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N
anoporous-template films can be
used for electrodeposition of var-
ious one-dimensional (1-D) nano-

structures.1�4 Many authors have exploited
the porous-template method using porous
anodic alumina or polycarbonate-track-etched
membranes. Many interesting applica-
tions have been proposed.5�7 To produce
arrays of 1-D nanostructures, the porous-
template method is a powerful technique.
However, significant challenges remain in
creating single nanowire (NW) tools from
porous templates.7,8

This study aims to apply electrodeposited
single metal NWs to scanning probe tech-
nology. The porous-template method can
produce NWs with diameters down to
10�20 nm.9 These diameter values are com-
parable to those of multiwall carbon nano-
tubes (MWCNTs). CNT atomic force micro-
scope (AFM) probes have already been
commercialized with MWCNTs. However,
CNT tips must be subsequently coated with
a metal layer for conductive probe applica-
tions. Moreover, there is the risk of wear-
ing off the metal coating due to limited
interfacial strength between the CNT and
metal layer. Using an all-metal NW for a
scanning probe tip is thought to address
these issues, i.e., retaining a sufficiently
small tip radius without the risk of deme-
talizing the tip.

There are only a few techniques for grow-
ing a single metal NW at a desired position.
Ion-beam-induced deposition allows for
vertical growth of single NWs at desired
positions. Alternatively, pulling out a Ag2Ga
alloy NW from Ga liquid with a Ag-coated
AFM probe is a possible technique for pro-
ducing single-NW probes.10 However, the
presence of Ga typically contained in a
significant fraction of the metal NWs nar-
rows the possible range of applications.
Furthermore, material choices are very lim-
ited. Electrodeposition can be applied to
many kinds of metals.11

The mechanical properties of NWs have
also attracted significant interest.12�14 With
a single metal NW vertically attached to
the tip of an AFM probe, several kinds of
mechanical tests with forces on the order
of pico- to nanonewton can be consis-
tently conducted for the same NW until it
breaks. Therefore, NW probes can be versa-
tile tools.
Previous work demonstrated electrode-

positon of metal NWs on the tip of AFM
probes.15 However, the probe structure was
not a single-NW probe. Moreover, the wire
diameters were not yet of sufficiently
small values. Here, we report on the novel
fabrication method of a single-metal-NW
scanning probe and demonstrate several
probe functions.
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ABSTRACT This paper describes the fabrication of scanning probes with single

metal nanowires (NWs) at the probe tip. The porous-template technique can

produce NWs of various kinds of metals, with diameters down to 10�20 nm,

which compete with multiwall carbon nanotube diameters. Metal NWs are grown

by electrodeposition on the scanning probe tip. One NW can be selected to remain

by focused ion beam technique. A variety of metals can be chosen as the tip

material. Electric potentials of NWs at the probe tip can be measured. Single NW

probes can measure surface topographies, electrode potentials, and their mechanical bending properties.
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RESULTS AND DISCUSSION

Single-Metal-NW Probes. Figure 1a shows a scanning
electron microscope (SEM) image of Ni NWs produced
by electrodeposition into a polycarbonate membrane
with 15-nm-diameter pores. The template membrane
for the NWs in Figure 1a was completely removed by
air-plasma etching. Electrodeposited NWs had the
same diameter as themembrane pores with diameters
of 15 nm, as confirmed in previous work (Figure 1b).9

Figure 2 illustrates how NWs were electrodeposited
on the AFM probe tip. A template membrane and a
probewere coupledwith epoxy resin. A same-height Si
chip was placed underneath a cantilever beam. An
edge of a membrane covering a probe tip was also
fixed at a Si chip with epoxy resin. The Au-coated-probe
tip supported the underside of a membrane. Electro-
deposition started on the entire surface of the Au
cathode. Metal NWs grew into pores toward the other

Figure 1. (a) SEM and (b) transmission electron microscope (TEM) images of NWs produced by electrodeposition using
polycarbonate membranes with 15-nm-diameter pores. The Pt�Pd film in (a) was the cathode for growing NWs.

