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1. Introduction

Nanowires have been extensively studied for the last decade due to their superior electrical,
optical, and mechanical properties when compared they are bulk. Their interesting
properties are due to their simple nature (Wu B. et al., 2005). Various fabrication methods of
nanowires have been in development including nanoimprint (Guo L., 2007; Chen L. et al.,
2007), side electroplating (Shankar & Raychaudhuri, 2005; Xiang et al., 2008), self assembly
(Pauzauskie & Yang, 2006), and stencil lithography (Vazquez-Mena et al., 2008) etc.

We have developed a simple, cost efficient and mass producible fabrication method for
metal nanowires. First, a polymer mask is fabricated with a photosensitive material, a
photoresist, using laser interference holography. Then metal is coated by physical vapor
deposition (Xue et al., 2008; Kang and Guo, 2007; Kang et al., 2008), either in single or multi-
stage depositions. After chemically removing the photoresist, parts of the metal nanowires
remained on the substrate as ordered structures and parts are detached from the substrate
which can be recovered for further analysis. This technique yields high quality nanowires
(which are few cm long) either in ordered or free standing form. In this chapter, nanowires
are defined as being straight as-deposited whereas nanoribbons are freestanding and are
curved compared to their original configuration. The dimensions of the nanowires can be
controlled by tailoring dimensions of the polymer patterns and deposition conditions such
as angle and thickness.

Their structural, electrical, and optical properties are characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy
(AFM), and four point probe resistivity measurements. This fabrication method can be used
for most metals (even semiconductor or insulators) to form nanowires and nanoribbons.

2. Experiment details of fabricating nanowires

The fabrication of nanowires is a two-step process. The first step is making polymer
templates using two- or multiple-beam interference. Polymer templates can have a 1-
dimensional grating or 2-dimensional square structures. The templates are made on a
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472 Nanowires - Implementations and Applications

transparent substrate (glass, sapphire, ITO-coated glass) or silicon wafer depending on the
application. ITO-coated glass is used for electroplating metal nanowires. Glass is used when
high optical transmission is required. The second step is depositing metallic thin films on
top of the polymer patterns and on the substrate between the polymer channels. Because the
polymer structures are well defined, large areas with rectangular cross section, long metallic
nanowires are made easily. The resulting wires are cm long, few hundred nanometer wide
and less than 100 nanometer thick.

2.1 Interference holography

Interference between two coherent beams is well known in classical optics (Hecht, 1987).
The typical configuration of interference holography is splitting a coherent beam into two
then overlapping the beams to make interference pattern as Fig. (1)a (Guo H. et al., 2007).
The drawback of this setup is that the two beam intensities are close to each other and the
incidence angles of the two beams are adjusted separately. When incidence angle needs to
be changed, both mirrors have to be adjusted.
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Fig. 1. Schematic diagrams of (a) two-beam interference holography with a beam splitter
and (b) with Lloyd’s mirror configuration.

A Lloyd’s mirror setup can avoid this by using single mirror mounted perpendicular to the
sample as Fig. (1)b (Onoa et al., 2005). Half of the beam is reflected from the mirror and the
other half is the original beam. Because the reflecting mirror is attached to the sample, the
incidence angles can be change together by rotating the sample-mirror stage. Also,
mechanical rigidity reduces vibrations between interfering beams, resulting well-defined
patterns even for long exposure times.

The pitch (or period, center to center distance), A, of the interference intensity is a function
of wavelength (A) and incidence angle (0) as Eq. (1).
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A
A =
2sin @ (1)

Ideally, the pitch can be the half of the wavelength of the laser when the incidence angle is
90 degrees. The smallest pitch is typically larger than that because the intensity decreases at
high incidence angles. Also mechanical vibration between two beams, air turbulence, laser
stability, dust particles and imperfect optical components limits the pitch. There is no upper
limit in pitch when incidence angle approaches to zero. The sample size is determined by
the interfering area. In case of a small incidence angle, the overall interference area is
reduced in horizontal direction (perpendicular to the grating direction). This is because the
beam size coming from the mirror is proportional to sin(8). Another factor determining
sample size is the coherence length of the laser. A typical gas laser (Ar-ion or He-Cd) has a
fairly large coherence length (> 30 cm). So the typical exposed size (less than 10 cm) is not
limited by that.

