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ABSTRACT

We report and demonstrate a new method to fabricate single fluidic-channels of uniform channel width (11 −50 nm) and over 1.5 cm in length,
which are essential to developing innovative bio/chemical sensors but have not been fabricated previously. The method uses unconventional
nanofabrication (a combination of crystallographic anisotropic etching, conformal coating, and edge patterning, etc.) to create an imprint mold
of a channel pattern and nanoimprint to duplicate such channel. The centimeter-long channel continuity is verified by flowing fluorescent
dye-stained water and stretching and transporting DNAs. The 18 by 20 nm channel cross-section was confirmed by measuring the liquid
conductance in the channel.

One critical challenge in developing many innovative bio/
chemical sensors is the fabrication of a single narrow yet
long (centimeter) and continuous fluidic channel at the
precisely designated location.1-7 Such channels of a sub-20
nm width, essential for device function, were hardly fabri-
cated previously because of the intrinsic limitations in the
fabrication methods used, particularly the traditional nano-
fabricationmethods(e.g.,writingandetchingnanostructures).8-10

For example, to explore a new real-time DNA-sequencing
device (potentially revolutionary if successful), it requires
not only a continuous fluidic channel of a width below 20
nm and a length of a centimeter for stretching and stabilizing
DNAs, but also a single channel host for putting electrical
or optical sensors inside the channel.4,5,7,11-15 Multiple
channels will greatly complicate the sensor fabrication and
the addressable detection of single DNA.15,16These require-
ments make the fabrication of a single sub-20 nm wide,
centimeter-long, continuous fluidic channel extremely chal-
lenging due to two main reasons. (a) All scanning nano-
structure-writing tools, such as electron beam lithography,
ion beam lithography, or scanning probe patterning are
limited to a writing field of ∼100 µm for sub-20 nm
structures, which is not sufficient for the needed long channel.
Stitching of different fields does not have the necessary
accuracy to connect two channels into a single continuous

channel. All the nanostructure-writing tools based on a fixed
writing beam (probe) and a moving stage can barely maintain
sub-20 nm writing over centimeter distances. (b) Because
of the noise in these writing tools and reactive ion etching
(if used), the line-edge-roughness (LER), which has an
average size of 5-50 nm, will clog the channel before the
average channel width is reduced to 20 nm, because just one
large edge variation (far larger than average) can clog the
long channel. Interference lithography can make narrow
continuous fluidic-channels over centimeter lengths but it
usually makes dense, multiple channels rather than a single
channel,15 and it also suffers LER as nanostructure writing
tools, preventing a small needed channel width (in principle,
a single channel line may be produced by interference
lithography under special conditions).

Previously, a number of works have been carried out to
achieve the narrow single channel or multiple channels. For
examples, multiple channels of a width down to 35 nm have
been fabricated by interference lithography without additional
size shrinking.17 Single channels have been fabricated by
using edge patterning18 (note: edge patterning has shown
features of 7 nm),19 sacrificial electrical-spinning fiber,20-22

and further reduction of the microchannels by the shadow
evaporation3,23-25 and oxidation.26 Some of the methods can
make a single centimeter-long channel, but sidewall edge
roughness clogs a channel before the channel width gets
small. An electrospinning fiber might not suffer the edge
roughness, but it is very difficult to position the fiber
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precisely for building the rest of the parts of the nanometer-
scale sensors. Because of these limitations, a precisely
positioned single sub-20 nm wide, centimeter-long continu-
ous fluidic channel has not been achieved.

To overcome all these limitations, here we report and
demonstrate a new approach27 for making a single, sub-20
nm wide yet centimeter-long and continuous fluidic channel.
The new approach has three key steps (Figure 1): (a) an
innovative mold fabrication that creates a nanoimprint mold
having a single sub-20 nm wide, centimeter-long, continuous
fluidic channel integrated with other nano/microstructures
necessary for a bio/chemical analysis; (b) use of the mold
to faithfully imprint the nanochannel line in a functional
material layer; and (c) an optional RIE that transfers the
imprinted patterns into a substrate.27-30 The novel mold
fabrication does not use any nanostructure writing nor need
RIE to etch nanostructures; rather it uses anisotropic etching
of crystalline planes,28 conformal deposition, and edge
definition to create a narrow long continuous channel on an
imprint mold and uses NIL to duplicate the patterns on a
mold with nanometer fidelity.29,30 Because the crystalline
anisotropic etching removes the sidewall edge roughness (to

