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Cylindrical glass nanocapillaries patterned via coarse
lithography (>1 pm) for biomicrofluidic applications

Yifan Liu and Levent Yobas®
Department of Electronic and Computer Engineering, Hong Kong University of Science
and Technology, Clear Water Bay, Kowloon, Hong Kong

(Received 18 September 2012; accepted 27 November 2012; published online 13 December 2012)

We demonstrate a new method of fabricating in-plane cylindrical glass
nanocapillaries (<100nm) that does not require advanced patterning techniques
but the standard coarse photolithography (>1 um). These nanocapillaries are
self-enclosed optically transparent and highly regular over large areas. Our method
involves structuring um-scale rectangular trenches in silicon, sealing the trenches into
enclosed triangular channels by depositing phosphosilicate glass, and then
transforming the channels into cylindrical capillaries through shape transformation
by the reflow of annealed glass layer. Extended anneal has the structures shrunk into
nanocapillaries preserving their cylindrical shape. Nanocapillaries ~50nm in
diameter and effective stretching of digested A-phage DNA in them are demonstrated.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4771691]

. INTRODUCTION

Nanofluidics, emerged recently in the footsteps of microfluidics, has been drawing great
attention as a promising tool to detect and manipulate biomolecules.'* New effects have been
revealed in nanoscale fluidic channels such as physical confinement of macromolecules (e.g.,
nucleic acids)>* and unique ionic transport mechanisms,”~’ which fuel numerous innovative
studies. In particular, the static and dynamic properties of single DNA molecule confined in
nanochannels ranging from tens to hundreds of nanometers have been well characterized,® and
applications including DNA stretching”'® and DNA entropic trapping'' have been reported.
Moreover, the nanofluidic ionic current diodes'*>™"7 and ionic field effect transistors'®'? have
been developed as active nano-electronic-fluidic devices that could possibly lead the way to a
diverse set of applications ranging from biosensing?>?! to transport of molecules.?

To pattern nanochannels, silica-based (e.g., silicon, glass, quartz) substrates are most com-
monly preferred due to their robustness and compatibility with microelectronics fabrication
technologies. Till now, a broad range of methods has been developed to create nanochannels on
such platforms. Among those, high-resolution lithography, mainly electron beam lithography
(EBL)**** and nanoimprint lithography (NIL)* are often employed to pattern nanotrench struc-
tures that can be subsequently turned into enclosed nanochannels by using approaches such as
wafer bonding,”® polymer reflow,”’ laser pulse melting,”® and atomic layer deposition.”” EBL,
although it allows a precise and uniform patterning of nanostructures, is relatively expensive
and suffers from limited throughput, especially when it comes to writing dense array of patterns
over a large area. NIL has been successfully demonstrated for wafer-scale fabrication but thus
far faced issues with defects produced by the mold deformation, uneven coating during the pro-
cess, and cumbersome preparation of the imprint template.’® Thus, it is of utmost priority that
new fabrication techniques are introduced so as to form nanochannels without resorting to
advanced lithography methods.

Previously, glass thermal reflow has been introduced as a route to fabricating micro/
nanochannels via transforming triangular voids trapped within a glass layer into round in-plane

® Author to whom correspondence should be addressed. Electronic mail: eelyobas@ust.hk. Tel.: (+852) 2358-7068.
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capillaries.® Such voids, which are formed by non-conformal deposition of glass fillings on
microstructured silicon, are rounded during thermal anneal as a result of glass reflow that mini-
mizes the surface energy. Based on the principle, we have demonstrated cylindrical glass micro-
capillaries®® and their on-chip integration to perform cellular electrophysiology analysis® and
highly effective capillary electrophoresis.®* Sub-100nm cylindrical nanochannels have also
been fabricated through this approach, albeit applying advanced lithography to register silicon
trenches 300 nm wide.”'

