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H INTRODUCTION observed in the investigation using nanomanipulation, con-
ductive AFM systems, and in situ transmission electron
microscopy (TEM) resonance by our group.17_21 However,
the damage and failure mechanisms have almost no further
research in the previous reports. The damage and failure of the
nanomaterials would affect the practical application of nano-
devices. Thus, it is important and necessary to investigate the
threshold value of the damage and failure and the mechanism
systematically and deeply.

In this paper, the electrical service behavior of ZnO NWs
with increasing diameter under an electric field was
investigated. Electrical damage and failure phenomena were
observed under an electric field, and some critical parameters
were also obtained. The thermal core—shell model was
proposed to explain the damage and failure mechanism.

One-dimensional (1D) ZnO nanomaterials such as nanowires
(NWs), nanobelts (NBs), nanorods, and nanoarrays are being
intensely studied because of their large reserves, easy synthesis,
low cost, remarkable semiconducting, electrical, optical, photo-
electric, piezoelectric, electromechanical, and chemical proper-
ties, biocompatibility, and nontoxicity.' > Numerous prototype
nanodevices based on 1D ZnO nanomaterials have been
fabricated, such as photoelectric converters, light-emitting
diodes, nanolasers, dye-sensitized solar cells, field-effect
transistors, nanosensors, nanoelectromechanical systems, nano-
generators,”~® and so on.

For the practical application of prototype nanodevices,”'* it
is necessary to consider their safety, stability, reliability, and
durability. Few researchers have ?l)sgved damage and failure
phenomena of ZnO NWs or NBs. Wan et al. observed the B RESULTS AND DISCUSSION
electrical fallure of the single-crystalline ZnO:In NBs under an ) )
electric field.'"® Chen and Zhu observed the elastic fracture Parts a and b.Of Figure 1 show tbe SEM and TEM 1mages of
behavior of ZnO NWis bent by the atomic force microscopy the as—synthesged ZnO NWs, which reveals a large quantity of
(AFM) tip.”* Boland et al. observed the fracture of ZnO NWs ZnO NWs with le.ngths over several tens to hundreds of
deposited by a platinum line on the trenches under the pressure micrometers afld diameters over several tens to hundmds_ of
applied by the AFM tip.>> Xu et al. observed the fracture of nanometers. Figure 'lc and its inset show the high-resolution
700 NWs by in situ scanning electron microscopy (SEM) TEM (HRTEM) image and the selected area electron

tension.” Wang et al. observed the chemical corrosion of ZnO

NWs interacted with deionized water, ammonia, a NaOH Received: October 7, 2013
solution, and horse blood serum.?>?° Electrical, mechanical, Accepted: January 27, 2014
and electromechanical damage and failure phenomena were Published: January 27, 2014
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Figure 1. (a) SEM, (b) TEM, and (c) HRTEM images of the ZnO NWs (inset: SAED pattern of the ZnO NW).
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Figure 2. (a) Electrical characteristic testing schematic diagram and (b) in situ SEM electrical testing image of the single ZnO NW.
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Figure 3. [-V curves of the ZnO NWs with diameters of (a) 270, (c) 625, and (e) 807 nm, respectively. Corresponding in situ SEM images of the
three kinds of nanodamaged structures of ZnO NWs under external voltage when the currents drop to 0: (b) broken pearl-like chains; (d) separated

pearl-like spheres; (f) necking.
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diffraction (SAED) pattern of the ZnO NW, which indicate
that the ZnO NW is single crystal and grows along the [0001]
direction.

