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ABSTRACT: Solid-state nanopores of on-demand dimensions and shape can facilitate
desired sensor functions. However, reproducible fabrication of arrayed nanopores of
predefined dimensions remains challenging despite numerous techniques explored. Here,
bowl-shaped nanopores combining properties of ultrathin membrane and tapering geometry
are manufactured using a self-limiting process developed on the basis of standard silicon
technology. The upper opening of the bowl-nanopores is 60−120 nm in diameter, and the
bottom orifice reaches sub-5 nm. Current−voltage characteristics of the fabricated bowl-
nanopores display insignificant rectification indicating weak ionic selectivity, in accordance to
numerical simulations showing minor differences in electric field and ionic velocity upon the reversal of bias voltages.
Simulations reveal, concomitantly, high-momentum electroosmotic flow downward along the concave nanopore sidewall.
Collisions between the left and right tributaries over the bottom orifice drive the electroosmotic flow both up into the
nanopore and down out of the nanopore through the orifice. The resultant asymmetry in electrophoretic−electroosmotic force
is considered the cause responsible for the experimentally observed strong directionality in λ-DNA translocation with larger
amplitude, longer duration, and higher frequencies for the downward movements from the upper opening than the upward
ones from the orifice. Thus, the resourceful silicon nanofabrication technology is shown to enable nanopore designs toward
enriching sensor applications.
KEYWORDS: solid-state nanopores, self-limiting formation, directional DNA translocation, silicon technology,
local oxidation of silicon (LOCOS), bowl shape, electroosmotic effects

Nanopore technology has been intensively investigated
for a myriad of applications including biological
analysis,1 water desalination,2,3 gas separation,4,5

selective filtering,6,7 and power generation.8,9 Solid-state
nanopores (SSNPs) have attracted particular interest because
they can be manufactured using a variety of fabrication
techniques along with a rich choice of membrane materials
both mechanically and chemically robust.10 The techniques
employed include drilling using ions11,12 or electron beam,13

electrical breakdown,14 electrochemical etching,15 and lithog-
raphy in combination with reactive ion etching.16,17 Tightly
connected is the processable membrane materials including
SiNx,

11 SiO2,
18 and silicon19 that are silicon process

compatible; emerging layered single-atom structures such as
graphene20 and MoS2

21 that can facilitate ultrathin nanopores;
or glass22 and polymer23,24 that target special routes of
fabrication and surface management. However, the techniques
for SSNP fabrication reported in the literature often require
tedious optimization and precise time control in order to
achieve target pore dimensions. A self-limiting process with
which the dimensions can be preset and do not vary upon, e.g.,
prolonged process time, is desired for reproducible fabrication.
The present work exploits the resourceful silicon nano-

fabrication technology for manufacturing SSNPs in a self-
limiting and mass-production fashion. The specific process
module employed to attain the self-limiting formation is the
local oxidation of silicon (LOCOS) established in standard
silicon technology for the electrical isolation of devices in
integrated circuits before transistors reached submicron
dimensions.25 A natural consequence of the LOCOS process
is the formation of bowl-shape SSNPs, hereon abbreviated as
BNPs. It is worth noting that this module is applicable for
SSNP formation on any low-noise substrates able to withstand
high-temperature processing. The quasi-hemispheric interior
with an ultrathin membrane around the orifice of BNPs is
experimentally and theoretically found to give rise to weak
ionic selectivity for the transport of ions but strong molecular
directionality for translocations of DNA molecules.
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RESULTS AND DISCUSSION

Fabrication of the BNPs. The BNPs were fabricated on
(100) silicon wafers thinned from 550 to 325 μm in thickness
and double-side polished. Graphically summarized in Figure
1a, the fabrication started from thermal oxidation of the wafers
at 1000 °C to grow a 150 nm thick SiO2 layer after standard
wafer cleaning. Low-pressure chemical vapor deposition
(LPCVD) was used to grow a 60 nm amorphous silicon (a-
Si) membrane layer at 560 °C. Oxidation at 850 °C for 10 min
was performed to grow a screening SiO2, thereby slightly
reducing the a-Si layer to 55 nm, followed by the growth of
20−70 nm thick Si3N4 at 775 °C. The a-Si layer was inevitably
crystallized during the oxidation and the Si3N4 deposition, but
it is still referred to as a-Si for convenience despite its
polycrystalline form. Ion implantation of arsenic to a dose of 5
× 1015 cm−2 was carried out to the front side of some of the
wafers at 20 keV so as to place the dopant at the interface
between the a-Si layer and the Si3N4/SiO2 overlayer. These
wafers were annealed in an inert atmosphere at 850 °C for 60
min to electrically activate the dopants. The Si3N4 layer that
received the arsenic implantation was stripped off in H3PO4
solution at 170 °C after the high-activation annealing. A fresh
LPCVD-Si3N4 layer 20 nm in thickness was deposited on these
wafers to ensure a quality LOCOS process together with the
wafers without the arsenic doping. Electron beam lithography
(EBL, Nanobeam Ltd.) was combined with reactive ion
etching (RIE) to define circular windows of 60 nm in diameter
in the Si3N4 layer on the front side of the wafers. During
LOCOS (Step 5 in Figure 1a), the a-Si exposed in the Si3N4
windows was oxidized in dry oxygen at atmospheric pressure
from 850 to 1100 °C for different time spans in order to
evaluate the BNP process. With a minor surface oxidization,
the oxidation-resistant Si3N4 layer remained largely intact.25