Here, we extend the glass thermal reflow process to the fabrication of cylindrical nanoca-
pillaries on substrates patterned by conventional coarse (resolution > 1 um) photolithography.
Our work draws its principle from an age-old method of forming isolated nanochannels/nano-
pores—the glass nanopipette.”> Glass nanopipette fabrication begins with a thin-wall capillary
having a typical diameter well above 100 um. The capillary is heated around its midpoint to
briefly exceed its glass transition temperature while both ends are being pulled to stretch and
thin the capillary until it splits into two pieces each having a tip opening diameter below
100 nm. Transferring this principle on a planar platform whereby the required external forces
that drive the shape transformation are delivered from the surface energy of as-deposited glass,
defined by the topography of the underlying substrate, we first mould self-sealed channel pre-
cursors in a glass layer on microstructured silicon substrates and demonstrate their controlled
shrinking into cylindrical nanocapillaries.

The principle of our approach is schematically described in Fig. 1. As depicted in Fig.
1(a), buried triangular voids are trapped within silicon trenches by non-conformal deposition of
glass on microstructured silicon substrate. During thermal reflow, the glass layer is softened
and the voids begin to evolve under the surface tension of the viscous glass. Sharp corners with
a high surface curvature get preferentially smoothened, returning channel cross-sections initially
elliptic as in Fig. 1(b) and then fully round having a uniform surface curvature and minimized
surface energy as in Fig. 1(c). Above steps roughly illustrate the mechanism of cylindrical
channel formation realized in previous studies.’'** However, it should be noted that gas pres-
sure inside the rounded voids is insufficient to balance the Laplace pressure induced by the sur-
face tension at the gas-glass interface such that the surrounding viscous glass can continue to
squeeze in, further shrinking the voids, eventually filling the trenches completely. This self-
shrinking evolution of buried channels, if controlled precisely, can be terminated at an oppor-
tune moment that offers cylindrical capillaries with a desired diameter at a sub-lithographic
dimension, a fraction of the initially patterned trench width [Fig. 1(d)]. Utilizing this principle,
we have successfully fabricated cylindrical nanocapillaries and managed to control the capillary

FIG. 1. Conceptual illustration of the process of forming self-enclosed cylindrical nanocapillaries: (a) triangular voids
being trapped within rectangular trenches through non-conformal deposition of the glass filling; (b) and (c) the same voids
after being transformed into first elliptical and then round capillaries via annealed glass reflow process; (d) continued reflow
with the precise control of the reflow time shrinks the round capillaries into nanocapillaries.
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diameter from sub-micron to tens of nanometers. In addition, we have also demonstrated these
transparent nanocapillaries for stretching DNA. This approach offers great potential to integrate
new nanofluidic devices for various biomicrofluidic applications.

Il. THEORY AND MODELING

Glass is an amorphous material that mechanically behaves like a solid in room temperature
yet lacks the periodicity of a crystal. It transits from a solid-like brittle state to a molten
rubber-like state undergoing a thermal process. Unlike the sudden melt of a crystal observed at
a consistent temperature, the transition of glass extends over a broad range of temperature with
a gradual decrease in its shear viscosity. For a certain type of glass, the transition temperature
(T,) is defined as the point at which its viscosity drops to 10" Pa s and gets extremely sensitive
to temperature variations. Thermal reflow is typically conducted at T > T, whereby glass is
molten into a viscous liquid. During this process, forces acting either on the bulk (e.g., gravity)
or at the interface (e.g., surface tension) drive the glass reflow towards the profile of minimum
energy. This viscous flow of glass can be described by the Navier-Stokes (N-S) equations.

Here, the glass thermal reflow that leads to the formation of nanocapillaries is modeled as
an incompressible surface tension driven viscous flow in two dimensions (assuming infinitely
long trenches). Due to the small geometry, high viscosity, and low velocity, the Reynolds num-
ber, which is the ratio of inertial forces to viscous forces, is typically much less than 1
(Re < 1), thereby, inertial parts in the N-S equations can be ignored reducing the model into a
2-D creeping flow governed by the Stokes equations

av

2
v v 1
o VP = VY, ey

p
where p is the pressure on the fluid bulk, v is the velocity vector of fluid, and p and u are the
density and the shear viscosity of the fluid, respectively.

