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Nanopore-based sensors for DNA sequencing: a
review

Jiangtao Wei, a Hao Hong,a,b Xing Wang,a Xin Lei,c Minjie Yed and Zewen Liu*a

Nanopore sensors, owing to their distinctive structural properties, can be used to detect biomolecular

translocation events. These sensors operate by monitoring variations in electric current amplitude and

duration, thereby enabling the calibration and distinction of various biomolecules. As a result, nanopores

emerge as a potentially powerful tool in the field of deoxyribonucleic acid (DNA) sequencing. However,

the interplay between testing bandwidth and noise often leads to the loss of part of the critical transloca-

tion signals, presenting a substantial challenge for the precise measurement of biomolecules. In this

context, innovative detection mechanisms have been developed, including optical detection, tunneling

current detection, and nanopore field-effect transistor (FET) detection. These novel detection methods

are based on but beyond traditional nanopore techniques and each of them has unique advantages.

Notably, nanopore FET sensors stand out for their high signal-to-noise ratio (SNR) and high bandwidth

measurement capabilities, overcoming the limitations typically associated with traditional solid-state

nanopore (SSN) technologies and thus paving the way for new avenues to biomolecule detection. This

review begins by elucidating the fundamental detection principles, development history, applications, and

fabrication methods for traditional SSNs. It then introduces three novel detection mechanisms, with a par-

ticular emphasis on nanopore FET detection. Finally, a comprehensive analysis of the advantages and

challenges associated with both SSNs and nanopore FET sensors is performed, and then insights into the

future development trajectories for nanopore FET sensors in DNA sequencing are provided. This review

has two main purposes: firstly, to provide researchers with a preliminary understanding of advancements

in the nanopore field, and secondly, to offer a comprehensive analysis of the fabrication techniques,

transverse current detection principles, challenges, and future development trends in the field of nano-

pore FET sensors. This comprehensive analysis aims to help give researchers in-depth insights into

cutting-edge advancements in the field of nanopore FET sensors.

1. Introduction

Since 1949, when nanopores were first used to count red blood
cells,1 nanopore detection technology has received consider-
able attention.2–18 From its initial use in single molecule
counting, the technology has expanded towards a wide range
of applications in various fields including physics, bio-
molecule detection (such as proteins, viruses, DNA, insulin,
etc.), water purification, power generation, data storage, and
inter-discipline application.19–23 Over the past 20 years, SSNs
have undergone significant changes with respect to several
aspects, including fabrication materials,24–31 methods,32–38

detection principles,39–42 and applications.43–52 Nanopore
technology is experiencing rapid developments. Nanopore
sensors, due to their unique structures, can serve as a powerful
sensing platform. During the experimental process, the mem-
brane with a nanopore divides the solution into two compart-
ments, with the nanopore acting as the only passage. Under an
applied voltage, the translocation of biomolecules inside the
nanopore can be monitored in real-time by observing changes
to the ionic current of the nanopore system.53–56 Small
changes can lead to a large current modulation in the nano-
pore system. The recorded ionic current includes information
about the duration and amplitude of current changes during
translocation events, enabling the distinction of various trans-
locating molecules, achieving single entity sensitivity.57–63

Nanopores could potentially be used to perform single-
molecule DNA sequencing at low-cost with high
throughput.64–66 Nanopore sequencing has the advantage of
requiring no amplification during sample preparation and
enables direct detection,67 which can further facilitate the per-
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sonalization of DNA sequencing. Currently, only protein nano-
pores have been successful for DNA sequencing.68,69 However,
protein nanopores are quite sensitive to external environ-
mental factors, such as temperature, applied bias, pH, solution
concentration, etc., due to the lipid bilayer. These factors
severely restrict the large-scale and widespread application of
biological nanopores. However, SSNs can overcome these
extreme factors and be reused, so ample attention is paid to
SSNs. Researchers believe that SSNs could eventually be used
to achieve DNA sequencing. Unluckily, at present, DNA
sequencing using SSNs still faces huge challenges, such as fast
translocation speeds, poor repeatability, and low signal-to-
noise ratios (SNRs).70–74 To achieve DNA sequencing based on
SSNs, researchers have made innovations in terms of new
materials and new detection mechanisms.75–82 Currently, the
main principles of SSN testing include traditional ionic
current blockade detection, tunneling current detection, opto-
electronic sensing detection, transverse current detection
(combination of nanopores and FET sensors).

Here, we begin with a brief introduction to the basic detec-
tion principles, historical development, applications, and fab-
rication methods for traditional SSNs. Then, we separately
introduce new detection mechanisms. After that, we provide a
detailed overview of the development of nanopore FET sensors
and the challenges faced in experiments and tests. Finally, we
discuss the merits and issues associated with SSNs and nano-
pore FET sensors, and the future development directions for
nanopore FET sensors in DNA sequencing. The purpose of
this review is to provide comprehensive coverage of traditional
SSNs and FET nanopore sensors. Some representative
examples have been selected that highlight the incredible pro-
gress made in SSNs and nanopore FET sensors. We believe
this review can provide some assistance and insights for
researchers interested in the field of nanopores.

