickness and wire growth behavior is dis-
cussed by experimentally measuring the residual stress in a film. Part
of this study was preliminarily presented at a local conference in
Japan.26

Figure 1 shows FE-SEM images and schematics of a sample struc-
ture with a bow-tie pattern, covered with TiN passivation for wire
growth. In this study, an Al microwire was grown by the EM technique
as an example of metallic micro/nanowire growth. The process for
making the sample structure is based on those in previous studies.23–25

The bow-tie Al interconnect is embedded into an Si wafer. The struc-
ture is composed of a 280-lm-thick Si wafer, 300-nm-thick SiO2, Ti,
and TiN underlayers, a 600-nm-thick Al interconnect, and TiN passiv-
ation: the thickness of TiN passivation will be described later. A focused
ion beam introduced a hole in the TiN passivation with the hole side
length D of 1.5 and 2.0lm, through which Al atoms are extruded,
resulting in the growth of the Al microwire.

Thicker rigid passivation confines the deformation of the inter-
connect at the localized region where the atoms are accumulated, and
then the compressive EM-induced localized hydrostatic stress rises at
this localized region. A thicker passivation can allow the accumulation
of more atoms for wire growth: however, a passivation that is too thick

would be delaminated after immediate deposition as adhesive failure
by own excessive compressive biaxial stress. The delamination of TiN
passivation was empirically observed in the case where HTiN� 4.0lm.
Conversely, with the use of a thinner passivation, the accumulation of
atoms would fracture the passivation easily, deforming the intercon-
nect after the rupture of the passivation. Figure 2 shows the failure and
favorable results of wire growth with thinner and thicker passivations
of 2.0 and 2.6lm, respectively. Based on the results shown in Fig. 2,
the thickness of the passivation must be sufficient to facilitate wire
growth; thus, this study adopts a passivation thickness of greater than
or equal to 2.6lm and less than 4.0lm.

Two samples with different TiN passivation thicknesses HTiN of
2.6 and 3.5lm were used to investigate the effect of the passivation
thickness on wire growth in the EM technique. To examine the
influence of the passivation thickness on wire growth in terms of EM-
induced localized stress, wire growth and the measurement of the
residual stress in a film were carried out. The wire growth was
conducted by stressing the electrical current under a fixed substrate
temperature Ts of 773K. The residual stress in the TiN passivation of
the topmost layer was experimentally measured as biaxial stress using
an x-ray diffraction (XRD) system (Bruker-AXS D8 Advance diffrac-
tometer, Cu-Ka, wavelength of 0.15406nm) with a 2D detector
(VÅNTEC-500). The Young’s modulus of 424GPa and Poisson’s ratio
of 0.200 were used for the calculation. The residual stress in the Al
interconnect through which atoms are migrated owing to EM needs to
be measured instead of the TiN passivation residual stress; however, it
is difficult to measure the residual stress in the Al interconnect because
it is covered with the TiN passivation. However, the residual stress of

FIG. 1. Bow-tie sample structure composed of a 280-lm-thick Si wafer, 300-nm-
thick SiO2, Ti, and TiN underlayers, a 600-nm-thick Al interconnect, and 2.6- or
3.5-lm-thick TiN passivation: FE-SEM images of the (a) whole view, (b) magnified
view around a hole, and (c) magnified view of a hole; and three-dimensional (3D)
schematics of the (d) whole view, (e) oblique view, (f) y-z cross section (transverse
plane), and (g) x-z cross section (longitudinal plane) around a wire. Hatching
denotes the cross-sectional surface.
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the TiN passivation would reflect the stress state of the entire area of
the Al interconnect through the interface. For example, the Al has
compressive residual stress when the TiN has compressive residual
stress, based on Eq. (1) and as shown in Fig. 3,

rAlð Þres ¼
EAl
ETiN

1� �TiN
1� �Al

rTiNð Þres; (1)

where E is the Young’s modulus and � is Poisson’s ratio. Equation (1)
expresses the residual stress state of the Al interconnect and is always
established based on the following assumptions: (I) the plane stress is
considered because the thicknesses of the Al interconnect and TiN
passivation are very thin compared with that of the Si wafer; (II) the
strains of TiN and Al at the interface are the same because TiN and Al
are tightly connected at the interface; and (III) the bending of the film
is not considered because the value of the flexural rigidity of the TiN
passivation is much greater than that of the Al interconnect. Because
the residual stress in Al is proportional to that in TiN based on Eq. (1),
the measurement of residual stress in TiN is considered to be reason-
able for estimating the residual stress state in Al.

