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Abstract: The sensitivity and accuracy of nanopore sensors are severely hindered by the high noise
associated with solid-state nanopores. To mitigate this issue, the deposition of organic polymer mate-
rials onto silicon nitride (SiNx) membranes has been effective in obtaining low-noise measurements.
Nonetheless, the fabrication of nanopores sub-10 nm on thin polymer membranes remains a signifi-
cant challenge. This work proposes a method for fabricating nanopores on polymethyl methacrylate
(PMMA) membrane by the local high electrical field controlled breakdown, exploring the impact
of voltage and current on the breakdown of PMMA membranes and discussing the mechanism
underlying the breakdown voltage and current during the formation of nanopores. By improving
the electric field application method, transient high electric fields that are one–seven times higher
than the breakdown electric field can be utilized to fabricate nanopores. A comparative analysis was
performed on the current noise levels of nanopores in PMMA-SiNx composite membranes and SiNx

nanopores with a 5 nm diameter. The results demonstrated that the fast fabrication of nanopores on
PMMA-SiNx membranes exhibited reduced current noise compared to SiNx nanopores. This finding
provides evidence supporting the feasibility of utilizing this technology for efficiently fabricating
low-noise nanopores on polymer composite membranes.

Keywords: PMMA; nanopore; controlled breakdown; local high electric field; low noise

1. Introduction

Nanopores have been proven to be an important tool for detecting biomolecules and
their conformations [1], including nucleic acids [2–5], proteins [6,7], and polymers [8] that
play a vital role in life and medical treatment. Because of their controllable pore size,
environmental adaptability, chemical stability, scalability, and integration capabilities [9],
solid-state nanopores are considered an effective substitute for biological nanopores [10,11].
However, the significant challenge of high-noise interference in solid-state nanopores
remains the most serious obstacle limiting their use in DNA sequencing [12,13].

The interaction between the ionic solution and the nanopore wall [14], as well as the
membrane surface, are the primary contributors to nanopore noise [15,16]. This noise is di-
rectly influenced by the material and structure of the membrane [17–19], including electron
mobility, dielectric constant, contact area, and thickness. Using a low dielectric constant and
reducing the suspended area are two effective methods for reducing noise in nanopores.
Balan et al. proposed a high-frequency noise reduction structure aimed at reducing the
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capacitance of silicon nitride membrane, by adding thick insulating layers to the chip sur-
face [20]. The incorporation of silicon dioxide layers effectively decreased the capacitance
of the silicon nitride nanopore to a range of 1–5 pF , enabling high-frequency acquisition at
1 MHz. Pitchford et al. implemented a similar approach by substituting the cover layer of
the silicon nitride (SiNx) membrane with a polymer material [21]. This modification not
only achieved low-noise acquisition but also mitigated optical interference. These studies
demonstrate that constraining the contact area between the silicon nitride membrane and
the ionic solution through the cover layer, while reducing the capacitance, serves as an
effective strategy for noise reduction [22]. Furthermore, it has been demonstrated that low
dielectric constant materials such as silicon dioxide and polymer are excellent choices for
fabricating solid-state nanopores [23,24]. Junseo et al. proposed a novel method capable of
creating sub-10 nm conical nanopores in a freestanding polymer membrane [25], which was
validated through DNA translocation experiments. In this fabrication process, nanoimprint
lithography (NIL) is utilized to produce the initial nanopores, followed by a polymer reflow
process to reduce the pore diameter with fine control. These nanopores exhibit superior
noise performance; however, they enhance spatial resolution and further reduce the pore
diameter pose significant challenges [26].

Polymethyl methacrylate (PMMA) is an organic polymer extensively utilized in medi-
cal polymer materials and electronic devices due to its excellent chemical stability, superior
dielectric properties, and electrical insulation capabilities [27,28]. This article focuses on
PMMA as a representative material to investigate the fabrication of nanopores through
dielectric breakdown on organic polymer-SiNx composite membranes.The dielectric break-
down method for solid-state nanopore fabrication was initially proposed by the Kwork
group in 2012 and achieved the in situ fabrication of silicon nitride nanopores in 2014. This
method allowed for the production of nanopores as small as 2 nm, significantly reduc-
ing the cost and complexity of nanopore processing [29–33]. However, in the fabrication
process of this method, there is extensive contact between the electrolyte solution and the
membrane, resulting in uncertain positioning of the nanopores and the potential formation
of multiple nanopores simultaneously. To address these issues and improve control over
nanopore formation, the technique of local electric field dielectric breakdown technology
was developed [34–37].