2. Traditional solid-state nanopores
2.1 The development of solid-state nanopores

In 1949, Wallace H. Coulter discovered a new method to count
red blood cells suspended in a fluid medium. Then Coulter
patented his counting method in 1953,2,3 later named resistive
pulse sensing. After that, nanopore sensor platforms have
been extensively developed and attracted wide attention in
various domains,49,52,83–93 mainly because researchers have
found ways to reduce the orifice size from millimeters and
micrometers to nanometers.24,32,33,35,38,94–100 In 1996,
Kasianowicz et al. showed the first DNA translocation experi-
ments through a biological nanopore, and the sensing device
was prepared through the insertion of the natural α-hemolysin
protein pore into the phospholipid bilayer.101 Since the first
use, biological protein nanopores have attracted more and
more attention in the field of biomolecular detection.102,103 As
natural proteins, biological nanopores have short and narrow
channels, intrinsic reproducibility in terms of geometry, low
noise and a high SNR, and can be applied to high-bandwidth

testing and DNA sequencing. However, due to poor mechani-
cal stability, limited pore sizes, and sensitivity to external
testing environments (such as voltage, pH conditions, temp-
erature, extreme salt concentrations), these factors severely
restrict the widespread application and mass production of
biological nanopores.103–105

SSNs show excellent stability under non-physiological con-
ditions and can be mass produced,106 therefore, SSNs are a
remarkable alternative for overcoming some shortcomings of
biological nanopores. Especially, SSNs can also be integrated
into devices based on advanced micro- and nanofabrication
techniques, therefore more attention has been paid to SSNs.
With the continuous development and maturation of semi-
conductor processing technology, researchers are able to fabri-
cate controllable SSNs through different methods, including
sizes, shapes, and surface properties.107–115 In 2001, the first
SSN down to 5 nm in diameter was successfully fabricated by
Li et al. using ion-beam sculpting of a suspended silicon
nitride (SiNx) membrane, allowing the detection of DNA;94 this
research initiated the non-biological nanopore field.
Afterward, a variety of fabrication methods were developed for
SSNs, such as a focused ion/electron beam (FI/EB),64 chemical
etching,38 dielectric breakdown,98 a focused laser beam,99

atomic force microscopy (AFM),37 electron beam lithography
(EBL),100 scanning transmission electron microscopy (S/
TEM),116 ion current feedback chemical etching,117 laser
pulling,118 imprint lithography,119 and single swift heavy
ions.25 Meanwhile, the membrane materials have also been
greatly expanded. In 2023, Liyuan Liang et al. made a detailed
classification,53 for example, organic/inorganic materials,
metallic/metal oxide materials and hybrid materials. The
organic materials encompass a diverse range, including poly-
mers, chemically synthesized barrel-shaped molecules,
covalent organic frameworks (COFs) and helical self-assembled
molecules.120,121 The inorganic materials are more abundant
and varied. Typical examples are silicon-based materials (Si,
SiNx, SiO2 and SiC), two-dimensional (2D) materials (MoS2,
WS2, SnS2, h-BN, graphene, silicene, phosphorene, graphene,
graphyne, diamond, carbon film, carbon nanotubes, gra-
phene/h-BN heterostructure, borophene, C3N4),

29,122–124 metal-
based materials (Au, Ag, Al2O3, HfO2, TiO2, ZnO, MOFs,
MXenes) as well as hybrid materials. Rapid and low-cost DNA
sequencing is the main driving force for the field of nano-
pores, leading to the continuous advancement of the nanopore
field.

2.2 The detection principle and applications of solid-state
nanopores

SSNs have undergone vigorous development due to the con-
tinuous maturation of semiconductor processing technology.
SSNs are man-made, nano-sized openings in membranes sep-
arating two chambers containing an electrolyte solution (cis-
and trans-side); one of the chambers contains biomolecules to
be detected, as shown in Fig. 1 (left panel). When an electric
field is applied across the membrane through a pair of non-
polarizable electrodes (Ag/AgCl electrode) on each side, the
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nanopore provides the only channel for mobile ions and bio-
molecules to pass from one chamber to the other. Before the
analyte enters the nanopore, a constant ionic current is
recorded through the nanopore, which is usually named the
open pore current. The trace of the open pore ion current is
highly dependent on the pore size, pore shape, membrane
thickness, and surface charge. Combining everything
described above yields the following equation for the total con-
ductance through a nanopore:125

G ¼ kb
4l
πd2

þ 1

1þ 4
lDu
d

þ 2
αd þ βlDu

2
64

3
75
�1

ð1Þ

Here, kb is the bulk conductivity of the electrolyte, lDu is the
Dukhin length and α, β are geometrical factors (usually
defined as α = β = 2). The Dukhin length, lDu, is defined as the
ratio of surface conductance to bulk conductance, i.e.

lDu ¼ ks
kb

, which denotes the relative importance of surface con-

duction compared to bulk conduction. When the analytes
diffused near the nanopore, they were captured by the nano-
pore due to electrophoretic and electroosmotic effects,126 then
analyte molecules began to translocate. When analytes are driven
to thread through the nanopore, a transient change in conduc-
tivity will happen, due to a partial blockage of the nanopore by
the analyte, and when the analyte translocation process ends, the
ionic current returns to its original level; this phenomenon is
completely reflected in the current trace, as shown in Fig. 1 (right
panel).127 The recorded resistive pulse spikes by the patch clamp
amplifiers are associated with the geometry, charge status,
polarity and dipole of the analytes.53 The thickness-to-diameter
aspect ratio, geometry, and surface charges of the SSN can signifi-
cantly influence the experimental performance, including the
capture efficiency of analytes by the pore and the duration and
signal-to-noise ratio (SNR) of translocation events. According to
the detection mechanism for a nanopore resistance pulse, when
the nanopore’s size is only slightly larger than the analyte mole-
cule, the most significant change in conductance for transloca-
tion of an analyte will be obtained.66