Figure 2. Schematic illustrations of the Au-coated tip of an AFM probe contacting a porous polycarbonate membrane.
An AFM probe with a tip facing up is attached to a Cu plate. A Si chip is also fixed to support a cantilever beam from below.
An edge of a membrane is immobilized on a Si chip with epoxy resin. These AFM probe and Si chip attached to a Cu plate are
immersed in an electrolyte and grow NWs into pores from the probe tip by electrodeposition.
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end of the membrane, and a metal film also grew on a
probe.

For scanning probe microscope applications, only
one vertical wire was needed at the tip. This study
applied the focused ion beam (FIB) technique to leave
one wire by removing the other deposited wires.
Accelerated ion beam particles etched the sample
surface and, in response, surface atoms gained suffi-
ciently high kinetic energy to be removed from the
surface.16 If we attempted to remove NWs by vertical
ion beams, sputtered particles were redeposited on
the surfaces of the remaining NWs.17 The diameter of
remaining wires became larger during etching. To
minimize such redeposition, ion beams were always
pointed from a direction perpendicular to the wires.

An SEM image in Figure 3A-1 shows a side view
ofNi NWsdeposited on the probe tip after amembrane
was removed. The nominal diameter of membrane
pores was 100 nm. The wires deposited nearer to the
edges were shorter because the wires nearer to
the edges started to grow later than ones nearer to
the center (see Figure 2).15 The growth rate estimated
from the wire in the center at the tip (5.4 μm in length)
was 36 nm s�1.

Figure 3A-2 to 6 shows SEM images of each sequen-
tial etching step of leaving one wire on the probe tip.
The first step was to irradiate ion beams with a small
current to eliminate wires only in the outermost re-
gions on the base (Figure 3A-2). After the ion beams
completely etched the wires, the beams did not hit
anything behind the wires, in contrast to the case where
beams were directed from the top. Next, the specimen
was rotated by 90� (Figure 3A-3). Likewise, wires on the
sides were etched (Figure 3A-4). The specimen was
returned to the original configuration (Figure 3A-5). By
repeating these steps, the number of wires on the tip can
be reduced eventually down to one. Figure 3A-6 shows
an SEM image of the probe tip with a single NW.

Figure 3B-a shows a TEM image of the single NW at
the tip. A small piece of another wire was attached to
the middle of the single wire. This was because the
paths of cylindrical pores diagonally penetrate a tem-
plate membrane, whereby some pores partially collide
with others to merge into complex profiles. This prob-
lem can beminimized by selecting the best single wire
at the tip in the etching step.

An electron diffraction pattern from the NW tip
(Figure 3B-a, b) using a TEM shows significant diffuse

Figure 3. (A) Sequential SEM images of FIB processing to remove Ni NWs from the probe tip except one in the center. (1)
Deposited NWs after dissolving a template membrane. (2, 4) After ion-beam etching in dotted-line-square regions. (3) þ90-
degree-rotated specimen. (5) Specimen in the original configuration. (6) A single NW left on the tip. (B) TEM image of the Ni
NW in (A-6). (a) Bright-field image. (b) Electron diffraction pattern from the square at the tip in (a). An arrow indicates the NW
longitudinal direction. (c) Dark-field image using the 111 diffraction spot in the circle in (b).
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scattering perpendicular to the arrow, indicating the
presence of many microtwins or stacking faults along
the NW length. A dark-field image taken from the 111
diffraction spots encircled in Figure 3B-b is shown in
Figure 3B-c. Grains with the same orientation tend to
be parallel to the NW longitudinal direction. Energy
dispersive X-ray spectroscopy (EDS) analysis indicated
that Ga contaminants on surfaces were suppressed to
be only 2 at. %. The wire tip diameter is, in fact, 250 nm,
which is greater than the nominal diameter of 100 nm.
It is known that pores of commercial-polycarbonate-
track-etched membranes have larger diameters inside
membranes.9,18,19 Hence, diameters in the middle of
pores are larger than at the ends, where nominal values
are observed.

As described above, electrodeposition also occurs
outside a membrane, resulting in a widening of a probe.
The front of a probe was ion-beam-etched in Figure 4.
Figure 4a, c shows the front view. Figure 4b, d shows side
views.