This article proposes the application of the transient high electric field dielectric
breakdown method to fabricate nanopores on PMMA-SiNx composite membranes, building
upon the research group’s prior work [34,35]. Initially, conventional and cost-effective spin
coating techniques were employed to fabricate PMMA membranes on silicon substrates
coated with an Au electrode layer. The study investigates the impact of voltage and
current on the breakdown of the PMMA membrane. Additionally, the paper delves into
the mechanism behind the breakdown of voltage and current during nanopore formation.
Finally, a comparison and analysis of the current noise between nanopores in PMMA-SiNx
composite membranes and SiNx nanopores fabricated through local dielectric breakdown
are conducted, demonstrating the method’s viability for fabricating low-noise composite
membrane nanopores.

2. Materials and Methods

Lithium chloride (LiCl, 99.9%), polymethyl methacrylate (PMMA, MW∼15,000),
Ethylenediaminetetraacetic acid disodium salt (EDTA-Na22H2O), and Trizma base (Tris,
99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Silver wire (99.99%) was
purchased from WPI (Sarasota, FL, USA). Sodium hypochlorite and ethyl lactate were
purchased from KESHI (Chengdu, China).

Preparation of electrolyte: The 1 M LiCl electrolyte solutions were buffered with
10 mM Tris and 1 mM EDTA and adjusted to a pH of 8.0. The deionized water with an
electrical resistance of >18.2 MΩ was supplied by a Millipore Milli-Q water purification
system (Billerica, MA, USA).
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Ag/AgCl electrode preparation: The silver wire is immersed in sodium hypochlorite
overnight to make Ag/AgCl electrodes. Then, the micropipette is filled with 1 M LiCl
solution and is connected to the source meter (Keithley 2450, Tektronix, Beaverton, OR,
USA) through the Ag/AgCl electrodes.

Preparation of PMMA membrane: Dissolve the PMMA powder in ethyl lactate to cre-
ate a PMMA solution with concentrations (mass ratio) of 2%, 3%, 4%, and 5%, respectively.
Silicon wafers (P, <100>) or gold-plated silicon substrates are used as substrates. Firstly, the
substrate is immersed in deionized water and alcohol, sonicate for 10 min and baked on a
hot plate at 120 ◦C. Then, a coater is utilized (AC200-SE, Schwan Technology, Jiangying,
China) to fabricate PMMA membranes at various concentrations and rotational speeds.

SiNx membranes (NT001Y, Norcada, Edmonton, AB, Canada) with 10 µm × 10 µm
window size and 20 nm thickness were used in all experiments.

3. Results
3.1. Preparation of PMMA Membrane

In comparison to silicon, silicon nitride, graphene, and molybdenum disulfide, PMMA
offers several advantages in the fabrication of nanopores.These include its simplicity in
being fabricated into various shapes and structures, which makes it highly suitable for
rapid prototyping and manufacturing processes [38]. Moreover, PMMA exhibits a wide
range of physicochemical properties, surface-modification protocols, and minimal noise,
allowing for versatile applications [27,28]. However, it is important to note that fabricating
nanopores in a polymer membrane presents challenges due to the need for high aspect
ratio molding. This is because reducing the pore size cannot be accompanied by the same
reduction in the thickness of the polymer membrane. Maintaining the mechanical strength
of the polymer membrane is crucial during this process [39]. The thinnest reported polymer
membrane for nanopore fabrication is 1 µm [25]. To enhance the spatial resolution of
polymer nanopores, this article employs a composite membrane consisting of a PMMA
membrane and an SiNx membrane with nanoscale thickness for nanopore fabrication.

The engineering value of the breakdown electric field (Ebd) of PMMA membrane is
18–22 MV/m [40], and the breakdown voltage can be obtained according to Equation (1):

Ebd =
U
t

(MV/m) (1)

where Ebd is the breakdown electric field, U is the applied voltage, and t is the membrane
thickness, which plays a crucial role in determining the fabrication electric field. In Figure S1
(Supporting Materials), a coater is utilized (AC200-SE, Schwan Technology, Jiangying,
China) to fabricate PMMA membranes at various concentrations and rotational speeds. To
ensure clear observation of the dielectric breakdown phenomenon (nanopore fabrication
stage in the process of PMMA nanopore fabrication) when the pipette tip is in contact with
the membrane, it is necessary to maintain the source voltage above 2 V. Consequently, in
the experiment, a PMMA membrane with a thickness of 100 nm (In Figure S2, Supporting
Materials) produced at a 5% concentration and a rotational speed of 3000 rpm was chosen as
the material for subsequent experiments. Its surface was assessed using AFM (Dimension
Edge, Bruker, DE, USA), confirming that its surface roughness was less than 5 nm.