Nanopores have been applied to various fields since they
were discovered, from initial biological nanopore sequencing,
to artificially prepared SSNs for electro-osmotic trap devices,83

nanoparticle synthesis,128 proteins,129 gene synthesis reac-
tions,130 single-molecule thermoscopy,131 ion screening,132

ionic-current rectification,133 single nucleotide mutation detec-
tion,84 Au nanoparticle recognition,134 ionic memcapacitive
effects,135 memory,136 gas mixture separation,137 high power
density generators,51 water desalination,138 synapses,92 nano-
pore rotary motors,49 data storage,139 etc. Fig. 2 shows the
applications of SSNs in various fields. Of course, the ultimate
goal of SSNs is to achieve DNA sequencing quickly and cheaply
for personal use, and a lot of effort has been made to achieve
this goal, such as the diversification of nanopore detection
principles,121 the continuous innovation of nanopore prepa-
ration methods,122 the surface modification of nanopores,140

new-materials-based nanopores,141 and hybrid nanopores.142

Although SSNs are applied to various fields and have experi-
enced a boom in development, a considerable portion of
studies are still based on single nanopores, which are not con-
ducive to multiplexed detection by nanopores.143–147

2.3 The fabrication of solid-state nanopores

The most important element of a nanopore sensor is the nano-
scale pore. To resolve interesting molecular structures pre-
cisely, the nanopore dimensions must be small enough to
avoid averaging over continuous single-molecule configur-
ations induced by thermal fluctuations and large enough to
pass the smallest dimensions of the molecule to be detected,
so intense attention is paid to the preparation of nanopores.
Since 2001, the fabrication methods for nanopores, the shape
of the nanopore, the surface properties of the nanopore and
the reproducibility of nanopores have been sufficiently investi-
gated and developed. To date, SSNs can be made by various
methods, including ion- and electron-beam sculpting
methods,94 the track-etching technique,148 transmission elec-
tron microscope drilling,33 laser-assisted pulling,118 ionic
current-monitored wet etching,106 controlled dielectric break-
down,149 electrochemical reactions,150 and EBL.151 The sizes
and geometries of nanopores prepared by different methods
are varied, which is an unavoidable fact in the preparation of
SSNs. Compared with biological nanopores, the pore sizes of
SSNs cannot be as precisely engineered as biological nano-
pores, or as reproducibly, so more efforts need to be made in
future. Fig. 3 shows schematics of typical pore morphologies
of SSNs.

Fig. 1 Schematic of a nanopore sensor mechanism and ionic current trace detection. Reprinted with permission from ref. 127. Copyright 2022,
Royal Society of Chemistry.
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As described above, nanopores can be fabricated by various
methods, as shown in Fig. 4. Fig. 4(a) shows the preparation of
a nanopore by ion-and electron-beam sculpting methods,
which can accurately control the position, size and geometry
of the nanopore. Utilizing this approach, nanopores with dia-
meters less than 1 nm can be successfully fabricated with a
degree of repeatability. Furthermore, nanopore preparation
can be conducted on a variety of materials, such as SiO2 mem-

brane, SiNx membrane, metal membrane, two-dimensional
material membrane, and so on. However, this approach
requires expensive instruments, is high cost, with low fabrica-
tion efficiency, and cannot be used for large-scale prepa-
ration.152 The EBL method shares similarities with the above
approaches and is also capable of fabricating nanopores on
various membrane materials with relatively good repeatability.
However, this method suffers from low fabrication efficiency,
requires expensive equipment, and the minimum pore size
achievable is heavily dependent on the equipment, so it has
certain limitations.153 In addition, these tools are not accessi-
ble to many research groups and are poorly suited for mass
production. Alternatively, laser-assisted pulling of quartz capil-
laries is more efficient and less expensive than ion- and elec-
tron-beam drilling of a solid-state membrane,154 as shown in
Fig. 4(b). Quartz nanopipettes can be fabricated by the laser-
assisted pulling method easily, which only needs two steps:
the laser beam locally heats the material and it is pulled.
Moreover, two identical nanopipettes can be obtained by this
method in one experiment, which is reproducible to a certain
extent. However, the materials used for fabricating nanopip-
ettes are relatively limited; this restricts the further develop-
ment of this method. The controlled electrical breakdown
method shown in Fig. 4(c) is a fast and simple way to fabricate
a single nanopore, which mainly relies on local electrical
breakdown at the scale of nanometers in solution. By applying

Fig. 2 Applications of solid state nanopores in various fields. (a) DNA turbine. Reprinted with permission from ref. 143. Copyright 2023, Springer
Nature. (b) Label-free quantification of SARS-CoV-2 RNA. Reprinted with permission from ref. 89. Copyright 2022, Royal Society of Chemistry. (c)
Volatile or nonvolatile memory. Reprinted with permission from ref. 136. Copyright 2022, National Academy of Sciences. (d) Gas separation.
Reprinted with permission from ref. 27. Copyright 2022, American Chemical Society. (e) Nano-power generators. Reprinted with permission from
ref. 144. Copyright 2016, Nature Research. (f ) Water desalination. Reprinted with permission from ref. 138. Copyright 2022, American Chemical
Society. (g) Data storage. Reprinted with permission from ref. 139. Copyright 2020, American Chemical Society. (h) Ionic FET. Reprinted with per-
mission from ref. 145. Copyright 2009, American Chemical Society. (i) Fluidic memristor. Reprinted with permission from ref. 146. Copyright 2023,
American Association for the Advancement of Science. ( j) Single metal nanowire growth. Reprinted with permission from ref. 147. Copyright 2015,
American Chemical Society.

Fig. 3 Typical morphologies of solid-state nanopores (cross-sectional
view). (a) Conical nanopore. (b) Biconical nanopore. (c) Cylindrical nano-
pore. (d) Funnel-shaped nanopore. Commonly, the diameters of pores
range from sub-nanometers to a few hundreds of nanometers. The
thickness of the membrane lies in the range of sub-10 nm to a few tens
of micrometers.

Review Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 1
9 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

9/
30

/2
02

4 
7:

52
:1

0 
A

M
. 