Given the incompressibility, the mass conservation requires

V.-v=0. (2)

Besides the governing equations, the model involves two boundary conditions; a non-slip
boundary (v = 0) at a glass-silicon interface and a surface tension driven free glass-gas interfa-
ces that satisfy

n-T= (_Pext + FV)H, (3)

where n is the outward unit normal, T is the total stress tensor acting on the fluid, P, is the
external pressure, I' is curvature of the interface, and 7 is the surface tension.

lll. METHOD
A. Fabrication process

(100)-oriented n-type silicon wafers (525 um thick, 100 mm diameter) were used. The pro-
cess started with a single-step standard photolithography (SUSS Microtec MA6) to pattern
trench structures (10mm long) with a width varying from 1.5 yum to 4 um. Next, anisotropic
etching of silicon was accomplished in a deep reactive ion etching (DRIE) chamber (STS ICP
Silicon Etcher). The Si etching involved multiple cycles of etch and passivation steps depend-
ing on the depth required ranging from 2.5 to 8 um. Each cycle began with an etch step (45
scem SFg, 5 scem O,, 15 scem C4Fg, 600/8 W coil/platen power for 7 s), followed by a passiva-
tion step (75 sccm C4Fg, 200 W coil power for 5s). Subsequently, a layer of phosphosilicate
glass (PSG) 5 um thick was deposited on the structured silicon wafers through a low-pressure
chemical vapor deposition (LPCVD) process (420°C, 180 mTorr) in a furnace (ASM LB 45
LPCVD). The phosphorus (P) content of PSG varied in 7.5-10mol. %, as confirmed by X-ray
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fluorescence (JEOL JSX-3201Z element analyzer). Finally, thermal anneal of the wafers was
conducted either in a diffusion furnace (ASM LB45) or in a rapid thermal processor (RTP-300)
for the stated durations and temperature levels. Fabricated structures were cleaved perpendicular
to the trenches to expose their cross-sectional profiles for scanning electron microscopy (SEM)
inspection and for fluidic access.

B. DNA stretching experiments

For the DNA stretching experiments, EcoR 1 digested A-phage DNA (Sigma) was prepared
in 0.5 x TBE buffer (0.045M tris-base, ] mM EDTA with 0.045M boric acid) at a concentra-
tion 1 pg/ml. The DNA was labeled with intercalating dye SYBR Green (Sigma) with 1 dye
molecule per 2.5bp and loaded into the nanocapillaries under capillary action. Labeled DNA
was imaged by a CCD camera on a microscope with a 40 x water immersion objective and a
laser-induced fluorescence setup as previously described.**

C. Simulations

The numerical simulation was conducted under comsoL MULTIPHYsICS Software. Time-
dependent 2-D Stokes equations were coupled with moving mesh method to track the
gas-liquid interface and the boundary conditions were set as prescribed above. The viscosity of
PSG (7.5mol. % P) was calculated as 5.8 x 10''Pas using Arrhenius equation: u(T)
= poexp(E/RT), where T 1is temperature (1000°C), p, is pre-exponential coefficient
(3.8 x 10" Pa s), E is activation energy (6.14 x 10° J/mol), and R stands for the universal gas
constant (8.314 J/mol K). The surface tension and the density of glass were assumed 300 N/m
and 2200 kg/m’, respectively.’® Both the internal pressure of glass and the pressure inside the
voids were set equal to the glass deposition pressure (180 mTorr). The ambient pressure was
assigned as 1 atm.