3.2. Platform for PMMA Nanopore Fabrication

Figure 1 illustrates the method of fabrication PMMA and SiNx nanopores through
local high electric field breakdown [34]. To simplify the fabrication process and the charac-
terization of PMMA nanopores, the fabrication of PMMA nanopores is directly conducted
on sandwich substrates comprising gold, chromium, and silicon. A chromium (Cr) layer
and a gold (Au) layer are successively sprayed onto the silicon substrate using a spray
coating process to create the sandwich substrates. Initially, the chromium layer helps
prevent peeling or detachment during subsequent processing steps, while the gold layer
offers excellent conductivity and stability, making it suitable for use as an electrode during
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the nanopore fabrication process, where an electric field is applied. Subsequently, the
PMMA membrane is spin-coated onto the substrate and dried using a homogenizer. The
micropipette, pulled from borosilicate capillary tubes (BF100-78-10, Sutter, Novato, CA,
USA) using a Sutter P-2000 micropipette puller, is displayed in Figure 1b. By adjusting the
instrument parameters detailed in Table S1 (Supporting Materials), pipette tips of varying
sizes can be produced.

The micropipette is filled with 1 M LiCl solution and connected to the source meter
(Keithley 2450, Tektronix, Beaverton, OR, USA) via the Ag/AgCl electrodes. After applying
a high voltage between the tip and the Au electrode layer, the pipette tip approaches the
membrane. Upon contact with the PMMA membrane, a high electric field is formed (as
shown in Figure 1c), leading to the breakdown of the PMMA membrane and the formation
of a nanopore. The electric field strength, stimulation area, and position of the high
electric field are controlled by the voltage, tip diameter, and the three-axis high dynamics
nanopositioning system (P363 PicoCube, PI, Karlsruhe, Germany) along with a controller
(E-536, PI, Karlsruhe, Germany).

Figure 1. The method of fabrication of a PMMA nanopore by a local high electric field breakdown.
(a) Schematic diagram of the experiment device. The PMMA membrane is coated on the sandwich
substrate (gold, chromium, and silicon). The fabrication electric field between the micropipette and
gold is controlled by the positioning platform and the source meter. (b) The enlarged view of the
micropipette. (c) The PMMA nanopore fabrication process by the local high electric field between the
pipette tip and the gold electrode layer.

3.3. The Process of PMMA Nanopore Fabrication

The influence of electric field strength on the breakdown process using controlled
dielectric breakdown can be divided into three types:

(1) Far below breakdown field (E ≪ Ebd): The applied electric field strength is much
lower than the material’s breakdown field (Ebd), so dielectric breakdown does not occur,
and the solid-state nanopore cannot be formed.

(2) Gradually approaching breakdown field (E ≤ Ebd): When the applied electric
field gradually approaches the material’s breakdown field strength, with the accumulation
of time, it leads to structural changes in the material, eventually forming a solid-state
nanopore.

(3) Above breakdown field (E > Ebd): When the applied electric field strength exceeds
the material’s breakdown field strength, solid-state nanopores are formed instantly. In this
case, the electric field is powerful enough to immediately trigger structural changes in the
material, leading to the formation of a nanopore.

In traditional dielectric breakdown methods, an uncontrolled electric field higher than
the breakdown field would directly damage the membrane. However, in the author’s
previous research [34,35], precise control of the electric field’s action time and area was
achieved through the nanopositioning system, enabling localized fabrication of solid-state
nanopores. This method of local dielectric breakdown will be applied to the fabricate of
PMMA nanopore in this study.



Sensors 2024, 24, 2109 5 of 12

In Figure 2a, the fabrication process is divided into four stages: constant current source
pressurization, pipette tip approching, nanopore fabrication, and nanopore expansion.