Figure 5 shows a potential transient when the tip
of a single-NW probe is in contact with a 0.1 M KCl
electrolyte (conductivity: 1.3� 10�2 S cm�1) on a flat Ni
sheet. The in situ optical microscope pictures are also
presented. Initially, the tip entirely contacts the elec-
trolyte. The potential difference between a Ni sheet
and a NW probe is measured. Subsequently, the elec-
trolyte evaporates and detaches off from the tip in the
optical microscope view. However, the electrode po-
tential is still measurable. This observation indicates
that only the NW tip is wet by the electrolyte (the inset
illustration). The potential value gradually increases
because the electrical resistance of the electrolyte
bridge increases. Eventually, the potential is out of
the measurable range as indicated by the red arrow

in Figure 5. This measurement demonstrates that the
NWat the tip is not electrically isolated. Since therewas
no significant difference in the growth rate of NWs on
the AFM tip and into large-area membranes at the
same potential in previous work,15 the electrical resis-
tance through a metal layer on a 450-μm-long canti-
lever was negligible. The electrical resistance of the
single NW at the tip in this measurement was less
than 10Ω based on the bulk Ni electrical conductivity
(i.e., 1.4 � 105 S cm�1).

Metal NW Probes with Diameters Smaller than 50 nm. We
subsequently fabricated NW probes using template
membranes with pores of 15 nm in diameter. Figure 6A
shows SEM images of polycarbonate-track-etchedmem-
branes with 15-nm-diameter pores etched by air plasma
for 0 to 45 s at a constant radiofrequency (RF) power. The
profiles of openings become more conical with etching
duration.20 Figure 6B shows mouth diameters increase
with etchingduration. NWswithbasediameters of 15nm
cannot stand free from a membrane support due to
mechanical weakness. Using a membrane with coni-
cally shaped pores can grow NWs with larger base
diameters while retaining sharp tip diameters.

Figure 7A shows SEM images of a NW probe
produced from a plasma-etched membrane. The
original pore diameters were 15 nm, before plasma
treatment. No wires remained to stand on a substrate
after stripping a membrane if plasma treatment was
not conducted for this pore size of membranes. It was
observed that the base diameters of wires were larger
than the tip diameters. The length of the longest NW in
the center was 5.7 μm. This was close to the length
of the longest NW in Figure 3A. Hence, the length of
NWs is reproducible and can be well controlled by the
potential regardless of wire diameter. TEM images of a

Figure 4. SEM images of a single-NW probe with the front part trimmed by FIB. The dark triangle in the front views in (a) and
(c) is exposed Si surface. (b, d) Side views.
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specimenbefore FIB etching are shown in Figure 7B-a, b.
Figure 7B-b shows the tip of the wire indicated by the
arrow in Figure 7B-a. The tip radius is 10�30 nm. Only a
fewNi crystallites were observed at any cross section of

the wire. Figure 7B-c shows the selected NW after the

FIB etching. The wire kept the same diameter as before

FIB etching (c and d). Previous work reported metal

wires with 15-nm diameter, electrodeposited via por-

ous templates as used in Figure 6.9 Membrane tem-

plates are as thick as 6 μm. Accordingly, we can build

metal NWs with aspect ratios as high as 102.
Normal stress at any cross section of a single wire

with a point load at the free end is given by the
following equation.21

σx ¼ 32Fx

π dA þ (dB � dA)
x

L

� �n
" #3 (1)

where F is a point load at the free end, x is a distance in
the axial direction from the free end, dA is the free-end
diameter, dB is the base diameter, and L is the length of
a wire. n is a parameter determining the shape profile
of a wire. The NW in the TEM picture in Figure 7B-d has
dA = 70 nm, dB = 230 nm, L = 2.2 μm, n = 9. All these
parameters are determined from SEM and TEM obser-
vations. The reason that dA is larger than 15 nm is the
pore diameter extension inside a membrane, as men-
tioned above.

