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Nanowires (NWs) with high surface-to-volume ratio are advantageous for bio- or
chemical sensor applications with high sensitivity, high selectivity, rapid response, and low
power consumption. However, NWs are typically fabricated by combining several
nanofabrication and even microfabrication processes, resulting in drawbacks such as high
fabrication cost, extensive labor, and long processing time. Here, we show a novel NW

b

fabrication platform based on “crack-photolithography” to produce a micro-/nanofluidic
channel network. Solutions were loaded along the microchannel, while chemical synthesis
was performed in the nanoslit-like nanochannels for fabricating silver nanobelts (AgNBs). In
addition, the NW/NB fabrication platform not only made it possible to produce AgNBs in a
repeatable, high-throughput, and low-cost manner but also allowed the simultaneous synthesis
and alignment of AgNBs on a chip, eliminating the need for special micro- and/or
nanofabrication equipment and dramatically reducing the processing time, labor, and cost.

Finally, we demonstrated that the AgNBs can be used as chemical sensors, either as prepared

or when integrated in a flexible substrate, to detect target analytes such as hydrogen peroxide.
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Nanowires (NW5s) play a crucial role in electronics,1 photonics,2 and bio/chemical sensors’
because of several advantages such as low power consumption, molecular level characteristic
length, and high surface-to-volume ratio.* Current NW fabrication and manipulation methods
can be categorized into two types: bottom-up and top-down. In the bottom-up methods, NW
arrays are first prepared by using several techniques,”” followed by manipulation of the
prepared NWs on a circuit plane under single, multiple, and random manners.” *'° However,
these methods require special tools for synthesizing and manipulating the NWs, and precise
control of the NW position at the desired location is difficult.'’ In contrast, in top-down
methods, nanoscale patterns are first generated at the desired position, and then, NWs are
fabricated by deposition, growth, and etching processes.” '*'> Although these technologies
can generate NWs at the exact position at a high resolution, there are limitations in terms of
the fabrication throughput, and the cost and time required for obtaining large-scale
nanopatterns.'® To simultaneously fabricate and manipulate NWs using conventional
lithographic technology, edge lithography and meniscus-mask lithography have been
proposed.'” '® However, multiple deposition and etching processes are required to fabricate
NWs using these lithography methods. Consequently, these processes still require expensive
facilities for the metal deposition and etching.

Recently, some unconventional NW fabrication methods were reported; these belong to
the category of top-down methods and mainly rely on material failure.'” For example, Jebril et
al. created a nanoscale crack pattern on bow-tie-like micropatterns in a photoresist film by
inducing tensile stress via a thermal cycle, and fabricated zinc oxide NWs via sputtering and
applied it to the detection of gaseous oxygen.”’ This cracking technique produced multiscale
micro-/nanopatterns on the same surface, and the NWs were easily integrated and connected
to microelectrodes over a large-scale wafer. However, precise modulation of geometrical

dimensions and suppression of unwanted crack remain a challenge. Here, we report a novel
3



Published on 01 June 2017. Downloaded by State University of New York at Binghamton on 02/06/2017 03:51:59.

Nanoscale

Page 4 of 24

NW fabrication platform to overcome the drawbacks associated with unconveptional /IN'W<-onine

fabrication techniques. The new fabrication platform enables the simultaneous synthesis and
manipulation of a NW array. This is made possible by combining a micro-/nanofluidic
channel network, which is repeatedly and easily produced using “crack-photolithography” — a
process that has been well established in our previous work — and the Tollens’ reaction, which
is widely used for the chemical deposition and mass production of Ag coatings on various
substrates, so that a silver nanobelt (AgNB) array is fabricated along the nanoslit-shaped
nanofluidic channels. This work shows that the fabrication platform not only provides an
unprecedented, simple, and innovative approach for producing a NB array on various
substrates but also allows for the transfer of such NB arrays and their integration into
polydimethylsiloxane (PDMS)-based micro-/nanofluidic devices. Lastly, we test the
fabricated device in the detection of H,O, because of the importance of this chemical in

various day-to-day activities.’