The BNP fabrication was completed by combining deep RIE

and KOH wet etch to form square cavities 150 μm × 150 μm
in size from the rear side through the silicon substrate until
reaching the 150 nm thick SiO2 layer. The preferential
chemical reaction of KOH with the (100) planes to the (111)
planes of a silicon crystal defined the sloped sidewalls at a fixed
angle of the large cavities.17 Finally, a buffered hydrofluoric
acid was applied to remove the LOCOS SiO2 studs grown in
the Si3N4 windows along with the SiO2 layer in the large
cavities. Self-supporting silicon membranes with BNPs were
obtained. The fabricated BNPs were inspected by means of
scanning electron microscopy (SEM).
The BNPs formed with critically different process specifics

are first reviewed. This is followed by evaluation of the BNPs
based on numerical simulations and experimental demon-
strations with transport of ions and translocation of λ-DNA
strands. Technical details regarding the simulation and
electrical characterization implementations are provided in
the Methods section and the Supporting Information to keep
the discussion below focused.

Structure Characterization and Formation Optimiza-
tion. Use of the highly stiff LPCVD Si3N4 layer with a Young’s
modulus of ∼440 GPa26 is essential to the self-limiting
formation of BNPs via the LOCOS process. The top-view
micrographs in Figure 1b,c present typical BNP arrays formed
with LOCOS (b) at 850 °C for 150 min of the crystallized a-Si
membrane and LOCOS (c) at 1100 °C for 60 min of the
crystallized a-Si first implanted and subsequently activated with
arsenic. The bottom orifices of the BNPs in Figure 1b are
highly irregular, in contrast to those in Figure 1c displaying, as
desired, largely circular orifices that well-resemble the shape of
the top opening of much larger dimensions. Close-in
micrographs of Figure 1b,c are, respectively, depicted in
Figure 1d,e (orifice diameter dp = 65 nm). To highlight the
importance of arsenic activation, the close-in micrograph of a

Figure 1. BNP fabrication. (a) Overview assisted by graphical presentation of key process steps for the formation of BNPs. Top-view SEM
micrographs showing two BNP arrays (b) with their irregular bottom orifices in a nonimplanted sample after the LOCOS process at 850 °C
for 150 min and (c) with much more regular bottom orifices in an implanted and activated sample after the LOCOS process at 1100 °C for
60 min. Close-in of the bottom orifice for: (d) one of the BNPs in (b); (e) one of the BNPs in (c); and (f) a different BNP formed after
oxidation at 850 °C for 150 min of the crystallized a-Si layer implanted with As. (g) Top-view of a BNP with an elliptic bottom orifice in a
sample similarly processed as that in (e) but with a smaller opening in the Si3N4 layer. (h) Tilted cross-sectional view of a similar BNP as
that in (e).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c06321
ACS Nano 2021, 15, 17938−17946

17939

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06321/suppl_file/nn1c06321_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06321?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06321?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06321?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06321?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c06321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


BNP processed similarly to those in Figure 1c,e but without
the activation step shows persistent irregularity in Figure 1f.
The top-view micrograph in Figure 1g displays a BNP with an
elliptic orifice (dp1 = 7 nm and dp2 = 15 nm) resembling fairly
well the shape of the top opening of much larger dimensions.
The micrograph in Figure 1h depicts the cross-section with a
15° tilt of a BNP formed similarly to that in Figure 1e to show
a concavely curved sidewall.
Several causes can be identified as responsible for the