A Lloyd’s mirror configuration is as followings. An Ar-ion laser with UV prism (Coherent
Inc.) is used to generate coherent light of 364 nm wavelength. A spatial filter, 10x ultraviolet
objective lens and 10 um diameter pinhole, expands the beam and makes it homogeneous.
The distance between the spatial filter and sample is 2 m, which is far enough to ignore
beam divergence and results in a large exposed area. The pitch can be adjusted by the
incidence angle by rotating the stage.

The polymer templates with photo sensitive material (photoresist) are made by following
process. Substrates (typically glass, Si wafer, or ITO coated glass) are prebaked 150 °C for 10
min to remove any moisture remaining after standard cleaning process. Then an adhesion
promoter MCC primer (Microchem Inc.) is spin coating and baked at 120 °C for 2 minutes
on hot plate. An adhesion promoter is used to enhance a bonding between photoresist and
substrate. AZ HiR 1075 photoresist (AZ-EM electronics) is spin coated on top of prebaked
promoter at 4000 rpm for 60 sec. The thickness of photoresist is controlled by adding thinner
to the solution or by increasing the spin speed. The spin-coated photoresist is prebaked at 60
°C for 30 min in oven to remove solvent in the photoresist. Then the sample is mounted on a
rotating sample stage and exposed. A typical dose is about 200 m] (total exposure time is 30
sec). The exposed sample is baked 110 °C for 60 sec on hot plate and then developed in MIF
300 developer (AZ-EM electronics) for 60 sec. The developed sample is rinsed with de-
ionized water and dried with blowing nitrogen. The thickness of photoresist including the
adhesion promoter is 750 nm measured from a cross sectional image taken with JEOL 840
scanning electron microscope.

The intensity of the interference of two coherent beams at the sample surface is the time
average of the magnitude of two interfering electric fields intensity squared as Eq. (2).

I= <(E1 + E2)2> =1Iy[ 1+ cos(2kxsin)]=1, [ 1+ cos(znTx)} (2)

The normalized intensity is illustrated in Fig. (2)a with the response line of the photoresist.
The area exposed at intensity above the response line is completely removed and the area
below this line remains when using a positive type photoresist. The patterns after
developing are long straight lines with rectangular cross section as in Fig. (2)b. The width of
individual photoresist is about half of the pitch for optical dose. It can be controlled by the
exposure time and laser intensity (i.e. dose). The dose can increase or decrease the
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474 Nanowires - Implementations and Applications

amplitude of the intensity curve in Fig (2)a whereas the pitch can be controlled by incidence
angle and wavelength of the laser. Controlling width of the photoresist by dose is not
practical because the nonlinear response of the photoresist at high or low dose.
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Fig. 2. (a) Normalized intensity of two beam interference and (b) SEM image of the
photoresist grating made with two beam interference holography.

2.2 Shadow deposition of metals

After the polymer template is made with a photoresist, metal is deposited on the template
with e-beam evaporation to form long nanowires. The distance between the sample and
evaporation source is about 1m, so the deposition is approximately collimated. A quartz
crystal monitor is used to monitor the deposition rate and thickness during the deposition.
The deposition rate is maintained at about 1 A/sec. The pressure is below 10 Torr during
the deposition. When deposited at normal angle, a thin metal layer is coated on top of the
photoresist and also on the substrate in the channels between the photoresist bars as shown
in Fig. (3)a and Fig. (4)a. If desired, deposition on the substrate can be avoided by oblique
angle deposition as Fig. (3)b (Bai et al., 2007; Chen L., 2007; Chen Y. and Glidman, 2008).

(a) noraml deposition (b) angle deposition

1] A\
TTTH

Fig. 3. Schematic diagram of two e-beam deposition methods (a) normal angle and (b)
oblique angle.
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In this case, only the sidewalls and top of the photoresist are deposited by an oblique
deposition angle. Partial deposition on the substrate is also possible. The deposition width
on the substrate depends on the thickness and width of the photoresist and angle of
deposition. The pitch, width, and thickness of the deposited materials can be controlled by
the dimensions of the polymer template and metal deposition rate and time.

L P AR

Fig. 4. SEM images of nanowires: (a) Al nanowires on the ITO coated glass substrate at
normal angle deposition, (b) Al nanowires after photoresist removal. (c, d) Collected Ti
nanoribbons from the IPA solution.