achieve atomic smoothness) and the conformal edge defini-
tion guarantees the channel width uniformity, such an
approach can guarantee the channel width uniformity and
sidewall smoothness over the entire channel length, hence
ensuring a successful fabrication of a single narrow, long,
continuous fluidic channel.

The detailed steps of the mold fabrication are shown
schematically in Figure 2: (a) A thin layer of SiO2 (∼10
nm) is grown on a (110)-oriented silicon-on-insulator (SOI)
wafer by thermal oxidation. (b) Photolithography patterns a
0.5 cm× 1.5 cm rectangle pattern in the SiO2 layer with
the longer edges of rectangles aligned to{111} crystal-
lographic axis of the (110) Si, followed with RIE of the SiO2.
(c) After stripping photoresist, the SiO2 rectangle pattern is
used as an etching mask to etch the (110) Si layer by an
anisotropic wet etching (e.g., KOH). Because the etching
rate of crystalline silicon in the<111> direction is much
slower than that in the<110> directions, the anisotropic

Figure 1. Schematic of key steps in the fabrication of a single
narrow, centimeter-long continuous fluidic channel with uniform
channel width. (a) Formation of an imprint mold having a single
sub-20 nm wide, centimeter-long, continuous channel; (b) direct
imprinting of functional materials; and (c) optional pattern transfer
into the underlying substrate by RIE.

Figure 2. Schematic of the fabrication steps for making an imprint
mold bearing a single, narrow long, uniform width fluidic channel
without using nanostructure writing tools nor nanostructure RIE.
(a) Thermal oxidation to form SiO2 on (110) Si surface of a SOI
wafer. (b) Photolithography and RIE patterning of a large rectangle
(1.5 cm× 0.5 cm) in SiO2 with the longer edge aligned to{111}
crystallographic axis. (c) Crystallographic anisotropic etching of
(110) Si using the SiO2 mask. (d) Removal of SiO2 mask. (e)
Conformal LPCVD of SixNy. (f) CHF3/O2 RIE to etch away the
SixNy on top of the Si mesa and wafer (but not the sidewall) (g)
Removal of (110) Si to create a free-standing SixNy protrusive wall.
Other patterning process cuts the SixNy wall into a single, narrow,
long, uniform width channel pattern line on the mold.
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chemical etching creates a Si mesa with two vertical
sidewalls of{111} planes with nearly atomic-scale smooth-
ness even if the original SiO2 etch mask has severe edge
roughness. (d) The top SiO2 mask layer is stripped away.
(e) SixNy is deposited by low-pressure chemical vapor
deposition (LPCVD) to conformably and uniformly cover
the entire wafer surface including the Si mesa sidewalls. (f)
A RIE etches SixNy anisotropically in the vertical direction,
removing all SixNy on the mesa and wafer, but keeping some
SixNy on the sidewall (because the sidewall height is larger
than the SixNy thickness). (g) The Si mesa is selectively
etched away, leaving a narrow, long, continuous SixNy

sidewall on SiO2 surface, forming the protrusion of an imprint
mold. (h) Optionally using other patterning steps, the
auxiliary parts of the device (e.g., inlet and outlet of fluidic
channel) are added on the mold (not shown in Figure 2).
Finally, the mold surface is chemically treated with the mold
release agent and is ready for nanoimprint lithography.

In comparison with previous edge patterning and dimen-
sional transfer methods,18,19the novel mold fabrication offers
several unique advantages: (i) the anisotropic etching of
(110) Si ensures a nearly atomically smooth sidewall over
several centimeters length, regardless of initial edge rough-
ness caused by lithography.28 (ii) The channel width on the
mold is defined by the LPCVD film thickness, which can
be sub-10 nm thick with nearly atomic resolution, rather than
by lithography. And (iii) The conformal deposition ensures
a uniform channel width (hence continuity) over entire
channel length, regardless the sidewall roughness.