2. Experimental

2.1. Reagents and materials
A negative photoresist of SU-8 (SU-8 2010, MicroChem, Westborough, USA) was used

for crack-photolithography, while another negative photoresist (AZ5214, Clariant Corporation,
Somerville, NJ) was used for electrode patterning. Regular polydimethylsiloxane (PDMS,
Sylgard 184 silicone elastomer kit, Dow Corning, Midland, MI, USA) was purchased for soft-
lithography. Hard-PDMS (h-PDMS) consisting of VDT-731 (3.4 g, JSI Silicone, Seongnam,
Korea), a platinum catalyst (18 uL, JSI silicone), and 2,4,6,8-
tetramethyltetravinylcyclotetrasiloxane (4 puL, Sigma-Aldrich) was also prepared and used.”!
A polyurethane acrylate (PUA) solution, MINS-311RM, and a polyethylene terephthalate
(PET) film were used for replication of the SU-8 master (all from Minuta Tech., Osan,

Gyeonggi, Korea). Silver nitrate (AgNO3) and D-glucose were purchased from Sigma Aldrich
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(St. Louis, USA). Potassium hydroxide (KOH) and ammonium hydroxide (ngépggogg%gg%gg
purchased from Dong Yang Chemical Co., Ltd. (Yeongam, Korea). All reagents were of
analytical grade and used without further purification.
2.2. Crack-photolithography for micro-/nanopatterns

“Crack-photolithography” was conducted using the same fabrication process described in
our previous report to obtain hybrid-scale micro-/nanopatterns on negative photoresist films
(Figure S1).** In this study, 10-um-thick SU-8 films were spin-coated on a 6-inch silicon
wafer and subsequently soft baked on a hot plate at 95 °C for 3 min. The SU-8 film was then
exposed to ultraviolet (UV) light through the first photomask, which had micropatterns
including crack initiation and termination patterns, using a mask aligner (MA6, Suss
MicroTec Ag, Schleissheimer, Germany) without any UV filters to generate the cross-linking
gradient in the direction of the thickness.”* The UV exposure energy (120 mJ/cm?®) was
reduced to the minimum dose (70 mJ/cmz) that did not cause delamination of the SU-8 films
from the substrate during the development process. The development process was carried out
by immersing the SU-8 films in the developer so that isotropic tensile stress was induced on

the microscale patterns via the swelling effect of the films. Thus, cracks propagated from the

notch structures to flat and/or circular structures, as previously reported.”® After the first post-

Published on 01 June 2017. Downloaded by State University of New York at Binghamton on 02/06/2017 03:51:59.

exposure baking (PEB) on a hot plate at 95 °C for 3 min, the SU-8 films were developed for
an additional 1 min to obtain micropatterns. The development process was carried out without
agitation, which minimized unnecessary stress. Next, the SU-8 films were exposed to UV
radiation at 90 mJ/cm” under the second photomask for complete suppression of unwanted
cracks, and then subjected to the second PEB under the same baking conditions as the first
one. Lastly, the second development process was performed for 30 min to generate crack
nanopatterns only within the single UV-exposed area. In this paper, this fabrication process is
referred to as “standard crack-photolithography”.

2.3. Fabrication of micro-/nanofluidic devices via soft-lithography
5
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Micro-/nanopatterns of SU-8 files were replicated using a PUA solution and a PET filuy, e orine

R02354E

Before pouring a PUA solution on an SU-8 master mold, a custom-made nitrogen chamber
was used to remove oxygen gas, which can inhibit photocuring of the PUA solution. Oxygen-
free conditions can ensure perfect replication of the micro-/nanopatterns on an SU-8 mold
without significant volume reduction during the phase change. Then, the UV-cured PUA on
the PET film was peeled off from the SU-8 mold, and, subsequently, the PUA pattern was
used as another mold for PDMS. To prevent roof collapse, hard-PDMS (h-PDMS) was spin-
coated at 1,000 rpm on the PUA mold and cured in a hot oven at 75 °C for 30 min. Then, the
PDMS mortar was poured onto the h-PDMS-coated PUA mold, and cured in a hot oven again
at 75 °C for 4 h. Before bonding the PDMS device with the silicon or glass substrate for
AgNB synthesis, the device was soaked in deionized water and kept overnight at 4 °C to
circumvent the nanochannel evaporation effect.”

