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Melting of Metallic Electrodes and Their Flowing Through
a Carbon Nanotube Channel within a Device

Rujia Zou, Zhenyu Zhang, Qian Liu, Kaibing Xu, Aijiang Lu, Junging Hu,* Quan Li,

Yoshio Bando, and Dmitri Golberg

The performances of integrated circuits within electronic
devices have been steadily improved over the last few decades
through miniaturizing the transistors and narrowing the inter-
connecting wires. Compared to the traditional copper wires,
due to outstanding electronic properties, metallic carbon nano-
tubes (CNTS) are a promising material for such interconnects
in the future electronic devices.l! Thus, considerable researches
have been actively done on the CNT interconnecting wires
in vertical? and horizontal configurations for the devices.?!
Much effort has been made to realize a reliable electrical con-
tact between the CNT and contacting metallic electrodes (e.g.,
gold) and to evaluate their structural integrity within specific
devices.! Recently, in-situ transmission electron microscope
(TEM) technique has been developed for establishing a simple
electronic device based on an individual nanostructure, and
thus real-time probing its electrical performances inside TEM
under nearly atomic resolution has become possible. Several
types of metal (such as copper,?! iron [ or tinl”) or compound
(such as Fe;C® Cul” or ZnSM%)-filled CNT based devices
were engineered and established by contacting such a CNT to
two opposite metallic tips (electrodes) forming a circuit, and
then their performances were electrically probed, and structur-
ally, chemically and thermally analyzed. However, the foreign
material filled CNTs involved in these works are always syn-
thesized by physical encapsulation or chemical encapsulation
(such as capillary adsorption!!!l or chemical vapor deposition
method® %) in advance before the observation and in-situ
manipulation in the TEM. In addition, little is known about
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Joule heating-induced melting of metallic electrodes in the
CNT based devices that may result in a flow of the liquid elec-
trode material through the CNT channel and strongly affect the
electrical performances. So, more studies of these fundamen-
tally interesting and practically important effects closely related
the CNT based devices are required.

Herein, we present a time-resolved, high-resolution in-situ
TEM analysis of the real electrical performances of the elec-
tronic devices based on a two-terminal CNT. An individual pure
multiwalled CNT (without any foreign fillings inside its tubular
channel) was exploited directly as an interconnecting wire; as-
established device includes this CNT contacted by two noble
metal electrodes forming a circuit. During the study three par-
ticularly important phenomena were discovered: i) metallic
electrode materials, e.g., Au, Ag, and Pt, melt and flow through
the CNT channel within these devices; ii) electrical perfor-
mances of such devices are strongly affected by this process,
often causing electrical shortening and even breakdown of pre-
established devices; iii) destruction of the CNT devices may be
avoided by selecting a CNT with a right length and controlling
a bias. In addition, systematic dynamics analysis about the
effects of the electromigration and thermomigration on the
mass transportation of the liquid Au filling inside the CNT was
carried out. This study demonstrates that the electrode melting
and its material flow through the CNT channel may be one of
the main reasons accounting for the unstable performance and
the electrical breakdown and even catastrophic failure of the
established CNT-based devices. Needless to say, the observed
effects are of importance for the CNT-based devices.!'

