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Controllable Fabrication and Rectification of Bipolar
Nanofluid Diodes in Funnel-Shaped Si;N, Nanopores

Xin Lei, Jiayan Zhang, Hao Hong, Jiangtao Wei, Zewen Liu,* and Lei Jiang*

Solid-state nanopores attract widespread interest, owning to outstanding
robustness, extensive material availability, as well as capability for flexible
manufacturing. Bioinspired solid-state nanopores further emerge as potential
nanofluidic diodes for mimicking the rectification progress of unidirectional
ionic transport in biological K* channels. However, challenges that remain in
rectification are over-reliance on complicated surface modifications and
limited control accuracy in size and morphology. In this study, suspended
Si;N, films of only 100 nm thickness are used as substrate and funnel-shaped
nanopores are controllably etched on that with single-nanometer precision, by
focused ion beam (FIB) equipped with a flexibly programmable ion dose at any
position. A small diameter 7 nm nanopore can be accurately and efficiently
fabricated in only 20 ms and verified by a self-designed mathematical model.
Without additional modification, funnel-shaped Si;N, nanopores functioned
as bipolar nanofluidic diodes achieve high rectification by simply filling each
side with acidic and basic solution, respectively. Main factors are finely tuned
experimentally and simulatively to enhance the controllability. Moreover,
nanopore arrays are efficiently prepared to further improve rectification
performance, which has great potential for high-throughput practical
applications such as extended release of drugs, nanofluidic logic systems, and
sensing for environmental monitoring and clinical diagnosis.

1. Introduction

logic circuits.l®) Inspired by the natural
ion channels embedded in cell mem-
branes, biomimetic solid-state nanopores
and nanochannels with smart function,
such as selective transportation,!”] control-
lable gating,’®] and ionic rectification,]
have attracted wide attention in the past
decades. For example, an inwardly rec-
tified K* channel carried more inward
ion current than reverse ion current,'
which dominated the ion flow direction.
The outstanding ionic current rectifica-
tion (ICR) property could be emulated
through the use of artificial solid-state
nanopores and nanochannels, also known
as a nanofluidic diode. By applying a bias
voltage to the nanopore through two un-
polarized electrodes placed on either side
of the nanopore, the electric field drove
an asymmetric migration of anions and
cations in solution, producing an asym-
metric current-voltage (I-V) curve. Cur-
rently, there are three types of nanopores
with rectification function. The first type
has an asymmetric geometry and a uni-
form surface charge distribution,'!! typi-
cally a conical-shaped polyethylene tereph-
thalate (PET) nanochannel/nanopore. By

Nanopores were first used as molecular sensors for polynu-
cleotide detection in 1996.1 Since then, solid-state nanopores
have emerged as a highly stable platform, offering mechani-
cal robustness, flexible surface modification, and adaptability
for extended applications such as protein detection,[?l DNA
sequencing,®! drug screening,!*! water purification,®! and ion

fine-tuning the geometrical properties, the symmetry of elec-
tric potential in nanopore was broken and the ion trap was
created,"?] leading to a closed state of the ion current at one-
way voltage. The second type of rectified nanopores is mainly
dominated by asymmetric surface charge distribution.['*! In ad-
dition, other types of nanopores that can also generate ICR, such
as a symmetric nanopore with different electrolyte solutions at
two sides('*] or a metal oxide layer with an asymmetric vacancy
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distribution inside it."! Initially, rectification could be realized
by combining different nanopore regions of the same polarity
but varying charge densities. To reach an enhanced ICR, Daiguji
first proposed a rectified nanopore with opposite surface charges
on each side, called a bipolar nanofluidic diode/transistor.'®!
Later, bipolar nanofluidic diodes were further developed to
form controllable gating systems by asymmetrically modifica-
tion of environmental-responsive molecules on the nanopore
surface, such as pH-responsive molecules,!'”] photo-responsive
molecules,'8 jon-responsive molecules,™! and temperature-
responsive molecules.!?’] One typical experiment was performed
in a cigar-shaped nanochannel based on asymmetric modifica-
tion of pH response in each tip.2!! Turning the pH on both
sides of the nanopore allowed the flexibly switch between “on”
and “off”, respectively, which resulted in high-performance co-
operative gating and high-efficiency ionic rectification.