2.4. Synthesis of AgNBs

The Tollens’ reaction enables a simple, inexpensive, and eco-friendly synthesis of Ag
nanostructures, and is thus broadly used for the chemical deposition of Ag coatings on various

26, 27

substrates and mass production of Ag particles. In particular, Ag is a highly conductive

and superior electron transmitting material; therefore, it can allow for superior electron

) . . 3,28,29
transfer in chemical and bio-sensors. As

previously reported, the typical experimental
procedure using the Tollens’ reaction for preparing Ag nanoparticles involves four steps: (i)
preparing the silver and reducing solutions; (ii) mixing the two solutions homogeneously; (ii1)
pouring quickly onto the target substrate; and (iv) quenching the reaction using a 20x diluted
ammonia solution after the desired growth time. The silver and reducing solutions were
prepared accordingly to the typical protocol of the Tollens’ reaction for Ag nanoparticle
synthesis." First, the silver solution was prepared by adding silver nitrate (1.7 g) to deionized

water (20 mL) with potassium hydroxide (40 uL, 0.25 M). Ammonium hydroxide (28—-32%)

(~1.7 mL) was then added until the solution became clear and transparent again. Second, the

6
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reducing solution was prepared by dissolving D-glucose (6.84 g) in deionized water (20 mEceone
and then adding absolute methanol (10 mL) to the obtained solution.

After drying the water-soaked PDMS device using nitrogen gas, oxygen plasma was
applied onto the micro/nanopatterns side under 15 sccm of O, and 10 W for 10 s (Cute-MP,
Femto Science, Hwaseong, Korea). This process rendered the surface of the PDMS device
hydrophilic and simultaneously prevented permanent bonding of the device to the substrate.
The prepared PDMS device was placed on a piece (2 x 3 cm” in size) of silicon dioxide (500
nm in thickness)/silicon wafer (Si0,/Si wafer, LG Siltron, Gumi, Korea), and kept on a square
dish with water-soaked paper for maintaining proper humidity.

Equations (1) — (3) represent the chemical processes occurring when the Tollens’ reaction
is involved in the synthesis of Ag nanoparticles. In these reactions, AgNOs3 plays a key role as
the precursor of Ag(NH3),OH, which is reduced by glucose or an aldehyde-containing
compound for Ag nanoparticle generation.'

2AgNO; + 2NaOH — Ag,0, + 2NaNO; + H,0O (D
Ag,0( + 4NH; + 2NaNO; + H,O — 2[Ag(NH;),]NO; + 2NaOH ~ (2)
2[Ag(NH;),]" + RCHO + H,0 — 2Ag, + 4NH; + RCO,H + 2H" 3)

2.5. Experimental setup and data analysis

Published on 01 June 2017. Downloaded by State University of New York at Binghamton on 02/06/2017 03:51:59.

To evaluate the structural properties of the synthesized AgNB arrays, atomic force
microscopy (AFM, DI-3100, Veeco, New York, USA), field emission-scanning electron
microscopy (FE-SEM, S-4800, Hitachi, Tokyo, Japan) and energy-dispersive spectroscopy
(EDS, EMAX, Mahwah, USA) were conducted. For the electrical characterization in view of
amperometric sensor applications, the AgNBs were connected to external bridge electrodes.
The AgNBs synthesized on the SiO,/Si substrates were 200 um in length and the number of
the individual AgNBs was controlled to be 5, 10, 20, 30, 40 and 50, respectively. Two
electrodes were microfabricated on both sides of the AgNBs with a 100 um spacing using a

standard photolithography technology, that is, a negative photoresist (AZ5214) was patterned

7
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using a photomask with 100 pm feature sizes, and then 50-nm-thick Ti and 250-nm-thick-Ayc- e

R02354E

layers were sequentially deposited using an electron beam evaporator (WC-4000, Woosung
Hi-vac, Korea). The electrode fabrication was completed after lift-off and the AgNB-
integrated microdevice was ready for electrical measurements. The electrical properties of the
AgNBs were measured using a source meter (2612A, Keithley, Cleveland, USA) and a
custom-made data acquisition program (Labview, National Instruments, Austin, USA).
Optical intensities were measured from optical images obtained by a CCD camera (ORCA R2,
Hamamatsu, Japan) equipped with a microscope (Ti-U, Nikon, Japan) using an image
processing software (Image J, NIH, USA). Optical intensities ranged from O (white) to 255

(black) in case of an 8-bit-black-and-white optical image as used in this work.