View Article Online

https://doi.org/10.1039/d4nr01325e


a voltage across an insulating membrane to generate a high
electric field, while recording the transmembrane current, by
controlling the magnitude of the current, we can monitor the
formation of nanopores in real time and precisely control their
diameters. In this way, a single nanopore down to 1 nm in size
with sub-nm precision can be fabricated at low cost and on a
large scale. At present, the controlled electrical breakdown
method already has the corresponding products, and can be
purchased in the market. This method avoids the need for
costly equipment and a complex preparation process, has uni-
versal applicability, and provides a convenient path towards
the manufacture of nanopore-based biotechnologies.109

In addition to the physical electrical breakdown mentioned
above, solution based nanopore preparation methods also
include chemical etching. During the fabrication process, the
membrane material undergoes a chemical reaction with the
solution, and nanopores with expected diameters and shapes
can be easily and affordably obtained.38 For example, conically
shaped nanopores with an effective diameter down to ∼2 nm
can be prepared by ion tracking and chemical etching. This

method mainly includes two steps: high energy ion implan-
tation (total kinetic energy of several hundred MeV to several
GeV) and preferential chemical etching of the ion track.148

Specifically, by regulating the chemical etching process,
various geometries can be obtained including hourglass,
funnel, and dumbbell. This method needs high-energy ion
implantation and is therefore more expensive than physical
electrical breakdown. In addition, the preparation materials
are based on polymers, mainly including polyethylene tere-
phthalate (PET), polycarbonate (PC), polyimide (PI), polyvinyli-
dene fluoride (PVDF), and polypropylene (PP). The thickness
of the prepared nanopore is from 5 µm to 50 µm, depending
on the energy of the fast heavy ions and the type of polymer
used,155 so this method has certain limitations.

The track-etching technique described above cannot be
monitored in real-time, in order to further understand the for-
mation process of nanopores and achieve finer control of the
sizes of nanopores. In 2007, the feedback chemical etching
method was proposed by Park et al. This method takes advan-
tage of the well-known anisotropic etching behavior of silicon

Fig. 4 Different methods for fabricating nanopores. (a) Schematic of an ion sculpting system (left). TEM images show nanopore formation in silicon
dioxide using an electron beam; the size of the nanopore gradually decreases to about 3 nm under electron irradiation (right). Reprinted with per-
mission from ref. 66. Copyright 2020, Springer Nature. Reprinted with permission from ref. 152. Copyright 2012, AIP Publishing. (b) Nanopores were
prepared by laser-assisted pulling. (c) Entire process of nanopore formation by dielectric breakdown. Firstly, the transmembrane voltage forms an
electric field inside SiNx, then the leakage current of the film is formed through the trap-assisted tunneling mechanism; after that, the accumulation
of charge traps leads to a highly localized conductive path and a discrete dielectric breakdown event. Finally, the defects are removed to form nano-
pores. Reprinted with permission from ref. 35. Copyright 2014, Public Library Science. (d) Fabrication of silicon nanopores with feedback electro-
chemical etching. Schematic of the experimental setup (left). Over time, Si on the back is continuously etched until the nanopore is formed. By con-
trolling the amplitude of the monitoring current, nanopores of different sizes can be obtained. Reprinted with permission from ref. 117. Copyright
2007, Wiley-VCH.
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in alkaline solutions, so nanoscale pores are accessible in this
way, as shown in Fig. 4(d).117 During the preparation process,
the formation of nanopores can be monitored in real time by
detecting the transmembrane current. Theoretically, nano-
pores of any diameter can be obtained by controlling the
opening current. However, when the nanopore opens, the
transmembrane current is only at the picoampere (pA) level.
The signal of this opening current is easily overshadowed by
noise, preventing timely cessation of the process. So, the
theoretical limit of the nanopore size being less than 1 nm
cannot be obtained presently. Nowadays, the smallest pore size
achievable on silicon material with this method is approxi-
mately 3 nm, and this can only be achieved in one dimen-
sion.106 This method is cheap, easy and enables large-scale
preparation, but the materials suitable for nanopore fabrica-
tion are subject to strict limitations (silicon). Each of the fabri-
cation methods described above has merits and disadvan-
tages. Research groups can select appropriate nanopore fabri-
cation methods based on the conditions of their laboratories.
Conducting more in-depth research on nanopores, aiming to
advance SSNs towards the ultimate goal of DNA sequencing in
a fast and low-cost manner.

As previously mentioned, over the past 20 years, SSNs have
undergone rapid development in terms of both materials and
fabrication methods. Table 1 provides a detailed summary of
the advancements in SSNs, covering six aspects: methods,
materials, shapes, sizes, costs, and the feasibility of large-scale
production.

3. Built on but beyond ionic sensing

After more than 20 years of development, SSNs have played an
important role in many fields, such as energy, chemistry, gas
molecular screening, protein detection, micro-turbines etc. At
the moment, biological nanopores have been successfully used
for DNA sequencing due to their special structures,104 but
DNA sequencing with SSNs has not yet been achieved, as
several challenges remain to be overcome, as shown below:

(1) Control of the translocation speed of DNA molecules:
DNA molecules are too fast for the translocation process,
resulting in the loss of some effective signals, although there
are other methods to reduce the translocation speed, but this
is contrary to the goal of rapid DNA sequencing; the DNA
strand that threads through the pore moves back-and-forth in
the nanopore, which will wash out any possible signals associ-
ated with the sequence.

(2) Noise: the SNR of traditional SSNs is too low to carry out
high-bandwidth tests, and the translocation signal is obscured
by noise.163 In detail, when DNA molecules translocate
through the nanopore, the translocation signal is ∼pA in mag-
nitude; it is very difficult to record very small (∼pA) ionic cur-
rents at a bandwidth consistent with fast translocation speeds.

(3) Poor repeatability of SSNs: it is impossible to fabricate
two SSNs that are atomically identical even under the same
conditions, so it is very hard to reproduce experimental results

exactly. Thus, DNA sequencing currents cannot be accurately
calibrated since every nanopore device might have slightly
different values.