However, the existing nanochannels with rectification rely
too heavily on elaborate chemical modifications, leading to an
overuse of polymers, typically thicker PET membranes. Besides,
the multilayer structure of the membrane induces erratic etching
rates in different layers, which results in surface roughness and
limited control accuracy of size and morphology.??l Meanwhile,
the simulation results illustrate that a nanopore tip with only a
few hundred nanometers in length is sufficient for ionic rectifi-
cation, without the excessively thick films.[?}] In this work, a sus-
pended silicon nitride film with thickness of only 100 nm is cho-
sen as the substrate to experimentally demonstrate the existence
of rectification. Funnel-shaped nanopores with bipolar nanofluid
diode behavior are controllably fabricated on that film by focused
ion beam (FIB) with single-nanometer precision. A mathemati-
cal model based on the funnel-shaped nanopores was built to ac-
curately predict the through-hole current and the critical dimen-
sion. Furthermore, solid-state nanopore arrays were efficiently
prepared to improve the rectification performance. In particu-
larly, the funnel-shaped Si;N, nanopore could natively achieve
bipolar pH-response on the cylindrical side and the conical side,
respectively, without additional modification processes. Last but
not least, the main factors affecting the rectification ratio were
also studied and classified to further improve the controllability
of rectification.

2. Results and Discussion

2.1. Controllable Fabrication of Funnel-Shaped Nanopores

As shown in Figure 1a, we first prepare a suspended silicon
nitride membrane with thickness of only 100 nm and size of
100 pm X 100 pm using multi-step Micro-Electromechanical Sys-
tems (MEMS) processes. Next, funnel-shaped nanopores with
bipolar nanofluid diode behavior are fabricated on that film by
a two-step FIB etching technique with a programmable ion-dose
editor at any position as shown in Figure 1b. Applying this editor,
the ion dose is first distributed in a circular shape and increased
in a linear gradient from edge to center (from 0 to 1.5 nC pm™2),
so that a conical blind pore is pre-etched on the nanofilm. Sec-
ond, the ion dose is concentrated at the center, and the cylindri-
cal through hole is engraved to form a complete funnel-shaped
nanopore. Furthermore, by fine-tuning the maximum dose of
the conical pore from 0.5 to 3.5 nC pm~2, the depth of the con-

Small 2023, 19, 2303370

2303370 (2 of 9)

www.small-journal.com

ical pore linearly rises from 14 to 100 nm and reaches the per-
foration threshold at 2.1-2.4 nC um~ in Figure 1c. On the ba-
sis of the conical blind pore, the etching time of the cylindri-
cal part is attentively adjusted by steps of 10 ms to produce a
funnel-shaped nanopore, as shown in Figure 1d. The pore diam-
eter grows linearly from only 7 nm to more than 35 nm with the
logarithm of etching time enabling single-nanometer size preci-
sion. Nanopores with diameters below 5 nm are further obtained
by He" etching (see Figure S1, Supporting Information). The in-
sets of front, side, and cross-section views precisely demonstrate
the variation of pore size and morphology. Besides, ion dose can
be accurately adjusted and edited as linear straight line, concave
quadratic curve or convex quadratic curve, and strictly positioned
and etched to form corresponding 3D patterns as cone, deep
bowl, and slit pore respectively, in Figure S2 (Supporting Infor-
mation). Taking advantage of single-nanometer etching accuracy
(<3 nm for Ga*), extremely high imaging resolution (0.5 nm for
He™), and smooth surface roughness (<0.5 nm), FIB can realize
the controllable fabrication of micro-nano structures and outline
delineation by programmable ion dose distribution. Moreover,
the extremely high processing efficiency (only 20 ms for single
nanopore) contributes to high-throughput preparation and appli-
cation.

2.2. Electrical Test Platform and Mathematical Model

Figure 2a completely shows an electrical test platform based on
solid-state nanopores. The funnel-shaped nanopore is the only
channel for KCI solution to flow from one cell to the other for
accurate detection of the through-nanopore current (see Meth-
ods for detailed current measurement). Inspired by the resistance
model of cylindrical nanopores!?* and conical nanochannels, ]
the resistance model R based on funnel-shaped nanopore is ini-
tially constructed to accurately predict the through-pore current
and the critical size, which is calibrated by I-V curve. Before test,
the solution is adjusted to the equipotential point (pH = 4.1) [26]
to make the Si,N, surface uncharged, avoiding the influence of
double electric layers. R is composed of the bulk resistance inside
the nanopore [?’] and the access resistance at the entrance,[?®] as
shown in Figure 2b:

R=R, +R, (1)

pore

R, and R, are defined by the dimensional parameters of cylin-

der part and cone part with solution resistivity p:

Rpore = Rpore, con T Rpore, cyl (2)
4L,
_ Y.
Rpore,cyl - pﬁzl (3)
oy
4L
Rpore, con — p$ (4)
7D, con D cyl
Rucc = Racc, con T Racc, oyl (5)
Racc, oyl = pL (6)
2D,,
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Figure 1. Controllable fabrication processes of silicon nitride nanofilm and funnel-shape nanopore. a) Silicon wafer with thickness of 200 um (4-inch,
N-type, 100) is used as the substrate; Si; N, nanofilm with thickness of 100 nm is deposited on both sides of the silicon wafer by low pressure chemical
vapor deposition (LP-CVD); the bottom surface of Si;N, is patterned by photolithography and reactive ion etching (RIE), exposing the silicon window
of 390 um X 390 pum; The wafer is etched in 33 wt.% KOH solution at 80 °C for 3.5 h to remove the silicon behind the window thoroughly; after slicing
and cleaning, a 100 um x 100 um suspended Si;N, nanofilm is obtained. Two scanning electron microscope (SEM) images show the front and the
back of the nanofilm. b) Two-step FIB etching is used to controllably fabricate the conical blind pore and the cylindrical through pore respectively, and
finally combined to form the funnel-shaped nanopores. c) In the first step: cone-part nanopores with different depth and opening diameters are etched
by changing the ion dose from 0.5 to 3.5 nC um~2. d) In the second step: cylinder-part nanopores with different diameters are etched by adjusting the
etching time from 20 to 180 ms.

R _ pL 7) concentration solutions is significantly reduced, resulting in a de-
e on 2D n crease in conductivity and a corresponding increase in resistance.
The experimental data in same condition also proves that the test

Where L, = 50 nmand L, = 50 nm are the length of cylin-  resistance linearly increases from 2.76 x 10" Q to 1.51 x 10" Q

drical part and conical part; Dy = 16nm and D, = 150 nm  with the decrease of concentration, and the resistance results are

are the entrance diameter respectively; p is the reciprocal of con-
ductivity o. The specific dimensional positions are shown in
Figure S3 (Supporting Information). We first utilize the theo-
retical model to estimate nanopore resistance, and the ion con-
centration ranges from 107 M (¢ = 2.70 X 1073 S/m) to 10 M
(6 = 1.12 x 10% S/m). It is obvious in Figure 2c that the resis-
tance increases linearly from 2.77 x 10° Q to 1.15 x 10" Q as
the concentration declines. This is highly consistent with previ-
ous results,[*°! because the total amount of K* and Cl~ in lower
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well scattered around the fitting line, as shown in Figure 2c. Fur-
thermore, when we adjust the diameter of cylinder part from 40
to 100 nm, model resistances (from 6.02 x 10° Q to 1.72 x 10°
Q) are also highly coincident and experimental resistances (from
5.72 X 10° Q to 1.80 X 10° Q) as shown in Figure 2d. The graph
also reveals that larger pore size is beneficial to conduction of K*
and CI-, resulting in lower resistance. These findings indicate
that the theoretical model can effectively predict the resistance of
the funnel-shaped nanopore soaked in solution or, in reverse, to
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85U8017 SUOWWIOD BAIIER.D 3(edl|dde ay) Aq peuIenob afe sapiie YO 9sn o sa|nJ Joj Akeid8UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI WO A8 1M Afe.d | jBul [UO//:SANL) SUORIPUOD Pue SWIe | 8Ly 88S *[£202/TT/02] Uo Ariqiauliuo Aeim ‘1ypa AiseAlun eaiuyoe L Aq 02£€0£202  11WS/Z00T 0T/I0pAU0D" A8 1M AReiq 1 ul|uo//Sdiy Wwolj pepeojumod ‘St ‘€202 ‘6289€TOT



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

smavg -

www.small-journal.com

(b) s

Silicone _
gasket

Vibration isolation platform

(C) 1012 - (d) 108
©® Model Resistance = Model Resistance
— — -Linear Fit of Model Resistance — — - Linear Fit of Model Resistance
10" 4 e Test Resistance A Test Resistance
o @, \!
g 10" R IS5 s
e = iy
8 N S 107+ s
3 10°4 LY ? "
Q A, 2 A
4 S o ¥
10° 5 t L3 e
N T‘ i \‘
107 4 h .
. 10°4 S,
®
10° T T T T T T T T T T T
10° 10* 10° 102 10" 10° 10’ 102 10 20 40 60 80 100 200

