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Abstract: High aspect ratio tungsten nanowires have been prepared by selective dissolution of
Nickel-aluminum-tungsten (NiAl-W) alloys which were directionally solidified at growth rates
varying from 2 to 25 um/s with a temperature gradient of 300 K-cm™!. Young’s modulus and electrical
resistivity of tungsten nanowires were measured by metallic mask template method. The results
show that the tungsten nanowires with uniform diameter and high aspect ratio are well aligned. The
length of tungsten nanowires increases with prolongation of etching time, and their length reaches
300 pm at 14 h. Young’s modulus of tungsten nanowires is estimated by Hertz and Sneddon models.
The Sneddon model is proper for estimating the Young’s modulus, and the value of calculating
Young’s modulus are 260-460 GPa which approach the value of bulk tungsten. The resistivity of
tungsten nanowires is measured and fitted with Fuchs—Sondheimer (FS) + Mayadas—Shatzkes (MS)
model. The fitting results show that the specific resistivity of W nanowires is a litter bigger than the
bulk W, and its value decreases with decreasing diameter.

Keywords: tungsten nanowires; young’s modulus; resistivity; selective etching

1. Introduction

Metallic nanowires have wide applications in various fields, such as micro-nano electronics,
biotechnology, solar cells, sensors, and catalysis [1-5]. Metallic nanowires with small size and high
aspect ratio are ideal materials for micro-nano devices, such as Zn, Ag, Ni, Au, and Cu micro-nanometer
wires have been widely applied [6-10]. In order to realize the excellent properties of metallic nanowires,
research on the mechanical and electrical conductivity of single metallic nanowire are fundamental
and necessary.

The constitute phase in directionally solidified eutectic alloys has different dissolve potential.
After selective etching the matrix phase, the single crystalline high aspect ratio metallic nanowires
are produced [11-15]. Tungsten is a brittle metal, but it shows a surprisingly high flexibility on
anano-scopic scale [16]. Many works have focused on the morphologies of W nanowires by controlling
the growth parameters and the dissolution conditions [17,18]. However, the effect of growth rate
and etching time on the morphologies of W nanowires are seldom studied. While the growth rate
and etching time affect the morphologies and structures of W nanowires, and thus may affect their
mechanical properties and electrical transport properties. The electrical transport properties of metallic
nanowires depend on its diameter [19]. To date, the resistivity of the single crystalline W nanowires in
different diameter is unclear. Though Cimalla’s work has demonstrated that the Young’s modulus
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of W nanowires is close to the value of bulk W [16] and Hu proposed that the Young’s modulus
graphene-coated tungsten nanowires shows a strong size effect [20], how the diameter affects the
Young’s modulus of W nanowires is unknown. When testing the properties of a single nanowire,
it needs to be assembled on a target table, and this usually is implement by focused ion beam (FIB) [16],
photoetching methods [21], or nano-manipulation device [22], whose processes are time-consuming and
costly. Therefore, a simple process to assemble the metallic nanowires on the target table is necessary.

In this work, the morphologies of tungsten nanowires with different diameters are investigated.
W nanowires are assembled on a target by a metallic mask template method for test their Young’s
modulus and resistivity. Young’s modulus of tungsten nanowires in different diameter is calculated by
Hertz and Sneddon models. Resistivity of tungsten nanowires has been measured, and the surface
and grain boundary effects on resistivity have been studied by combination of FS and MS models.
This study provides an effective pathway for fabricating tungsten nanowires with excellent electrical
conductivity and mechanical properties.

2. Experiment

Figure 1 illustrates the schematic diagram of assembling a single W wire on the N-type Si by
metallic template method. The preparing W nanowires is synthesized of directional solidification and
selective etching. First, NiAl-W eutectic alloy is directionally solidified at different growth rates with
a temperature gradient of 300 K/cm [23]. NiAl matrix is selectively removed in 1 M phosphoric acid
(H3POy) solution at a constant potential of 3 V which is applied between working and counter electrode
in a three-compartment cell. Second, the W wires are dispersed on surface of n-type Si. The forked
electrode mask or porous molybdenum mesh is overlapped on surface of N-type Si. After that,
composite metallic film (100 nm Ti/200 nm Au) are sputtered on the devices by magnetron sputtering.
Last, the templates are removed, and a single W wire is assembled on n-type Si. By using metal mask
template, W wire is assembled on the surface of n-type Si to test its elastic modulus and electrical
transport properties.
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Figure 1. Schematic diagram of assembling a single W wire on the n-type Si by metallic mask
template method.