Multiwalled CNTs were grown by a chemical vapor deposi-
tion process.3l As grown CNTs have a diameter of 30-50 nm,
and a wall thickness of ~5 nm which is composed of regularly
ordered graphitic layers. The experimental setup for making a
CNT-based device is depicted in the inset of Figure 1a, which
involves a CNT contacted by two Au electrodes (0.25 mm in
diameter) establishing a circuit via the sidewall-contact con-
figuration using a piezo-driven scanning tunneling microscope
(STM)-transmission electron microscope (TEM) holder (Nano-
factory Instruments AB). The detailed procedure can be found
in Figure S1 (Supporting Information). An inset in Figure 1b
is a TEM image showing that the CNT is connected between
the movable Au wire (left-hand side, anode) and the fixed Au
tip (right-hand side, cathode) through its sidewall. The CNT
has a diameter of ~30 nm, a wall thickness of ~5 nm and a
length of ~500 nm. Applying a voltage between the two elec-
trodes drives a flowing current through the device; the elec-
trical properties were continuously measured for evaluating
its performance. For realizing good Ohmic contacts between
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its almost insulating state to a clear Ohmic-
type device, Figure 1la. While applying an
initial bias of 3000 mV, a current in a period
of 0—4 min was measured to be as low as
several nA, suggesting a high resistance
(~10° kQ) of as-made CNT device, Figure 1b
(curve 1). Then it abruptly increased to tens
of thousands nA after 6 min. At this point,
the corresponding I[-V curve (Figure 1Db,
curve 2) reveals a fingerprint of the good
Ohmic contact between the CNT and the
metal (a resistance of 44.89 kQ was meas-
ured for this CNT device). As reported earlier, when an elec-
trical current flows through the CNT circuit under a constant
voltage, Joule heating causes the temperature increase on
it.10140.15] Tt is found here that such a temperature increase
on the CNT indeed results in gradual lowering of the system
resistance and a gradual increase of the current flowing
through it (Figure 1b, curves 2-5, see method 1 in Supporting
Information). Notably, after a few minutes of biasing, a thermal
equilibrium between a thermal gain and a thermal loss on the
CNT has been achieved, and at this time the resistance of the
device is stabilized. Then, we observed melting of the Au elec-
trode and its initial filling into the CNT channel, Figure 1c. An
upper-right inset shows that the Au filling has not taken place
at the beginning of biasing (1.5 V). As the current through the
device is kept stable at ~43.85 pA (Figure S2), it is believed
that the temperature on the CNT is also nearly stable due to
reaching thermal equilibrium. The resistance of this device is
determined to be ~35.24 kQ from the [-V curve (Figure 1d,
curve 1). After ~10 min, due to Joule heating, the Au electrode
melts close to the CNT/Au interface and the melt starts to enter
the CNT channel along the direction opposite to the current
flow. (It is hard to measure the exact temperature at the CNT/
Au interface under biasing, but it is supposed to reach the Au
melting point of ca. 1063 °C under the present experimental
conditions). The [-V curve suggests lowering resistance of
this device to ~29.97 kQ (Figure 1d, curve 2). Compared with
the former resistance, a decrease of 5.27 kQ is attributed to a
short Au-filling inside the CNT channel, as this short metallic

filled-CNT device.
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Figure 1. (a) A current flows through a CNT device made by establishing an Au-CNT-Au circuit
via the sidewall-contact configuration; the inset shows the experimental setup. (b) I-V curves
taken from the device under a temperature increase on it; the inset is a TEM image showing the
contacts made under this configuration. (c) A TEM image illustrating the Au electrode melting
at the CNT/Au interface and the Au melt starting to flow into the CNT channel; the upper-right
inset confirms that the Au filling does not exist at the beginning of biasing; the lower-right and
the upper-left insets show the remaining Au nanoparticle resting on the Au electrode after the
CNT was pulled backward. (d) I~V curves recorded from the original CNT device and the Au

