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Abstract

Nanofluidic channels have promising applications in biomolecule manipulation and sensing.

While several different methods of fabrication have been demonstrated for nanofluidic channels,
a rapid, low-cost fabrication method that can fabricate arbitrary shapes of nanofluidic channels is
still in demand. Here, we report a tip-based nanofabrication (TBN) method for fabricating

nanofluidic channels using a heated atomic force microscopy (AFM) tip. The heated AFM tip
deposits polymer nanowires where needed to serve as etch mask to fabricate silicon molds

through one step of etching. PDMS nanofluidic channels are easily fabricated through replicate
molding using the silicon molds. Various shapes of nanofluidic channels with either straight or
curvilinear features are demonstrated. The width of the nanofluidic channels is 500 nm, and is

determined by the deposited polymer nanowire width. The height of the channel is 400 nm
determined by the silicon etching time. Ion conductance measurement on one single curvy
shaped nanofluidic channel exhibits the typical ion conductance saturation phenomenon as the
ion concentration decreases. Moreover, fluorescence imaging of fluid flowing through a
fabricated nanofluidic channel demonstrates the channel integrity. This TBN process is
seamlessly compatible with existing nanofabrication processes and can be used to achieve new

types of nanofluidic devices.

Keywords: nanofluidic channel, tip-based nanofabrication, heated atomic force microscope tip,
nanofabrication, nanolithography, heated cantilever, polystyrene

1. Introduction

Nanofluidic channels provide nanometer-scale physical
confinement to biomolecules, and therefore are capable for
manipulation and analysis of DNA [1-5], proteins [6] and
single molecules [7, 8]. Nanofluidic channels also exhibit
unique ion transport behavior when at least one dimension
of the channel is close to the Debye length [9-13]. Con-
ventional fabrication methods for nanofluidic channels only
provide one nanometer-scale dimension, which is the height
of the channel [14-18]. To achieve nanometer-scale
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physical confinement on lateral dimension, advanced
nanofabrication techniques such as electron beam litho-
graphy (EBL) [19] and focused ion beam (FIB) [20] are
required. However, EBL and FIB are expensive and are
difficult for massive production of nanofluidic channels.
Moreover, EBL and FIB are both serial processes and are
not easily scalable. Nanoimprint requires a master mold that
is usually expensive to prepare and can only replicate the
design of the mold [21, 22]. Several novel nanofluidic
channel fabrication methods that rely on certain mechan-
isms such as elastomeric collapse [23] and wrinkling [24]
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Figure 1. Schematic of major steps in the TBN process for fabricating nanofluidic channels. (a) Fabricate silicon dioxide micropatterns using
conventional optical microlithography and wet hydrofluoric acid etching; (b) deposit polymer nanowires across the silicon dioxide

micropatterns using a heated AFM tip; (c) Bosch silicon etching using both micropatterned silicon dioxide and polymer nanowires as etch
mask; (d) cast PDMS on the fabricated silicon mold; (e) peel off PDMS layer from the silicon mold and punch four through-hole vias as the

solution inlets and outlets; (f) bond PDMS channel to a glass slide.

have the advantages of low-cost and simplicity in fabrica-
tion, but the design flexibility is relatively limited.

Tip-based nanofabrication (TBN) uses a nanometer scale
tip to interact with substrate to define nanoscale features
through a number of mechanisms such as manipulation,
mechanical scratch, chemical diffusion, thermal indentation,
thermal deposition, electrochemical reaction, plasma and etc.
TBN employs either scanning tunneling microscopy [25-27]
or atomic force microscopy (AFM) [28], either of which cost
much lower than EBL and FIB. Moreover, TBN has the
potential of achieving parallelization through using array of
tips [29, 30]. However, very few publications reported the use
of TBN for fabricating nanofluidic channels [31, 32]. One
essential reason is that most TBN methods are not compatible
with existing nanofabrication method and are difficult to
fabricate solid-state materials easily.