The range of the first-harmonic resonance frequen-
cies of original probes was 7�25 kHz according to the
manufacturer. Even after NWs were electrodeposited,
the resonance frequency appeared. The first-harmonic
resonance frequency of a produced NW probe was
48.2 kHz in dried air at room temperature. The quality
factor was 83. Thus, the resonance frequency was
slightly shifted with electrodeposition, probably be-
cause the mass of a probe was increased by deposited
Ni. A spring constant of 1.7 N m�1 is estimated by
Sader's method.22

Figure 8 shows contact-mode AFM images of a
sample with square holes with pitches of 10 μm and
depths of 200 nm. A commercial Si probe and a NW
probe were used for Figure 8a and b, respectively. Scan
rates were 0.5 Hz per line. Height profiles near step
edges are shown in the bottom figure. A step edge
appeared significantly more sharply with a NW probe
thanwith a Si probe. Thewidth of the step edge did not
vary depending on scan direction (left-to-right or right-
to-left) and the side of a hole (right or left) when the
same probewas used. The aspect ratio of a NWused for
this imaging was approximately 30 (see Figure 7B-d).
The tip radius of a brand new Si probe (<5 nm) was
smaller than the tip radius of a NW. However, the
apex angles of Si probes were mostly greater than
30 degrees, whereby a high-aspect-ratio NW probe
surpassed a Si probe in reaching the bottom of vertical
walls.

Figure 5. Potential transient measured by the tip of a NW wet by 0.1 M KCl aqueous electrolyte. The arrow indicates the
moment that the electrolyte surface detached from the NW tip.
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Figure 9 shows a force�distance curve experimen-
tally obtained in the contact-mode AFM with the NW
probe in Figure 7B-d. The sample was a polished Si
wafer. The relative humiditywas controlled to be 7%by
dried air.

When a NW probe contacts Si, the vertical deflec-
tion of the probe is considered as two springs in
series.23 The following relation is therefore obtained:

kcΔzc ¼ knΔzn (2)

where kc is a spring constant of a cantilever beam
(=1.7 N m�1) and kn is a spring constant of a NW in the
z direction. Δzc and Δzn are respective vertical deflec-
tions of a cantilever beam and a NW. After contact, a
relative probe displacement, Δzp, is equal to a sum of
two deflections as follows:

Δzp ¼ Δzc þΔzn ¼ 1þ kc
kn

� �
Δzc (3)

If the axial direction of a wire is perfectly vertical to Si,
the wire does not deform until buckling occurs. On the
other hand, the lateral spring constant of a NW with a
point load at the free end is given by the following

equation:15

ktip ¼ πE

64

ZZ
x dA þ (dB � dA)

x

L

� �n� ��4

dx dx

" #�1

(4)

where E is the Young's modulus (2.1 � 1011 Pa for
bulk Ni). A ktip of 0.17 N m�1 is thus calculated. If a wire
pushes Si at a nonvertical angle of θ, the relationship
between kn and ktip is given by

kncos
2θ ¼ ktip (5)

From SEM observations, θ was determined to be 67�.
Hence,

Δzp ¼ 2:5Δzc (6)

The black dashed linewith a slope of 1.0 in Figure 9was
measured by a Si AFM probe before electrodeposition
of NWs, where only a deflection of the cantilever beam
can be assumed. The red dashed line with a slope of
0.40 is drawn by eq 6. The experimental result agrees
well with the two-spring model. The maximum load in
Figure 9 is approximately 25 nN at the turnaround

Figure 6. (A) SEM images of polycarbonate membrane surfaces with 15-nm-diameter mouths etched by air plasma for
0, 15, 30, and 45 s with a constant RF power. The illustrations below show how conical pore openings aremade by air-plasma
etching. As-deposited 15-nm-diameter wires cannot stand without support. Plasma etching of membrane pores leads to
extensionof the base diameters of NWs. (B)Mouthdiameter extendedby air-plasmaetching as a functionof etchingduration.

A
RTIC

LE



MOTOYAMA AND PRINZ VOL. 8 ’ NO. 4 ’ 3556–3566 ’ 2014

www.acsnano.org

3562

point (the leftmost point in the graph). The adhesion
force is approximately 86 nN.