segment obviously participates in the electron transport of the
device. After biasing was terminated, the CNT was retracted,
leaving the freshly filled material solidified onto the Au tip (the
lower-right inset of Figure 1c), as suggested by a high-magnifi-
cation TEM imaging (the upper-left inset of Figure 1c).
Systematic study was performed to investigate the Au flowing
process within this CNT device using real-time video recording,
Figure 2. After applying a positive bias of 1.5 V to the Au wire,
which, thus, served as an anode electrode, a current through the
circuit stabilized at ~27.46 pA. The temperature at the Au-CNT
sidewall-contacts rose high and the Au electrodes began to melt.
After ~9 min, more Au was melted, and then the melt flew
into the CNT channel along the direction opposite to the cur-
rent flow (see Movie 1), compared with the original state of this
CNT end and the Au electrode, Figure 2a. Clearly, dark contrast
and nearly hemispherical metal tip indicates that Au is liquid
in the CNT. Figure 2b gives a series of real-time video frames
illustrating the entire liquid Au flowing process inside the CNT
channel. After putting a bias of 1.5 V over 2 min, a consider-
able amount of molten Au was produced that continuously flew
down the CNT, from the contact side to its mid-portion, at a
longitudinal speed of 1.35 nm s7! (~70 nm within 52 s). In the
following 60 s of biasing, the flow speed slightly decreased to
~1.05 nm s7!. After another 65 s of biasing, the flowing melt
front almost reached the CNT middle region, and then did not
flow anymore, Figure 2c. Instead, the Au filling front slightly
vibrated inside the CNT, which may be caused by electron beam
irradiation and mechanical noise. The transported mass of the
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Figure 2. (a) A TEM image shows that the molten Au electrode enters the CNT channel through the device; the inset illustrates the original state of the
CNT end contacting Au electrode. (b) A series of four TEM images demonstrate that the liquid Au flows into the tube and (c) reaches the middle of the
CNT upon applying a positive bias, and the lower-left and the lower-right insets in (c) display that liquid Au filling moves back into the CNT channel as
the bias slightly increases, finally leaving the CNT totally empty, again. (d) I-V curves are taken from the CNT device without Au filling (curve 1), with Au
filling occupying about 1/4 of the channel length (curve 2) and a half of the tube cavity (curve 3), respectively. (e) A series of consecutive TEM images
confirm that the melt flows through the tube and reaches the middle portion of the CNT upon applying a negative bias. (f) I-V curves are taken from
the CNT device without Au filling (curve 1), with Au filling occupying about 1/4 of its length (curve 2) and a half of its cavity (curve 3), respectively.

molten Au inside the CNT was calculated to be ~0.721 fg (1 fg
=107" g). The corresponding I-V curves, Figure 2d, were taken
from the device with the different amount of Au filling in the
CNT, i.e,, no Au filling (curve 1), Au filling occupying about 1/4
of its length (curve 2), and a half of the CNT cavity (curve 3).
Here, the device resistance in curve 3 is as low as ~36.12 kQ,
which is lower than that for the unfilled CNT device (~54.03 kQ)
(curve 1). The resistance of both the empty and filled CNT based
device can be comparable with the previous reports by using
STM-TEM holder.®»1%l Obviously, the metal Au filling can serve
as a part of the current pathway within the device (Au filling
also was characterized by EDX, Figure S3). And thus the elec-
trical conductivity of the as-made device is improved, which
agrees with the relevant observations for other metal-filled
CNT systems.[®®7] Interestingly, as positive bias was increased
to 1.6 V, the melt began to flow backward and out of the CNT
along the direction of the current flow. After ~8 s, the filling was
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shorten to 3/5 of its original length, and then did not move, as
shown in the lower-left inset of Figure 2c (see Movie 2). When
a positive bias was increased to 1.9 V, the liquid Au completely
escaped from the CNT after ~25 s, leaving the CNT totally
empty again, as shown in the lower-right inset of Figure 2c.
Comparatively, when the device was applied a negative bias,
similar phenomenon was demonstrated (see method 2 in Sup-
porting Information). Applying —1.5 V, Au electrode melting and
then Au melt flowing in the opposite direction of the current
flow inside CNT were observed, and after 6 min the Au melt
flowing was almost terminated at the middle of this CNT, Figure
2e. The [-V curves, Figure 2f, taken from the device without
Au filling (curve 1), with Au filling occupying about 1/4 of its
length (curve 2) and a half of its cavity (curve 3), respectively,
inside the CNT, suggest that electrical performances are obvi-
ously affected by this Au filling process. When a bias increased
to —1.9 V, the molten Au also began to flow backward inside the

wileyonlinelibrary.com

2695

o
o
3
]
G
2
a
-
o
=




=
o
=
-4
—
=
=
=
=
o
1%

2696 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

CNT and finally completely escaped from the
CNT. The flowing processes inside the CNT
channel can be repeated in an interval several
times as long as the electron beam is weak
enough and the irradiation-induced destruc-
tion of the CNT is minimized. We further
verified these results by constructing the Ag-
CNT-Ag (Figure S4) and Pt-CNT-Pt circuits
(Figure S5). Although the mass transport on
or inside the nanotubes has been previously
described for a variety of materials,”~1%18l the
current work may shed an additional light on
this interesting phenomenon.