An electrochemical workstation (CorrTest CS350, Wuhan Corretest Instruments Corp., Ltd, Wuhan,
China) is employed in the electrochemical process. The morphology of W nanowires is observed by
using a field emission scanning electron microscope (FESEM; Quanta 600FEG, FET, Hillsboro, OR,
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USA). An atomic force microscopy (AFM, Dimension FastScan, Bruker, Billerica, MA, USA) is used to
measure the elastic modulus of W wires. Temperature and humidity test platform (Elite Tech Co., Ltd.
AES—4™H, Beijing, China) is used to measure the electrical transport properties of single metal W wire.

3. Results and Discussion

3.1. Morphologies of W Nanowires

For selecting a proper anodization potential to etch NiAl matrix, potentiodynamic polarization
curves of pure Al, Ni, W, and NiAl-W eutectic alloys in 1 M H3POy solutions are carried out (Figure 2).
With the increase of corrosion potential, the current density of W increases first and then decreases,
and its E—i curve has a peak value at 0.59 V. However, when the potential exceeds 0.76 V, the current
density tends to be stable with the increase of corrosion potential. When at a potential of 3 V, W is
passivated and free from etching. The current density of elemental Al is almost constant with the
increase of corrosion potential, which indicates that the Al is passivated in phosphoric acid solution.
The dynamic potential polarization curve of Ni is a typical passivation curve of metal anode. When the
corrosion potential is between 0 and 0.25 V, Ni is at the initial passivation stage. When the corrosion
potential increases to 0.5-1.2 V, Ni is in a stable passivation. At this stage, the current density no longer
increases with the increase of the applied potential. However, when the corrosion potential exceeds
1.2V, the current density increases significantly with the increase of corrosion potential, and Ni is
in the trans-passive stage. While the potential exceeds 1.6 V, the current density increases sharply
with the increase of corrosion potential. Therefore, when the corrosion potential is at 3 V, the Ni is
corroded. When the applied potential is less than 1.6 V, the NiAl-W alloy keeps passivation. While the
potential is more than 1.6 V, the current density increases sharply with the increase of applied potential.
Therefore, when at 3 V, Ni element is corroded, W and Al elements are passivated. When Ni is etched,
the NiAl matrix are removed and W nanowires are prepared [12].
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Figure 2. Potentiodynamic polarization curves of pure Al, Ni, W, and NiAl-W eutectic alloys in 1 M
H;3POy. solutions, the sweep speed was 5 mV/s.

Morphologies of W wires grown in different growth rates are illustrated in Figure 3. When the
directionally solidified alloys are at a low growth rate, the solid-liquid interface is planar. Increasing
growth rate leads to the cellular growth [23], and the cross-section morphology of W wires changes
from hexagon to ellipse [18]. As shown in Figure 3, when the growth rate is 2—6 pm/s, W wires with
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a length of dozens of microns are uniformly distributed on the NiAl matrix. Due to the scraping and
pushing action of hydrogen bubbles generated in the corrosion process, W wires are symmetrical
length and uniformly arranged in a direction. When the growth rate is 8-15 pm/s, W wires diffuse
from the center to the grain boundary. When etched at the same anodization time, the length of W
wires at different growth rates are different. The length of W wires gained at 2 um/s is about 20 pm,
while its length decreases to 4.2 pm at 6 um/s. This is due to when the growth rate is 2—-6 um/s, the
higher the growth rate is, the denser the W filament is, and the smaller unit cell of area of NiAl matrix
between the nanowires exposed to solution is. At the same corrosion time, the dissolution rate of NiAl
matrix is slow, and the length of W wires with high growth rate is short. The length of W wires gained
at 8 pm/s is 8.3-18.5 um while their length increases to 17.9-27.5 pm at 15 pm/s. The length of W wires
grown in cell growth is obviously larger than that of W wires grown in plane under the same corrosion
time. This is because the area of NiAl-W eutectic alloys in the cellular growth exposed to the corrosive
liquid is much larger than that of the planar ones, and the corrosion rate of NiAl matrix is faster in the
former. Therefore, when the W wire is in cellular growth, the higher the growth rate, the longer and
denser the wire length of W is obtained.