This paper presents a TBN method for fabricating
arbitrary shapes of nanofluidic channels. We used a heated
AFM tip to deposit dense polymer nanowires that served
directly as an etch mask to fabricate silicon nanostructures
through one step of etching [33]. The silicon nanostructures
were used as a mold for replicating PDMS nanofluidic
channels. This TBN process is compatible with existing
nanofabrication methods.

2. Experiment

Figure 1 shows the major steps in the fabrication process of
the nanofluidic channels. The first step (figure 1(a)) was to
fabricate micro-patterned silicon dioxide. Starting with a
[100] silicon wafer, 70 nm thick silicon dioxide layer was
grown in a 1000 °C oxidation furnace for 2 h, followed by
patterning photoresist using conventional optical lithography,
and then etching the silicon dioxide unprotected by the pho-
toresist using buffered hydrofluoric acid (BHF). The second
step (figure 1(b)) was to deposit polystyrene (PS) nanowires
using the heated AFM tip.

The PS was loaded onto the tip by bringing the heated
AFM tip into contact with a thin PS fiber under a stereo
microscope. Upon contact, the heated tip melted the PS, and
the PS flowed onto the tip. Upon cooling, the polymer
became a solid. The polymer-coated tip was mounted into an
Asylum Research MFP-3D AFM, and the tip was scanned
along a programmed path with a tip scanning speed of
150nms™". A closed-loop feedback circuit maintained can-
tilever at a temperature of 260 °C, while the molten PS flowed
from the tip to the silicon substrate [34, 35]. After adding the
PS polymer, the tip may have too much polymer, and initial
nanowires deposited are usually very wide and thick.
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Figure 2. (a) SEM image of a silicon single linear nanochannel mold; the inset image shows the zoomed-in view of a section of the
nanochannel mold; (b) a microscopic image of the PDMS nanofluidic channel replicated from the silicon mold as shown above; (c) a SEM
image of the PDMS nanofluidic channel replicated; (d) a zoomed-in view of a section of the PDMS nanofluidic channel replicated.

However after several PS nanowire depositions, the width and
thickness of the deposited PS becomes stable. The third step
(figure 1(c)) was to etch silicon using Bosch process for 1 min
with micro-patterned silicon dioxide and deposited PS
nanowires. The PS nanowires and the silicon dioxide together
served as etch mask [33]. The etching selectivity of PS to
silicon is 1 : 80 for this process. To reduce the scallops present
on the sidewalls of the silicon structures fabricated by the
Bosch process, we tuned the etching step to be 2.5 s and the
passivation step to be 1.5s. After etching, the remaining
silicon was used later as a mold for replicating PDMS
nanofluidic channels. The fourth step (figure 1(d)) was to
mold PDMS with the fabricated silicon mold. We mixed
PDMS (sylgard 184) base with a curing agent at a mass ratio
of 4: 1. After degassing the mixture, we poured the mixture
on top of the silicon master and heated at 60 °C hotplate for
12 h to cure the PDMS. To facilitate the PDMS demolding,
we deposited 15 nm thick amorphous fluorocarbon film on the
silicon mold using sputtering before pouring PDMS on the
silicon mold [36]. The fifth step (figure 1(e)) was to peel the
PDMS channel layer off and manually punch four through-
holes on the cured PDMS channel later serving as liquid inlets
and outlets. The last step (figure 1(f)) was to bond this PDMS
channel to a glass slide. Before bonding, the glass slide sur-
face was cleaned with acetone, isopropyl alcohol (IPA),
water, IPA in sequence and finally blown dry. Then the glass
slide and the PDMS channels were both treated using 100 W
oxygen plasma for 20s. Finally, the PDMS surface was
brought into contact with glass slide surface and baked at
90 °C hotplate for 20 min.