IV. RESULTS AND DISCUSSIONS

A. Baseline process

Figs. 2(a) and 2(b) show SEM images of a 5 um thick PSG layer (7.5 mol. % P) deposited
on a silicon wafer pre-structured with an array of 2 um wide and 2.5 um deep trenches apart by
5 pm in nominal values. Due to the non-conformal deposition profile, trenches were enclosed

FIG. 2. SEM images: (a) oblique and (b) cross-sectional view of voids being trapped within rectangular silicon trenches
due to non-conformal deposition of glass; (c) cross-section of the same voids after being transformed into cylindrical capil-
laries @800 nm via 2-h anneal at 1000 °C; (d) a close-up shot on a single capillary. (e) A micrograph of the @800 nm capil-
laries from above seen as continuous bright stripes aligned within dark stripes (silicon trenches).
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by the glass filling, which left voids of a triangular cross-section profile trapped inside. The
non-conformal deposition profile can be mainly attributed to a geometric shadowing effect in
LPCVD chamber whereby the reactant species reaching the substrate surface follow straight-
line trajectories and those already deposited on the top corners of a trench begin to obstruct the
line of sight from the bottom corners to the reaction chamber.’” This phenomenon, given the
slow surface migration of the reactant species adsorbed on the low-temperature substrate,
causes the non-uniform film thickness observed across the trench, much thicker near the top
surface but thinner inside the trench. Eventually, the thicker top region pinches off, enclosing
the trench before it gets completely filled. Fig. 2(c) reveals SEM cross-section of the same
structure after thermal anneal in a 1000 °C diffusion furnace for 2h. It is clear that the voids
underwent shape transformation driven by surface tension and turned them into nearly identical
cylindrical capillaries. Fig. 2(d) closes onto a single capillary buried inside a silicon trench and
verifies the diameter already reached <1 um (@800 nm). It is our claim that the diameter can be
further shrunk below 100nm with an extended anneal. Fig. 2(e) depicts a representative optical
micrograph of the capillaries (@800 nm), where they appear from above as highly regular thin
bright stripes aligned within dark stripes (silicon trenches). Each pair of the dark stripes refers
to the PSG layers deposited on the opposing sidewalls of a trench, sandwiching a thin bright
stripe, the cylindrical capillary, enclosed therein. One can deduce from the image that the
trenches ended up slightly wider (2.2 um) than the mask design. It is clear that the near-
identical consistency of the capillary cross-sections continues throughout their length.

To validate our claim, the glass reflow process was simulated for a single trench using the
dimensions specified for the above structure. Fig. 3 displays the simulation results describing
the velocity profile that leads the shape transformation shown at the intermediate steps of ther-
mal anneal. The simulation was commenced with a profile asymptotic to as-deposited glass
(t=0) in Fig. 2(b). As can be seen, the reflow speed is considerably higher adjacent to the
sharply curved free interfaces near the outer surface, while it remains relatively low near the
trench bottom despite the comparably sharp curvatures and thus high Laplace pressure therein.
The proximity of these sharply curved interfaces to the no-slip trench walls retards the fluid
flow and, along with the viscous dissipation,®® restricts the supply of extra material to the
trench bottom. After an hour anneal, the top surface of the glass becomes nearly flat and the
upper sharp curvature of the void gets rounded. With a half-an-hour additional anneal, a fully
round void is attained at a diameter ~1 um, whereas the diameter further shrinks to ~800 nm at
the conclusion of a 2-h anneal, concurring with the fabricated profile [Fig. 2(d)]. As can be
noticed, further anneal beyond this point (t >2.5h) continues to shrink the size below 400 nm
but at a slower pace since the flow speed around the void gets lower. Although the flow appears
to compress and distort the round shape, the shape distortion is not encountered in our fabrica-
tion process as presented later. Once a round shape is reached, it is preserved throughout the

| | t=0
ll t=2h
0 I v)

[ R |
%1010 m/s

FIG. 3. Simulation plots mapping the velocity profile and the shape transformation across a glass layer deposited 5 um thick
over a trench 2 um wide and 2.5 um deep shown at different time intervals of 1000 °C reflow.
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annealing process. The discrepancy with the simulation in this sub-micron regime may arise
from the shape distortion of the over-stretched mesh elements near the void-glass interface or
other plausible effects ignored in the model (e.g., non-uniform viscosity). Nevertheless, the
qualitative description of the rounding effect is well captured in the simulation, which also hints
at a shrinking trend of the round capillary with the further anneal.