(1) Constant current source pressurization stage: During the fabrication of PMMA
nanopores process, an electric field greater than the breakdown electric field needs to be
applied to fabricate the nanopores. According to Equation (1), the breakdown electric field
for a 100 nm thick PMMA membrane ranges from 1.8 V to 2.2 V. It is necessary to select a
voltage of 2.2 V or above to provide a local ultra-high electric field for fast fabrication of
PMMA nanopores. As shown in Figure 2a, a voltage of 5 V was set for breakdown.

In addition, previous studies have shown that the current of the constant current
source affects the speed of voltage application and the process of nanopore expansion.
When the constant current source is too small (less than 0.5 nA), the rate of increase in
applied voltage is slow, which significantly impacts the efficiency of nanopore fabrication.
On the other hand, when the constant current source is too large (greater than 50 nA), the
expansion speed is faster, resulting in a high flow rate of electroosmotic flow. This can
affect the target pore size and processing accuracy of nanopore fabrication. Therefore, in
this experiment, the range of the constant current source is controlled ranging from 1 nA to
50 nA. A constant current of 3 nA was selected, as shown in Figure 2.

(2) Pipette tip approching stage: Utilizing a piezoelectric driving platform to control
the glass Pipette tip as it approaches the PMMA membrane at a speed of 200 nm/ms while
detecting real-time changes in feedback voltage.

(3) Nanopore Fabrication stage: When the glass micropipette tip contacts the PMMA
film, the PMMA nanopores quickly forms, and the feedback voltage decreases rapidly.

(4) Nanopore expansion stage: Following the formation of the PMMA nanopore, a low-
noise, high-speed current detection circuit is employed to test the IV curve of the nanopore
and calculate the pore size of the PMMA nanopore. The results in Figure 2b indicate the
successful fabrication of a nanopore on the PMMA membrane. During this stage, the IV
curve test is used to determine the initial pore size of the nanopore formed instantaneously
at the fabrication voltage. Subsequently, by continuously applying a constant current
source, the diameter of the nanopore gradually expands. The larger the applied current,
the faster the expansion rate, until reaching the desired target pore size for fabrication.

Figure 2. The process of PMMA nanopore fabrication via local high electric field controlled break-
down. (a) The output voltage and power will gradually rise to the pre-set voltage (5 V) when the
micropipette is suspended 4 µm above the membrane. As the pipette tip approaches the membrane
at a speed of 200 nm/s, when the tip contacts the membrane, it will form a PMMA nanopore due to
the high electric field. Simultaneously, the load of the current source becomes the nanopore resistance,
and the electric field is small. (b) The conductance of PMMA membrane before and after fabrication
by the local high electric field breakdown.

3.4. Voltage Effect for PMMA Nanopore Fabrication

The prerequisite for the fast fabrication of solid-state nanopores using the controllable
local dielectric breakdown method is that the applied electric field of the system is higher
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than the breakdown electric field. Therefore, applying an electric field is is a fundamental
aspect of the precise fabrication of solid-state nanopores. Further research is required to
explore the impact of applying an electric field on nanopore fabrication.

To construct different applied electric fields, a constant current of 1 nA was maintained
while applying different voltages. In Figure 3a, the voltage started at 2.2 V and increased in
increments of 0.2 V until reaching 8 V. This voltage range corresponded to an electric field
range of 2.2 MV/m to 8 MV/m, which significantly exceeded the breakdown electric field
of the PMMA membrane. Importantly, all these electric fields enabled the fast fabrication of
PMMA nanopores. Subsequently, the conductance of the nanopore was measured using in
situ IV scanning, which eliminated any influence from pipette conductance in the measure-
ment software. It can be observed that the nanopore conductance exhibited fluctuations
around the trend line under different voltages. The statistics of the linear fitting detailed
in Table S2 (Supporting Materials). This result indicates that the nanopore conductance
changes at a rate of 0.042 nS per 1 V increase in fabrication voltage, confirms that the
strength of the electric field is a key factor affecting the initial pore size of the nanopore.

To investigate the conductance fluctuation of nanopores under the same electric field,
a series of 12 repeated experiments were conducted on the same PMMA membrane using
voltages of 2 V, 6 V, and 8 V. The purpose was to examine the distribution of nanopore
conductance, as shown in Figure 3b–d. After performing Gaussian fitting analysis, the
average conductance values corresponding to 2 V, 6 V, and 8 V were determined to be
0.142 nS, 0.212 nS, and 0.281 nS, respectively. The fluctuation percentages were calculated to
be 8.075%, 4.447%, and 16.5% for each voltage, respectively. These findings indicate that the
size of the nanopores fabricated in the PMMA membrane using the local high electric field
method is positively correlated with the strength of the applied electric field. Moreover, the
fabricated nanopores under the same electric field exhibit a normal distribution in terms of
pore size. This suggests a certain degree of stability in the fabrication process, meeting the
requirements for rapid and stable nanopore fabrication.