The electrical testing schematic and in situ SEM electrical
testing image of the single ZnO NW are shown in parts a and b
of Figure 2, respectively. The electrical service behaviors of five
single ZnO NWs were investigated by applying longitudinal
voltages. The single ZnO NWs with different diameters ranging
from 103 to 807 nm (the size of the ZnO NWs used in our
experiments is shown in Figure S1 in the Supporting
Information) were contacted with the tungsten (W) tips,
respectively, and the metal—semiconductor—metal (MSM)
structure was formed. Parts a, ¢, and e of Figure 3 show the
I-V curves of ZnO NWs with diameters of about 270, 625, and
807 nm under different voltage ranges. It can be seen that the
I-V curves showed obvious dual Schottky characteristics, and
the currents suddenly dropped to 0 at certain high voltages.
The morphologies of the ZnO NWs were observed when the
currents dropped to 0. The damage and failure phenomena that
were observed are shown in Figure 3b,d,f. The nanodamage and
nanofailure was used to describe the damage and failure
phenomena of the nanomaterials, and damage and failure
phenomena of ZnO NWs under an electric field belong to
electrical nanodamage and nanofailure. The fracture section
and vicinity zone of the failed ZnO NW became coarser and
thinner even to pearl-like chains from a smooth and uniform
surface. Three kinds of typical failure or fracture modes can be
classified: (1) broken pearl-like chains (Figure 3b), (2)
separated pearl-like spheres (Figure 3d), and (3) necking
(Figure 3f).

Under an electric field, Joule heat is generated as a result of
the current flowing. The ZnO NW starts to melt when its
temperature increases to the melting point induced by Joule
heat. The diameters d and corresponding effective lengths I/ of
the ZnO NWs were measured from the inset SEM images in
Figure 3b,d,f. The threshold voltages Vy, and critical currents I,
of ZnO NWs were also obtained from the I-V curves in Figure
3a,c,e. The relationship between the threshold voltage Vy;, and
the diameter d is shown in Figure 4a. It can be seen that the
threshold voltages of the single ZnO NWs with diameters of
103, 270, 483, 625, and 807 nm were 15, 25, 35, 45, and 60 V,
respectively. The threshold voltages of the ZnO NWs increased
linearly with increasing diameter.

The critical current density ], can be calculated by the critical
current I and the cross-sectional area A of the ZnO NW using
the following equation:

J. = 1JA =1/(nd*/4) = 4 /nd’ 1)

The relationship between the critical current density J. and
the diameter d is shown in Figure 4b. It can be seen that the
critical current densities of the single ZnO NWs with diameters
of 103, 270, 483, 625, and 807 nm were 56.90 X 10%, 38.37 X
10° 26.94 X 10°% 24.12 X 10°% and 19.50 X 10° A m™* The
critical current density of the ZnO NWs decreased exponen-
tially with increasing diameter, and the reciprocal of the critical
current density increased linearly with increasing diameter. The
fitted equation of the fitting curve is shown as follows:

J. = 1/(4.708 x 107°d + 0.013)

(range of application: 103 nm < d < 807 nm) ()
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Figure 4. Relationship between (a) the threshold voltages and
diameters of ZnO NWs and (b) the critical current densities and
diameters of ZnO NWs in the MSM structure.

The threshold voltage and critical current density can be
used as the evaluation and criterion to judge the work state of
the ZnO NWs as the building blocks integrated in nanodevices.

When an external voltage is applied on the single ZnO NW,
Joule heat is generated as a result of the current flowing.
Moreover, heat loss occurs because of heat conduction,
conversion, and radiation. Joule heat is generated and
accumulated gradually, and the temperature of the ZnO NW
is also increased with increasing time. Damage or failure occurs
when the temperature exceeds the melting point of ZnO NWs.
According to Joule’s law, Joule heat Q generated in the ZnO
NW can be calculated by

Q="VIt (3

The heat flux g is the heat through a cross section with unit
area in unit time. Assuming that all of the heat is conducted
through the end of the ZnO NW, it can be calculated by

q = Q/(At) = VIt/[(nd’/4)t] = 4VI/nd" 4)

The value of VI in eq 4 can be obtained by calculating the
area between the I-V curve and x axis (y = 0). The heat-
generating rate Q' is the heat generated through a cross section
in unit time. It can be expressed as