After deposition, the photoresist is removed by immersion in a photoresist stripper,
Remover PG (Microchem Inc.), at room temperature for 30 min and the samples are dried
with N2 gas after rinsing with IPA (isopropyl alcohol). The metal nanowires deposited on
the substrate between the channels of the photoresist remain even after photoresist removal
as in Fig. (4)b where as thin metallic films deposited on top of the pattern are detached
during rinsing process. The detached materials can be recovered as nanoribbons which have
the same thickness and roughly same width of patterns on the substrate.

Various metals Ti, Au, Ag, Cu, Al, Pb are used as deposited materials. Pb has granular
structures rather than uniform film. Other metals have uniform films on the photoresist or
substrate.

2.2 Phase mask and electroplating

To fabricate large open area metal mesh structures with a single electro-deposition, a pattern
is made from the interference of three diffracted beams after passing through the phase
mask as in Fig. (5). The interference of three coherent beams is the superposition of three
plane waves as described in Eq. (3) (De and Sevigny, 1967; Farhoud et al., 1999):
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=1, [3 +4cos(kxsin @+ Ag)cos (kz(1— cos 8)) + 2 cos(2kx sin 9)1 (3)

where Iy is the incident laser beam intensity, Ad=0;—@, is the phase difference between the
1st and the Oth order beam, 0 is the first-order diffraction angle from the normal.
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Fig. 5. Three beam interference with a diffractive phase mask.

To make metallic structures having circular or square holes, the photoresist pattern was
made on indium tin oxide (ITO) coated glass to facilitate the electro-deposition of metals. Cu
is electroplated by applying 50 Hz AC of 10 mA current. Forward biases of +5 V for 10 msec
and reverse -3 V for 5 msec are applied in one period. AC pulse reverse plating helps initial
nucleation of Cu and enhances uniform film growth. The electro-deposition is stopped
before overfilling the channels. Then the photoresist is removed by immersion in stripper,
Remover PG, for 30 minutes.

For 2 dimensional structures, the photoresist is exposed twice with a 90 degree rotation
between exposures. The double exposed photoresist of two-beam interference is a 2
dimensional array of cylindrical pillars (Fernandez et al., 1997). Figure (6)a shows the 2D
intensity map for double exposure with 90 degree rotations with phase mask. The intensity
across line B and C are shown in Fig (6)b. Electroplated Cu is the inverse structure of the
photoresist when electroplating is stopped before overfilling the photoresist. The final Cu
has circular holes after polymer removal as shown in Fig. (6)c without a phase mask,
whereas a metallic mesh structure having large open square holes is made with a diffractive
phase mask as in Fig. (6)d. The phase mask is made with photoresist on glass using 2-beam
interference holography. The pitch of the phase mask grating was chosen as 700 nm to have
only zero- and first-order diffractions. The Cu structures made with the phase mask are
narrower than those made with conventional two beam holography and are close to square
in cross section as shown in Fig. (6)d.
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Fig. 6. (a) Intensity map of three beam interference on the substrate with double exposed
with 90 degree rotation. (b) Intensity along the line B, C. (c) SEM image of Cu with two
beam interference (d) with three beam interference after photoresist removal.

Fig. 7. (a) Cu structure electroplated between photoresist patterning. (b) Free standing Cu
mesh peeled from the substrate.

An alternative method of making square metal structures is by two separate electro-
depositions between exposures. The first Cu grating fills the channels of a photoresist
grating made by two-beam interference. Then the second layer of photoresist is patterned
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perpendicular to the first Cu grating and the second Cu grating fills the channels of the
photoresist perpendicular to the first layer. After removing photoresist, the remaining Cu
mesh has square holes as in Fig. (7)a and can be easily detached from ITO glass making free-
standing metallic mesh structures as in Fig. (7)b. Because each layer has 50% open area,
meshes made by two electro-depositions have about 25% open area.

3. Results

The micro structural properties, especially grain size and surface morphology, of nanowires
were characterized with TEM, AFM, and SEM. Electrical conductivity was measured with a
4 point probe. Optical transmission of nanowire grating was also measured.