3. Results and Discussion
3.1. Fabrication of micro-/nanofluidic platforms using crack-photolithography

Figure 1 illustrates the cracking-assisted microfabrication process of a micro-/nanofluidic
platform by standard photolithography, which yields features with a size of about 2-5 pum.
The standard crack-photolithography process is described in detail in the Supporting
Information (see Figure S1). The first step is to design a photomask for a microfluidic channel
network, which is used for solution loading. However, notched (crack initiation) and round
structures (crack termination) need to be added wherever crack nanopatterns (nanochannels)
are required, without limitation in directionality and length (up to 1 mm) (Figure 1a).***
Figure 1b shows a fabricated SU-8 pattern, in which well-developed crack nanopatterns are
formed on the micropattern surfaces. The 3D schematic illustration in Figure 1c helps us to
visualize the hybrid-scale micro-/nanopatterns.

Typically, crack nanopatterns are generated in a nanoslit format, whose aspect ratio is

approximately 1:12.5 (i.e., 147.6 nm deep and 1.9 um wide), as shown in Figure 1d,e; this is

defined as the reference value for the crack nanopatterns. However, since crack nanopatterns
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are essential to the controllable synthesis of various NBs, we attempted E%‘:Pot?o%ggygggégg
manipulate the geometrical dimension of such nanopatterns. In our previous work, we have
found that the cross-linking density of SU-8 films is the most important factor determining the

. -32
aspect ratios of crack nanopatterns’ -

and the cross-linking density can be modulated by
varying the exposure dose and annealing temperature. For this reason, we experimentally
varied the exposure dose and annealing temperature. When the cross-linking density of SU-8
films increased, the depth (from 300 nm to 75 nm), width (from 2.0 um to 0.8 um), and aspect
ratio (from 1:5.6 to 1:12.5) of the crack nanopatterns decreased. From these characterization
results, we determined the optimal annealing conditions to obtain the deepest crack
nanopatterns: i.e., soft bake (95 °C for 3 min), 1* post-exposure baking (PEB) (75 °C for 3
min), and 2" PEB (115 °C for 3 min). As a result, we produced crack nanopatterns that are
300 nm deep and 1.6 um wide, showing an aspect ratio of 1:5.6 (Figure 1f). The depth is two
times that of the reference crack nanopattern. Notably, we demonstrated that crack-
photolithography can be used to fabricate nanopatterns with a wide range of geometrical
dimensions as per the researcher’s needs. However, further characterization of the relationship

between the aspect ratio and the fabrication conditions is beyond the scope of this work.

Figure 1g illustrates the soft lithography process used to produce a positive polyurethane

Published on 01 June 2017. Downloaded by State University of New York at Binghamton on 02/06/2017 03:51:59.

acrylate (PUA) replica mold, and a negative PDMS de-molding device in which the micro-
/manofluidic platform from the SU-8 mold is repeatedly produced with high throughput and
replication reliability (< 6.7% reduction in depth and/or width from an SU-8 mold to a PDMS
device).zz’ 23
3.2. Synthesis and characterization of the AgNB arrays

Figure 2 shows the fabrication of a AgNB array using a micro-/nanofluidic platform and
the Tollens’ reaction. AgNOs3 and its reducing solution were individually loaded (20 ul each)

through the two microfluidic channels that are connected by 200-um-long and 300-nm-deep

crack nanochannels (Figure 2a(i)), as illustrated in Figure 2a. The nanochannels completely
9
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suppressed convection flow between the two microchannels but allowed silver precursorsaid: - o
the reductant molecules (i.e., glucose) to diffuse to the opposite side;? the Ag nanoparticle
synthesis mechanism is described above. The generated Ag nanoparticles adhered onto the
nanochannel walls, and then, they grew further and were allowed to combine with the
neighboring nanoparticles. Since the Ag nanoparticles were physically constrained within the
nanochannel, they formed a NB with high porosity along the nanochannel. Figure 2a(ii)
shows a microscopic image of AgNBs on a Si-wafer, which are well aligned with the
nanochannels. Note that the AgNB synthesis was performed in a container with high humidity
for 4 h at room temperature (24 °C), which minimized the evaporation of solutions in the
nanochannels through PDMS. Then the PDMS device was gently detached from the substrate.
The reaction was quenched by soaking the substrate in 20:1 H,O:NH4OH solution for 30 s
and subsequently in deionized water.