Concentration (M)

Nanopore diameter (nm)

Figure 2. The electrical test platform based on solid-state nanopores and the resistance model for funnel-shaped nanopores. a) The nanopore membrane
is sandwiched in the flow cell with silicone gaskets to form two half cells, to which a bias voltage is applied to test the through-pore current; A screening
can and vibration isolation are used to prevent the impact of electromagnetic waves and external vibration. b) The nanopore resistance is composed
of the bulk resistance and access resistance of the cylinder part and the cone part, respectively; the background shows the potential distribution of the
nanopore platform after applying a bias voltage of 0.1V. ¢) In tests and models, the logarithm of nanopore resistance reduces linearly with the increase in
the logarithm of KCl concentration. d) In tests and models, the logarithm of nanopore resistance also reduces linearly with the increase in the logarithm

of the nanopore diameter of cylinder part.

calculate the critical size. Last but not least, the bulk resistance
in the cylinder part R, ; has the highest proportion of the total
resistance (80.3% in resistance model and 93.0% in simulation
of 0.1 M KCl) shown in Table S1 (Supporting Information), which
reveals that the marked reduction of potential mainly happens in
the cylindrical section, as demonstrated in Figure 2b. The exis-
tence of the steep gradient in electric field is beneficial to the suc-
cessful passage of nanoparticles through the nanopore sensor.>"’

2.3. Rectification based on Funnel-Shaped Nanopores

Figure 3a reveals that a funnel-shaped nanopore functions
as a bipolar nanofluidic diode achieving high rectification
(ratio, /., , = 5) by simply filling each side with acidic so-
lution (pH = 1) and basic solution (pH = 11.9) in 0.01 M KCl to
make the surfaces positively and negatively charged respectively.
However, the funnel nanopore with uncharged surfaces is more
like a fixed-resistance resistor with no rectification at all. The rec-
tification effect is attributed to the presence of an electrical double
layer (EDL) *!l on charged nanopore surface and the asymmetric
distribution of K* and C1~.'2%2] To demonstrate the existence of
the double layer and surface-charge-governed ion transport, the
ionic conductance of nanopores at different concentrations is an-
alyzed in detail, as shown in Figure S4 (Supporting Information).

Initially, when the cylindrical segment is negatively charged
and the conical segment is positively charged, the K* and CI~
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gather on the respective surfaces to form an asymmetric EDL,
as shown in Figure 3b. By applying a positive voltage, an abun-
dance of K* in the cylinder and Cl~ in the cone accumulates
toward the funnel center to form the high conductivity shown
in Figure 3c—e. However, when the electric field is inverted,
the ions are both far away from the center to create the cavity
and low conductance results, as shown in Figure 3f~h. The ap-
parent difference of conductivity at positive and negative volt-
ages results in the macroscopic rectification. The same results
are also verified in simulations, shown in Figure S5 (Support-
ing Information, see Methods for detailed simulation). With-
out doubt, heterogeneously charged nanopores induce ion aggre-
gation and dispersion, respectively, achieving high rectification.
Meanwhile, the asymmetric structure of the funnel shape with
the same surface charges could also lead to an uneven distribu-
tion of homogeneous-charged ions on the nanopore surface and
achieve weak rectification. However, when the nanopore surface
is not charged without the EDL, K* and Cl~ are uniformly dis-
tributed everywhere in solution, resulting in no rectification ef-
fect. In a word, the asymmetric characteristic of the nanopore
shape and charged surfaces gives rise to a non-uniform distri-
bution and transport of anionic and cationic ions, which in turn
generates the rectification effect. The non-uniform distribution
of ions is mainly formed within the EDL,[! so the nanopore di-
ameter should be as much as possible comparable to the thick-
ness of the layer to maximize the rectification effect.**! In par-
ticular, thanks to the presence of silanol groups and secondary