3.1 Physical properties of nanowires

To examine the grain structure of nanoribbons, TEM images were taken. Nanoribbons
suspended in isopropyl alcohol were ultrasonicated for 1 min to break them into small
pieces. The alcohol and broken nanoribbons were dropped onto carbon grids and vacuum
assist dried. The average grain sizes of Ti and Al nanoribbons were about 10-20 nm by TEM
as in Fig. (8)a,b. Au appears to have a larger grain size, about 50nm as Fig. (8)c. The grain

ErTTET o ETTENRT
a) Ti b)Al ' - c) Au

0w
e

g) Au 650C
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—

Fig. 8. Bright field TEM image of (a) Ti ribbon of 500 nm x 100nm (b) Al ribbon of 500 nm x
100 nm (c) Au 400nm x 80 nm as grown. Au ribbons annealed at different temperatures (d)
300 °C for 100 hours (e) 400 °C for 48 hours (f) 500 °C for 48 hours (d) and in situ annealed at
650 °C for 2 hours.
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size depends on various factors in the deposition process (materials, impurities,
temperature, substrate etc). Thermal annealing can increase the grain size and will increase
the electrical conductivity of the nanoribbons but there are some limitations to grain growth
related to the small dimensions of the nanoribbons. In case of Ti and Al, there was not
substantial grain growth even after annealing at 600 °C for 2 hours (the melting
temperatures is 660 °C for Al and 1668 °C for Ti). Grain growth in Au nanoribbons was
more substantial when annealed at temperatures well below the melting temperature
(1063 °C) as Fig. (8)d-g. Minimal grain growth of Al and Ti are due to the native oxides on
the surface.

Average grain size of thin film after thermal annealing is about the same as thickness of
nanowires (Thompson, 2000). Once large grains formed and further grain growing did not
appear even after 48 hours annealing. The average grain size of annealed Au nanoribbons is
approximately same as the thickness of nanoribbons.

AFM was used to study the surface topology of nanowires. To determine the dimensions
and surface roughness, AFM images were taken of Au and Al nanowires made on Si
substrate. AFM images show the rectangular shapes of 500 nm wide and 100 nm thick Al
wires as in Fig. (9)a and 500 nm wide and 80 nm thick Au wires as in Fig. (9)c. The average
surface roughness of the metal wires are about 2.5 nm for Al wires as in Fig. (9)b and 1.0 nm
for Au wires as in Fig. (9)d.

Fig. 9. (a) AFM image of Al wires of 500 nm wide and 100 nm thick on the Si substrate after
removal of photoresist and (b) surface image. (c) Au wires of 500 nm width and 80 nm thick
on the Si substrate (d) and surface image.
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Nanowires on a Si substrate have a rectangular cross section. But after annealing their upper
corners were rounded. Unlike suspended by carbon grid, metal atoms migrate into Si wafer
during annealing causing the reflow and turn rectangular shape into dull round corners at
the edges of nanowires.

3.1 Electric conductivity of nanowires

Electric resistivity of metal nanowires has been measured by various authors (Wu Y. et al,,
2004; Walton et al, 2007; Peng et al., 2008; Sun et al., 2009). In this study, electric resistivity of
Au and Al nanoribbons were measured with 4 point probe methods (4PP). The probes made
of 4 Al fingers on oxidized silicon wafers using a photolithography with Cr mask. The
distance between the two inner probes was 50 pm. The nanoribbons in isopropyl alcohol
were ultrasonicated for 1 min to get a homogenous dispersion. Transferring the nanoribbons
on these patterns could not be accomplished by drop casting from a dispersion in isopropyl
alcohol because the nanoribbons have tendency to agglomerate and do not establish an
electrical path between probes. A nanoribbon network between probes is created by filtering
the nanoribbons dispersed in isopropyl alcohol through a cellulose filter of 0.22 um pore size
(Millipore). A continuous network of nanoribbons was obtained by vacuum filtration
through the filter. The nanoribbons on the filter are stamped to the 4PP pattern under a
pressure of 6.9 kPa over 12 hours then the filter is dissolved with acetone. Au ribbons has a
tendency for folding more easily than Al ribbons. It is not successful to get fairly large
straight Au ribbons enough to measure resistivity. So Al ribbons are used for resistivity
measurement.

t

E-9

(5]
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[ %]

0 2 ) 3 8 10 Jo0 300 310 320 330 340 350 360 370
Current (mA) Temperature (K)

Fig. 10. (a,b) SEM image of Al ribbons transferred on cellulous filter. (c) I-V curve of a single
Al ribbon (dot) with fitted line (d) temperature dependency of resistivity of a single Al
nanoribbon (dashed) and Al bulk (line) from 293 K to 366 K.
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Figure (10)a,b shows the network of Al nanoribbon (300 nm width and 150 nm thickness) on
a cellulose filter obtained after vacuum filtration. The figure illustrates that the network is
dense enough to be suitable for making transparent electrodes from nanoribbons for organic
light emitting devices (LEDs) and photovoltaic applications.