In one of our mold fabrications, the mold substrate, (110)-
oriented SOI substrate (Silicon Quest International, Inc.), had
a 2 µm thick Si layer on a 1µm thick buried oxide layer.
The Si layer was carefully thinned from 2µm to tens of
nanometers by alternate thermal oxidation and hydrofluoric
acid etching. The thickness of the (110)-oriented silicon layer
was monitored and mapped by a Nanospec tabletop film
analysis system (Nanometrics, Inc.). The final thickness
variation of the Si layer is measured to be less than 5 nm
over a centimeter-long length. The anisotropic (110) Si
etchant is a mixture of 125 g of potassium hydroxide (KOH),
400 mL of deionized (DI) water, and 100 mL of electronic
grade isopropyl alcohol (IPA), and the etching was performed
at 65 °C. A scanning electron microscopic (SEM) image
clearly shows that the SiO2 edges, patterned by photolithog-
raphy and etching, are rough with a LER (3σ) in 100’s nm
(Figure 3a), but the edges of anisotropically etched (110) Si
is nearly atomically smooth and vertical (Figure 3b after
stripping the oxide mask in diluted HF (∼2%)). Although
there was an etching back of silicon underneath the oxide
mask (∼100 nm), it does not affect the position precision of
the single nanochannel relative to other nanostructures,
because we fabricate the channel first (using the mold) and
then precisely align other structures with the channel using
alignment marks and the corrections to the etch-back.

To create the final narrow and long channel pattern on
the mold, LPCVD conformably coats a SixNy layer over the
Si mesa, followed by a CHF3/O2 RIE. LPCVD was per-
formed in a Tystar Tytan tube furnace (T ) 780°C, P ) 10

mTorr, gas flow: 50 sccm dichlorosilane; 150 sccm am-
monia), and the resultant Si/N ratio is about 3:4. Excellent
conformity and durability of Si3N4 as a mold material were
verified by following SEM imaging and imprint tests,
respectively. Finally, all Si mesas were removed by a KOH-
based etchant, leaving a sub-20 nm wide SixNy protrusive
line over 1.5 cm long length on the surface of the mold.
Figure 3c shows a cross-sectional SEM image of a mold
bearing a∼17 nm wide 1.5 cm long protrusive nanochannel
pattern. The smooth and vertical sidewalls of the mold are
attributed to the nature of crystallographic anisotropic etching
of (110) Si surface and conformal LPCVD of SixNy. More
importantly, as pointed out earlier, this novel mold fabrication
ensures a continuous and uniform channel over a centimeter
scale length even if the channel sidewalls have roughness.
Figure 3d shows that the sidewall has a nanometer scale kink
shift created in the Si etching due to a slight misalignment
between the{111} crystallographic axis and the SiO2 mask
edge, but the channel line width is still uniform and
continuous.

In imprinting, the mold was pressed into a UV-curable
material layer (Nanonex NXR-3020) using a nanoimprinter
(Nanonex NX-2000), which has an Air Cushion Press that
allows uniform imprint over an entire wafer. The imprinted
nanochannel itself can be directly used as a fluidic-channel
for bio/chemical analysis. Alternatively, the imprinted struc-
tures can be used as an etching mask to faithfully transfer
the channel into the underlying substrate such as SiO2 in a
RIE process. Because RIE is used only once in this optional
approach, the edge roughness can be minimized. Here, we
used a brief O2-based RIE to etch away the NXR-3020
residual layer for exposing the underlying SiO2 surface and
then a CF4-based RIE to transfer the channel into the SiO2.
Figure 3e shows the cross-sectional SEM image of a single
11 nm wide, 1.5 cm long nanochannel in SiO2 fabricated
using this method.