© 2023 Wiley-VCH GmbH
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Figure 3. Rectification based on funnel-shaped nanopores. a) The asymmetric charged surface (+0.01 C m~2 in the conical part and —0.1 C m~2
in the cylindrical part) results in a high rectification effect as a diode; the uncharged surface leads to no rectification as resistance as shown in the
experimental results and the simulation results shown in insets. b—h) The rectification principle of asymmetric charged funnel-shape nanopores. b)
Initial ion distribution with the cylindrical part negatively charged and the conical part positively charged; c) under +1V, ions converge to form high
conductivity. d,e) Under +1V, simulation results of the concentration distribution of Kt and CI~, respectively. f) Under —1V, ions disperse to form low
conductivity. g,h) Under —1V, simulation results of the concentration distribution of Kt and CI~, respectively. i) lonic current increases with the size of
the nanopore array from 1x 1to 5 X 5, especially at positive voltages; the inset image is the 5 X 5 nanopore array of same diameter (10 nm). Detailed
parameters of the nanopore and the solution in the experiment and the simulation are shown in Table S2 (Supporting Information).

amine groups on Si;N, surfaces (the isopotential point,
pH,., = 4.1),/%] the surface charge density could be smoothly
adjusted for the conical and cylindrical segments separately, by
briefly immersion in different pH solutions, without the compli-
cated modification process.?! It is of great importance that the
solution should be added in the cone side first to ensure forming
the steep decrease of concentration at the narrowest junction of
conical and cylindrical segment, 34 avoiding the miscibility of the
two different solutions. This effective means of adding heteroge-
neous solutions to both sides for rectification is widely witnessed
in cigar-shaped nanopores,*! cone-shaped nanopores,*¢! hour-
glass nanopores,['* and other biomimetic smart nanoflow chan-
nels.

In addition, asymmetric concentrations of acids and bases can
also have an effect on rectification. Specifically, when there is
no concentration difference, the preferred direction of rectifica-
tion is directed from the cylindrical section to the conical sec-
tion as the negatively charged in cylindrical section and positively
charged in conical section, as shown in Figure 3. After the addi-
tion of a tenfold concentration gradient (0.1 M acid in the conical
section and 0.01 M base in the cylindrical section), diffusive ionic
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currents are introduced to influence the rectification. Due to the
higher surface charge density and smaller diameter of the cylin-
drical section, the ion selectivity within the diffusive ion current
is dominated by the negatively charged cylindrical section. There-
fore, the diffusive ion flow from the high concentration side (cone
section) is predominantly K*, which is in the opposite direction
to the original rectification. In conclusion, the concentration gra-
dient introduced by the acid and base slightly reduces the recti-
fication ratio. However, a greater concentration difference (100
times more) is required so that the ionic current is dominated by
the diffusion current. At the same time, the presence of KCl will
also somewhat weaken the effect of the concentration difference
on the rectification.

Last but not least, based on the efficient fabrication by FIB,
nanopore arrays of same diameter (10 nm) are efficiently pre-
pared from 1 X 1 to 5 X 5 only in just 5 min. The increasing
number of nanopores also leads to an increase in the ionic cur-
rent, especially at positive voltages, which results in a steady lin-
ear raise in the rectification rate, as shown in Figure 3i and Figure
S6 (Supporting Information). For our funnel-shaped nanopore
array rectification, the diameter of the conical segment with the
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Figure 4. The effect of solution properties on nanopore rectification. a) The variation of rectification ratio is experimentally analyzed by changing the
pH from 1to 11.9. b) The effect of surface charge density growth from —107> to —0.1 C m~2 on the concentration ratio of K* and CI~ in the nanopore
surface, based on simulation results. c) The effect of KC| concentration (0.07, 0.1, and 1 m) on rectification at different pH’s (2.4, 4.4, and 10.2) are
compared experimentally. d) The variation of the extended EDL thickness at different concentrations from 0.01 to 10 m is obtained from simulation
results. Detailed parameters of the nanopore and the solution in the experiment and the simulation are shown in Table S2 (Supporting Information).

large opening (100 nm) is 10 times larger than the diameter of the
cylindrical segment with the small opening (10 nm), resulting in
the spacing between conical segments of adjacent nanopores be-
ing much smaller than the cylindrical segments. As a result, the
stronger pore-pore interactions in the conical segment leads to
ion sharing and lower ion concentration at the pore opening.*”]
However, the cylindrical segments of adjacent nanopores are far-
ther apart with less change in concentration. Therefore, a cer-
tain concentration difference arises between the two sides of the
nanopore. Due to the higher negative charge of the cylindrical
segments, K* passes preferentially through the nanopore and
the current direction caused by the concentration difference coin-
cides with the initial rectification conduction direction. This en-
hances the rectification effect. So, as the number and density of
nanopores increases, the concentration difference is further en-
hanced and the rectification rate is further elevated. This facil-
itates further exploration of high-throughput functions and ap-
plications such as nanosensors,**! nanoreactors,*! and energy
conversion and storage.[*"]