X it(b) H‘v.\‘ .‘

Figure 3. Morphologies of W fibers grown at different growth rates: (a) 2 um/s, (b) 4 pm/s, (c) 6 pm/s,
(d) 8 um/s, and (e) 15 pm/s. The anodization time was 1 h.

The microstructure of W wires grown at different growth rates are shown in Figure 4. The
diameter of W wires decreases with increasing growth rate [24]. The diameter of W wires obtained
at 2 pm/s is about 0.484 pum, and their diameter decreases to 0.331 um at 6 pum/s. When the growth
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rate is 8 um/s, the diameter of W wires is about 0.239 um, and their diameter decreases to 0.214 um at
15 um/s. At alow growth rate (2-6 pm/s), the cross-section morphology of W wires presents uniformly.
When at a high growth rate (8 um/s), the W wire is not uniform, and shows ripple wave structure.
The morphology of W wires even presents as needle-like at a growth rate of 15 um/s. Formation
of ripple wave shape of W wires may be due to the instability of solute enrichment and migration
process. Formation of needle-like W wires is associated with the solid-liquid interface which changes
from planar to cellular growth [25,26]. When at a low growth rate, the solid-liquid interface is planar
growth, and the W wires are parallel growth. While at a high growth rate, the solid-liquid interface
is cellular growth, and the W wires are narrow down in the cellular boundary, which results in the
formation of needle-like W wires [24].

Figure 4. Microstructure of W fibers grown at different growth rates: (a) 2 um/s, (b) 4 um/s, (c) 8 um/s,
and (d) 15 pm/s. The anodization time was 1 h.

Figure 5 shows the morphology of W wires obtained in different etching time. NiAl matrix is
uniform corrosion with the increasing etching time. When the corrosion time is 10 min, the W wires
with the length of 3.4—4.1 ym and diameter of 0.475-0.486 pm are exposed on the surface of NiAl
matrix. When the corrosion time increases to 1 h, the length of W wire increases to 9.8-12.1 um, and the
wire diameter is 0.470-0.480 um. The wire length increased, but the wire diameter remains almost the
same. When the corrosion time is extended to 14 h, the surface of W wire is very clean without any
NiAl coverage, and the length of the wire increases to 150-300 um. Therefore, with the extension of
corrosion time, the length of W wires increases, and the diameter of W wires is almost unchanged.
This illustrates that the W wires are free from corrosion with the increasing of etching time, and only
the NiAl matrix is uniformly passivated and dissolved.
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Figure 5. Morphology of W fibers anodized in different etching time: (a) 10 min, (b) 1 h and (c,d) 14 h.

3.2. Elastic Modulus of W Nanowires

The tapping mode of AFM is used to select a proper single W nanowire on surface of n-type Si.
2D and 3D AFM images of a single W nanowire are illustrated in Figure 6. The height of W nanowire is
about 241.4 nm, and its surface roughness is about 7.35 nm. Electron diffraction [17] shows that the W
nanowire is a single crystal. The peak force tapping mode of AFM is applied to measure the F-D curve
of single W nanowire (Figure 7). When the AFM probe approaches or withdraws the W nanowire,
it forces the W nanowire to produce deformation. There is a linear elastic deformation when the AFM
probe approaches the W nanowire. The variation of linear elastic deformation with the approach force
can be fit by Hertz or Sneddon model [27]. The Hertz and Sneddon models assume a linear elastic
relationship between the tip and the sample, and they ignore the effects of adhesion or other surface
interactions. The modulus of elasticity and Poisson’s ratio of using AFM silicon probe are 160 GPa and
0.27, respectively [28]. The Poisson’s ratio of W nanowire is 0.28 [29]. The nanoscope analysis software
of AFM is used to analyze the approaching curve. Hertz and Sneddon models are used to estimate
the Young’s modulus of W nanowire (Figure 8). The Young’s modulus of W nanowires based on
Hertz model are 60-160 GPa, while their Young’s modulus based on Sneddon model are 260—460 GPa.
Based on the cantilever beam test method by AFM, the Young’s modulus of W nanowire in Cimallar’s
work [16] is 332 GPa. Gerberich adopted the nano-indentation method to test the Young’s modulus of
volume W, and its value is 105-431GPa [30]. The value of Young’s modulus in W nanowire based on
the Sneddon model approximates the results of Cimallar’s and Gerberich’s measurements. Therefore,
the Sneddon model is more precise than Hertz model to measure the Young’s modulus of W nanowire.
As illustrated in Figure 8, the Young’s modulus of W nanowire does not depend on its diameter. These
results are in accord with other researchers’ studies on the relationship between the diameter of silicon
nanowires and their Young’s modulus [31,32].
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Figure 6. 2D (a) and 3D (b) AFM images of a single W nanowire. The symbol “*”
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Figure 7. A representative F-D curve of a single metallic W nanowire measured by AFM.
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3.3. Electrical Transport Properties of W Nanowires