As detailed before, SSNs still cannot be used to achieve DNA
sequencing due to high translocation speeds, low SNR and poor
reproducibility. In addition, it is very hard to record ionic
current from an individual nanopore in a highly parallel multi-
plexed nanopore array, because it is not possible to address the
nanopores where translocation events occur. At present, most
experiments with SSNs are still based on single nanopores. To
solve the problems faced by SSNs, many innovative detection
methods have been proposed, which mainly rely on the combi-
nation of ion sensing and new sensing mechanisms.

As it is well known, nanopores can deliver detection mole-
cules to a special location due to the electric field concentrated
in the nanopores’ vicinity. Once the detection molecules are
brought to the special location, a new principle, rather than
nanopore-based ion sensing, is used to complete detection;
throughout the whole process, the nanopore only plays a trans-
mitting role. In the ionic current blocking experiment, the test
solution system between each nanopore must be separated to
avoid averaging the signal over all nanopores present, which
increases the difficulty of parallel testing. But, with the new
method, it will become easy to achieve highly parallel multi-
plexed detection; ion-current-independent measurements
would enable densely packed sensors with nanopores to work
in parallel in a single detecting system. Furthermore, integrat-
ing an electrical sensor into the membrane itself could over-
come the resolution problem due to the access resistance of
the nanopore. Because the sensing length of a nanopore in a
membrane material does not correspond to the physical thick-
ness of the membrane due to a significant effect of access re-
sistance, leading to the sensing of multiple nucleotides at a
time,164 even with the thickness of the membrane down to
1 nm, sequencing of DNA still cannot be achieved.165

So far, the new detection mechanisms mainly include
optical detection, tunnel current detection and transverse
current detection (nanopore FET). Next, three new mecha-
nisms are introduced, but with a particular focus on nanopore
FET detection.

3.1 Optical detection

In a nanopore array, by an optical measurement method,
without electrically insulating each nanopore, the ionic
current of many nanopores can be read at the same time, as
shown in Fig. 5. Basically, there are two different optical
approaches: detect the translocation of fluorescently tagged
analytes166 or visualize the ion flow through the nanopore opti-
cally. The latter is better, because it does not require any modi-
fications of the analytes; this method originates from optical
patch-clamping. The main theory is that Ca2+ sensitive dyes
are added to the experimental buffer, and then by using total
internal reflection fluorescence (TIRF) microscopy to obtain
simultaneous and independent recordings from numerous ion
channels via imaging of single-channel Ca2+ flux, the number
of photons emitted by the dyes is proportional to the ionic
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current.167 By this method, 9 closely spaced nanopores in a
SiNx membrane (thickness = 60 nm) are measured simul-
taneously, as shown in Fig. 5(f ).168 A prominent advantage of
optical detection compared with electrical detection is the
ability to optically address an array of nanopores without
requiring the complex fabrication of individual sets of electro-
des and the electrical isolation of each nanopore channel. This
feature is crucial for applications requiring massive paralleliza-
tion, such as high-throughput sequencing. With optical
measurements, we can decouple these individually and detect
which pores are open and translocating, which are partially
opened, and which are partially blocked.168

3.2 Tunneling current detection

Electrodes sensing the conductance changes when nucleotides
pass were first theoretically investigated by Di Ventra et al.169

They found that when DNA was sandwiched between electro-
des with an appropriate spatial width, each nucleotide would
induce a different conductance change due to the different

electronic and chemical structures of the four bases, as shown
in Fig. 6(a) and (b). Fig. 6(b) shows relative changes in current
when nucleotides rotate and translate through the electrodes.
Clearly, even considering the rotation condition, there is still a
large distinction between the nucleotides A and T and C and
G. But C and G have similar electrical signatures and cannot
be easily distinguished, so we need other methods to identify
them, such as shot noise.170 In 2006, Zwolak et al. theoretically
showed that the transverse current could differentiate between
nucleotides of ssDNA threading through a nanopore by coup-
ling molecular dynamics simulations and quantum-mechani-
cal current calculations, as shown in Fig. 6(c). The electrodes
(the spacing of the electrodes is 12.5 Å) were embedded in the
SSN wall, which could be used to measure the electrical
current of each base while threading through the nanopore
(ssDNA), as shown in the inset of Fig. 6(c), by combining trans-
verse field control in the nanopore, and the distributions of
current values for each nucleotide would be sufficiently
different to enable rapid sequencing.171

Fig. 5 Detection of molecule translocation by an optical method. (a) Imaging of Ca2+ microdomain (red) around a single channel by the evanescent
wave (green) formed by the TIRF objective lens. Reprinted with permission from ref. 167. Copyright 2005, Rockefeller University Press. (b) Detecting
the translocation of fluorescently tagged analytes simultaneously at an array of nanopores by using an electron multiplying charge coupled device
(EM-CCD) camera. Reprinted with permission from ref. 166. Copyright 2010, American Chemical Society. (c) Schematic illustration of the unlabeled
analytes being detected electrically (analog) and optically (digital) in a synchronous manner. Reprinted with permission from ref. 168. Copyright
2014, American Chemical Society. (d) Close-up view of (c), a Ca2+ ion gradient formed in the vicinity of the nanopore at the cis side, in which a low
concentration of Ca2+ activated fluorophores are present. The DNA molecule can modulate the ionic current by the pore and hence the fluor-
escence intensity. Reprinted with permission from ref. 168. Copyright 2014, American Chemical Society. (e) A typical DNA translocation event (8
kbp) measured simultaneously electrically (top) and optically (red) in the confocal mode (V = 0.3 V, 1 M KCl and 0.5 M CaCl2 in trans side, data
filtered at 10 kHz; cpms = counts per ms). Reprinted with permission from ref. 168. Copyright 2014, American Chemical Society. (f ) An image of 9
closely spaced nanopores with 20 μM Fluo-4 on the cis side at 300 mV under 488 nm illumination. Reprinted with permission from ref. 168.
Copyright 2014, American Chemical Society.
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In 2010, Tsutsui et al. experimentally demonstrated the
electrical detection of a single nucleotide using two configur-
able nanoelectrodes and found that electron transport through
the single nucleotide occurred by a tunnelling mechanism.172