Figure 3. Voltage dependence of PMMA nanopore fabrication. (a) The nanopore conductance
distribution under different voltages at a constant current (1 nA). The voltage ranges from 2.2 V to
8 V in increments of 0.2 V, resulting in an electric field range of 2.2 MV/m to 8 MV/m, significantly
exceeding the breakdown electric field of the PMMA membrane. (b–d) Nanopore conductance
frequency histogram (n = 12), fabricated with voltages of 2 V, 6 V, and 8 V. The data are fitted by
Gaussian distribution, revealing average conductance values of 0.142 nS, 0.212 nS, and 0.281 nS for
the respective voltages.
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3.5. Current Effect for PMMA Nanopore Fabrication

In the past, researchers have primarily emphasized the significance of the voltage
value in nanopore fabrication through dielectric-controlled breakdown. This voltage value
plays a critical role as it directly influences the strength of the electric field utilized in the
fabrication process [41–43]. A recent study by Vincent et al. delved into a systematic exam-
ination of the various factors that influence the breakdown and expansion of solid-state
nanopores [44]. Their research suggested that the voltage parameter dictates the breakdown
time, while the current setting determines the rate of expansion during the fabrication
process. Understanding these dynamics is essential for controlling the fabrication process
and achieving desired nanopore characteristics. In this article, given the extremely short
fabrication time involved, it becomes particularly important to investigate the influence of
the fabrication current.

Figure 4a depicts the relationship between nanopore conductance and the applied
current value. The current starts at 1 nA and increases to 15 nA at intervals of 0.2 nA
while maintaining a constant voltage of 5 V. A constant voltage of 5 V was chosen to avoid
undesirable effects. If the voltage is too high, the electroosmotic flow phenomenon becomes
more obvious as the current increases, leading to the gradual accumulation of the ionic
solution on the surface of the PMMA membrane and increasing the contact area. In such
cases, there is a risk of damaging the membrane. On the other hand, if the voltage is too
low, such as 2 V, adjusting the current at this level will not result in significant changes
in the conductance. Linear fitting of appiled current and nanopore conductance detailed
in Table S3 (Supporting Materials). This result indicates that the nanopore conductance
changes at a rate of 0.27 nS per 1 nA increase in applied current.

Furthermore, we investigated the conductance distributions of the nanopores for
various currents (1, 5, 10, 15 nA) under consistent voltage conditions. Utilizing Gaussian
fitting, Figure 4b,c illustrates that the central conductance values for the respective currents
are 0.16 nS, 1.5 nS, 2.45 nS, and 3.5 nS. In comparison to the impact of voltage variations,
it is observed that alterations in current have a more pronounced effect on nanopore
conductance.

Figure 4. Current dependence of PMMA nanopore fabrication. (a) The range of currents used (1 nA
to 15 nA at intervals of 0.2 nA) and the electric field strength (5 MV/m). (b,c) Nanopore conductance
frequency histogram (n = 9), fabricated with a current of 1 nA, 5 nA,10 nA, and 15 nA, is fitted by
Gaussian distribution, yielding average conductance values of 0.16 nS, 1.5 nS, 2.45 nS, and 3.5 nS,
respectively.

3.6. Characterization of PMMA Nanopores

The nanopores fabricated using positive voltages exhibit a series of asymmetric IV
curves, indicating asymmetric nanopore ion-current rectification (Figure S3a, Supporting
Materials). This suggests that all PMMA nanopores are tapered, with the upper part being
larger than the lower part due to the application of positive voltages to the micropipette.
This facilitates the use of AFM for characterization. To evaluate the diameter and morphol-
ogy of the PMMA nanopores, we employed AFM to characterize a series of large-sized
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PMMA nanopores. They were fabricated using the same 5 V voltage and currents of 5 nA
and 10 nA. The AFM images show two nanopores (Figure S3b,c, Supporting Materials),
with corresponding pore diameters of 148 nm and 353 nm.