The van der Waals force between a sphere
(radius: R) and a flat plane is expressed as follows:24

FvdW ¼ � AR

6D2
(7)

where A is the Hamaker constant and D is the

separation distance between two surfaces. The red line

in the inset is fit to the experimental plots by eq 7. The

best fitting Hamaker constant is 1.1 � 10�19 J (R =

30 nm). This is close to the typical range of Hamaker

constants between Si and metals of (2�5)� 10�19 J.24

Figure 10A shows calculated stress distributions of

the NW in Figure 7B-d using eq 1. A stress becomes

Figure 7. (A) SEM images of Ni NWs on the probe tip electrodeposited using a plasma-etched membrane (original mouth
diameter: 15 nm). (B) (a, b) before and (c, d) after FIB etching. Thewire indicated by the arrow in (a) was intended to leave. The
scale bars in (a) and (b) are common for (b) and (d), respectively. (e) Electron diffraction pattern from the NW tip.
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maximum at the fixed end when the base diameters
are smaller than the free end diameter. However, the
position of amaximum stressmoves toward the free end
as thebasediameter increases.Whenapoint loadof 1 nN
is assumed at the free end, the stress exerted onto the
base becomes approximately 7 GPa with a dB of 15 nm.
However, the maximum stress is reduced to 0.04 GPa by
extending thedB to230nm.Hence, theNW inFigure7B-d
becomesmore than 100 times stiffer than thosewith a dB
of 15 nm while retaining the small tip radius.

The broken NW probe (Figure 10B-a to d) exhibited
that the breaking point corresponded to the posi-
tion with the maximum stress in Figure 10A. The NW
broke at the dashed line between grains A and B in
Figure 10B-c. The ktip value of 0.17 N m�1 is more than
2 orders of magnitude smaller than the lateral stiffness
of the Si3N4 tip apexes25 but a few orders of magnitude
greater than those of CNT tips.26 The shear stress of Ni
is reported as one-tenth to one-thirtieth of the shear
modulus of 80 GPa.27,28 If these values are applicable, a
vertical load up to approximately 5 � 102 nN can be
exerted to this probe based on eq 1.

A summary of comparisons among various kinds of
metalized AFM tips is shown in Table 1. The diameters
of metal NW tips fabricated in this work are compar-
able to or even smaller than those ofmetal-coated CNT
tips. Moreover, CNT tips cannot be long with high
aspect ratios for the contact-mode applications be-
cause of their mechanical instability.26 On the other
hand, a 2-μm-long metal NW tip has demonstrated its
ability for contact-mode imaging in this work.

The electrical resistances of single-wall CNTs at-
tached to the AFM tip in the literature are theoretically
on the order of kΩ.34 Metal-coated CNTs should have
small electrical resistances on the order of 10 Ω. How-
ever, electrons must travel from the CNT tip to the
probe chip across a 102-μm-long cantilever through
a thin metal layer, causing a kΩ-order resistance.26

Figure 8. Contact-mode AFM images of a Si grating structure. The top-left image is a topography image of 50 μm � 50 μm
obtained with a Si probe. (a) and (b) are 10 μm� 10 μm topography images obtained with a Si probe and a single-NW probe,
respectively. The bottom figure is height profiles of step edges. The scale bar in an inset is 10 μm.

Figure 9. Force�distance curve measured by a single-NW
AFMprobe in Figure 7B-d. A dotted linewith a slope of 1.0 is
obtained with a Si probe before growth of NWs. The red
dotted line with a slope of 0.40 is almost parallel to the
deflection slope for a NW probe. The inset figure shows the
deflection variation in the dotted-line square.
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With a thick metal coating, the tip radius increases.
Regardless of total electrical resistance, the metal layer
at the tip of a CNT seems to be hardly wear resistant.
Metal NW AFM probes resolve this critical problem of

metal-coated CNT tips. Moreover, the electrode poten-
tial measurements in electrolytes were successfully de-
monstrated by the NW tip in this work. Hence, AFM
probes with template-grown-metal NWs are superior

Figure 10. (A) Left: Two springs in series aremodeled for a cantilever beamwith a NW at the tip. kc and kn are explained in the
main text. The tilt angle of the probe in the used AFMapparatus is 11 degrees. Right: Stress distributions along the length of a
wirewith a point load of 1 nN at the free endwhile the base diameter is increased from15 to 230 nm. Theblank circles indicate
the maximum stress positions for the respective base diameters. A wire-shaped profile is assumed by dB þ (dA � dB)(x/L).