I-V characteristics of W nanowires in different growth rates are shown in Figure 9. The I-V
characteristics of W nanowires are founded to be linear with positive slope, and this illustrates a good
ohmic characteristic. The resistivity of W nanowires is calculated by the slope of [-V curve. Table 1
summarizes the diameter d, resistance R, and resistivity p of W nanowires with different growth rates
V. As shown in Table 1, the value of 4, R, and p all decrease with increasing growth rate. Decreasing
in diameter with increasing growth rate has been demonstrated in directionally solidified eutectic
alloy [33]. The resistivity decreases with increase of diameter can be illustrated by FS surface scattering
model or MS grain boundary scattering model [19,34].

0.18
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0.15 —a6umis
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Figure 9. Current varies with voltage curves of W wires with different growth rate.

Table 1. Diameter d, resistance R, and resistivity p of W wires with different growth rates.

Growth Rate V Diameter d (nm) Resistance R (€2) Number N Resistivity p
(um/s) (uQ-cm)
2 484 6.48 5 5.95
4 402 15.96 3 6.08
6 331 10.36 7 6.24
8 239 24.52 6 6.60
15 214 37.56 5 6.75
25 190 61.16 4 6.93

The equation of calculating resistivity is p = NR7nd? /4L. Where d is the diameter of W nanowires, R is the resistance
calculated by the slope of I-V curve, L is the distance between the two fingers of forked electrode, L = 100 um, N is
the number of W nanowires contacted with the two fingers of forked electrode.

The FS model focuses on the effect of surface scattering on resistivity, and it can be described by:

PFs IPO[1+Z(1—P)%] @
where pg is the bulk resistivity (for tungsten pg = 5.32 uQ) cm), A is the electron mean free path in
bulk (for tungsten A = 19.1 nm ) [35], P (0 < P < 1) is the fraction of electrons specularly scattered at
boundary, and it is often used to describe the elastic electrons on the surface reflectivity, when P = 1 is
a full elastic launch, when P = 0 is pure diffuse scattering. d is the diameter of a wire.

The MS model gives the contribution of scattering from grain boundaries to the resistivity in cases
where the dimensions of wire is greater than mean free path. The MS model can be expressed as:

PMs = Po[l + g(%)g} )
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where g is the mean grain size (suppose, ¢ = d), and Q is the probability of electrons being reflected at
the grain boundary, 0 < Q < 1.

Both the FS and MS model can be used to describe the effect of diameter on the resistivity of
nanowires. However, a combination of FS and MS model can also be used to study the effect of
diameter on the resistivity. The resistivity on different diameter in combined FS+MS model is as:

PW = PFs + pMs — Po 3)

As shown in Figure 10, a single FS or MS model used to fit the resistivity on different diameter
is not accurate. However, the FS+MS model fits well with the resistivity on different diameter of W
nanowires (P = 0.40, Q = 0.63). The values of the two fitting parameters (P and Q) are similar to those
previously reported (for copper nanowires, P = 0.49, Q = 0.64) [36]. Due to the fitting parameter,
P = 0.40, the electron scattering on the surface of the W wire is between full elastic scattering and
diffuse scattering. Substitute the values of P and Q into the Equations (1) and (2), the value of pys
is a few times larger than prs. This illustrates that the contribution of grain boundary scattering to
resistivity of W nanowires is greater than that of surface scattering.

7.5
m pd
——FS+MS Fitting
7.0 P=0.40, 0=0.63

T T T T T T T
200 250 300 350 400 450

d/nm

Figure 10. Fitting of Fuchs—Sondheimer (FS) + Mayadas—Shatzkes (MS) model on the resistivity of W
wire with different diameter.