Then, further calculations were made to determine the bottom pore size of the PMMA
membrane through the conductivity after breakdown. The conductance corresponding to
the nanopores in the images was calculated using Equation (2) [45,46], which is consistent
with the values obtained from the IV curve:

Rn =
ρl

πr2
t
+

ρ cot θ/2
π

(
1
rb

− 1
rt
) (2)

Rn =
ρ cot θ/2

πrb
(3)

where ρ represents resistivity, which is the reciprocal of conductivity (7 S/m), l is the
thickness of the membrane, with a value of 100 nm, rb and rt stand for the radii of the
nanopore bottom and top, respectively, and θ is the cone angle, with an assumed value
of 5 degrees. Typically, the radius of the nanopore is far greater than that of the bottom
radius (rt >> rb). Therefore, in cases where it is not feasible to use AFM to scan the top
diameter of the nanopore, we can calculate the diameter of the bottom of the nanopore by
Equation (3). The bottom diameter of the nanopore is twice rb.

By applying Equation (3), we computed the diameter of the nanopore created using
2 V & 1 nA to be approximately 0.3 nm. This calculation demonstrates that our approach is
capable of fabrication sub-2 nm nanopores on the PMMA membrane.

In the end, this method of local dielectric breakdown was employed to fabrication
nanopores with a size of approximately 5 nm on both the PMMA-SiNx composite mem-
brane and SiNx membrane. The SiNx suspension membrane used possesses a thickness of
20 nm, and the PMMA-SiNx composite membrane is coated with PMMA with a thickness
of 100 nm on the SiNx. Figure 5a illustrates two variations of nanopore IV curves, whereas
Figure 5b shows the noise power spectrum at a voltage of 100 mV (Axon 200B and Digidata
1550B, Molecular Devices, San Jose, CA, USA). It is evident that in the high-frequency
range, the noise level of the PMMA-SiNx composite nanopore is lower due to its smaller
capacitance.

Figure 5. Noise of nanopores. (a) The IV curves of localized high electric field fast fabrication SiNx

nanopore (Si3N4) and polymer–silicon nitride composite nanopore (PMMA-Si3N4). The fabrication
parameters for the silicon nitride nanopore were 25 V & 5 nA, the nanopore size is 6.7 nm as
determined from the fitted IV curve, the parameters for the fabrication polymer–silicon nitride
composite nanopore were 28 V & 5 nA, and the nanopore size fitted by the IV curve is 5.2 nm. Both
nanopores exhibit conical structures. (b) The noise performance of polymer–silicon nitride composite
nanopore is significantly lower than the silicon nitride nanopore, particularly at frequencies above
30 kHz. This noise reduction can be attributed to the decreased capacitance of the nanopores after the
PMMA membrane deposition.
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4. Discussion

The voltage used in traditional dielectric breakdown methods for nanopore fabrication
must be kept below the breakdown electric field of the membrane. However, when working
with PMMA membranes that have a low breakdown electric field (18–22 MV/m), it becomes
challenging to control the fabrication voltage due to its extremely low value. In contrast, the
local high electric field approach employed in this article allows for nanopore fabrication at
several (one–seven) times higher than the membrane’s breakdown electric field, proving
to be feasible and effective. This high electric field method enables the direct fabrication
of low-noise nanopores with a sandwich structure on materials such as SiNx or graphene
membranes coated with PMMA [47].

Additionally, it is worth noting that the nanopore formation process using the local
high electric field method is instantaneous [45]. The diameter of the nanopores is positively
correlated with both voltage and current. However, we have observed that current has
a greater impact on the nanopore diameter, indicating the simultaneous occurrence of
intrinsic breakdown and thermal breakdown [48,49]. This finding aligns with the research
conclusions of Leung et al. [44], where voltage primarily affects the process of intrinsic
breakdown, while current mainly influences the process of thermal breakdown [44,50].

Finally, we established the relationship between fabrication parameters in Table 1
and the power with the nanopore size, as shown in Figure 6. This indicates that the
nanopore size is positively correlated with the applied power. The statistics of the linear
fitting detailed in Table S4 (Supporting Materials). This result indicates that the nanopore
conductance changes at a rate of 0.048 nS per 1 nW increase in applied power. That can
simultaneously explain the relationship between the nanopore size variation in silicon
nitride and PMMA: the greater the fabrication power, the greater the energy conversion,
resulting in larger nanopore sizes in the solid-state nanopore fabrication.

Table 1. The relationship between nanopore conductance and bottom diameter.