2.4. Effect of Solution Properties on Rectification
To further understand the effect of solution properties on rectifi-

cation, we first investigate the key factors in solution, in particular
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pH and KCl concentration. Both sides of the nanopore are filled
with solutions of identical conditions to precisely characterize the
rectification effect. At pH = 4.4, the Si;N, nanopore maintains
the minimum rectification ratio of about 1.09, due to the almost
uncharged surface near the isopotential point ( pH,,, = 4.1), as
shown in Figure 4a. However, the rectification ratio rises to 1.32
and 1.87 when the pH decreases to 1 or increases to 11.9, re-
spectively. This is attributed to the presence of silanol and amine
groups on the Si;N, surface, providing a negatively or positively
charged barrier at different pH values through dissociation or as-
sociation reactions with surface protons, respectively.! And the
surface charge density increases with further ramping up of acid-
ity and alkalinity, which causes enhanced rectification. For fur-
ther proof, we simulate the ion distribution within the nanopore
at different surface charge densities, from —107> to =10~ Cm™2,
as shown in Figure 4b and Figure S7a (Supporting Information).
When approaching the negatively charged pore wall, the concen-
tration of K* within the EDL is significantly higher than that of
Cl". And as the surface charge density increases, the concen-
tration ratio of K* to Cl~ in the wall jumps from 1:1 to 332:1
wonderfully. This demonstrates that the growing surface charge
density yields a higher and purer concentration of counter ions
within the EBL, which contributes to the intensive rectification
and ion selectivity. Secondly, the effect of KCl concentration (0.01,
0.1, and 1 M) on rectification at different pH’s is compared, as
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Figure 5. Effect of nanopore size on rectification. a) The smaller the opening diameter in the conical side, the higher the rectification ratio; the experimen-
tal results and the simulation results remain consistent; Inset images of three different opening diameter nanopores. b) The lower the length ratio on the
cylindrical side, the higher the rectification ratio; the experimental results and the simulation results remain consistent; inset images of three different
length ratio nanopore. Detailed parameters of the nanopore and the solution in the experiment and the simulation are shown in Table S2 (Supporting

Information).

shown in Figure 4c. When the surface is electrically neutral at
pH = 4.4, the double layer is not present and there is slight
rectification (ratio = 1.1) despite changing the concentration.
However, under acidic (pH = 2.4) and alkaline (pH = 10.2)
conditions, the recovery of the surface charge and the double
layer leads to a remarkable improvement in rectification ratio.
In particular, the increasing rate of rectification becomes more
pronounced at lower concentration, typically rising from 1.1 to
1.98 at 0.01 M. To explain this phenomenon, the ion distribution
within the nanopore was also simulated at concentrations from
0.01 to 10 M, as shown in Figure 4d and Figure S7b (Support-
ing Information). The results clearly reveal that the concentration
mainly affects the thickness of the extended EDL (the thickness
where the concentration of K* is higher than that of Cl~ start-
ing from the pore wall), which increases significantly with lower
concentration. At 10 m, the thickness of the layer is only 0.82 nm
which contributes negligibly to the rectification in a 10 nm-radius
nanopore. However, when the ion concentration is reduced to
0.01 M, the thickness increases dramatically to 10 nm, compa-
rable to the radius, which facilitates the asymmetric ion distri-
bution and rectification within the funnel-shaped nanopore. The
more dilute the electrolyte is, the thinner the resistant capability
of the counter ions and thus the thicker the EDL.*!) And rectifi-
cation relies on matching the thickness of EDL with the diameter
of nanopore, so the concentration affects rectification by altering
the thickness of EDL in turn.