observed nonuniformities and irregularities. To begin with, the
windows in the Si3N4 layer can be nonuniform during
lithography: (a) distortion from the desired circular shape
and (b) size variation from window to window. Process
optimization is necessary to minimize these lithography related
nonuniformities. The irregularities in orifice size and shape can
result from two major variabilities: (a) dependence of
oxidation rate on the silicon crystal orientation27 of the
crystallized a-Si and (b) local thickness variation clearly
inferred by the roughened surface in Figure 1h. The relatively
satisfying result with a close-to-ideal circular orifice in Figure
1e points to the paramount importance of doping prior to
LOCOS, because heavily doped silicon is known to oxidize
faster and the rate of oxidation is less dependent on crystal
orientation than undoped silicon.28 Prolonging the oxidation
time while exploiting the self-limiting nature of the process
may also improve the uniformity. Alternatively, such
irregularities could be diminished by substantially increasing
the grain size in the a-Si layer via grain growth mediated by
metal or metal silicides.29,30 The local thickness variation is
most likely a consequence of crystallization and grain growth in
the a-Si layer upon thermal processing. Chemical mechanical
polishing, a standard process technique in modern nano-
electronics fabrication, can be employed to planarize the
surface prior to further processing. Finally, the membrane is
extremely thin in the nanometer range in the vicinity of the
BNP orifice. Such BNPs can be mechanically fragile. To boost
the mechanical strength, the BNPs can be coated by an
ultrathin dielectric layer in a conformal manner by means of
atomic layer deposition.31 Thickened orifices can compromise
the performance of the BNP sensors, but simulations indicate
that the adverse effect is limited.
The mechanical stress generated during the LOCOS

process25 can be engineered to result in a self-limiting growth
of SiO2 studs as the nanopore precursors defined by the Si3N4
windows. When the SiO2 studs are selectively stripped off,
nanopores are left behind in the a-Si membrane. Here, the
stress considered specifically refers to that in the grown SiO2
studs. The oxidation of silicon is accompanied by a 220%
volume expansion.25 Confined in a stiff environment, 120% of
a grown SiO2 stud has to stick out through the Si3N4 window,
thereby rendering the growth of SiO2 stud self-constricting.
Moreover, the diffusivity of oxidants is greatly reduced32 in a
highly compressed SiO2, thus shifting the silicon oxidation
toward self-restricting. Stress engineering can be viable in
several different approaches including varying the Si3N4
thickness, altering the Si:N ratio from 3:4 in Si3N4 to 1:0.8
to yield lower-stiffness SiN0.8,

26 and/or controlling the
LOCOS temperature. Such approaches aim at allowing the
grown SiO2 stud to push back the upper SiNx layer so as to
yield room for further growth. The cross-sectional SEM images
in Figure 2 clearly show the outcome of the subtle, yet critical,
interplay between stress management via Si3N4 thickness
control and LOCOS SiO2 growth. With the assistance of white

dashed lines to identify the interfaces of the different parts in
the structure, incomplete oxidation of the a-Si inside a 100 nm
diameter window in a 70 nm thick Si3N4 layer is seen in Figure
2a, with a ∼ 30 nm gap between the front of the grown SiO2
stud and the bottom of the a-Si/SiO2 interface. The self-
limiting phenomenon is evident in Figure 2b as the SiO2 stud
had only thickened by 30% upon a 3-fold longer oxidation of
the sample in Figure 2a; the grown SiO2 on a planar silicon
substrate would be 110 nm thick after the 60 min oxidation
and 250 nm upon prolonging the oxidation time to 180 min.25

An effective route to work around the stress as an attempt to
advance the SiO2 stud toward the bottom of the a-Si/SiO2
interface is to first strip it off followed by reoxidization of the
sample, as shown in Figure 2c. Decreasing the thickness of the
Si3N4 layer from 70 to 40 nm reduces the required LOCOS
time for the same oxide thickness, as revealed in Figure 2d.
Further decrease of the Si3N4 layer to 20 nm is proven an
effective scheme to lessen the mechanical constriction imposed
on the growing SiO2 stud so as to lead to a successful BNP
process, cf., Figure 1e,h. The stress buildup is naturally
dependent on window size, i.e., Figure 2e vs. 2f. Stress
engineering along with the design of ion implantation with
dose, energy, and incidence angle can additionally be utilized
to determine the concavity of the BNP interior, which requires
process optimization supported by simulation. Thus, the self-
limiting growth of SiO2 and the subsequent selective oxide
removal should be key to the formation of highly reproducible
BNPs.
The self-limiting growth of SiO2 due to mechanical stress

needs a warranted supply of oxidant (dry O2 in this study) to
the reaction interface between the partially grown SiO2 stud