4. Conclusions

The high aspect ratio tungsten nanowires have been prepared by selective etching of directionally
solidified NiAI-W alloys grown at growth rates varying from 2 to 25 um/s. By using the metallic
mask template method, the Young’s modulus and resistivity of W nanowires in different diameters are
analyzed. The following conclusions were drawn:

(1) W nanowires are uniform in diameter and have high aspect ratio. With increasing growth
rate, the distribution of W nanowires in the NiAl matrix changes from uniform to cellular structure.
The length of W nanowires increases with corrosion time, and its length can reach 300 pm at 14 h.

(2) The Young’s modulus of W nanowires based on Sneddon model are 260—460 GPa, and their
values approach the bulk W. Compared with Hertz model, the Sneddon model is more accurate to
estimate the Young’s modulus of W nanowires.

(3) The resistivity of W nanowires decreases with decrease of diameter. The FS + MS model fits
well with the resistivity on different diameter of W nanowires.

Author Contributions: Conceptualization, Z.Z.; methodology, L.L.; validation, J.L.; investigation, H.G.;
data curation, K.C.; writing—original draft preparation, J.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Grant No. 51905103).



Materials 2020, 13, 3749 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Shi, Q.; He, T; Lee, C. More than energy harvesting-Combining triboelectric nanogenerator and flexible
electronics technology for enabling novel micro-/nano-systems. Nano Energy 2019, 57, 851-871. [CrossRef]
Chen, Y.; He, M; Tang, J.; Bazan, G.C.; Liang, Z. Flexible Thermoelectric generators with ultrahigh output
power enabled by magnetic field-aligned metallic nanowires. Adv. Electron. Mater. 2018, 4, 1800200.
[CrossRef]

Krato$ova, G.; Holisova, V.; Konvickova, Z.; Ingle, A.P.; Gaikwad, S.; Skrlova, K.; Prokop, A.; Rai, M,;
Placha, D. From biotechnology principles to functional and low-cost metallic bionanocatalysts. Biotechnol.
Adv. 2019, 37, 154-176. [CrossRef] [PubMed]

Lee, SJ.; Lee, Y.B.; Lim, Y.R; Han, ] K;; Jeon, I.S.; Bae, G.; Yoon, Y.; Song, W.; Myung, S.; Lim, J.; et al. High
energy electron beam stimulated nanowelding of silver nanowire networks encapsulated with graphene for
flexible and transparent electrodes. Sci. Rep. 2019, 9, 9376. [CrossRef]

Wang, S.L.; Zhao, Y.; Lian, H.; Peng, C.; Yang, X.; Gao, Y.; Peng, Y.; Lan, W.; Elmi, O.L; Stiévenard, D.; et al.
Towards all-solution-processed top-illuminated flexible organic solar cells using ultrathin Ag-modified
graphite-coated poly (ethylene terephthalate) substrates. Nanophotonics 2019, 8, 297-306. [CrossRef]
Novak, N.; Keil, P; Fromling, T.; Schader, F.; Martin, A.; Webber, K.; Rodel, J. Influence of metal/semiconductor
interface on attainable piezoelectric and energy harvesting properties of ZnO. Acta Materalia 2019, 162, 277-283.
[CrossRef]

Wu, Y,; Xu, J.; Jiang, M.; Zhou, X.; Wan, P.; Kan, C. Tailoring the electroluminescence of a single microwire
based heterojunction diode using Ag nanowires deposition. CrystEngComm 2020, 22, 2227-2237. [CrossRef]
Nie, M.; Sun, H.; Gao, Z.D,; Li, Q. Co-Ni nanowires supported on porous alumina as an electrocatalyst for
the hydrogen evolution reaction. Electrochem. Commun. 2020, 106719. [CrossRef]

Moreno-Moreno, M.; Ares, P, Moreno, C.; Zamora, F; Gomez-Navaro, C.; Gomez-Navaro, J.
AFM manipulation of gold nanowires to build electrical circuits. Nano Lett. 2019, 19, 5459-5468. [CrossRef]
Shang, H.; Zuo, Z.; Li, Y. Highly Lithiophilic Graphdiyne Nanofilm on 3D Free-Standing Cu Nanowires for
High-Energy-Density Electrode. ACS Appl. Mater. Interfaces 2019, 11, 17678-17685. [CrossRef]

Hassel, A.W.; Bello-Rodriguez, B.; Milenkovic, S.; Schneider, A. Electrochemical production of nanopore
arrays in a nickel aluminium alloy. Electrochim. Acta 2005, 50, 3033-3039. [CrossRef]