Figure 2b shows a single AgNB, which was revealed to be pure silver, as desired, by
energy dispersive spectroscopy analysis (see Figure S2 in the Supporting Information). The
height and width of the AgNBs were fairly uniform, but the density gradually decreased from
the left side to the right side of the nanochannels, showing strong dependence on the
concentration of AgNOs3 and reducing agent. The surface morphology varied as well along the
concentration gradient, and the resulting aspect ratios were about 1:11 (i.e., 200 nm high and
2.2 uym wide), as shown in Figure 2c. This can be attributed to the elastomeric nature of
PDMS; the bonding and roof sagging of the PDMS device on the substrate may additionally
decrease the aspect ratios. In addition, we demonstrated that a AgNB array can be easily
produced in a high-throughput manner by using the same synthesis approach. Since 2,207
crack nanochannels were fabricated between a pair of microchannels on a 3 cm x 5 cm Si
substrate, the same number of AgNBs were synthesized, as shown in Figure 2d (see

Supporting Movie S1).

10
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We further investigated the effect of reaction temperatures and Ag  precifrsof
concentrations on AgNB synthesis by directly observing the AgNB synthesis in a
nanochannel; for this, the Si substrate was replaced with a transparent glass substrate. As
shown in Figure 2e, AgNBs started to grow with time from the left side at low temperature
(25 °C) and from the right side at high temperature (45 °C) (see Supporting Movies S2 and
S3). This result can be explained by the energy diagram and growth model. Basically, a

reduction potential of 0.373 V is required to reduce Ag(NH3)" to Ag(s) and this potential is

cle Online
RO2354E

significantly affected by several factors such as pH, concentration, and reaction temperature.””

33,34 Among these factors, the reductant concentration can enhance the catalytic activity when
it increases; hence, it appears that Ag nanoparticles are first generated on the left side, where
the concentration of reducing molecules is higher.” On the other hand, at high temperature,
the reduction potential is already high, and hence, Ag nanoparticles are generated as soon as
the reducing molecules are exposed to the Ag precursors in the nanochannel. Since the
diffusivity of the reducing agent (i.e., Dy = 6.75 x 10° cm?/s at 25 °C) is much higher than that
of AgNO; (Dp = 0.6 % 10° cm?/s at 25 °C) in water, % ¥’ glucose molecules diffuse from the
left to the right side of the nanochannel almost 11.3 times faster than the opposite case
involving AgNOs precursors (arriving time ratio = to/ta ~ Da/D, ~ 11.3). Therefore, Ag
nanoparticles are generated from the right side of the nanochannel. Figure S3 in the
Supporting Information shows the relative optical intensities of the AgNB in grey scale across
the nanochannel around the center of the nanochannel over 800 min when the temperature
was varied from 15 °C to 45 °C at 10 °C intervals. The relative intensities linearly increased
and then leveled off at similar values, with no distinct difference at 15 °C until 700 min. This
trend can be attributed to the insufficient reduction potential, as described above (Figure S3b).
Figure S4 shows the morphological differences caused only by a different reaction

temperature, all other synthesis conditions being the same. It can be seen that the AgNB

11
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synthesized at a higher temperature (25 °C) is composed of bigger Ag nanoparticles ‘with - >
higher porosity than that synthesized at a lower temperature (20 °C).

Next, we measured the relative optical intensities of the AgNB synthesized at three
different concentrations of AgNO3 (0.1 M, 0.5 M, and 1 M) at three different positions along
a nanochannel as a function of the reaction time (Figure S3c). Under all the tested
concentrations, AgNBs were generated from the left side of the nanochannel, but a high
concentration (1 M) of AgNOs induced an earlier synthesis of the AGNW as compared to that
lower concentrations (0.1 and 0.5 M). This can be attributed to the increased possibility of a
reduction reaction at a higher concentration of the reductant. As a result, a high concentration
of AgNOs resulted in higher growth rates and higher relative saturating intensities compared
to those at lower concentrations. Thus, AgNB synthesis can be controlled by manipulating the
reaction temperature and concentration of the precursor solution. Moreover, the reaction can
be stopped by perfusing the microchannels with a fresh solution of water, implying that the
reaction time can also be actively controlled. We successfully demonstrated that the cracking-
assisted micro-/nanofluidic platform alongside the Tollens’ reaction can provide a novel
method for fabricating AgNWs on a chip.