Using SEM, we studied the channel width uniformity over
the entire channel length of the imprint mold, the imprinted
channel, and the etched channel. The imprint mold was
coated with 1 nm thick iridium for avoiding the charging
effect during SEM imaging. Figure 4a shows the top-view
of four SEM images of a 1.5 cm long protrusive nanochannel
line on an imprint mold captured at 1, 4, 7, and 10 mm
locations of the channel, respectively, demonstrating an
excellent channel width uniformity. Using digitized SEM
image and Fractal analysis,31 we found the average line width
is 17 nm, and the 3σ-LER is 1.6 nm over a 1.5 cm channel
length (note: SEM image has a resolution better than 1 nm/
pixel). Figure 4b shows the SEM images of the imprinted
nanochannel in a NXR-3020 layer using the mold shown in
Figure 4a. Data analysis shows that the imprinted channel
has the same average channel as the mold (17 nm), but the
3σ-LER increased to 3 nm. Figure 4c shows the SEM images
of the nanochannel etched into SiO2 using the imprinted
channel layer as an etching mask. The etching depth is 20
nm. Data analysis shows that the average channel width of
the etched nanochannel is 18 nm, which is 1 nm wider than
its etching mask, and the 3σ-LER increased to 6 nm over a
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1.5 cm length. These data clearly demonstrate that the new
approach indeed offers sub-10 nm lithographic resolution for
patterning sub-20 nm channel line with a great width
uniformity over a centimeter-scale channel length.

To complete a nanofluidic device, after the channel
fabrication a pair of liquid reservoirs for connecting the

nanochannel was made by photolithography and RIE. Then
the accessing holes (∼1 mm diameter) to the liquid reservoirs
were drilled by a sandblasting tool (Danville Engineering,
Inc.). The whole chip was sealed by a 1 in.2 Pyrex glass
cover slip (0.17 mm thick). Before sealing, both the channel
substrate and the cover slip were cleaned by standard RCA-I

Figure 3. (a) Anisotropically etched edge in (110)-oriented SOI before the removal of SiO2 mask. Note the rough edge in the SiO2 mask
layer. (b) The smooth, vertical, and straight edge in (110) SOI after the removal of SiO2 mask. (c) The cross-sectional SEM image of an
imprint mold bearing a 17 nm wide 1.5 cm long single nanochannel pattern line. (d) The SEM image of a segment of the channel line,
which indicates that even with a tiny kink shift induced by the misalignment with{111} crystallographic axis, the channel line is still
continuous and uniform. (e) The cross-sectional SEM image of an 11 nm wide, 1.5 cm long nanochannel etched in SiO2.
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and RCA-II procedures and subsequently activated by O2

plasma. Finally, the sealing is finished by bringing the
substrate and the cover slip into a firm contact.

To demonstrate that the narrow centimeter-long nanochan-
nel is indeed continuous over the entire length, we performed
two tests: flowing colored wafer and flowing DNA in

solution. In the colored water test, the DI water containing
fluorescent dye (10 mg/mL solution of closely neutral
rhodamine B in a 50% mixture of methanol and deionized
water, pH∼7.0) was filled into a 30 nm wide, 8 mm long
enclosed channel by capillary action. Figure 5a shows the
fluorescent images captured at the inlet (x ) 0 mm), the

Figure 4. Top-down SEM images of (a) a 17 nm wide, 1.5 cm long single nanochannel pattern on an imprint mold (3σ error ) 1.6 nm);
(b) the corresponding 17 nm wide, 1.5 cm long nanochannel directly imprinted in a NXR-3020 UV-curable functional material layer (3σ
error ) 3 nm); (c) the 18 nm wide, 1.5 cm long nanochannel subsequently etched in SiO2 by RIE (3σ error ) 6 nm).
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middle point (x ) 4 mm), and the outlet (x ) 8 mm),
respectively, using an inverted microscope (Nikon TE-300
equipped with Nikon Plan Apo 60×/1.40 oil lens). We
carefully scanned the whole nanochannel and ensured that
the fluorescent signal is detectable and continuous every-
where along the entire nanochannel, which indicates a
channel continuity over the entire channel length.