2.5. Effect of Nanopore Size on Rectification

The effect of variable pore size on rectification in the funnel-
shaped nanopore is further investigated experimentally and an-
alyzed by simulation. Funnel pores of different opening diam-
eters (conical diameter) and length ratios (cylinder length/total
length) are precisely prepared and tuned by the FIB dose edi-
tor with single nanometer precision, as shown in the insets of
Figure 5. At first, simulation results suggest that the reduction of
the opening diameter from 200 to 20 nm facilitates the growth of
the rectification ratio from 2 to 8, as shown in Figure 5a. Mean-
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while, nanopores prepared from FIB with openings of 180, 120,
and 60 nm are measured in experiments, where the rectification
ratio grows from 2 to 2.5 and 4.5 respectively, all in the vicin-
ity of the simulated fitting curve. Because of the heterogeneous
charge on the conical and cylindrical sides, the narrower opening
diameter is approaching the thickness of the EDL, which further
enhances the asymmetric ion distribution on both sides of the
nanopore and thus improves the rectification effect.*?) Then, we
compare the effect of the length ratio between the conical partand
the cylindrical part on rectification. The simulation results illus-
trate that as the length ratio of the cylindrical section decreases
from 90% to 10% (total length 100 nm), the rectification ratio im-
proves from 2 to 9.5, as shown in Figure 5b. The same trend is
also observed experimentally where the rectification ratio rises
from 3 to 4.5 as the length of the nanopore cylindrical section re-
duces from 70% to 30%. We use the classic “Trap” theory to fur-
ther explain this phenomenon.[*?! For nanopore with asymmet-
rical shape or asymmetric surface charges, the shape of the in-
ternal potential has been shown to be asymmetrical and toothed,
reminiscent of the shape of a ratchet potential, if no voltage is
applied externally, as shown in Figure S8a—d (Supporting Infor-
mation). The minimum potential value is located at the tip of the
nanopore. As shown in Figure S8b—e (Supporting Information),
we can obtain the resulting potential curves of both polarity of
the applied voltage, assuming that the externally applied voltage
is simply superimposed with the internal electric field. Figure S8¢c
(Supporting Information) shows that for a positive voltage, a trap
of static power is created, resulting in a “close” state (low con-
ductivity) of the pores. In Figure S8f (Supporting Information),
applying a voltage of opposite polarity does not result in the for-
mation of a trap and the ionic current is high. Further simulation
results show that when a forward voltage of 1000 mV is applied to
a cylindrical section with a length ratio of only 10%, the internal
electric field of the nanopore in the direction of the axis creates a
“Trap”, which causes the passage of ions to be blocked, resulting
in a low conductance in Figure S8g (Supporting Information).
When the bias is reversed, the conductivity is high in Figure S8g
(Supporting Information), together resulting in a high rectifica-
tion ratio. However, when the length of the cylindrical section is
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increased to 90%, the “trap” phenomenon decreases, resulting
in a lower current difference between positive and negative bias,
and thus a lower rectification, as shown in Figure S81,j (Support-
ing Information). In summary, the presence of the “trap” at lower
length ratio and positive voltages results in lower currents and
higher rectification ratios. There is ample evidence that smaller
opening sizes and a lower proportion of cylindrical segment are
beneficial for higher rectification rates.

Last but not least, the stability of ionic rectification should be
tested. We have therefore placed the nanopore under cyclic bias
(from —1 to +1 V) and tested it for twelve consecutive cycles.
The data is divided into four groups with three data points in
each group, as shown in Figure S9a-d (Supporting Information),
which demonstrate their IV curves. Their rectification trends are
generally consistent, being in the cut-off state at negative volt-
ages and in the on state at positive voltages. Then, Figure S9e
(Supporting Information) provides statistics on their rectifica-
tion ratios and the average rectification ratio for each group.
As the number of cycles increased, the rectification ratio of the
nanopores was basically stable and showed a small downward
trend. after 12 cycles, the rectification ratio decreased slightly
from 4.2 to 3.75, accounting for 89.3% of the initial rectification
ratio. This is acceptable as the usual nanopore rectification test
does not test for so many cycles.

However, the gradual decrease in the rectification ratio indi-
cates that the miscibility of both sides of the solution, especially
the miscibility of hydrogen and hydroxide ions, leads to a non-
uniform charge distribution on the surface of the nanopore, es-
pecially near the pore intersection. Furthermore, the rectification
change from the group 1 to the group 2 (91.9%) is more pro-
nounced compared to the change in the group 3 (90.2%) and
group 4 (89.3%). This could mean that miscibility is more pro-
nounced in the initial few cycles then gradually slows down. To
further illustrate the extent of non-uniform charge distribution,
simulations were carried out. Detailed simulation results and
analysis show in the supplementary material of Figure S10 (Sup-
porting Information).