Scanning electron microscopy (SEM) images of the nanogap
electrode pairs are shown in Fig. 6(d). To get these character-
istic signals of detection molecules, the nanoelectrode gaps
must close to an average nucleotide molecule length, ∼1.0 nm.
Because the nanoelectrodes were fabricated on the polyimide
substrate, the inter-electrode gap between the nanoelectrodes
could be finely tuned to arbitrary values at sub-picometer
resolution through adjusting substrate bending, as shown in
Fig. 6(d.1) and (d.2). From Fig. 6(e), we can see that by using
an appropriate nanoelectrode gap, guanosine 5′-monophos-
phate (GMP) tunneling current signals can be detected clearly.

From what has been described, the tunneling current
readout method combined with a nanopore would allow one
to identify individual bases while threading DNA through the
nanopore, as shown in Fig. 7(a)–(c). But it is verified experi-
mentally that, in order to obtain true tunneling detection, the

gap between the electrode pairs needs to be smaller than
2.5 nm; it remains extremely challenging to obtain this narrow
gap in experiments. The other important element of the tun-
neling current method is the thickness of the metal: if the
metal is too thick, more than one base at a time would be
detected. So ultrathin two-dimensional materials are used as
the nanogap electrode pairs to detect the tunneling current
when DNA is passing through the nanopore, as shown in
Fig. 7(d). Single-atom thick graphene could be used as the
membrane material as well as the electrode, so the tunnelling
current would be recorded by two graphene electrode pairs;
this special feature automatically solves the problem of having
to fabricate nanoelectrode pairs with a nanogap that are
exactly aligned with the nanopore.39,173–178 Fig. 7(e) and (f)
shows the results of the all-atom molecular dynamics (MD)
simulations of different graphene nanogap sizes of 1.4 nm and
2.0 nm, respectively. Fig. 7(e) shows that the ssDNA nucleo-
tides take comparatively more time when translocated through
the 1.4 nm nanogap than the 2.0 nm nanogap. And when
passing through the nanogap, the translocation time follows

Fig. 6 Schematic of the tunneling current detection method. (a) Diagram of a polynucleotide between two nanoelectrodes; a single nucleotide was
detected at a time. Reprinted with permission from ref. 169. Copyright 2005, American Chemical Society. (b) Current ratios of A to the other nucleo-
tides G, C, and T at a bias of 0.1 V. The original configuration of A is denoted as IA, but the directions of other nucleotides are not fixed. The six lines
in the picture for each nucleotide, from left to right, correspond to rotation about the x-, y-, and z-axes and translation in the x-, y-, and z-directions.
Reprinted with permission from ref. 169. Copyright 2005, American Chemical Society. (c) Transverse current versus time for a single strand of DNA
translocating through a nanopore. The left inset represents metal electrodes embedded in a nanopore. The right inset shows a single strand of DNA
passing through a set of nanoelectrodes, a unique signal from each of the bases can be obtained. Reprinted with permission from ref. 171. Copyright
2006, American Chemical Society. (d) SEM images of the close nanoelectrodes; (d.1 and d.2) magnified views of the narrowest constriction of the
nanojunction in (d); the inter-electrode gap between the nanoelectrodes can be changed by bending the substrate. Reprinted with permission from
ref. 172. Copyright 2010, Nature Research. (e) I–t curves obtained for GMP at Vb = 0.75 V with an electrode gap of ∼1 nm, several pulse-like signals
with different heights occur randomly with time. Reprinted with permission from ref. 172. Copyright 2010, Nature Research.
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the following order: dCMP16 (3.25 ns) > dAMP16 (1.60 ns) >
dGMP16 (0.75 ns) > dTMP16 (0.56 ns) due to the difference in
the interactions between nucleobases and nanogap edges.
Fig. 7(f ) shows that for a 1.4 nm nanogap, the sensitivity
values are quite high, about 25.03%, 11.01%, 13.59%, and
31.01% for dAMP16, dGMP16, dTMP16, and dCMP16 nucleo-
tides, respectively.176 It is further verified that graphene elec-

trode pairs can be used to realize DNA sequencing based on
tunneling current detection.

3.3 Field-effect-transistor sensing detection

3.3.1 Nanopore FET sensor detection theory. Apart from
tunneling current detection and optical detection described
above in combination with nanopores, a new detection mecha-

Fig. 7 (a) Schematic diagram for sequencing by combining the tunneling electrodes and nanopore. Reprinted with permission from ref. 177.
Copyright 2014, American Chemical Society. (b) TEM micrograph of a nanopore drilled between two nanoelectrodes that form a nanogap of sub-
10 nm. Reprinted with permission from ref. 177. Copyright 2014, American Chemical Society. (c) SEM image showing the nanopore aligned to the Pt
nanoelectrodes that form a nanogap. Reprinted with permission from ref. 178. Copyright 2011, American Chemical Society. (d) Tunnelling current
modulation based on different bases. Reprinted with permission from ref. 173. Copyright 2016, Nature Research. (e and f) Translocation times and
ionic current sensitivity under a 0.9 V nm−1 electric field for all four ssDNA nucleotides when passed through different graphene nanogap sizes of
1.4 and 2.0 nm. Reprinted with permission from ref. 176. Copyright 2022, American Chemical Society.