It is reasonable to deduce that continuous
flowing of the liquid Au through the whole
CNT channel may shorten as-established
circuit, and sharply reduce the device resist-
ance, even causing electrical breakdown of
the device. Figure 3a shows a short CNT
(length: ~60 nm) connected by two Au
electrodes for making a CNT device. After
applying a bias of —1.5 V for ~7 min, Au elec-
trode melts and begins to flow into the CNT
along the opposite direction of the current
flow; after additional ~2 min, the flow front
of this Au filling reaches the middle of the
tube, Figure 3b, and then the Au filling easily
passes through the middle point and rapidly
moves to the counterpart Au electrode, and
thus completely fills the CNT, Figure 3c. At
this time, due to a very low resistance of the
liquid Au column in the CNT, the current
through this device suddenly increases (from
—43.37 nA) and exceeds the detection limit of the STM-TEM
setup, resulting in electrical shortening of the established Au-
CNT-Au circuit. (According to the conductivity of liquid Au, the
current value is estimated to be up to ~1.52 A, corresponding
to a current density of ~4.78 X 10! A m~2, as Au melt fully fills
the CNT.) However, after another ~ 9 s, the liquid Au filling
transferred completely from this Au electrode to the other,
leaving a completely empty CNT again, Figure 3d. At this time,
the current value of this device is~ —44.12 pA, which indicates
that the electrical performance of this device does not notably
change. Interestingly, as this bias voltage was kept for another
~5 min, the above described transfer processes start again, and
proceed similarly (see Movie 3). This behavior resembles the
initially designed approach for a CNT as a water “pump” for
the water transfer,!'221% except that the liquid Au is substituted
for water here. It is believed that via this CNT pumping more
and more amount of molten Au will transfer from one elec-
trode to the other if the bias voltage is kept for a long time. A
time series of consecutive TEM images, Figures 3e-h, show a
flow of liquid Au through a long CNT (length: ~250 nm) within
another device. Biasing a voltage of 1.7 V, within a long period,
the Au melt cannot flow into the CNT at all. While this voltage
was adjusted to 1.4 V, the Au molten can rapidly pass through
the CNT, and a mass transfer from one Au electrode to the
other (see Movie 4) takes place. Similarly, when this CNT was
completely filled by the Au melt, a current value through this
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Figure 3. Consecutive TEM images show the absence of the Au filling in a short CNT: the begin-
ning of biasing (a), Au filling flow passing through the middle (b), reaching the counterpart
Au electrode and thus completely filling the CNT (c), and a complete transferring from one Au
electrode to the other, leaving the CNT empty again (d). (e-h) A time series of consecutive TEM
images reveal an Au liquid mass transport process inside a long CNT from one Au electrode
to the other.

device also far exceeded the detection limit of the STM-TEM
setup. So, though melting of Au electrodes and Au flowing
through a CNT channel within the device may cause the elec-
trical shortening of the CNT circuits and electrical breakdown
of the CNT based devices, it is expected that by selecting a right
length of the CNT and optimizing an applied voltage it can
enable a safe electrical performance of the CNT-based devices.
Flowing of the molten Au through the CNT channel might
be due to many effects such as thermomigration,' electro-
migration,?% capillarity,?!! thermal expansion, frictional force,
and shell-shrinkage.?”l Due to a small contribution to the mass
transport, the effects of capillary, thermal expansion, frictional
force, and shell-shrinkage can be excluded (see method 3 in
Supporting Information and Figure S6). So, for a two-terminal
connected CNT, there are mainly two liquid transport mecha-
nisms. One is thermomigration, i.e., a temperature gradient
pushes the Au melt from the hotter spot to the cooler spot;
the other is electromigration, i.e., the current induces the Au
melt to follow the direction of the electron flow. We have devel-
oped a qualitative model that accounts for the above transport
dynamics. In this model, two forces of electromigration force
(Faearo) and thermomigration force (Fy,m,) impose on the
liquid Au filling in the CNT, Figure 4a (i). While the CNT is
biased, the temperature first rises particularly at the CNT
contact points on the Au electrodes due to their high resist-
ances, and Au electrodes begin to melt.®?} Upon F,,,, the