Figure 2. Self-limiting formation of BNPs. Cross-sectional SEM
images of BNP arrays showing self-limiting effects. Incomplete
oxidation by the mechanical stress imposed by a 70 nm thick, high-
stiffness Si3N4 layer after LOCOS (a) at 850 °C for 60 min; (b) at
850 °C for 180 min; and (c) reoxidation at 850 °C for 60 min of
the sample in (b) after stripping off the SiO2 stud that formed
during the first oxidation. In comparison, (d) sample with a 40 nm
thick Si3N4 layer after LOCOS at 850 °C for 150 min. Size-
dependent growth of SiO2 studs at 850 °C for 180 min: (e) a
thicker SiO2 stud in an 80 nm opening than (f) that in a 60 nm
opening. Note that the interface between the a-Si layer and the
underlying SiO2 should be flat, and the wavy white dashed lines are
due to artifacts from manual cleavage of the samples.
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and the remaining a-Si. The kinetics of SiO2 thermal growth on
single-crystal silicon has been intensively studied and well-
described by the widely accepted Deal−Grove model.33 The
underlying mechanism is the diffusion of oxidants through the
growing SiO2 and the oxidation reaction with the Si at the Si−
SiO2 interface to thicken the oxide. Therefore, the SiO2 growth
rate in steady-state is determined by33 (a) the flux of oxidants
from the gas bulk to the SiO2 surface, F, (b) the solid solubility
of oxidants in the oxide, (c) the diffusivity of oxidants in the
oxide, and (d) the interface reaction coefficient. The original
Deal−Grove model is one-dimensional, valid for single-crystal
silicon, and without consideration of doping effects.
Comprehensive studies on the dependence of oxidation rate
on silicon crystal orientation27 and dopant type and
concentrations28 are readily available in the literature. For
oxidation over severe surface morphology with sharp concave
or convex corners, a two-dimensional model32,34 can be used
to account for the stark mechanical stress and oxidant supply
effects. The supply and consumption of oxidants are estimated
for our case as follows.
On the supply side, F in m−2s−1, of oxidant molecules from

the gas toward a solid surface with a given partial pressure, p in

mTorr, is35 F p
kT m

0.133
2

=
π

, with k = 1.38 × 10−23 J K−1 as the

Boltzmann constant, m as the molecular mass in kg, and T as
the absolute temperature in K. In our case of oxidation in pure
O2 (mO2

= 5.3 × 10−26 kg) at p = 760 Torr (atmospheric
pressure) and T = 1123 K, F = 1.4 × 1027 m−2 s−1 was
obtained. The opened windows for the BNP formation are
typically 110 nm in diameter, giving rise to each of the exposed
window areas to be 9.5 × 10−15 m2. Thus, there are 1.3 × 1013

O2 molecules striking the considered area per second.
On the consumption side, the oxidation rate can be related

to the flux of oxidant at the Si/SiO2 interface, FI, according to

the relationship33
x
t

F
N

d
d

0 I

1
= , where x0 is the thickness of grown

SiO2, t is the oxidation time, and N1 is the number of oxidant

molecules incorporated per unit volume of SiO2 grown. For
our dry oxidation in O2, N1 = 2.2 × 1022 cm−3, x0 = 120 nm,
and t = 180 min. The area of the Si/SiO2 interface is
approximated by a hemisphere of radius = 55 nm (a-Si
membrane thickness) at the end of BNP formation. Therefore,
the amount of oxygen consumed would be 5.6 × 103 O2
molecules per second at the Si/SiO2 interface, i.e., 10

9 times
lower than the supply. This strongly suggests that there should
be no shortage in the oxidant supply for oxidation in such small
openings and that the observed self-limiting oxidation is caused
by mechanical stress. Refinements of this simplified calculation
can consider several details, some of which have already been
discussed above. The presence of n-type dopants can enhance
the oxidation rate of (100) oriented silicon by a factor of 10 at
the most,28,36 while the crystal orientation can change the
oxidation rate by 1.7 times.27 The SiO2 growth in the small
Si3N4 windows is three-dimensional with the oxidation of a
polycrystalline, heavily arsenic doped silicon membrane layer.
Hence, the nonuniform structures can introduce several
mechanisms to be considered:32,34,37−39 (a) effects of different
crystal orientations of a curved silicon surface on the local
oxidation rate, (b) dependence of oxidant diffusion on the
shape of the SiO2/Si boundary surfaces reflecting the level of
mechanical strain, (c) viscous flow in the nonuniformly
deformed SiO2, and (d) effects of stress on oxide growth
rate. Nevertheless, none of these three-dimensional effects are
expected to cause orders-of-magnitude changes to revert the
conclusion of mechanical stress being the cause for self-limiting
oxidation.
The importance of arsenic activation in achieving the desired

circular orifice deserves some lines of discussion. By invoking a
correlation of the oxidation rate constant to the Fermi level of
silicon, a theoretical model was proposed to account for the
enhancement effect by heavy arsenic doping.40 The oxidation
of heavily arsenic doped polycrystalline silicon is more
complex, as the dopants can redistribute and deactivate.25 In
polycrystalline silicon, the segregation of n-type dopants to the

Figure 3. Characterization of BNPs by the means of simulation and experiment. (a) Distribution of net charge concentration in a BNP of dp
= 5 nm (warm colors for cations and cold colors for anions), clearly showing an extended stretch of inverted charge due to the induced
charge effect for both bias polarities, but above (−500 mV) and below (+500 mV) the membrane around the orifice. Electroosmotic flow
velocity distribution (warm colors for downward flows and cold colors for upward flows) at −500 mV (left half) and +500 mV (right half)
for (b) dp = 5 nm and (c) dp = 20 nm. The direction of each of the arrows is assigned on the basis of the data from the center point of the
arrow. (d) Electroosmotic flow velocity along the symmetrical axis for dp = 5, 10, and 20 nm. Current−voltage characteristics of (e) a
fabricated BNP of dp = 4.4 nm in electrolytes of various KCl concentrations and (f) fabricated BNPs of dp = 2−20 nm in an electrolyte of
KCl at a concentration of 500 mM.
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grain boundaries of a polycrystalline silicon film is a prominent
phenomenon leading to severe dopant deactivation.41 At an
elevated temperature, an initially amorphous silicon layer
recrystallizes and simultaneously incorporates preimplanted
arsenic atoms to the substitutional lattice sites. This
incorporation process has an activation energy of 2.3 eV.42