Figure 2 shows the fabrication results for a single
nanofluidic channel using the above-described process.
Figure 2(a) is a SEM image of a silicon mold and the inset

image shows a zoomed-in view of the silicon mold. The
silicon mold has a length of 10 um, a width of 380 nm, a
height of 900 nm. Figure 2(b) is a microscopic image of the
PDMS nanofluidic channel replicated from the silicon mold
shown in figure 2(a). Figure 2(c) shows a SEM image of the
nanofluidic channel. To avoid electron charging effect and
obtain good SEM images, we coated the PDMS nanofluidic
channel with a 2.5nm thick Gold film by sputtering. The
wrinkles shown at the PDMS surface is due to the swelling of
PDMS during the sputtering [37, 38]. Figure 2(d) is the
zoomed-in view of the PDMS nanofluidic channel. The
nanofluidic channel is 10um long, 300nm wide and
500 nm deep.

Figure 3 shows the fabrication results of two different
nanofluidic channel arrays using the present TBN process.
Figure 3(a) shows a SEM image of the silicon mold used for
producing an array of ten linear nanofluidic channels and
figure 3(b) shows an optical microscopic image of the cor-
responding replicated PDMS nanofluidic channel array.
Figure 3(c) shows a SEM image of a PDMS nanofluidic
channel array, taken in an environmental SEM at a pressure of
1 Torr with water vapor (FEI XL30 ESEM-FEG). Environ-
mental SEM allows imaging of the PDMS nanofluidic
channels a without metal coating [39]. Figure 3(d) shows a
SEM image of the silicon mold used to fabricate an array of
ten curved nanofluidic channels while figure 3(e) shows a
microscope image of the corresponding replicated PDMS
nanofluidic channel array. Figure 3(f) shows a SEM image of
ten curved PDMS nanofluidic channel array using the envir-
onmental SEM also at a pressure of 1 Torr with water vapor.
The length of the nanofluidic channel is 10 ym, the width is
300 nm and the depth is about 500 nm.
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(b)

Figure 3. (a) SEM image of the silicon mold used for an array consisting of ten linear nanofluidic channels; (b) microscope image of a
replicated PDMS nanofluidic channel array consisting of ten linear nanofluidic channels; (c) environmental SEM image of the PDMS linear
nanofluidic channel array replicated using the silicon mold as shown in figure 3(a); (d) SEM image of the silicon mold used for an array
consisting of ten curvy nanofluidic channels; (e) microscope image of a replicated PDMS nanofluidic channel array consisting of ten curvy
nanofluidic channels; (f) environmental SEM image of the PDMS curvy nanofluidic channel array using the silicon mold shown in

figure 3(d).

To show the flexibility of this TBN fabrication process,
we fabricated PDMS nanofluidic channel arrays with more
complex shapes using the TBN process. Figure 4(a) shows a
SEM image of the silicon mold for an array of four wavy-
shaped nanofluidic channels while figure 4(b) shows a
zoomed-in view of one wavy-shaped silicon mold. The
nanofluidic channel width is 250 nm and the channel depth
is about 800 nm. Figure 4(c) shows an environmental SEM
image of the PDMS nanofluidic channels replicated using
the silicon mold as shown in figure 4(a) while figure 4(d)
shows a regular SEM image of the same PDMS nanofluidic
channel coated with 5 nm thick Au/Pd film. In regular SEM
imaging, thin metal films must be coated on the PDMS
sample, which induces wrinkles in the PDMS surface, and
can also cause channel sealing as shown in figure 4(d). The
environmental SEM provides imaging of intact PDMS
nanofluidic channels.