3.3. Nanosensor application of the AgNB array for H,O, detection

Figure 3a shows a AgNB-integrated microdevice that was fabricated by additionally
depositing Ti/Au electrodes via conventional photolithography and by using an electron beam
evaporator. Micropatterns for the two electrodes were produced by manually aligning a
chrome mask at the center of the AgNB, followed by sequential deposition of 50 nm thick Ti
and 250 nm thick Au, and a final lift-off process. Consequently, the Ti/Au electrodes were
micropatterned over the 200-pm-long AgNB array with 100 um spacing distance; more
details of the process are described in the Experimental section. Figure 3b shows a
characteristic current (I)-voltage (V) curve of the microdevices with different numbers of

AgNBs. In other words, 5, 10, 20, 30, 40, and 50 AgNBs were tested from 0.2 V to 0.5 V and
12
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the resistances were measured to be 135.1, 50.8, 46.9, 36.6, 18.8, and 14.0 kQ, Tespes i fice Online
The explanation for this result seems to be straightforward because the increase in the number
of AgNBs causes a gradual decrease in the parallel resistance. As demonstrated in Figure 2,
the number of AgNBs can be easily controlled by crack-photolithography, thereby implying
that a AgNB-integrated microdevice can provide a wide range of I-V characteristic curves,
which play an important role in chemical sensors. The as-prepared AgNBs were used to detect
H,0; solution on the basis of their amperometric response; this was feasible because of the
excellent catalytic activity of Ag.38

Figure 3¢ shows the typical amperometric responses of the AgNB-integrated microdevice
(50 AgNBs) when 10 ul H,O, droplets were dropped on top of the AgNB array at a fixed
potential of 0.4 V. Six different concentrations were sequentially tested, and the current was
found to increase with the concentration. Each measurement was conducted for 10 min.
Before subsequent measurements, the microdevice was properly cleaned using deionized

water for 1 min, and subsequently dried under nitrogen. The detection mechanism can be

explained by the following electrochemical reactions:>’

Published on 01 June 2017. Downloaded by State University of New York at Binghamton on 02/06/2017 03:51:59.

O; (dissolved) — O, (adsorbed) @)
O, (adsorbed) + ¢ — O, (adsorbed) (®))
2H202 + 02_ — 2H2O + 202 +e (6)

Essentially, dioxygen (O,) molecules are chemisorbed onto the surface of the AgNBs so that
O, is generated under the positive bias. Subsequently, O,  protonates H,O, to H,O, releasing
a free electron, thereby increasing the electric current through the AgNBs. The measured
current density increases with an increase in the concentration of H,O,. This can also be
explained using the same oxidation mechanism above and Michaelis-Menten-type kinetics.*
As a result, the oxidation current gradually increases with increasing H,O, concentration.
Figure 3d shows the curve-fitting result for the plot of the logarithmic concentrations (C)

of H,O, and the measured currents. An almost linear plot, 7 (uA) = 1.60 log (C) + 24.03, with
13
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a correlation coefficient of R = 0.9750 was observed. The detection limit (DL) of-thg- e
microdevice was approximately 84.3 nM, as calculated using the equation DL = K x Sb;/S,
where the coverage factor is K = 3 (R = 0.9750), Sb; is the standard deviation of the blank
solution (DI water), and S is the slope of the calibration curve.*! The DLs of other Ag-
nanostructure-based H>O; sensors are summarized in Table S1 in the Supporting Information.
The performance of our microdevice was better than that of devices based on other Ag-
nanostructure-based electrodes and comparable to that of devices based on enzyme-modified
electrodes. This result could be attributed to the high surface area of the AgNWs.3’ 38 42
Notably, our AgNBs were fabricated from Ag nanoparticles in the nanochannel and hence
showed a higher porosity than those of conventionally fabricated flat NBs. Further, mass
production of our microdevice can be achieved at reduced cost and labor, providing a much
simpler means to obtain high chemical sensing performance without device degradation that
is caused by enzyme denaturation.” We note that our AgNB-integrated microdevice can be
fabricated using only microfabrication technologies without the need for expensive
nanofabrication equipment or tools.
3.4. A microfluidic device integrated with a AgNB array for H,O; detection

Figure 4 shows that our method can be applied to the development of a NB-embedded
microfluidic device. Figure 4a illustrates the NW transfer from a silicon wafer to a PDMS
device. First, 50 NBs were synthesized by using the same number of crack nanochannels, and
then, they were transferred onto the PDMS device via a detachment process. In particular, we
intended to continue the Ag NB synthesis for 24 h for the complete formation of Ag
nanoparticles in the nanochannel. The Ag nanoparticles were in turn converted into AgNWs,
which were transferred onto the PDMS device during the detachment process. In other words,
when the reaction was carried out for a sufficient time, the nanochannel appeared very dark,

implying that it was completely filled with Ag nanoparticles and/or AgNBs, which facilitated

the detachment process. Additional Ti/Au electrodes were fabricated in the same manner as
14
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described before. Notably, the electrode patterning process using a shadow mask, which has g onne
feature size of 100 um, could minimize unnecessary stress on the flexible PDMS substrate
because no additional lift-off process was required. The top PDMS device with a microfluidic
channel that allows fluid flow to the NBs was easily bonded to another PDMS device using

O, plasma treatment.