For comparison, the silicon oxidation is characterized by an
activation energy of 2.05 eV.43,44 Hence, the oxidation of the a-
Si without prior arsenic activation (Figure 1f) is expected to
proceed similarly to that of the nonimplanted a-Si (Figure 1d).
Electroosmotic Flow Distribution and Ionic Selectiv-

ity. The BNPs were first studied by means of two-dimensional
numerical simulation with a central axial symmetry imple-
mented on Comsol Multiphysics, with details about the
procedure described in the Methods section as well as in our
recent review.10 Referring to the experimental BNPs, extended
ideal hemispheres with a radius of 55 nm, equal to the a-Si
membrane thickness split to two halves at the bottom, and
distanced by dp = 5−20 nm, equal to the orifice of BNPs, were
adopted in the simulation. The simulation also assumed the
frequently measured σ = −0.02 C m−2 for the inherent surface
charge density, in 500 mM KCl and biased at ±500 mV. It is
clear in Figure 3a for a BNP of dp = 5 nm that induced charge
effect45 gives rise to a nonuniform charge distribution along
the curved sidewall of the BNP and, in particular, a charge
inversion on the upper surface at −500 mV and the lower
surface at +500 mV of the ultrathin membrane around the
orifice. This charge nonuniformity has a direct effect on the
electroosmotic flow (EOF) in Figure 3b for a dp = 5 nm BNP
and Figure 3c for a dp = 20 nm BNP. Use of the same color
scale makes it easy for a direct comparison between Figure 3b
and 3c. As the sidewall is negatively charged until the vicinity
of the orifice, the EOF originating from the drift of cations (K+

ions) in the electrical double layer glides downward along the
hemispherical sidewall at +500 mV, in analogy to water flowing
on a curved slide. This EOF is entirely dominated by its
horizontal component at the end (bottom) of the hemi-
spherical slide. By virtue of axial symmetry, fluid splash occurs
over the plane of the bottom orifice (orifice plane) as a result
of head-to-head collisions between each pair of the electro-
osmotic tributaries of equal momentum from the opposite side
across the orifice. The splash causes the fluid to flow both
upward back into the BNP and downward outside the orifice,
seen, respectively, as cold-color and warm-color “flames” in the
right halves of Figure 3b,c. As a result, a sharp and flat border
between the flames lies close to the horizontal line defined by
the tangent of the hemisphere at the orifice, i.e., the orifice
plane. The splash together with the EOF along the two
surfaces generates three electroosmotic vortexes in the vicinity
of the orifice, one inside the BNP and two in the lower
electrolyte reservoir. The two vortexes close to the orifice are
characteristic of the bowl shape, while the vortex more
distanced from the orifice can also form in ordinary symmetric,
e.g., cylindrical, nanopores.46 Moreover, the vortex right
outside the orifice results from the charge inversion on the
lower surface close to the orifice (blue stretch in the right half
of Figure 3a). The peculiar distribution of EOF in the BNP
results from two kinds of surface charge, inherent and induced,
present along the nanopore sidewall. The latter arises from the
parasitic capacitive effect of the membrane. The negative
inherent charge is, via attraction of positive ions in the
electrical double layer, responsible for the water flow gliding
along the sidewall from the high to the low-potential side of

the BNP. The induced surface charge thrusts, in a similar
fashion, two streams of flows along the upper and lower surface
of the membrane toward the orifice where they collide and
move forward.47 The final apparent EOF distribution is the
superposition of the patterns caused by the two kinds of
surface charge. Largely similar results are found when the
BNPs are biased negatively at −500 mV but with the relative
size of the flames reversed, as shown in the left halves of Figure
3b,c. The reversion in flame size and intensity but not in color
(flow direction) is a consequence of two collaborative effects.
One is the induced charge of opposite polarity on the upper
surface of the ultrathin membrane around the orifice (blue
stretch in the left half of Figure 3a), causing a local downward
flow (left halves of Figure 3b,c) and driving a similar fluid
splash over the orifice plane. Another is the fast-moving EOF
mostly horizontally along the lower surface leading to two fluid
splash components, one by the parallel collision with the
downward flow from the upper surface of opposite charge
polarity48 and one, again, by the head-to-head collision
between opposite tributaries. The effect of fluid splash is
illustrated by plotting the EOF velocity along the central axis
for the BNPs with dp = 5, 10, and 20 nm in Figure 3d with the
inset for the coordinate. The position of the sharp transition
from one velocity polarity to the opposite shifts slightly with
increasing dp, as indicated by the vertical red arrows. The shift,
accompanied with the change of flame size and intensity, is
expected because the electroosmosis arising from the charge on
the sidewall is weaker for larger pores, i.e., Figure 3b vs. 3c, and
it is a response to the bias condition.
Well-characterizing current−voltage (I−V) curves of the