No. Fabrication Parameter Resistance (MΩ) rt (nm) Bottom Diameter (2rb) (nm)

1 5 V & 10 nA 408 353/2 5.20
2 5 V & 5 nA 667 148/2 3.60
3 8 V & 1 nA 3558 0.60
4 6 V & 1 nA 4504 0.46
5 5 V & 1 nA 6250 0.36
6 2 V & 1 nA 7042 0.30

Figure 6. The relationship between PMMA nanopore diameter and applied power: the nanopore
diameter is positively correlated with the power.
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5. Conclusions

The fabrication process involved the creation of a series of polymer nanopores using
local high electric field breakdown, with all breakdowns occurring instantly due to the
application of an electric field that exceeded the breakdown electric field of the PMMA
membrane. The results demonstrate a direct proportionality between the nanopore di-
ameter and the fabrication voltage and current. Additionally, it was observed that the
electric field intensity influences the initial pore size of the nanopores, while changes in
current significantly impact the conductivity of the nanopores. Moreover, the breakdown
voltage and current mechanism in the formation of nanopores was discussed, indicating
that this method is capable of generating sub-10 nm nanopores. Finally, the current noise
of PMMA-SiNx composite membrane nanopores fabricated by local dielectric breakdown
was compared and analyzed in relation to SiNx nanopores, demonstrating the feasibility of
this method for producing low-noise composite membrane nanopores.

Supplementary Materials: Thefollowing supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s24072109/s1.

Author Contributions: Conceptualization, L.L. and D.W.; Data curation, S.F., D.Z., Y.L., Z.P. and
Y.W.; Investigation, S.F., D.Z., S.H., Y.L., Z.P., Y.W., L.L., T.W. and W.X.; Methodology, S.F., D.Z., W.X.
and D.W.; Project administration, D.W.; Resources, S.H., L.L., T.W. and W.X.; Supervision, D.W.;
Writing—original draft, S.F. and D.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (No. 2022YFB3205600), Excellent Youth Foundation of Chongqing Scientific Committee (No.
cstc2021jcyj-jqX0030), West Light Foundation of the Chinese Academy of Sciences (L.L.), Youth
Innovation Promotion Association, Chinese Academy of Sciences (No. 2022388, No. 2023401), of the
University of the Chinese Academy of Sciences, the Natural Science Foundation of Chongqing, China
(CSTB2023NSCQ-MSX0071), and the Science Foundation of CIGIT, China (E355400201).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xue, L.; Yamazaki, H.; Ren, R.; Wanunu, M.; Ivanov, A.P.; Edel, J.B. Solid-state nanopore sensors. Nat. Rev. Mater. 2020, 5, 931–951.

[CrossRef]
2. Faramarzi, V.; Ahmadi, V.; Fotouhi, B.; Abasifard, M. A potential sensing mechanism for DNA nucleobases by optical properties

of GO and MoS2 Nanopores. Sci. Rep. 2019, 9, 6230. [CrossRef]
3. Feng, J.D.; Liu, K.; Bulushev, R.D.; Khlybov, S.; Dumcenco, D.; Kis, A.; Radenovic, A. Identification of single nucleotides in MoS2

nanopores. Nat. Nanotechnol. 2015, 10, 1070–1076. [CrossRef]
4. Hyun, C.; Kaur, H.; Rollings, R.; Xiao, M.; Li, J.L. Threading Immobilized DNA Molecules through a Solid-State Nanopore at

>100 µs per Base Rate. ACS Nano 2013, 7, 5892–5900. [CrossRef]
5. Yuan, Z.S.; Liu, Y.M.; Dai, M.; Yi, X.; Wang, C.Y. Controlling DNA Translocation Through Solid-state Nanopores. Nanoscale Res.

Lett. 2020, 15, 80. [CrossRef]
6. Dong, Z.X.; Kennedy, E.; Hokmabadi, M.; Timp, G. Discriminating Residue Substitutions in a Single Protein Molecule Using a

Sub-nanopore. ACS Nano 2017, 11, 5440–5452. [CrossRef]
7. Sha, J.J.; Si, W.; Xu, B.; Zhang, S.; Li, K.; Lin, K.B.; Shi, H.J.; Chen, Y.F. Identification of Spherical and Nonspherical Proteins by a

Solid-State Nanopore. Anal. Chem. 2018, 90, 13826–13831. [CrossRef]
8. Akahori, R.; Yanagi, I.; Goto, Y.; Harada, K.; Yokoi, T.; Takeda, K. Discrimination of three types of homopolymers in single-stranded