Fig. 8 Schematic diagram of the detection principle. (a) Few-layer graphene (1–5 nm thick) is located over a 40 nm thick suspended SiNx mem-
brane with a 1 µm diameter hole, and a transmembrane voltage, VB, is applied between the reservoirs to drive the DNA thread through the nanopore.
Reprinted with permission from ref. 179. Copyright 2010, American Chemical Society. (b) Schematic diagram of the detection principle for FET
sensors (left figure); transverse current and ionic current were detected simultaneously and it was found that they changed at the same time.
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nism by using FET combined with nanopores was also created.
In 2010, graphene membranes were first used to detect DNA
translocations through their own nanopores (5 to 10 nm in dia-
meter) formed by electron-beam sculpting, as shown in
Fig. 8(a).179 Graphene is an excellent electrical conductor com-
pared with traditional SSN materials (such as SiO2, SixNy,
Al2O3, HfO2 and so on). The use of graphene as a membrane
material opens the door to a novel class of nanopore devices,
in which transverse current sensing and ionic sensing are
achieved directly in the same pore.

In 2010, Nelson et al. predicted that the transverse current
signal through a graphene nanoribbon (GNR) with a nanopore
could discriminate between different nucleotides by ab initio
density functional theory.180 A schematic of nanopore FET
sensor detection theory is shown in Fig. 8(b) (left panel): a
voltage between the source and drain of the nanowire/nano-
ribbon (Si, graphene, MoS2, transition-metal dichalcogenide
membranes, carbon nanotubes and other semiconductor
materials) was applied to record the change of the current
signal between the source and drain in real time, and the
transmembrane voltage was also applied simultaneously to
record the change of the ionic current. In theory, the trans-
verse current and ionic current would change simultaneously,
as shown in Fig. 8(b) (right panel), because when DNA translo-
cates through the nanopore, it would not only block the pore
but also have a measurable influence on the conductivity of
the channel.

When using nanopore FET sensors for DNA sequencing,
both transverse current and ionic current trajectories are sim-
ultaneously recorded. In nanopore FET sensors, one of the
roles of the nanopore is to act as a locator, guiding DNA mole-
cules to thread through a pre-set channel region. In turn,
translocation of DNA would cause changes in the channel
current, enabling DNA sequencing. The detection mechanism
of the ionic current is consistent with traditional SSNs; and
the mechanism for detecting a transverse current is primarily
divided into three different types of signal, as shown in Fig. 9.
Firstly, the detected FET current signal is derived from capaci-
tive coupling, its signal amplitude is independent of the bias
voltage applied to both ends of the channel, and always has
the same symbol, as shown in Fig. 9 (top panel). The signal

can be defined as Ic ¼ Cc � ΔVL
Δt

, where ΔVL is the change in

the local potential of the nanopore due to DNA translocation,
Δt is the timescale for realizing this change, and Cc is the
capacitance of the channel to the electrolyte at the nanopore.
Secondly, the transverse current changes due to the electro-
static interaction modifying the Fermi level of the channel
material, as shown in Fig. 9 (middle panel). This electrostatic
signal can be defined as Ie = gm × ΔVe, where gm is the trans-
conductance of the FET device and ΔVe is the potential
change, with two possible sources. The first comes from the

negative charge of the DNA backbone, ΔVe;1 ¼ ΔΔQ ¼ Qeff

Cg
,

where Qeff is the effective charge of DNA; and the second
comes from the local potential change caused by DNA translo-

cation through the nanohole, ΔVe,2 = ΔVL.163 Thirdly, the vari-
ation in the FET current signal results from base-specific
modulation caused by the non-electrostatic interaction
between DNA and the channel material, as shown in Fig. 9
(bottom panel). Numerous theoretical calculations have shown
that the presence of DNA bases results in substantial current
modulation, and increases with the bias voltage applied to the
channel material.180–187 However, the magnitude and sign of
the current changes depend on various factors, including the
width of the structure, the location, size and shape of the
nanopore, and the types of channel material, and therefore
cannot be known a priori.188

3.3.2 Si-based nanopore FET sensors. According to the
above theoretical description, DNA sequencing can be
achieved with nanopore FET sensors in a fast and low-cost
manner. The preparation process for nanopore FET sensors is
more complicated than that of traditional SSNs. However, with
the advancement of semiconductor processing technology, it
is possible to successfully prepare nanopore FET sensors. In
2012, Ping Xie et al. showed the first experimental realization
of silicon nanowire–nanopore FET sensors,163 as shown in
Fig. 10.

Fig. 9 Three different detection mechanisms for nanopore FET
sensors. Reprinted with permission from ref. 188. Copyright 2018,
American Chemical Society.
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The entire preparation process is shown in Fig. 10(c). The
sensor on SiNx membrane is integrated through a short-
channel Si nanowire and a nanopore, and the nanopore
extends through both the Si nanowire edge and the SiNx mem-
brane, as shown in the inset of Fig. 10(a). The p-type Si nano-
wires were synthesized by chemical vapor deposition (CVD)
with diameters ranging from 30 to 50 nm, and then were dis-
persed onto 50 nm thick 100 µm × 100 µm SiNx TEM mem-
brane grids. EBL and electron beam evaporation (Ni = 60 nm)
were applied to define the source and drain of the Si nanowire
(the channel length was ∼1 μm), and then 75–100 nm thick
silicon nitride film was deposited by plasma enhanced CVD to
passivate the Ni electrodes. In order to further improve the
detection sensitivity of the nanopore FET sensor, it is necess-
ary to reduce the channel length to reduce the series resistance
of the channel. By annealing treatment in the formation gas
(H2 : N2, 10 : 90) at 380 °C for 135 s, the channel length was
reduced from ∼1 μm to less than 200 nm due to conversion to
metallic NiSi.189 After annealing, a nanopore of ∼10 nm in dia-
meter was obtained by TEM at the specific location for
2–5 min. Following TEM, devices were cleaned by UV-ozone
stripping at 300 K for 25 min to remove carbon deposition.
Finally, the device was annealed again in the formation gas at
250–350 °C for 30 s to restore or improve the transistor charac-
teristics (the channel material was damaged during TEM).