QU =Q/t=VI ©)

The dependences of the generated heat flux and heat-
generating rate on the diameters of the ZnO NWs are shown
by the purple line in Figure Sab. Because of the vacuum
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Figure S. (a) Relationship between the heat flux (generated heat flux,
heat radiation flux, and remaining heat flux) and the diameters of ZnO
NWs. (b) Relationship between the heat changing rate (heat-
generating rate, heat radiation rate, and remaining heat changing
rate) and the diameters of ZnO NWs.

environment in SEM and the line contact between the ZnO
NW and insulated SiO, substrate, heat conversion and
conduction could be neglected. So, thermal radiation is the
main source of heat loss. Although the emissivity € of the ZnO
NW is unknown, the largest heat radiation rate can be
calculated by the Stefan—Boltzmann law with & = 1. In order to
simplify the calculations, the radiation temperature is always
selected as the bulk melting point:*’

Q. =oST,* (6)

6 =5.67 X 1078 W m™ K™*is the Stefan—Boltzmann constant,
S = 7zdl is the radiation area of the ZnO NW, and T, is the
melting point of the ZnO NW. According to eq 6 with T, =
2248 K, the heat radiation rate and remaining heat rate (Q' —
Q,’) are calculated and shown by the pink and green lines in
Figure Sb, respectively. The remaining heat (changing rate) is
used to heat and melt the ZnO NW until it fractures. By using
the melting points, the heat radiation flux on the surface of the
ZnO NW can be calculated by

9, = oT,’ ?)

Because of the difference between the surface area and cross-
sectional area of the ZnO NWs, the heat radiation flux should
be transformed into an equivalent heat radiation flux in the
cross section.

q_.= ndlqr/(nd2/4) = 4lq /d )

The dependences of the heat radiation flux and the
remaining heat flux (g — q,_.) on the diameters of the ZnO
NWs are shown by the pink and green lines in Figure Sa. From
Figure 5, the generated heat flux, heat radiation flux, and
remaining heat flux have an approximate exponential decrease
with increasing diameter, while the heat-generating rate, heat
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radiation rate, and remaining heat changing rate have an
approximate exponential increase with increasing diameter. The
geometrical and electrical parameters of the ZnO NWs are
summerized in Table S1 in the Supporting Information.
Figure 6a shows the energy band diagrams of the W—ZnO
NW-—W structure when the external voltage V (V= Vi + V, +
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Figure 6. (a) Energy band diagram of an almost symmetric Schottky
characteristic ZnO MSM structure under an external voltage. The bias
dropped on the left side, and the right side is equal (V = Vi + V, +
Vaw, where Vi, V,, and Vigy are the reverse bias, positive bias, and bias
on the ZnO NW, respectively). The running states of electrons and
holes in the ZnO NW with thermal core—shell model: (b) without and
(c) under the longitudinal voltage.

Vaw, where Vi, V,, and Vi are the reverse bias, positive bias,
and bias on the ZnO NW), respectively) is applied. Owing to
the different barrier heights of the W and ZnO NW, electrons
flowing from the semiconductor to the metal would accumulate
in the space charge region before jumping over the barrier at
the metal—semiconductor (MS) junction. Because of the
accumulation and collision of electrons and recombination of
electrons and holes, more Joule heat would be generated in the
MS junctions than other regions when the external voltage is
less than 10—20 V.**7>*> When the external voltage exceeds 20
V, the bias dropped on the ZnO NW is dominant compared
with the bias dropped on the MS junction. However, the MS
junction is also the weak site in the MSM structure, especially
the moment when the external voltage is applied, which leads
to most of the failures that occurred at the MS junction. All

dx.doi.org/10.1021/am4044079 | ACS Appl. Mater. Interfaces 2014, 6, 2344—2349
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kinds of failure modes observed in the SEM images of Figure 3
confirmed the above analysis.