Hassel, A.W.; Smith, A.].; Milenkovic, S. Nanostructures from directionally solidified NiAl-W eutectic alloys.
Electrochim. Acta 2006, 52, 1799-1804. [CrossRef]

Milenkovic, S.; Smith, A.J.; Hassel, A.W. Single crystalline Mo nanowires, nanowire arrays and nanopore
arrays in nickel-aluminum. J. Nanosci. Nanotechnol. 2009, 9, 3411-3417. [CrossRef] [PubMed]

Brittman, S.; Smith, A.J.; Milenkovic, S.; Hassel, A.W. Copper nanowires and silver micropit arrays from
the electrochemical treatment of a directionally solidified silver—copper eutectic. Electrochim. Acta 2007,
53, 324-329. [CrossRef]

Milenkovic, S.; Schneider, A.; Hassel, A.W. Gold nanostructures by directional solid-state decomposition.
Gold Bull. 2006, 39, 185-191. [CrossRef]

Cimalla, V.; Rohlig, C.C.; Pezoldt, ]J.; Niebelschiitz, M.; Ambacher, O.; Briickner, K.; Hein, M.; Weber, J.;
Milenkovic, S.; Smith, A.J.; et al. Nanomechanics of single crystalline tungsten nanowires. J. Nanomater.
2008, 44. [CrossRef]

Hassel, A.W.; Milenkovic, S.; Smith, A.J. Large scale synthesis of single crystalline tungsten nanowires with
extreme aspect ratios. Phys. Status Solidi A 2010, 207, 858-863. [CrossRef]

Gao, ].J.; Zhao, Z.L.; Wei, L.E.; Cui, K. Morphology of W fibers and kinetic undercooling in directionally
solidified NiAI-W eutectic alloy. J. Mater. Sci. 2018, 53, 12523-12533. [CrossRef]

Kitaoka, Y.; Tono, T.; Yoshimoto, S.; Hirahara, T.; Hasegawa, S.; Ohba, T. Direct detection of grain boundary
scattering in damascene Cu wires by nanoscale four-point probe resistance measurements. Appl. Phys. Lett.
2009, 95, 052110. [CrossRef]

Hu, ZW.; Wang, M.; Guo, C.W.; Shan, Z.W.,; Li, J.; Han, W.Z. Graphene-coated tungsten nanowires deliver
unprecedented modulus and strength. Mater. Res. Lett. 2019, 7, 47-52. [CrossRef]


http://dx.doi.org/10.1016/j.nanoen.2019.01.002
http://dx.doi.org/10.1002/aelm.201800200
http://dx.doi.org/10.1016/j.biotechadv.2018.11.012
http://www.ncbi.nlm.nih.gov/pubmed/30481544
http://dx.doi.org/10.1038/s41598-019-45887-5
http://dx.doi.org/10.1515/nanoph-2018-0189
http://dx.doi.org/10.1016/j.actamat.2018.10.008
http://dx.doi.org/10.1039/D0CE00049C
http://dx.doi.org/10.1016/j.elecom.2020.106719
http://dx.doi.org/10.1021/acs.nanolett.9b01972
http://dx.doi.org/10.1021/acsami.9b03633
http://dx.doi.org/10.1016/j.electacta.2004.12.046
http://dx.doi.org/10.1016/j.electacta.2005.12.061
http://dx.doi.org/10.1166/jnn.2009.NS10
http://www.ncbi.nlm.nih.gov/pubmed/19504862
http://dx.doi.org/10.1016/j.electacta.2007.07.048
http://dx.doi.org/10.1007/BF03215552
http://dx.doi.org/10.1155/2008/638947
http://dx.doi.org/10.1002/pssa.200983319
http://dx.doi.org/10.1007/s10853-018-2466-2
http://dx.doi.org/10.1063/1.3202418
http://dx.doi.org/10.1080/21663831.2018.1553801

Materials 2020, 13, 3749 11 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Mudusu, D.; Nandanapalli, K.R.; Dugasani, S.R.; Kang, J.W.; Park, S.H.; Tu, C.W. Electrical properties
of polycrystalline and single crystalline nickel layer capped ZnO nanowires. Curr. Appl. Phys. 2017,
17,1699-1706. [CrossRef]

Wilms, M.; Conrad, J.; Vasilev, K.; Kreiter, M. Manipulation and conductivity measurements of gold nanowires.
Appl. Surf. Sci. 2004, 238, 490-494. [CrossRef]

Zhao, Z.L.; Gao, J.J.; Wei, L.E; Kai, C. Tungsten wires and porous NiAl prepared through directional
solidification and selective dissolution. Mater. Manuf. Process. 2017, 32, 1817-1822. [CrossRef]

Haiguo, R.; Wenjia, W.; Jianjun, G.; Guangming, Y.; Zhilong, Z. Directional Solidification Microstructure
Control of NiAl-1.5 at% W Eutectic Alloy and Morphology of W Meso-nanowires. Rare Met. Mater. Eng.
2016, 4, 222-226.