B. Influence of the aspect ratio of trenches

Next, the impact of the trench aspect ratio (AR) on the glass thermal reflow process is
investigated. The intuition suggests that the trench aspect ratio might influence the glass thermal
reflow through two conflicting mechanisms. First, it may dictate the shape profile of the as-
deposited glass layer that eventually determines surface forces driving the reflow. Second, it
may impose a fluidic resistance that sets dissipative forces countering the reflow. Thus, there
may exist an optimum AR for which the shape transformation occurs favorably within a practi-
cal anneal time.>'"*? Figs. 4(a) and 4(b) show SEM cross-sections of the evolved voids buried
in silicon trenches encompassing six distinct combinations of nominal widths, 1.5, 2.0, and
2.5 um, and depths, 2.5 and 8 um, thereby, addressing low AR (1.7, 1.3, 1.0) and high (5.3, 4,
3.2) AR trenches, respectively. The results indicate that, in low AR trenches, reflow for 2h is
sufficient to return nearly identical round voids, on the same substrate, with a sub-micron diam-
eter (900, 800, and 350 nm, respectively) whereas, in high AR trenches, doubling the anneal
time has yet to form round capillaries mainly due to retarded reflow in such deep structures. It
should be noted that the wider the trench gets, the more the capillary shrinks, a characteristic,
which favors coarse patterning. Fig. 4(c) shows the simulated evolution of the void shape over
time in a trench 2 um wide and 8 um deep (AR =4) and can be directly compared to the shape
evolution in a trench with the same width but the depth 2.5 um (AR =1.3) as shown in Fig. 3.
Note that the identical velocity scales apply. Given the same trench width, no significant differ-
ence can be found between the as-deposited shape profiles, apart from the void elongation into
the trench, particularly around the points of high curvature. Thus, the forces acting on the free

(@) (b)
Trench depth: 2.5um Trench depth: 8um
Trench width: ey ——
1.5um > =
2.0um

t=2h t=4h
1 2 3
| AR |
%1019 m/s

FIG. 4. SEM cross-sections of trenches having a nominal width of 1.5 um, 2.0 um, and 2.5 um and depths (a) 2.5 um and
(b) 8 um deposited with a 5 um glass layer and underwent reflow at 1000 °C for (a) 2h and (b) 4 h; scale bars: 5 um. (c)
Simulation plots mapping the velocity profile during 1000 °C reflow over different time intervals, showing the shape trans-
formation of a void in a glass layer deposited 5 um thick over a trench 2 yum wide and 8 um deep.
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interfaces and the flow speed should be comparable at the onset of the reflow. It is trivial that
the void elongated into the deeper trench (high AR) must take longer time to evolve, as it has
more space to fill. However, when the progress is evaluated at the end of a 2-h anneal, one can
appreciate that such relation is unlikely to be linear as less volume gets filled in the high AR
trench due to larger viscous dissipation along the void. These results support square-like
trenches with a low AR (~1) as a more favorable surface topography for the formation of
nanocapillaries.