BNPs are shown in Figure 3e,f. The ionic rectification, defined
as the ratio averaged from 0 to ±500 mV of ionic current at a
specific negative bias voltage to that at the counterpart positive
voltage, is insignificant in the studied ranges of KCl
concentration (Figure 3e) or dp (Figure 3f and Figure S1).
The membrane near the orifice of the BNPs is extremely thin
and it is located in the high-electric field region that determines
the electrical behavior in the open-pore state. Thus, the
distribution of the electric field in the BNPs is similar to that in
conventional symmetrical two-dimensional nanopores,20,21 and
so are the leaner I−V characteristics (Figure S2). In addition,
the open-pore current shows a typical noise power spectrum
with a normal noise level comparable to that of SiNx
nanopores (Figure S3).49 The dp values were extracted on
the basis of the I−V data and our model (Note S1 and Figure
S4 for details).50 In addition, the surface charge density is
extracted to be around −0.017 C m−2 using the conductance
data of the nanopore in electrolytes of different KCl
concentrations (Figure S5).

Force Components and λ-DNA Translocation. In our
previous report of truncated-pyramidal nanopores, the
observed strong rectification of protein translocation was
associated with the formation of electroosmotic vortex.17 As
protein molecules are generally weakly charged, the electro-
osmotic vortex plays a critical role in the dynamics of their
translocation while the electrophoretic force is relatively
unimportant. In contrast, ionization of the hydrogen on their
phosphate backbone makes DNA molecules heavily negatively
charged.51 Movement of DNA molecules in a BNP can,
therefore, be controlled electrophoretically and significantly
modulated electroosmotically.10,52 At +500 mV (Figure 3b),
the electrophoretic force would pull a DNA molecule upward
from the lower reservoir. However, the electroosmotic force
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below the orifice tends to drag the molecule downward while
that above pushes it upward. Thus, the electroosmotic force
would attempt to prevent the DNA molecule from entering the
BNP from the lower reservoir but would drive it out from the
BNP (once it is inside) into the upper reservoir. At −500 mV,
the direction of the electrophoretic force is reversed but the
EOFs near the pore only change in intensity. A DNA molecule
driven by the electrophoretic force to enter the BNP from the
upper reservoir would become decelerated by the upward EOF
when it gets close to the orifice. A long transfer time for the
DNA molecule in the BNP is, therefore, anticipated. Similarly,
the DNA molecule is accelerated once it moves out into the
lower reservoir. The maximum amplitude ratio of the
electroosmotic force to the electrophoretic force at the same
position along the central axis is calculated in Figure 4a for a
simplified assessment using one DNA base pair segment as a
nanoscale object being exerted by the different forces (Note S2
and Figures S6 and S7 for calculation). A rapid growth of the
importance of the electroosmotic force with decreasing dp is
evident. The total force, i.e., the sum of electrophoretic and
electroosmotic force, exerted on such a DNA segment is shown
in Figure 4b to peak sharply near the orifice. In both cases of dp
= 5 and 10 nm, the peaks are strongly asymmetric although the
peak heights are largely insensitive to dp. Further, a comparison
between the BNPs and truncated conical nanopores17 shows
striking differences in how the amplitude ratio evolves with
bias voltage (Figure S8).
The ratio of the total force at −500 mV to that at +500 mV

on the DNA segment is depicted in Figure 4c for three BNPs

of dp = 5, 10, and 20 nm. The χ-axis, with the position of the
orifice plane as its origin (inset in Figure 4b), points to the
direction of the electrophoretic force for both positive and
negative biases. The total force at −500 mV is about 5 times
stronger than that at +500 mV for DNA approaching the
orifice of the dp = 5 nm BNP, whereas it is about 30% stronger
at +500 mV than that at −500 mV after it passes through the
orifice. Hence, the DNA segment is much more strongly
attracted to the orifice from the upper reservoir at negative
bias, but it is more easily pulled out from the BNP to the upper
reservoir at positive bias. Longer duration and higher
frequency for DNA translocation are, then, predicted at
negative bias than at positive bias. It is also found in Figure 4c
that the ratio decreases with increasing dp in the χ < 0 domain
and that changing dp causes little difference in this ratio for
driving the DNA segment out from the BNP in the χ > 0
domain.
The λ-DNA translocation experiments were then imple-

mented on a BNP of dp = 8 nm. The pore size was similarly
extracted from the conductance data. The amplitude, duration,
and frequency of translocation events (FTE) were extracted
from the original records of ionic current traces. The average
and spread of these three parameters are compared for
different biases in Figure 4d−f (scatter plots in Figure S9
showing the amplitude and duration distribution of trans-
location events). The amplitude (Figure 4d) increases
significantly with the absolute bias voltage, consistent with
other reports.20,31,53,54 The amplitude at negative biases is
generally higher than that at positive biases. The difference in