In the EM technique, under stressing the current above threshold
current Ith,

23 above which a wire can be grown, the average growth
rate vg of a metallic micro/nanowire is given by23,25,26

vg ¼
D0

kT
jZ�jeq
A

exp �Q� Xr
kT

� �
I� � Ithð Þ; (2)

where D0 is the prefactor (m2/s), k is the Boltzmann constant (J/K),
and T is the absolute temperature (K) (the temperature increase due to
Joule heating by the current stress is approximately 10K;24 hence, T in

the Al interconnect can be assumed to be substrate temperature Ts),
Z� (<0 for Al) is the dimensionless effective charge number for EM, e
is the charge of an electron (C), q is the electrical resistivity of an inter-
connect (X�m), A is the cross-sectional area in an interconnect (m2),
Q is the activation energy without the stress effect (J), X is the atomic
volume (m3/atom), r is the hydrostatic stress in an interconnect (Pa)
(note that the hydrostatic stress is represented as stress, for short,
hereafter), and I� is the net current flowing in an interconnect (A).
Considering the current leakage23 in the TiN passivation, which is cor-
related with the input current I0 applied from a current source in A, I�

is proportional to I0.
23 Previous studies23,25 have reported the existence

of Ith and the details regarding I
� and Ith. Evaluations of vg and Ith con-

tribute to the estimation of the performance of wire growth23,25 and
control of the wire shape.24

Figure 4(a) shows the experimental result, showing vg as a func-
tion of I0 for HTiN¼ 2.6 (sample I) and 3.5lm (sample II) with
D¼ 1.5 and 2.0lm. Examples of Al microwires grown by using sam-
ple I with HTiN¼ 2.6lm are shown in Figs. 4(b)–4(f). These shapes of
wires follow the results reported in a previous study:24 a higher growth
rate or a smaller wire diameter favors wire straightness. It is noted that
this previous study did not treat a wire with a length of less than
25lm to distinguish whether it grows straight or not. The growth rate
gradient @vg/@I0 corresponds to the slope of the approximate straight
line, where vg is proportional to I0 based on Eq. (2): I� is assumed to be
proportional to I0, as described above. Ith can be obtained at vg¼ 0.
For samples I and II with different HTiN, @vg/@I0 and Ith clearly vary.
A similar trend of @vg/@I0 was obtained from each D at sample with
certain HTiN: D affects the intercept of the approximate straight line as
in the previous report.25 The obtained values of @vg/@I0 and Ith from
Fig. 4 are shown in Table I. In addition, the measurement values of

FIG. 2. FE-SEM images of the experimentally failure and favorable results of a wire
growth with illustrations of the sample structure around a hole. (a) Failure and (b)
favorable growth in the case of passivation thickness HTiN¼ 2.0 and 2.6 lm. The
passivation thickness required for wire growth was determined based on the experi-
mental results.

FIG. 3. Schematic of the y-z cross section (transverse plane) of the sample struc-
ture in the case of compressive biaxial stresses in the films. The stress state of TiN
reflects the stress state of Al based on Eq. (1).
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residual stress of TiN in samples I and II with differentHTiN are shown
in Table I. In general, the increase in the thickness of a film deposited
by sputtering increases the absolute value of the compressive residual
stress in that film.27 The obtained results in Table I represent the same
trend, in which an increase in HTiN increases the absolute value of the
compressive residual stress of TiN. These changes in @vg/@I0 and Ith
are presumed to be caused by the change in the residual stress in the
Al interconnect, which is governed by the residual stress in TiN passiv-
ation due to HTiN. In this work, only two samples with different HTiN

were treated. The comparison between samples with the same passiv-
ation thickness showing different residual stresses is desirable to reveal
the influence of residual stress on the growth behavior of a wire.
However, it is too difficult to make samples, which satisfy the
above conditions. Nonetheless, Fig. 4 reflects a similar trend regarding
@vg/@I0 between each D for a sample with certain HTiN, and thus
the experimentally obtained data can exemplify the repeatability of dif-
ferentHTiN.