C. Influence of the substrate surface topography

It should be noted that a complete enclosure of a silicon trench prior to thermal reflow of
glass is an important prerequisite for the formation of a cylindrical buried capillary. Otherwise,
the surface curvature of an unsealed configuration might drive the shape evolution to the oppo-
site direction such that it leads to an open groove rather than a buried capillary. Depositing a
sufficiently thick glass layer ensures the full enclosure. However, our fabrication results suggest
that the choice of the underlying surface topography may favor the formation of buried capilla-
ries even if their precursor voids were not completely sealed. Figs. 5(a) and 5(b) depict SEM
cross-sections of 4 um wide and 5.5 um deep trenches deposited with 5 yum PSG (7.5 mol. % P)
underwent 2-h and/or 4-h reflow at 1000 °C. Both structures differ in their spacing between the
adjacent trenches, 10 um and 5 um, respectively. A closer inspection of the structures prior to
reflow reveals that the voids are not completely closed as there are sub-micron gaps left above
the voids where the expected glass pinch off should have taken place. An interesting observa-
tion is noted in the latter design (5 um spacing) at the conclusion of a 4-h reflow, which cannot
be seen in the former (10 um spacing); every other trench gets a buried capillary while the
remaining trenches are found further opened up. A quick check on the design at an intermediate
step (2-h reflow) shows all the trenches ready to close with the glass layer barely pinching off
in all. To better understand the mechanism behind this pattern formation, we simulated both
structures and found indeed that the trenches apart by 10 um are unable to form buried capilla-
ries during reflow, while those apart by 5 um are ready to pinch off at the end of a 2-h anneal.
An excellent agreement can be seen between the fabrication profiles and their respective simu-
lation results presented in Figs. 5(c) and 5(d). Noticing that the trenches apart by 5 um are
unlikely to pinch off at the same moment due to structural and process non-uniformities or sim-
ply randomness inherent in the process, we performed the rest of the simulation (beyond 2h)
having one of the trenches (arrow) set to pinch off first and managed to reproduce the pattern
of the fabricated structure at the end of an extra 2-h reflow. We believe that as soon as a pinch
off occurs in a trench, the high-energy surface subsequently created draws flow from the adja-
cent trenches to minimize the surface energy, thereby hindering the pinch-off about to happen
in them. Thus, the trench sandwiched between the two sealed capillaries further opens up.
Although one could take advantage of the surface topography to enclose capillaries dynamically

4h reﬂow

©

2h reflow 4h reflow
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FIG. 5. SEM cross-sections of 4 um wide, 5.5 um deep trenches deposited with a 5um glass layer shown either as-
deposited (no reflow) or underwent reflow at 1000 °C for the stated anneal time. The spacing between the adjacent trenches:
(a) 10 um and (b) 5 um. Scale bars: 5 um. Simulation plots (¢) and (d) correspond to the fabricated profiles in (a) and (b),

respectively, and indicate simulated shape profile and flow velocity distribution within the glass layer.
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during reflow, this would be hard to control and better to avoid by ensuring the enclosure
before the reflow.

D. Influence of the anneal temperature and duration

Once the surface topography in relation to the thickness and composition of the glass layer
is fixed, including the aspect ratio and density of trenches, one has left with the anneal tempera-
ture and time to control shrinking of the capillaries below 100nm. Performing anneal at a
higher temperature further reduces the viscosity and increases the flow speed, which may pose
a tighter window of control. For a fixed temperature, an extended anneal may cause the voids
completely filled. The controllable shrinking of large voids into nanocapillaries was investigated
on trenches with a width 1.5, 2.0, 2.5, and 3.0 um, and a depth 2.5 um, corresponding to a low
AR (1.7, 1.3, 1.0, and 0.8) in which the rounding effect can occur in a reasonable time as veri-
fied by the results in Fig. 4. On these trenches, a glass layer was deposited 5 um thick and with
a relatively high phosphorous content (10 mol. % P) to ease the flow and shortened the overall
anneal to minutes so that the reflow can be conducted in a RTP for a more accurate control of
the time. Fig. 6(a) illustrates the measured diameters of the fabricated nanocapillaries in a plot
of RTP anneal time. Prior to RTP, the voids were pre-rounded in a diffusion furnace via 15-
min anneal at 1000 °C. RTP was subsequently performed at 950°C for better size control. As
shown, for the stated trench depth and anneal conditions, the capillaries shrink more readily
within trenches wider than 2 yum which can be conveniently registered through standard photoli-
thography. Within trenches 2.5 um wide, the diameter of capillaries falls from 400 to 100 nm in
140's, before they get completely filled with an extra 70 s anneal, whereas within 3 um trenches,
30s anneal is enough to bring them down from 200 nm to 50 nm. Figs. 6(b) and 6(c) show rep-
resentative cross-sectional images of the @350 nm capillary and this diameter was found consist-
ent along the length with a relative standard deviation below 10% (n > 20).