As the external voltage increases, more Joule heat is
generated, which leads to melting of the ZnO NWs. If Joule
heat is generated and distributed uniformly in the whole cross
section of the ZnO NW, the inner layer of the ZnO NW would
be melted earlier than the outer layer considering that more
heat radiates on the surface than in the inner layer. From Figure
3f, it can be seen that the outer layer of the ZnO NW is melting
while the inner layer does not fracture. The vicinity diameter of
the fractured ZnO NW in Figure S2a in the Supporting
Information changes with the uniform gradient, while the
original ZnO NW has a uniform diameter. The critical currents
leading to the fracture of the ZnO NWs are lower than the
next-to-last tested current, which indicates that the resistances
of the ZnO NWs tested in the last cycles increase higher than
before. The resistance-increasing phenomena imply that the
diameters of the ZnO NWs become thinner after the next-to-
last test. The morphology of the gradient diameter of the
fractured ZnO NW and the critical current reduction
phenomena reveal that Joule heat generation and distribution
is not uniform within the radial plane of the ZnO NWs. The
core—shell model is considered to explain the observed failure
phenomena.**~* Similar to the mechanical core—shell model
of single-crystal ZnO NW established by Zhu’s group,®® we
proposed the thermal core—shell model of the single-crystal
ZnO NW to explain the Joule heat generation. Figure S3 in the
Supporting Information shows the schematic diagram of the
mechanisms responsible for the conductance change when the
ZnO NW is bent. Owing to the piezoelectric characteristic of
the ZnO NW, polarization charges would accumulate on the
surface (shell layer) of the ZnO NW when the ZnO NW is
bent by the W tip"* (Figure S3a in the Supporting
Information), while the core of the ZnO NW has few carriers.
Moreover, more electrons would accumulate on the surface of
the junction formed by the ZnO NW and W tip when external
voltages are applied. The schematic diagrams of the polarization
charge distribution are shown in Figure S3b,c in the Supporting
Information. Naturally, more Joule heat generates in the shell
layer (especially the junction area) of the ZnO NW because of
the accumulated electrons in the interface of the junction,
which promotes the buildup of the thermal core—shell model.

The schematic diagrams of the thermal core—shell model are
shown in Figure 6b,c. In the thermal core—shell model, the
ZnO NW in the radial direction is divided into two layers: the
outer shell layer with a thickness of R—r and the inner core with
a radius of r. Most of the carriers of the ZnO NWs move in the
outer shell layer, and Joule heat generates in the transportation
of the carriers, while the inner core has little contribution to the
carrier movements or the Joule heat generation. When no
external voltage is applied, electrons and holes in the shell
distribute uniformly and run randomly, as shown in Figure 6b.
When an external voltage is applied, the distribution and
transportation of electrons and holes start to move regularly, as
shown in Figure 6¢. Under the influence of an external voltage,
electrons move to the positive electrode, while holes move to
the negative electrode. The MSM structure can be divided into
three regions: I, the MS junction in the positive electrode that
accumulates a large number of electrons; II, the center of the
ZnO NW in the length direction; IIL, the MS junction in the
negative electrode that accumulates a large number of holes. In
region I, a large amount of Joule heat is generated that is
attributed to the accumulation and collision derived from
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electrons. In region II, little Joule heat is generated owing to
few collisions of electrons. In region III, little Joule heat is
generated because of few recombinations. It concludes that the
nanodamage phenomena mainly occur in region I rather than
in region II or region III. The SEM images in Figure 3b,d,f
confirmed the above conclusion.

The majority of generated Joule heat in the shell layer is
conducted to the inner core, which leads to the rise of the
temperature of the ZnO NW, while the rest of Joule heat is
radiated to the vacuum medium. When the temperature
exceeds the melting point, the ZnO NW starts to melt. If the
temperature of the shell layer reaches the melting point but the
core does not, the shell melts while the core still exists (Figure
3f). If the temperature of the shell and core both reach the
melting point, the ZnO NW melts into two or more parts
(Figure 3b,d). The melted shell would recrystallize with the
rapid loss of heat when an external voltage is removed, and the
core with lower temperature is the natural nucleation center. In
order to consume heat faster, the morphology of the
recrystallized ZnO NW turns out to be pearl-like chains that
possess larger specific surface areas.'” In summary, the main
reason for the nanodamage of ZnO NWs is Joule heat
generated at the MS junction of the MSM structure because of
electron accumulation and collision.