DNA with solid-state nanopores through external control of the DNA motion. Sci. Rep. 2017, 7, 9073. [CrossRef]
9. Goto, Y.; Akahori, R.; Yanagi, I.; Takeda, K. Solid-state nanopores towards single-molecule DNA sequencing. J. Hum. Genet. 2020,

65, 69–77. [CrossRef]
10. Schneider, G.F.; Kowalczyk, S.W.; Calado, V.E.; Pandraud, G.; Zandbergen, H.W.; Vandersypen, L.M.K.; Dekker, C. DNA

Translocation through Graphene Nanopores. Nano Lett. 2010, 10, 3163–3167. [CrossRef]

https://www.mdpi.com/article/10.3390/s24072109/s1
https://www.mdpi.com/article/10.3390/s24072109/s1
http://doi.org/10.1038/s41578-020-0229-6
http://dx.doi.org/10.1038/s41598-019-41165-6
http://dx.doi.org/10.1038/nnano.2015.219
http://dx.doi.org/10.1021/nn4012434
http://dx.doi.org/10.1186/s11671-020-03308-x
http://dx.doi.org/10.1021/acsnano.6b08452
http://dx.doi.org/10.1021/acs.analchem.8b04136
http://dx.doi.org/10.1038/s41598-017-08290-6
http://dx.doi.org/10.1038/s10038-019-0655-8
http://dx.doi.org/10.1021/nl102069z


Sensors 2024, 24, 2109 11 of 12

11. Briggs, K.; Kwok, H.; Tabard-Cossa, V. Automated Fabrication of 2-nm Solid-State Nanopores for Nucleic Acid Analysis. Small
2014, 10, 2077–2086. [CrossRef]

12. Waduge, P.; Bilgin, I.; Larkin, J.; Henley, R.Y.; Goodfellow, K.; Graham, A.C.; Bell, D.C.; Vamivakas, N.; Kar, S.; Wanunu, M. Direct
and Scalable Deposition of Atomically Thin Low-Noise MoS2 Membranes on Apertures. ACS Nano 2015, 9, 7352–7359. [CrossRef]
[PubMed]

13. Guo, B.Y.; Zeng, T.; Wu, H.C. Recent advances of DNA sequencing via nanopore-based technologies. Sci. Bull. 2015, 60, 287–295.
[CrossRef]

14. Matsui, K.; Goto, Y.; Yanagi, I.; Akahori, R.; Fujioka, M.; Ishida, T.; Yokoi, T.; Nakagawa, T.; Takeda, K. Low-frequency noise
induced by cation exchange fluctuation on the wall of silicon nitride nanopore. Sci. Rep. 2020, 10, 8662. [CrossRef]

15. Hartel, A.J.W.; Shekar, S.; Ong, P.; Schroeder, I.; Thiel, G.; Shepard, K.L. High bandwidth approaches in nanopore and ion channel
recordings—A tutorial review. Anal. Chim. Acta 2019, 1061, 13–27. [CrossRef]

16. Saharia, J.; Bandara, Y.M.N.D.Y.; Karawdeniya, B.I.; Alexandrakis, G.; Kim, M.J. Assessment of 1/f noise associated with
nanopores fabricated through chemically tuned controlled dielectric breakdown. Electrophoresis 2021, 42, 899–909. [CrossRef]

17. Uram, J.D.; Ke, K.; Mayer, M. Noise and bandwidth of current recordings from submicrometer pores and nanopores. ACS Nano
2008, 2, 857–872. [CrossRef]

18. Beamish, E.; Kwok, H.; Tabard-Cossa, V.; Godin, M. Fine-tuning the Size and Minimizing the Noise of Solid-state Nanopores.
Jove-J. Vis. Exp. 2013, 80, e51081.

19. Xia, P.K.; Zuo, J.W.; Paudel, P.; Choi, S.; Chen, X.H.; Laskar, M.A.R.; Bai, J.; Song, W.S.; Im, J.; Wang, C. Sapphire-supported
nanopores for low-noise DNA sensing. Biosens. Bioelectron. 2021, 174, 112829. [CrossRef]

20. Balan, A.; Machielse, B.; Niedzwiecki, D.; Lin, J.; Ong, P.; Engelke, R.; Shepard, K.L.; Drndić, M. Improving Signal-to-Noise
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