Figure 4b shows the fabricated PDMS device in which the transferred AgNBs and
deposited Ti/Au electrodes are integrated with the microfluidic channel network. Figure 4c
shows the I-V curve, which exhibits good Ohmic behavior, and two insets: an optical image
(white) and an SEM image (blue) of the transferred AgNB. The PDMS-embedded AgNB
array showed 2.5-fold higher resistance (34.7 kQ) than that observed for the same number of
AgNBs on a SiO,/Si substrate (14.0 kQ). This difference can be explained as follows. As the
contact resistance between metal electrodes, which were used for electrically connecting
AgNBs and made of Ti/Au, and measuring probes can be affected by the soft and flexible
PDMS substrate. In other words, the surfaces of the metal electrodes on the PDMS substrate
can be easily damaged, partially broken during the fabrication process. In addition, the

electrical measurement can be affected because of poor mechanical contact with measuring

probes. If the surfaces are electrically disconnected or the contact areas are not sufficient, the

Published on 01 June 2017. Downloaded by State University of New York at Binghamton on 02/06/2017 03:51:59.

contact resistance can be dramatically increased. As a result, the conductivity of the PDMS-
embedded AgNBs can be measured to be low. For these reasons, the PDMS-embedded
AgNBs can have a higher resistance than AgNBs on a SiO, substrate. Similarly, a 1.3 mM
H,O; solution was introduced into the microfluidic device and it was guided along the
microfluidic channel directly to the AgNB array. Figure 4d shows the current measurement
under 0.4 V, indicating a dramatic increase in the current in 20 s. The slightly retarded
response time can be attributed to a continuously changing non-equilibrium depletion layer
and associated relaxation effects near the electrode in the microfluidic channel.** However,

we evidently demonstrated that the AgNB array can be easily embedded in various PDMS
15
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microfluidic devices. Therefore, our NB synthesis and transfer method can open g noyel rougec- e
for a variety of NB-integrated microfluidic bio-/chemical sensor applications. Since the
AgNB synthesis and integration do not require a high-temperature reaction, the strategy could
be widely applied to various substrates for AgNB-integrated, flexible microsystems.

So far, we have demonstrated not only an unconventional technique for the fabrication of
a micro-/nanofluidic channel network using crack-photolithography, but also a novel NB
synthesis technique that combines the micro-/nanofluidic channel network and Tollens’
reaction. First, it is worthwhile discussing the feature size of the synthesized AgNBs, which
are larger than about 100 nm in height and 1 pym in width. The shapes of the NBs were
constrained by the nanofluidic channel, so that the feature size could be well controlled by
manipulating the dimension and geometry of the cracks. Second, the NB synthesis is based on
the mass transport of metallic precursors and reducing agents in opposite directions, so that
the uniformity of the NBs depends on their local concentrations. This can be a disadvantage
of the proposed fabrication platform, but the synthesized NWs can be more uniform and well
connected if the reaction temperature is decreased or if an additional thermal annealing
process is introduced; for low temperature processes, NW synthesis takes longer. However, it
is noted that the fabrication platform can produce NBs with even higher porosity compared to
NBs fabricated by other methods. Third, the fabrication platform shows a unique advantage
with regard to fabrication throughput, time, and cost. Since an SU-8 mold can be used for
several PUA replications and each PUA mold can be re-used for several tens of PDMS
replications, one micro-/nanofluidic channel network can produce several hundreds of PDMS
devices with high repeatability. Therefore, the NB fabrication platform makes it possible to
produce NWs in a repeatable, high-throughput, and low-cost manner. Fourth, the fabrication
platform allows the simultaneous synthesis and alignment of NBs on a chip, eliminating the
need for special micro-/nanofabrication equipment and dramatically reducing the

consumption of time, labor, and cost. Fifth, the applicability of the fabrication platform can be
16
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extended to various other aqueous solutions containing metallic species such as ZnQ), i€ o

Au, and Cu.** In conjunction with reducing solutions, the fabrication platform could be used
for the synthesis of not only other metallic NBs in a similar fashion but also multiple metallic

NBs on a chip by designing a micro-/nanofluidic channel network via other strategies.