Adv. Mater. 2013, 25, 2693-2699
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Figure 4. (a) The temperature distribution over the whole CNT combing the Au unfilled and filled sections. The front position of the Au filling from x,
(black) to xo” (red) and x,” (blue) corresponds to three temperature distribution situations of the whole CNT partly filled with the molten Au, respectively.
The lower insets are the schematic diagrams showing two (Fjucir0 aNd Fipermo) OF three forces (Foieeiror Finermo @3N Fihermo) imposed on the liquid Au filling
in the CNT. (b) and (c) Assuming that an applied voltage is constant, the dynamics simulation curves of F,j,, (red) and Fymo (blue) are modeled
for a long CNT and a short CNT, respectively. (d) Assuming that the applied voltage on the device and the length of the CNT are both variables, the
dynamics simulation curves of F,,, (red) and Fyem, (curves 1-7) are also modeled.

liquid Au flows into the CNT along the direction opposite to the
current flow. F, could be represented as Equation (1) (see
method 4 in Supporting Information):

2kreRyVyy  2kpeRoV (£ —x) Ry
(x+3) R+ LRy

where, x, is the position of the front of the liquid Au filling in
the CNT, L is the length of the CNT, V is the voltage on the CNT,
kr is Fermi wave vector, R, is the reflectivity of a scatter, V,, is
the voltage on the liquid Au filling part of the CNT, R, and R,
are the resistivities of the filled Au and the CNT, respectively.
Fiormo comes from the momentum transfer from the
phonons of the CNT to the liquid Au, driving the material
from the hotter place to the colder place. For a two terminal-
suspended CNT, assuming symmetric boundary conditions,
within a short period the thermal equilibrium can be set up,
and its temperature distribution over the whole CNT is applied
to parabolic equation.'! But, when the CNT is partly filled
with the liquid Au, the temperature distribution along the
whole CNT is in different situation, which depends on whether
the segment of the CNT is filled with the liquid Au column or
not. In this model, it should take thermal conductivities of both
the liquid Au filling and the CNT into consideration.**24 Tt is
found that the temperature distribution over the unfilled part
of the CNT applied to one parabolic equation, while the tem-
perature distribution along the liquid Au filling part was fit
to another parabolic equation. The temperature distribution
curves over the whole CNT combining the Au unfilled and filled
sections are drawn in Figure 4a. As the length of the liquid Au
filling increases, the highest temperature point on the whole
CNT will move from the Au unfilled region (u, T,) (black curve,
i; red curve, ii) to the filled region (w, T3) (blue curve, iii). So,
the net force of Fmo-F thermo O the whole Au filling is always
pointed from the front of the Au filling toward the cathode
in direction, Figure 4a. The overall F,,,,, upon the liquid Au

1)

Felectro = =
Vg b
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filling could be given by Equation (2) (see method 5 in Sup-
porting Information).

IAE
AE | — 7 7 _2AE
Fthermo =——1€ kwx&*LTHTlJf%("O’%)(’%’LT)] —e Fnh (2)

" 82

where AE is barrier height, T; is the temperature of both ter-
minals of the CNT, 8 is weighting factor (0 < 8 < 1), and k
is the Boltzmann's constant. At a given voltage V on a CNT,
0 = —52rix, Where A is the cross section area, R is the resist-
ance, Kk is thermal conductivity.