Jackson, K.A.; Hunt, J.D. Lamellar and rod eutectic growth. Metall. Soc. AIME 1966, 236, 1129-1142.
Stefanescu, D.M. Science and Engineering of Casting Solidification, 2nd ed.; Springer: New York, NY, USA, 2009;
pp- 214-218.

Dong, S.; Hu, P.; Zhang, X.H.; Cheng, Y.; Fang, C.; Xu, J.; Chen, G. Facile synthesis of silicon nitride nanowires
with flexible mechanical properties and with diameters controlled by flow rate. Sci. Rep. 2017, 7, 45538.
[CrossRef]

Tan, S.; Sherman, R.L.; Ford, W.T. Nanoscale compression of polymer microspheres by atomic force microscopy.
Langmuir 2004, 20, 7015-7020. [CrossRef]

Huang, H.; Wu, Y.Q.; Wang, S.L.; He, YH.; Zou, J.; Huang, B.; Liu, C.T. Mechanical properties of single crystal
tungsten microwhiskers characterized by nanoindentation. Mater. Sci. Eng. A 2004, 523, 193-198. [CrossRef]
Gerberich, W.W.; Yu, W.; Kramer, D.; Strojny, A.; Bahr, D.; Lilleodden, E.; Nelson, J. Elastic loading and
elastoplastic unloading from nanometer level indentations for modulus determinations. J. Mater. Res. 1998,
13,421-439. [CrossRef]

Sohn, Y.S,; Park, J.; Yoon, G.; Song, ].; Jee, SW.; Lee, ].H.; Na, S.; Kwon, T.; Eom, K. Mechanical properties of
silicon nanowires. Nanoscale Res. Lett. 2010, 5, 211-216. [CrossRef]

He, R.; Yang, P. Giant piezoresistance effect in silicon nanowires. Nat. Nanotechnol. 2006, 1, 42. [CrossRef]
[PubMed]

Gao, ].J.; Zhao, Z.L.; Wei, L.F; Cui, K. Microstructure and microhardness of directionally solidified NiAl-W
eutectic alloy. Rare Metals 2020, 39, 1174-1180. [CrossRef]

Huang, Q.J.; Lilley, C.M.; Bode, M.; Divan, R. Surface and size effects on the electrical properties of Cu
nanowires. J. Appl. Phys. 2008, 104, 023709. [CrossRef]

Tanuma, S.; Powell, C.J.; Penn, D.R. Calculations of electron inelastic mean free paths for 31 materials.
Surf. Interface Anal. 1988, 11, 577-589. [CrossRef]

Steinhogl, W.; Schindler, G.; Steinlesberger, G.; Engelhardt, M. Size—dependent resistivity of metallic wires in
the mesoscopic range. Phys. Rev. B 2002, 66, 075414. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.cap.2017.09.002
http://dx.doi.org/10.1016/j.apsusc.2004.05.251
http://dx.doi.org/10.1080/10426914.2017.1303146
http://dx.doi.org/10.1038/srep45538
http://dx.doi.org/10.1021/la049597c
http://dx.doi.org/10.1016/j.msea.2009.05.060
http://dx.doi.org/10.1557/JMR.1998.0055
http://dx.doi.org/10.1007/s11671-009-9467-7
http://dx.doi.org/10.1038/nnano.2006.53
http://www.ncbi.nlm.nih.gov/pubmed/18654140
http://dx.doi.org/10.1007/s12598-019-01268-5
http://dx.doi.org/10.1063/1.2956703
http://dx.doi.org/10.1002/sia.740111107
http://dx.doi.org/10.1103/PhysRevB.66.075414
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experiment 
	Results and Discussion 
	Morphologies of W Nanowires 
	Elastic Modulus of W Nanowires 
	Electrical Transport Properties of W Nanowires 

	Conclusions 
	References