3. Results and discussion

In this TBN process, the nanofluidic channel depth is con-
trolled by the silicon mold height, which can be adjusted by
changing the etching duration. In turn, the shape of the
nanofluidic channels is determined by the PS nanowire geo-
metries. Using the conditions described here, we can deposit
PS nanowires with a minimum radius of curvature about
2 um, however smaller radii could not be reliably fabricated
due to the dynamics of polymer flow on the substrate. The
nanofluidic channel width is determined by the width of the
PS nanowires deposited using the heated AFM tip, which is
usually in the range of several hundred nanometers [33]. To
reduce the nanofluidic channel width, we thinned down the
silicon mold features using silicon thermal oxidation followed
by BHF etching. For every unit of silicon oxide that is con-
sumed, 0.46 units of silicon is consumed. A 200 nm thick
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Figure 4. (a) SEM image of the silicon mold for an array of four wavy shapes of the nanofluidic channel with half, one, one and half and two
full waves; (b) zoomed-in view of the silicon mold for the wavy shapes of the nanofluidic channel; (c) environmental SEM image of the
PDMS nanofluidic channels replicated using the silicon mold as shown in figure 4(a); (d) regular SEM image of the PDMS nanofluidic

channels with 5 nm film of Au/Pd for conductive coating.

Figure 5. (a) SEM of a spiral-shaped silicon mold that was fabricated using TBN and Bosch Etch; (b) a zoomed-in view of a section of the
silicon mold. The scallops are visible on the sidewall of the silicon mold; the width of the silicon mold is about 500 nm; (c) SEM image of the
same spiral-shaped silicon mold that is thinned down using 200 nm oxidation and BHF etching; (d) zoomed-in view of a section of the silicon
mold. The scallops are removed by the thinning down process. The width of the silicon mold after thinning down reduces to 300 nm.
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Figure 6. (a) Schematic showing the measurement setup for the
current—voltage measurement of PDMS nanofluidic channels; (b)
measured and modeled nanofluidic channel conductance at different
KCL concentrations.
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silicon oxidation process consumes around 92 nm thick sili-
con. This thinning process also reduces the sidewall rough-
ness of the silicon mold structure. Figure 5 shows the silicon
mold structure before and after the thinning down.
Figures 5(a) and (b) show the SEM image of the silicon mold
after DRIE Etching, the silicon mold has a width about
500 nm and scallops are clearly visible. Figures 5(c) and (d)
show the SEM image of the silicon mold after 20 min oxygen
plasma treatment, 200 nm thermal oxidation, and BHF etch-
ing. The silicon mold width reduced to about 370 nm, and the
sidewall surface roughness was significantly reduced.

One important characteristic of the nanofluidic channel is
the ion transport behavior, particularly the influence of sur-
face charges on the conductance of the nanofluidic channel
[33, 40, 41]. We used a single curvy PDMS nanofluidic
channel for the measurement of ion transport. First, potassium
chloride (KCI) solutions were filled into channels via a plastic
tube inserted on one of the through-hole on the PDMS
channel with the use of a syringe pump. This filling process
ended when both microfluidic channels and the nanofluidic
channel were filled. Then we inserted two platinum wires of
400 ym diameter into two through-holes of 1.5 mm diameter
residing on opposite sides of nanofluidic channel for electrical

connections. We measured the current at different voltages
stepping from -5V to 5V with a potentiostat (Gamry
potentiostat Reference 600) as shown in figure 6(a). In the
experiment, KCI solutions with concentration ranging from
10nM to 1 M were used for different sets of current—voltage
(I-V) measurements. By fitting the /-V curves, conductances
of the nanofluidic channel at different KCI concentrations can
be derived. Figure 6(b) shows the derived conductances of the
nanofluidic channel at different KCl concentrations repre-
sented by the black square dots.