Figure 4. Characterization of BNPs by the means of simulation and experiment. (a−c) COMSOL simulations for BNPs of dp = 5−20 nm, h =
55 nm (thickness of the membrane) and Dp = 115−130 nm (diameter of the upper opening that is equal to the diameter of the hemisphere
plus dp), in 500 mM KCl and with σ = −0.02 C m−2 inherent surface charge density. (a) Dependence on dp of the maximum ratio of the
electroosmotic force to the electrophoretic force at the same position. (b) Total force on the DNA molecule along the central axis of BNPs
of dp = 5 and 10 nm. Inset: the coordinate with the origin lining up with the orifice plane and pointing to the lower reservoir. (c) Variation
for BNPs of dp = 5, 10, and 20 nm of the corresponding ratio of the total force at negative bias to that at positive bias along the χ-axis,
defined as the direction of DNA translocation, i.e., from the upper reservoir to the lower reservoir at negative bias (−500 mV) and from the
lower reservoir to the upper reservoir at positive bias (+500 mV). (d−f) Translocation of DNA in an 8 nm BNP. Dependence on bias of: (d)
average amplitude of translocation spikes, (e) average translocation duration, and (f) mean FTE. Dots represent average values, while error
bars define the spread of corresponding quantities. Dash lines are a view guide for a better illustration. Red, positive bias; blue, negative bias.
Inset in (f): Typical current trace segments showing translocation spikes at −500 mV (blue) and +500 mV (dark red). The horizontal and
vertical scale bars are 0.5 s and 0.2 nA, respectively.
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λ-DNA translocation in the opposite directions of the BNP
results in asymmetric ion concentration and electric field
distribution across the nanopore, which in their turn leads to
the temporal DNA-translocation induced amplitude asymme-
try at different bias polarities. Because of the high diffusion
coefficient of ions in the electrolyte, the ion distribution tends
to rapidly recover to that of the open-pore state after
translocation, thereby showing a symmetric electric field
distribution as well as nearly linear I−V curves. This is special
for the BNPs. Although their dependency on bias voltage is
weak, both duration (Figure 4e) and FTE (Figure 4f) are
consistently higher at negative biases than at positive biases. An
effective capture radius55 is defined as that of the equipotential
surface at potential D/μ, with D and μ being the diffusivity and
mobility of DNA, respectively. The potential on the capture
surface for dsDNA is estimated to be 5.4 × 10−4 V (Note S3
and Figure S10 for details). From the simulation data, the
capture radius is read around 1.4 μm at negative bias and 1.2
μm at positive bias. These numbers indicate a higher capture
rate and translocation frequency at negative bias, in good
agreement with the experimental data. The observed weak
bias-dependent FTE is a result of the competition between
capture probability and temporary clogging,31 compounded by
the rapid increase in the ratio of electroosmotic force to
electrophoretic force. The inset of Figure 4f with typical
examples of current traces at −500 mV (blue) and +500 mV
(red) visualizes the noteworthy differences in amplitude,
duration, and FTE. The difference in FTE at positive and
negative biases is more significant in smaller BNPs of dp = 4.4
and 6 nm; the observed translocation waveforms for the BNP
of dp = 4.4 nm imply a strong interaction between the BNP
and the translocating DNA (Figure S11). Apart from the
asymmetric electroosmotic force, other factors including the
DNA configuration within the pore especially for strongly
confining nanopores56 can also contribute to the voltage-
direction-dependent DNA translocation.
Fluctuations in current are contributed by translocation

spikes, baseline tremble, drift, and background noise. Thus, the
translocation of λ-DNA at negative biases is more likely to take
place and the interaction between the λ-DNA and the BNPs is
stronger, since the former leads to more spikes while the latter
contributes to an unstable baseline. The outstanding DNA
translocation phenomena are closely correlated to the special
structure of and the EOF distribution in the BNPs displayed in
Figure 3a−d. Hence, it is experimentally observed and
theoretically supported that the DNA molecules have a higher
probability to translocate at negative biases than at positive
biases in the BNPs.

CONCLUSION

A self-limiting process based on standard silicon technology
has been developed for the formation of BNPs with attractive
properties characteristic of ultrathin membrane around the
orifice and the special electroosmotic patterns due to the
presence of surface charge on the bowl-shaped sidewall. The
former that could be helpful in boosting sensing resolution that
shows weak ionic selectivity, while the latter leads to a strong
directionality of DNA translocation with several times of
difference in amplitude, duration, and frequency for DNA
translocation.