3. Conclusions

In conclusion, FIB etching with single-nanometer precision is
developed to fabricate funnel-shaped Si;N, nanopores of con-
trollable size and shape with rectification behavior. Nanopores as
small as 7 nm in diameter could be manufactured accurately and
efficiently in just 20 ms and are validated by a self-designed math-
ematical model. Without additional or complex modification pro-
cesses, funnel-shaped Si;N, nanopores behave as pH-response
bipolar nanofluidic diodes, achieving higher rectification (ratio =
5) by briefly filling each side with acidic and basic solution
to make the surfaces positively and negatively charged, respec-
tively. Particularly, finite-element simulations of the presence of
the EDL and the asymmetric distribution of K* and Cl~ on the
nanopore surface offers powerful evidence on the origin of ionic
rectification, and is highly consistent with the laboratory obser-
vation. Therefore, rectification can be finely tuned by controlling
the pH and KCI concentration of the solution to influence the sur-
face charge density and EDL thickness, respectively. Meanwhile,
a smaller opening diameter on the conical side and a lower length
ratio of the cylindrical side can further improve the rectification
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effect. As a highly controllable, efficient and stable Si;N, solid-
state nanopore platform, the high-throughput nanopore array, as
a bipolar nanofluid diode with tremendous performance, have
shown great potential in practical applications, such as selective
transport and separation of ions and molecules, controllable gat-
ing, clean energy conversion, and sensing. Moreover, with the
development of techniques such as electron beam lithography
(EBL), focused ion beam, and dielectric breakdown, nanopores
and nanochannels of different shapes at sub-10 nm or even sub-
nanometer scale can be readily prepared in inorganic materials,
making them ideal models for the study of sub-continuous ion
transport behavior.

4. Experimental Section

Characterization: The thickness of the suspended silicon nitride
nanofilm was measured by ellipsometry (TPY-1, wavelength 632.8 nm).
Forward and reverse imaging of the silicon nitride film was carried out
with a scanning electron microscope (Zeiss, Gemini 300). The nanopore
and its cross-section were etched in Si; N4 nanofilms using Ga*t source in
focused ion beam (Zeiss, Orion NanoFab). The FIB accelerating voltage
was 30 kV, the ion beam current was 2 pA. Real-time changes of nanopore
size and morphology during processing were observed by He* source fo-
cused ion beam.

Current Measurement: Before testing, the nanopore chip was thor-
oughly cleaned in piranha solution (H,SO,: H,0, = 3:1 volume/volume)
at 80 °C for 45 min to improve its hydrophilicity. It was sandwiched in the
poly-tetra-fluoroethylene flow cell with silicone gaskets to form two half
cells separated by the nanopores. Then, Ag/AgCl electrodes were used
to connect the flow cell to the probe and link it to the patch clamp am-
plifier (Axopatch 200B, Molecular Devices Inc.) or the Keithley 2450 with
the computer. Detailed parameters of the nanopore and the solution are
shown in Table S2 (Supporting Information).

Simulation: The coupled Poisson-Nernst-Planck (PNP) and Navier-
Stocks (NS) equations [“] were calculated. The default funnel-shaped
nanopore model was designed so that the opening diameters of the coni-
cal and cylindrical sides were 100 and 10 nm respectively, and the lengths
of both sides were 50 nm, which were then connected to a pair of cylin-
drical fluid cells with a length of 250 nm and a radius of 250 nm. It was
a 2D-axisymmetric geometry that could be revolved about the axis to pro-
duce full 3D solutions. The default surface charge density was —0.1 and
+0.01 C m~2 for the cylindrical and conical sides respectively. The 0.1 nm
triangular grid was applied to the charged surface and the rest of the grid
was generated by the system. The computation domain was assumed to
be a room-temperature aqueous KCl solution, for which the following pa-
rameters were used: T =298.15 K, the diffusion coefficient D(K*) = 1.956
x 1072 m?[s, D(CI") = 2.031 x 107° m?/s,[*4] and the relative dielectric
constant & = 78.351.14] The default voltage difference between the two
liquid cells was +1000 mV. In order to obtain the ion current in the middle
section of the nanopore in the COMSOL simulation, the following formula
was used to calculate theion current: | = Ny X e [ (Jy+ — Jg-) dS. Where
Ny is the Avogadro constant, e is the amount of charge per electron, Ji+
and J¢- are the fluxes of potassium ions and chloride ions respectively,
and S is the middle cross section of the nanopore.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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