B CONCLUSIONS

In summary, the concept of nanodamage and nanofailure of
nanomaterials was proposed. The electrical service behavior of
ZnO NWs with diameters ranging from 103 to 807 nm was
investigated by nanomanipulation technique. The nanodamage
and nanofailure of the single ZnO NWs were observed when
external voltages were applied. The threshold voltages of the
single ZnO NWs with diameters of 103, 270, 483, 625, and 807
nm were 15, 25, 35, 45, and 60 V, respectively, and the
corresponding critical current densities were 56.90 X 10%, 38.37
X 10% 26.94 X 10° 24.12 X 10° and 19.50 X 10° A m™> The
threshold voltages increased linearly with increasing diameter,
and the critical current densities decreased exponentially with
increasing diameter. The threshold voltage and critical current
density can be used as the evaluation and criterion to judge the
work state of the ZnO NWs for building nanodevices. The
thermal core—shell model was proposed to explain the
electrical nanodamage and nanofailure mechanism of ZnO
NWs. The main reason for the nanodamage or nanofailure of
the ZnO NWs is attributed to Joule heat generated on the
surface of the MS junction, which melts the ZnO NW once the
temperature exceeds the melting point. The investigation
focused on the electrical nanodamage and nanofailure of
nanomaterials is necessary and promising for practical
applications of photoelectric, electromechanical, and piezo-
electric nanodevices.

B EXPERIMENTAL SECTION

ZnO NWs were synthesized by chemical vapor deposition, which has
been described in detail in our previous papers.”** The morphologies
were observed by a scanning electron microscope (JEOL-6490). The
magnified morphology of the ZnO NW was observed by a
transmission electron microscope (Tecnai F30), and the SAED
pattern was also obtained.

The electrical service behavior of single ZnO NWs was measured by
nanomanipulation and the measurement system for SEM. First, ZnO
NWs were ultrasonicated in an ethanol solvent and dispersed on a
silicon wafer covered by a 500-nm-thick SiO, layer in the case of
current leakage. Then, the electrical service behavior was carried out in

dx.doi.org/10.1021/am4044079 | ACS Appl. Mater. Interfaces 2014, 6, 2344—2349
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a scanning electron microscope, which is equipped with a Zyvex S100
nanomanipulation system. The nanomanipulator has four individual
probes, and each probe can move independently in the X, Y, Z
directions by motors in coarse mode and piezoelectric actuators in fine
mode. W tips with ~50 nm radius at the top of each hand were
precleaned in isopropyl alcohol to remove the surface oxidation layer
in order to serve as a probe to achieve electrical contact with ZnO
NWs. A Keithley 4200-SCS instrument equipped with a preamplifier
was employed for longitudinal voltage application and current
measurement. In the measurement process, the electron gun was
shut down to eliminate the influence of electron irradiation. The
situation of the ZnO NW (intact or fracture) was observed when the
applied voltage was removed. If the ZnO NW was still intact, a bigger
voltage range was applied on the ZnO NW and the above procedure
was reimplemented until the ZnO NW was fractured; simultaneously,
a series of critical parameters were obtained.

B ASSOCIATED CONTENT

© Supporting Information

Size of the ZnO NWs in our experiments, geometrical and
electrical parameters, morphology of the fractured ZnO NW,
current reduction phenomena, and schematic diagrams showing
the mechanisms responsible to the conductance change when
the ZnO NW is bent. This material is available free of charge
via the Internet at http://pubs.acs.org.
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