METHODS
COMSOL Simulation. Numerical simulations based on COM-

SOL Multiphysics of bowl-shaped and truncated conical nanopores
with similar dimensions of the experimental BNPs were carried out to
gain insights into the nanopore physics. The simulation included the
fluid domain and the membrane domain whose relative permittivity
was set to 80 and 11.7 for water and silicon, respectively. The ionic
movement in an electrolyte was governed by the Nernst−Planck
equation, while the electric potential distribution was described by the
Poisson equation and the fluid flow was determined by the Navier−
Stokes equations. The “Transport of Diluted Species” module
(Nernst−Planck equation), the “Electrostatics” module (Poisson
equation), and the “Laminar Flow” module (Navier−Stokes
equations) were incorporated and fully coupled in our two-
dimensional axisymmetric simulation. The mobilities of K+ and Cl−

were 7.0 × 10−8 and 7.2 × 10−8 m2 V−1 s−1, respectively. The
respective diffusion coefficient was then determined through the
Einstein relation. With a rotational symmetry along the central axis of
the nanopore, the distributions of electric field and electroosmotic
flow were plotted in cross-section along this axis.

DNA Sample Preparation. λ-DNA was purchased from Merck
KGaA, Darmstadt, Germany. The DNA was used without further
purification and dispersed in a 500 mM KCl solution to a
concentration of 78 pM (2.5 μg mL−1).

Electrical Characterization and Data Processing. In all
measurements, the bias voltage was set to the upper reservoir on
the large opening side of the BNP, while the lower reservoir on the
smallest restriction side was grounded, in agreement with the
configuration in the COMSOL simulations.

Before measurement, the BNP chips were thoroughly cleaned in a
piranha solution with H2SO4/H2O = 3:1 (volume ratio) at 80 °C for
30 min and rinsed in deionized water. The chips were then
sandwiched by two custom-made poly(methyl methacrylate) lids
with two polydimethylsiloxane O-rings (inner diameter 8 mm) on the
two sides for seal. An inlet and an outlet were made in each lid, and
the KCl solution with a certain concentration and λ-DNA dispersions
could be injected to the two sides of the nanopore chip. The fluids in
the two sides were separated by the chip, and the only path of ionic
current was through the nanopore. The resistivity of the KCl solution
was calibrated using a conductivity meter (Lab 945, Xylem Analytics
Germany Sales GmbH & Co. KG). A pair of pseudo Ag/AgCl
reference electrodes (2 mm in diameter (Warner Instruments LLC.))
was also mounted in the middle of the lids, which was used to apply a
bias voltage and to measure the ionic current. The bias voltage was
controlled and the ionic current was recorded using a patch clamp
amplifier (Axopatch 200B, Molecular Device Inc.). The ionic current
was digitalized by an Axon Digidata 1550A (Molecular Device LLC.)
and recorded using the software Axon pCLAMP 10 (Molecular
Device LLC.). DNA translocation was detected at a 10 kHz sampling
frequency with a 1 kHz four-pole Bessel low-pass filter. The entire
experimental setup was placed inside a Faraday cage to shield against
electromagnetic interference.

The translocation spikes on the current traces were extracted
automatically by employing a MATLAB program using the function
f indpeaks. The threshold for recognition of a possible spike in the
program was set to be eight times the root-mean-squared value of the
background noise. The amplitude and duration of each translocation
spike were extracted, and the translocation frequency was calculated
as the reciprocal of the time interval between consecutive events. In
addition, the general fluctuation of the current traces was evaluated by
their standard deviation. The components in a high-frequency range
(1 kHz−10 Hz) and a low-frequency range (<10 Hz) were separated
using a filter, and the standard deviation was calculated separately.
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Figures and notes of ionic rectification ratio of fabricated
BNPs with different diameters, electric field distribution
in a 5 nm diameter BNP, noise power spectrum density
of BNP, calculation of Leff of the BNPs, I−V character-
istics of a 4.4 nm BNP and conductance−conductivity
curve, distribution of the total force acting on a base pair
of dsDNA, distribution of the electrophoretic force and
the electroosmotic force along the central axis of the
BNP, electroosmotic flow velocity distribution, compar-
ison between BNP and TCP (truncated conical
nanopore) for dependence on bias voltage, scatter
plots of amplitude of translocation spikes of λ-DNA
translocating an 8 nm BNP, electrical potential
distribution in an 8 nm diameter BNP, and translocation
traces and typical waveform of λ-DNA translocating the
4.4 nm BNP and discussions of resistance model for
BNP pore size and surface charge extraction, dominance
of electrophoretic force during dsDNA translocation,
and estimation of capture radius of nanopore for DNA
translocation (PDF)
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