4. Conclusions

In conclusion, we successfully demonstrated a novel NB fabrication technique using a
crack-photolithography-based micro-/nanofluidic platform and a solution-based chemical
synthesis, wherein conditions that allowed diffusion and prevented convection facilitated
reaction between the Ag precursors and the reducing agents to generate Ag nanoparticles. We
applied the crack-photolithography process to precisely manipulate the geometrical
dimensions of the cracks (with aspect ratios ranging from 1:10 to 1:6) by modulating the
mechanical properties of the SU-8 film. Using the replicated crack nanochannels, various
AgNBs were synthesized solely by standard photolithography, and more than 2,200 AgNBs
were fabricated in a well-aligned and high-throughput manner on a chip. Additionally, we
demonstrated that the synthesized AgNBs work as a H,O, sensor with performance better
than or comparable to that of other silver-nanostructure-based chemical sensor devices.
Furthermore, we demonstrated that AgNBs synthesized on a SiO,/Si substrate are easily
transferred to other substrates such as PDMS, indicating tremendous potential for integrating
the NBs into conventional microfluidic devices. In future, this technique might be useful for
the integration of NBs fabricated from multiple materials into a single microsystem for a wide

range of bio- and chemical nanosensor applications.
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Figure 1. Cracking-assisted micro-/nanofluidic channel network. (a) Mask design for
crack-photolithography. Microchannels with notched and round structures for crack-based
nanochannels. (b) Microscopic image of an SU-8 mold with nanoscale cracks that are initiated
at the notch points and terminated at the round structures. (¢) 3D schematic showing crack
nanopatterns on the SU-8 film. (d) AFM image of a crack nanopattern and the cross-cut along
A-A’. (e,f) Cross-sectional FE-SEM images of crack nanopatterns on the SU-8 film, the
aspect ratios of which are modulated by the fabrication process: previous and optimal (this
work) conditions. (g) Fabrication of micro-/nanofluidic platform by using PUA replication
and soft lithography.
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Figure 2. Fabrication of AgNBs using a micro-/nanofluidic platform and the Tollens’
reaction. (a) Schematic illustration showing a NW fabrication platform in which silver and its
reducing solution are allowed to flow along the microchannels (i) and AgNBs are synthesized
in the nanochannels (ii) via mass transport and chemical reaction. The microscopic image
shows a synthesized AgNB array. (b) FE-SEM images of a single AgNB and its enlarged
images at three different locations. (c) AFM image of the AgNB and the cross-cuts along the
lines (black, blue, and green), respectively. (d) Photographic image of fabricated AgNWs that
were synthesized by using 2,207 nanochannels along a long microchannel. The enlarged
microscopic images show a part of the AgNB array. (e) Time-lapse microscopic images of the
AgNB synthesis process over 800 min at two different temperatures (25 °C and 45 °C).
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;g Figure 3. Characterization of a AgNB array device for electrochemical sensing of H,0,.
é (a) Photographic image of a AgNB array device integrated with Ti/Au electrodes (50/250 nm
g thickness). The enlarged microscopic image shows AgNBs between the two electrodes. (b) I-
E V curves of the AgNB device with different numbers of AgNBs (5, 10, 20, 30, 40, and 50).
B The inset shows the enlarged I-V curves from 0.15 to 0.55 V. (c) The amperometric responses
= of the AgNB device in the presence of H,O, solution with six different concentrations at an
E applied potential of 0.4 V. (d) Curve-fitting result of the average currents and concentrations
E of H,O».
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Figure 4. Integration of a AgNB array into a flexible microfluidic device and its
application to a H,O; sensor. (a) Fabrication process of a AgNB embedded microfluidic
device: 1) transfer of AgNBs from a Si substrate (detachment) to a PDMS device (attachment),
ii) deposition of Au electrodes through a shadow mask, iii) bonding of a PDMS slab with
microchannels for H,O, loading, and iv) electrical measurement from the electrodes on
flowing H»O, solution. (b) Photographic image of the AgNB embedded microfluidic device.
(c) I-V curve obtained from the device with 50 AgNBs. The inset represents an optical
microscopic (left) and SEM (right) image of a AgNB transferred onto the PDMS. (d)
Amperometric response of the AgNB-embedded microfluidic device at 0.4 V under 1.3 mM
HzOz flow.
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