9

The inset illustrates wire shapes with different base diameters. Each color of a shape profile corresponds to the same color
of a stress variation. (B) TEM pictures of the NW tip (a, c) before and (b, d) after breaking. The dashed line between A and B in
(c) indicates the broken edge profile in (d).

TABLE 1. Comparison of Metalized AFM Tips

imaging mode tip diameter metal layer thickness length of vertical portion ref

metal-coated Si tips contact/tapping >30 nm 10�70 nm conical 29�31
metal-coated CNT tips contact/tapping 50�100 nm 20�25 nm contact: <250 nm 26, 32

tapping: >1 μm
metal-infiltrated CNT tips tapping ∼100 nm >10 μm 33
metal NW tips contact 15�70 nm whole >2 μm this work
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to metal-coated CNT tips in several important aspects,
such as mechanical robustness, risk of wearing, and
aspect ratio, at least for the contact-mode applications.

CONCLUSIONS

Fabrication of single-metal-NW probes has been
demonstrated in this report. Arrays of NWs were elec-
trodeposited by the porous-template method on the tip
of an AFM probe. Subsequently, NWs were removed by
FIB, enabling the realization of single NWs. Redeposition

accompanying FIB etching was prevented by tightly
controlling the ion beam direction. Plasma etching
successfully extended pore sizes only at openings of
polymer membranes. Free-standing NWs were electro-
deposited even with membranes of 15-nm-diameter
pores. Consequently, metal NW tips can be superior
scanning probes to metal-coated CNT tips for contact-
mode applications. Themechanical behavior of AFM tips
was established, and their functionality including elec-
trical and electrochemical behavior was demonstrated.

METHODS
Electrochemical deposition of NWs was conducted using

polycarbonate-track-etched membranes (Toyo Roshi Kaisha,
Ltd.; Nomura Micro Sci. Co.) The pore diameters were 15 nm
(number density: 6 � 108 cm�2) to 100 nm (4� 108 cm�2). The
membrane thicknesses were 6.0 μm. When 15-nm-diameter
pores were used, one surface of a membrane was air-plasma-
etched. The electrolyte composition was 1.0 M NiSO4, 0.19 M
NiCl2, and 0.62MH3BO3 (pH3.4). The applied potentialwas�0.9V
with respect to a Ni wire reference electrode. Commercial
contact-mode Si-AFM probes (NANOSENSORS AdvancedTEC)
were used as substrates of NWs. The tip of purchased AFM
probes was originally angled ahead of the beam front.15 The
3-nm-thick Cr and 20-nm-thick Au films were sequentially
sputter-deposited onto the tip side of an AFM probe. The other
side of a cantilever beam was coated with a thin epoxy layer to
prevent Ni growth because a laser light needed to be reflected
there in AFM measurements. The counter electrode was a Ni
sheet. The deposition duration was 150 s.
After electrodeposition, dichloromethane (CH2Cl2) was

slowly added into the electrolyte. A separate phase of dichlor-
omethane formed under an aqueous electrolyte layer due to
density differences. Consequently, an AFM probe was sub-
merged in the dichloromethane phase. The template mem-
brane was removed at this step. The sample was quickly taken
out and kept in a vessel with fresh dichloromethane for a couple
of hours. Finally, remaining epoxy layers on the sample were
removed by air plasma followed by rinsing with acetone and
2-propanol. The last two procedures were repeated as neces-
sary. A dual-beamFIB/SEM instrument (FEI) was used to produce
single NWs on the probe tip. Contact-mode AFMmeasurements
were performedwith a scan duration of 1.0 s for every single line
in a captured frame (total 512 lines) in dried air (7% relative
humidity) at room temperature.
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