The residual stress in the Al interconnect governed by the
residual stress in the overcoat TiN is speculated to influence the
EM-induced localized stress due to the accumulation of atoms,
expressed as r in Eq. (2), and varies the Al atomic migration and wire
growth behaviors. In fact, Lee et al.28 reported that atomic migration
was suppressed at a relatively high compressive stress region. To clarify
the correlation between residual stress and atomic migration behavior,
resulting in the growth behavior of a wire, we focus on the activation
energy as a candidate for mediating the relationship between the resid-
ual stress and the growth behavior. Considering that the residual stress
varies the activation energy governing atomic diffusion and growth
behavior, r in the activation energy term Q � Xr must vary with the
residual stress state. In other words, the residual stress state should
affect the values of @vg/@I0 and Ith, showing wire growth behavior
through the change in activation energy term Q� Xr.

To elucidate the influence of the residual stress affecting r on the
wire growth behavior representing @vg/@I0, we obtain the equation
regarding r by @vg/@I0. We obtain @vg/@I0 based on Eq. (2) as follows:

@vg
@I0
¼ D0

kT
jZ�jeq
A

exp �Q� Xr
kT

� �
: (3)

The ratio of @vg/@I0 of samples I and II is given by

@vg=@I0
� �

I

@vg=@I0
� �

II

¼ exp
rI � rIIð ÞX

kT

� �
; (4)

where D0, Z
�, q, A, and Q are the same between samples I and II

because of the use of the same material. Therefore, the difference in r
of samples I and II, rI� rII, is expressed as

rI � rII ¼
kT
X

ln
@vg
@I0

� �
I
� ln

@vg
@I0

� �
II

" #
: (5)

Equation (5) implies that the EM-induced localized stress r can be cal-
culated by using the experimental values of @vg/@I0. We compare with
the values of rI � rII, which are experimentally measured by XRD
and calculated by @vg/@I0, obtained from Fig. 4 and Eq. (5). The mea-
sured and calculated values of rI � rII are approximately 700 and
659MPa, respectively. The following values were used for the calcula-
tion: k¼ 1.38� 10�23 J/K, T¼ 773K, and X¼ 1.66� 10�11 lm3. The
measured rI � rII of 700MPa denotes the value for the TiN passiv-
ation (but not for the Al interconnect); however, the difference in
residual stress in the Al interconnect between samples I and II is con-
sidered to be equivalent to that of the TiN passivation based on Eq.
(1). Because the measured and calculated values of rI � rII are close,
the residual stress state affects @vg/@I0 through r. As a result, the
increase in HTiN decreases both @vg/@I0 and Ith. Because a larger @vg/
@I0 and lower Ith are effective for wire growth, a conflicting effect of
passivation thickness exists. In terms of @vg/@I0, an increase in the

FIG. 4. (a) Graph of vg as a function of the input current I0, representing that thinner
passivation results in greater @vg/@I0 and Ith. Experimental data for each HTiN were
obtained on the same substrate: the sample with certain HTiN has many structures for
the wire growth on a substrate. FE-SEM images of examples of Al microwires with
(b)–(d) vg¼ 8.4, 27.2, and 43.0 nm/s for D¼ 2.0lm and (e) and (f) vg¼ 7.8 and
28.9 nm/s for D¼ 1.5lm, respectively, in the case of HTiN¼ 2.6lm (sample I).
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absolute value of the compressive residual stress with HTiN influences
the wire growth negatively because of an increase in the activation
energy for atomic migration, which decreases @vg/@I0. Contrarily, it
facilitates the initiation of wire growth because of an increase in the
initial stress in the Al interconnect, decreasing Ith.

In conclusion, the influence of residual stress on the micro/nano-
wire growth behavior in the EM technique was elucidated through a
comparison between the values of EM-induced localized stresses
experimentally measured by XRD and calculated by the growth rate
gradient obtained in the experiments. The lower absolute value of the
compressive residual stress by decreasing the passivation thickness
increases the growth rate owing to a lower activation energy governing
atomic migration and wire growth behavior and can decrease the
delamination risk of the topmost passivation, deposited by sputtering.
On the other hand, a passivation that is too thin results in a lower
absolute value of compressive stress, increasing the risk of passivation
crack due to the accumulation of atoms by EM and increasing the
threshold current. The appropriate passivation thickness should be
used based on this finding.
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by XRD (MPa)

I 2.6 1.5 42.2� 10�2 181 �600
2.0 43.2� 10�2 174

II 3.5 1.5 11.7� 10�2 157 �1300
2.0 15.5� 10�2 137
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