In testing the narrow long channel using DNAs in a
solution, we used a 50 nm wide, 3 mm long nanochannel.
The sealed channel was wet with a loading buffer (0.045 M
tris-base, 1 mM EDTA with 0.045 M boric acid (0.5×
TBE)). An oxygen scavenging system (4 mg/mLâ-D
glucose, 0.2 mg/mL glucose oxidase, 0.04 mg/mL catalase
and 0.07 Mâ-mercaptoethanol) was also added to suppress
the bleaching of DNAs. The DNA was labeled with TOTO-1

fluorescent dye (Molecular Probes) at a concentration of 1
dye molecule per every 10 base pairs. Electrophoresis was
used to move genomic length T2 DNA (164 kbp) in the
device. As schematically shown in Figure 5b, the DNAs were
first guided in a microchannel inlet by a mild voltage (V1 ∼
10 V). Once the DNA approached to the interface between
the microchannel and the nanochannel, a higher voltage (V2

∼ 50 V) was applied across the whole nanochannel to stretch
the DNA into the nanochannel. A video frame capture of
DNA (Figure 5c) shows that a DNA was stretched as it
moves into and through the nanochannel. The captured video
shows a continuous motion of this stretched DNA in the
nanochannel, indicating the channel continuity over the entire
channel length. The fluorescent DNA image in the video
frame is rather faint compared with a static image observed
in a short and multiple channels system,32 because the
electropheretic force drives the DNA swiftly moves across
the whole imaging range. Presently, we are unable to flow
T2 DNAs into the sub-20 nm channels by electrophoresis,
but we believe that that is caused by a large entropic barrier
(due to an abrupt change of channel width at the narrow
channel inlet) and the effect of the surface charge.33

To confirm the sub-20 nm channel cross-section, we
measured the electrical conductance of a salt solution (1 M
KCl, 10 mM tris, pH) 8.0) along an 18 nm wide, 20 nm
deep, 0.8 cm long nanofluidic channel as well as a 50µm
wide, 1.3 µm deep, 1 cm long microfluidic channel. The
microchannel of its well-calibrated channel cross-section

Figure 5. (a) Continuous water flow with fluorescent dye through
a 30 nm wide, 8 mm long single nanochannel. (b) Schematic of a
single narrow long nanochannel and its inlets and outlets. (c) A
video frame capture of a stretched T2 DNA moving through a 3
mm long, 50 nm square nanochannel driven by electrophoretic
force.

Figure 6. The I-V characteristic of a salt solution (1 M KCl, 10
mM Tris-base, pH) 8.0) along (a) a 50µm wide, 1.3µm deep,
1.0 cm long microfluidic channel, and (b) an 18 nm wide, 20 nm
deep, 0.8 cm long nanofluidic channel in SiO2.
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served as a control to give the salt solution conductivity,
which was then used to calculate the cross-section of the
nanochannel with the known channel length. All electrical
measurements were at room temperature using a pA meter/
DC source (HP 4140B). Figure 6a shows the I-V charac-
teristic in the microchannel, and electrical conductance was
extracted to beGm ) 66.1 nS by fitting experimental data
(solid squares). On the basis of the microchannel dimensions
(w ) 50 µm, d ) 1.3 µm, L ) 1 cm), the electrical
conductivity of the salt solution was found to beσ ) GmL/
wd ) 10.2 S/m, which is consistent with those reported
elsewhere.34 Using this conductivity together with the
electrical conductance of 0.40 pS of the same salt solution
in the nanochannel measured from its I-V characteristic
(Figure 6b), the channel cross-section is 314 nm2 (namely,
17.7 nm× 17.7 nm), offering another independent experi-
mental validation of both the nanometer channel cross-section
and the fluidic continuity of the centimeter-long sub-20 nm
nanochannel. The calculation used the channel length ofL
) 0.8 cm, which was measured by optical microscopy, and
does not consider the Debye screening effect (for 1 M KCl
solution, the Debye screening lengthλD ∼ 0.3 nm).35

In summary, the new approach we proposed has clearly
demonstrated the fabrication of a single, narrow (as small
as 11 nm), long (over 1.5 cm) and continuous fluidic channel
and the transporting and stretching of DNAs in these
channels. The new approach has removed a key obstacle and
hence has opened the door for developing a variety of
innovative bio/chemical sensors, particularly single-stranded
DNA sequencing devices.
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