In our experiment, -V measurement started after both
microfluidic channels sitting at opposite ends of the nano-
fluidic channel were filled and fluidic flow through the
nanofluidic channel stopped. Therefore, the electric current
was mostly contributed by the ion migrations inside the
nanofluidic channel. The conductance G of a nanofluidic
channel can be simplified as equation (1) as shown below
[42],

G=q(p + ﬂa)nb@ + zﬂKGSE, (1)

L L

where uy and pg are the mobility of potassium ion and
chloride ion, o is the nanofluidic channel surface charge
density. W, H, and L are the nanofluidic channel width, height
and length, and n, is the ion density of the solutions. The first
term in equation (1) is due to bulk ion concentration while the
second term is due to ions induced by the channel surface
charges. At high ion concentrations, the surface charges in a
nanofluidic channel are shielded by the mobile ions and have
negligible influence on the ion conductance; therefore, the
conductance is determined by the bulk concentration. At low
ion concentrations, surface charge governs the ion con-
centration inside the nanofluidic channel, thus dominates the
ion conductance.

Nanofluidic channel used in this /-V measurement has a
width of 400 nm, a height of 400 nm and a length of 12 um.
To calculate the surface charge density, we chose uy to be
7.619% 10 m? V™' s and pic to be 7.912x 10 m?* V' 7!
[42]. Based on the experiment data, we derived the surface
charge density o, to be 0.22Cm™>, close to the reported
values of surface charge density of 0.1 Cm™ for silicon
dioxide [11, 43]. Figure 6(b) shows the simulation curve
based on equation (1) as represented by the solid black dash
dot curve. As the KCIl concentration reduces from 1M to
1 mM, the nanofluidic channel conductance decreases pro-
portionally to the KCI concentration. As the KCI concentra-
tion keeps on decreasing below 10uxM, the nanofluidic
channel conductance stops decreasing proportionally to the
KCI concentration and starts to saturate, which is a typical
behavior widely observed in nanofluidic channels due to the
influence of surface charges on the channel walls [9, 10, 42].

Fluorescence microscopy on the single curved PDMS
nanofluidic channel was employed to verify the functionality
of the nanofluidic channel. First, nanofluidic channel was
manually filled with a fluorescent dye (LD-700, Exciton) that
was diluted with deionized water to a concentration of the
0.5 mg mL™" using a syringe. The fluorescence dye has a peak
absorption wavelength of 647nm and a peak emission
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Figure 7. Bright field microscope images and corresponding fluorescence images of a single curved PDMS nanofluidic channel interfacing

with two microfluidic channels.

wavelength of 673 nm. Then we used a laser diode with
wavelength of 655 nm as the excitation laser and used an
inverted microscope (Carl Zeiss Axio Observer Z1) imaging
system equipped with a CCD camera (Photometrics Cascade)
to capture the fluorescence microscopy images and then
plotted the images with a computational software (Matlab,
Mathworks). Figures 7(a) and (b) show the bright field
microscope images of the nanofluidic channel interfacing two
microfluidic channels. Figures 7(c) and (d) are the fluores-
cence images of the nanofluidic channel showing that the
nanofluidic channel was filled with fluorescence dyes,
demonstrating the integrity of the nanofluidic channel fabri-
cated by our TBN process.

4. Conclusions

In conclusion, this paper presents the fabrication of PDMS
nanofluidic channels using a heated AFM tip. The heated
AFM tip deposited PS nanowires on silicon to serve as etch
mask to fabricate silicon molds for nanofluidic channels
through one step of dry etching. Then PDMS nanofluidic
channels were fabricated using the silicon mold through
replica molding. We integrated this TBN method with stan-
dard nanofabrication process seamlessly to fabricate nano-
fluidic channel with two interfacing microfluidic channels
defined by conventional optical lithography. Both ion con-
ductance measurement and fluorescence imaging were carried
out on one of the fabricated nanofluidic channels for

demonstrating the functionality. This TBN method of fabri-
cating nanofluidic channels is rapid, low-cost and has the
potential of scaling up for massive production of nanofluidic
channels. Moreover, this TBN method can create arbitrary
shapes of nanofluidic channels and is seamlessly compatible
with existing nanofabrication process, which makes this
method suitable for producing highly-integrated lab-on-chip
nanofluidic devices with complex structures such as a fun-
nel [44].
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