E

g
:

g

Capillary diameter (D) / nm
8

FIG. 6. (a) A plot of the measured capillary diameter as a function of RTP anneal (950 °C) time for increased trench widths
(legend). Inset: a schematic description of the dimensions. (b) SEM cross-sectional image showing the @50 nm glass nano-
capillary (inside the dashed rectangle) obtained in a trench 3 um wide and 2.5 um deep after 30s anneal. (c) A close-up
shot on the same nanocapillary.
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FIG. 7. Representative fluorescent micrographs showing A-phage DNA strands in cylindrical glass nanocapillaries with a
diameter (a) @400 nm, (b) @200 nm, and (c) @50 nm, fabricated in silicon trenches with a depth of 2.5 um and a width of
2.5 ym in (a) and 3 ym in (b) and (c). Scale bars: 20 ym.

E. Stretching DNA in cylindrical glass nanocapillaries

The utility of the fabricated nanocapillaries was put to the test on the stretching of A-phage
DNA (48.5 kbp). It is well known that DNA in free solution coils itself randomly with a small
radius of gyration (<1 um for A-phage DNA), whereas it gets stretched when physically con-
fined in a channel of width or depth much smaller than the radius of gyration and about the
same order as its persistence length (typically 50 nm for dsDNA). Reisner et al. used channels
30 x 40nm and showed stretching of A-phage DNA (in 0.5 x TBE) to length 13 um.® Xia et al.
using 20 x 60nm channels reported stretching of A-phage DNA (in 0.5 x TBE) to lengths
between 11 and 13 um.>® Here, we examined stretching of A-phage DNA also buffered in
0.5 x TBE. Fig. 7 displays representative fluorescence micrographs of individual molecules cap-
tured inside the nanocapillaries of various diameters. It should be noted that, in a given array,
not all the nanocapillaries could be found with molecules, at least in the field of view, since it
is thermodynamically unfavorable for long DNA molecules to spontaneously uncoil in free so-
lution and enter nanocapillaries directly under capillarity without the free energy needed to
reduce entropy.®® In the nanocapillaries having a relatively large diameter (@400 nm), the mole-
cules preserve their recoiled shape appearing as fluorescent blobs [Fig. 7(a)]. Yet those confined
in a smaller diameter (3200 nm) can be found stretched up to length 8.7 = 1.2 um (n =5), about
47% of their dye-adjusted total contour length 18.5 um [Fig. 7(b)]. Further confinement within
even a smaller diameter comparable to the persistence length 50 nm, such as of those in Figs.
6(b) and 6(c), can lead to more effective stretching with the molecules reaching 14.1 * 1.1 um
(n=10), 76% of the contour length [Fig. 7(c)]. The molecules appear to be thicker than their
actual size due to spreading of the fluorescent emission and the limited resolving power (dif-
fraction limit) of the imaging system.* These results are consistent with the previous studies
reported at the same ionic strength and indicate effective stretching of DNA in the integrated
cylindrical glass nanocapillaries introduced here without relying on high-resolution lithography.

V. CONCLUSIONS

We have demonstrated a convenient and scalable method of fabricating cylindrical in-plane
nanocapillaries. Unlike the previous demonstrations, our approach, which is based on reflow of
an annealed glass layer for shape transformation of self-enclosed channels and their subsequent
shrinking, avoids the advanced patterning techniques and rather prefers standard photolithogra-
phy. Ironically, our simulation and fabrication results suggest that wider patterns (>2 um) favor
the formation of nanocapillaries as opposed to those narrower (~1 um). Through numerical sim-
ulations, we have also shed light on the underlying mechanism and obtained shape profiles in
excellent agreement with those fabricated. The nanocapillaries have been demonstrated as small
as 50nm in diameter and highly regular in profile over a large span (>10mm), thereby allow-
ing effective stretching of digested A-phage DNA as verified by fluorescence imaging micros-
copy owing to optically transparent nature of these nanocapillaries. The fabrication method
shown here can be further extended to integrate the nanocapillaries with microchannels and flu-
idic inlet/outlet ports either by pre-structuring the substrate with a dual-step profile before
depositing glass layer’® or by simply dry etching the glass layer through a pattern.*> We are
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now investigating these routes of integration for novel nanofluidic devices towards biomedical
applications.
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