The liquid Au flowing only occurs in a voltage range of
[Vy, V,), where V; is defined as the minimum voltage to melt
the Au electrodes and V), is defined as a critical voltage of the
CNT breaking. Assuming the voltage is constant, F,., and
Fihermo are the functions of x (-L/2 < x, < L/2), and the dynamics
simulation curves of F,y, and Fj,.,, are shown in Figures 4b
and 4c. According to the Equation (2), Fyem, Will increase when
the length of the CNT increases and decrease when the length
of the CNT decreases. However, F,,, barely changes with the
variation of the CNT length. In the beginning, due to a fact that
Fpeoro is larger than Fy,,..., the melted Au easily flows into the
CNT along the opposite direction of the current flow. For a long
CNT, Figure 4b, when the liquid Au front reaches a specific
position inside the CNT, equilibrium between the two forces,
i.e., Fuectro = Fipermor comes into effect, resulting in a termination
of the Au flow. At this point, the liquid Au nearly freezes and
cannot flow from one Au electrode to the other. For a short CNT,
Figure 4c, as the maximum of Fy,,,,, is smaller than F,., the
liquid Au filling flows through this CNT. Notably, as the length
of the Au filling increases, Fj,,, begins to decrease after the
maximum due to the decline of temperature gradient; in addi-
tion, after the highest temperature point on the whole CNT
(w, T;), the direction of F,,,,, on the Au filling part between w
and L/2 is opposite to Fjm, on the Au filling part between x,
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and w, and this will leads to further decrease of the net force
(Fihermo-E thermo) upon the whole Au filling section, while F,q,
is increasing sharply with the length of the liquid Au filling
increases. In this case, the resultant force is getting larger and
larger, and the Au melt will be transferred to the opposite Au
electrode with an increasing speed, that is, the mass transfer
from one electrode to the other is completed.

Furthermore, assuming that the applied voltage on the
device and the length of the CNT are both variables, Figure 4d
shows the dynamics simulation curves of F,,,, (red curve) and
Fipermo (curves 1-7). If the CNT length is known, the required
voltage on the device in order to reach an equilibrium can be
deduced (i-e., Fuouro = Finermo), Which is defined as the equilib-
rium voltage, V,, as shown by curve 5. In the first case, when
V is smaller than V,, F,q, is larger than Fy,,,..- So, the liquid
Au filling can be driven from one Au electrode to the other
by uploading a voltage smaller than V, on the device. In the
second case, as the applied voltage is higher than V,, F,.,,, will
increase drastically, as compared with F,;, ., and Fy,,,,, will be
significantly larger than F,;;,,. As a result, the molten Au starts
to dispatch from the CNT along the direction of the current
flow. When this bias is increased (to a high value), the liquid Au
filling is retracted completely out of the tube, leaving it empty
again. Therefore, it is the resultant of the two forces, rather
than Fieme OF Fypeqro solely, that determines the direction of the
melt transport and the position of the molten front inside the
CNT. Taken the above discussions together, by simply adjusting
the applied voltage and selecting a desired length of the CNT,
the liquid Au filling length inside the CNT and the electrical
properties of the circuit can be effectively controlled to avoid
destroying of the CNT devices.

In conclusion, we present the evidences of a new cause of
Joule heating within a simple electronic device involving a mul-
tiwalled CNT mounted on two metal electrodes forming an elec-
trical circuit. Though the mass transport for a variety of mate-
rials outside or inside the CNTs has been studied,>1%18] this
time-resolved, high-resolution in-situ observation of metal elec-
trode material melting and its flow driven by a resultant of the
thermomigration and electromigration forces through the CNT
channel sheds an additional light on the effects affecting the
real electrical performance of the CNT-based devices. Melting
of electrode materials and their flowing inside CN'Ts may result
in electrical breakdown of the as-established circuit and even a
catastrophic failure of the as-made CNT-based devices. In addi-
tion, the present finding can inspire us to avoid destroying of
the CNT based devices for their reliable electrical performance.

Experimental Section

CNT sample: Multiwalled CNTs were grown by a chemical vapor
deposition'®l and see method 6 in Supporting Information.

Transmission electron microscopy: The in-situ microscopy studies were
performed in a JEOL 2100F TEM operated at 200 kV. This instrument
has a point resolution of 2.4 A and is equipped with an energy dispersive
X-ray detector. Images were taken using a 2 k x 2 k charge-coupled
device camera and the Digital Micrograph suite. Videos were recorded
using a video-screen grabber when Digital Micrograph was operating in
the View mode.

Transmission electron microscope sample holder: Electrical probing and
nanomanipulation experiments were carried out with a “Nanofactory

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mok

www.MaterialsViews.com

Instruments” single-tilt scanning tunneling microscopy-TEM holder. At
the beginning of each TEM session, the computer controlling the two-
probe set-up was synchronized with the image acquisition workstation.
Mechanically cut Au wires and Au tips, 0.25 mm in diameter, were used
as electrodes.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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