The I-V curve as shown in Fig. (10)c exhibits ohmic electrical behavior of the Al nanoribbon,
with resistance ~ 50 Q. The resistivity of an individual nanoribbon, p was calculated from:
p= AR/L where A is the cross sectional area of the nanoribbon and L is the electrically
isolated length. Taking the width ~300 nm, thickness ~ 150 nm and length ~50 pum, the
resistivity was calculated to be ~ 4.32 + 0.12 pQ-cm, which is higher than the bulk resistivity
value ~ 2.65 puQ-cm (Lide, 1997). Figure (10)d shows the temperature dependence of
resistance of a single nanoribbon. The resistance is found to increase with temperature for
both Al bulk and nanoribbons, however slope (dR/dT) is slightly different for the two cases.
The resistivity of nanowires increases when the electron mean free path is larger than
dimension of nanowires due to surface scattering and grain boundary scattering of electrons
(Mani et al., 2006). Additionally, Al has a thin (~10 nm) native oxide layer on the surface.
Thin insulating aluminum oxide layer can not be ignored in thin films and nanowires. The
temperature dependence of resistivity can be explained by electron-phonon scattering (Bid
et al., 2006). The dR/dT of nanowires is smaller than that of bulk because of the Debye
temperature change.

3.2 Optical transmission of nanowires grating

Specular transmission data was collected for Al nanowire grating made on a glass substrate
with fiber coupled spectrometer (PCI S2000, Ocean optics) for transmission measurement in
the visible to near IR spectrum range (400 nm to 1000 nm) as Fig. (11). Al nanowires have
period of 700 nm and thickness of 150 nm made on 200 um thick glass substrate for
transmission measurements. Narrow 100 nm width of Al nanowires are made with three
angle deposition with shadow mask lithography (Park et al., 2010). Wavelengths greater
than ~700 nm, which is the period of the grating, have higher transmission also there is a
minima around 530nm. This is the second order diffraction of the glass-nanowire interface.
Multiplying the pitch by the refractive index of glass, 1.52, and dividing by 2 yields 532 nm.

Transmission (%)
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Fig. 11. (a) SEM image of Al grating of 700 nm pitch. Individual Al nanowires have 150 nm
height and 100 nm width. (b) Transmission spectra of Al nanowire grating made on glass
substrate.
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Metallic nanowires having high transmission in visible spectrum range with high electric
conductivity can replace indium tin oxide (ITO) as transparent conducting electrodes.

4. Conclusion

In summary, we fabricated metallic nanowires and nanoribbons by e-beam assisted metal
depositions and electroplating with photoresist patterns made by interference holography of
multiple beams. This fabrication method can produce well-defined, rectangular cross-
sectioned nanowires with dimensions of a few cm long and submicron width on substrates
as well as free-standing forms. Nanowires made on substrates can be further processed to
make desired cross-mesh structures. Suspended nanoribbons in the IPA can be further
processed or stamped as random meshes. Structural properties of metallic nanowires and
nanoribbons are characterized using SEM, AFM, and TEM. Electrical resistivity of Al
nanoribbons is also measured with 4PP. Potential applications of one-dimensional
nanostructures are electrodes for cross-bar electronic devices like liquid crystals, and
transparent electrodes for light-emitting-diodes and photovoltaic cells.

Cu metallic mesh structures are fabricated by electrochemical deposition on photoresist
templates. The metallic mesh made with diffractive phase mask has large open area than
that made with two beam interference. Also, the metal mesh is flexible and peeled off from
the substrate to make free standing. This method is applicable to the mass production of
high quality metallic nanostructures and applications requiring large areas without the need
for clean room or e-beam systems.
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