The schematic test diagram and equivalent circuit diagram
are shown in Fig. 11(a) and (b). The equivalent circuit separ-
ates the total solution resistance into three parts, including
nanopore resistance (Rpore) and cis and trans chamber access
resistances (Rtrans and Rcis). The Si-based nanowire–nanopore
FET sensor can be conceptually simplified as a point-like
potential detector located at the nanopore opening on the
trans side. This model facilitates our understanding of how the
sensor operates in the process of DNA sequencing. The nano-
pore will be partially blocked during DNA translocation, which
leads to a transient change in the nanopore’s resistance as well
as to the access resistances of both chambers involved. The

electrical potential change around the nanopore opening in
the trans chamber during DNA translocation can be quantitat-
ively described by the following equation:163

ΔV �
2VAð4l þ dÞ Ccis

Ctrans
� 1

� �

π ln
Ccis

Ctrans

� �
ð2l þ dÞ d2

Ccis

Ctrans
� 1

� �
þ 4ð2l þ dÞr

� � ð2Þ

Here, V, A, l, d, Ccis, Ctrans and r are the voltage, cross-sec-
tional area of DNA, membrane thickness, nanopore diameter,
cis and trans chambers buffer salt concentrations, and distance
to the nanopore opening, respectively. According to eqn (2),
some simulation results are shown in Fig. 11(c) and (d). From
Fig. 11(c), the potential changes increased with decreasing
nanopore diameters, and the cis/trans concentration ratio
would also influence the potential change. In addition,
Fig. 11(d) shows the predicted distribution of the potential
change in the trans chamber (diameter: 10 nm, voltage = 1 V);
the potential changes were mainly concentrated within tens of
nanometers of the nanopore, which further showed the possi-
bility of high-density integration of nanowire–nanopore FET
sensors without crosstalk. In experiments, the transverse
current and ionic current were observed simultaneously at Si
nanowire–nanopore FET sensors when DNA translocated
through the pore, as shown in Fig. 11(e). The magnified pic-
tures (right panel in Fig. 11(e)) showed the changes of ionic
current and FET conductance clearly; the FET current change
is ∼30 nA compared with ∼3 nA ionic current changes during
DNA translocation. The relatively large translocation signal
could provide higher bandwidth recording, which would be
beneficial for rapid DNA sequencing and improved sequencing
efficiency.

Multi-channel detection of DNA translocation signals with
three nanowire–nanopore FET sensors are shown in Fig. 11(f ).
The three FET channels operate independently, so the total
ionic current detection is related to the three nanowire–nano-
pore FET sensors, but every falling or rising edge in the total

Fig. 10 (a) Schematic diagram of the nanowire–nanopore FET sensor. Inset: magnified view of the nanopore and nanowire–nanopore. Reprinted
with permission from ref. 163. Copyright 2012, Nature Research. (b) Low resolution TEM image of the suspended SiNx membrane part of a nano-
wire–nanopore FET chip. Scale bar = 20 µm. Dark lines on the membrane are metal leads and contacts. Yellow arrows point to the source and drain
of a nanowire–nanopore FET. Reprinted with permission from ref. 163. Copyright 2012, Nature Research. (c) Preparation process for a Si based nano-
wire nanopore FET device.
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ionic current channel can be uniquely correlated to a corres-
ponding edge in one of the three FET channels; this also
further confirms the high-density integration and application
of nanowire–nanopore FET sensors (signal decay ∼ tens of
nanometers). Combining simulation and experimental results,
it was discovered that the FET signal detected in the Si-based
nanowire–nanopore sensor did not originate from direct
charge sensing. This conclusion is drawn from the observation
that the negatively charged backbone of DNA does not increase
the conductivity of the p-type channel during translocation as
one might initially expect. Instead, a decrease in the FET
channel conductivity is observed, as illustrated in Fig. 11(e)
and (f ). Besides, when both chambers were filled with 1 M KCl
buffer, no noticeable FET signal was observed and there were
only small and slow conductance baseline shifts; this is
because under balanced buffer conditions, the nanopore dom-
inates the solution resistance and the voltage drops mainly
across the nanopore. So, when DNA translocated through the
nanopore, there was no significant potential change near the
nanopore, which could not cause a variation in FET conduc-
tance. By altering the concentrations in the chambers and the
types of translocation molecule (neutral PEG: the ionic current
and the FET conductance signals were observed simul-
taneously), it was further confirmed that the changes in FET
conductivity originated from the highly localized potential

changes in the vicinity of the nanopore rather than direct
charge sensing, during DNA translocation.

In 2016, Yanagi et al. proposed novel side-gated Si-based
ultrathin-channel nanopore FET sensors (thickness of the
channel was ∼2 or 4 nm) with high spatial resolution and sen-
sitivity.190 Compared with the structure proposed by Ping Xie
et al., the side-gated Si-based ultrathin-channel nanopore FET
sensor is more complex; the biggest differences are that it has
two side-gate electrodes and an ultrathin Si channel. In this
configuration, the spatial resolution is significantly improved
compared with the sensor of Ping Xie et al. The fabrication of
the nanowires involved a top-down method, which was more
controllable and repeatable compared with a chemical
method. The detailed preparation process for the sensor is
shown in Fig. 12, which includes 10 main steps.

Firstly, SiNx/SiO2/P- or N-doped amorphous-Si multilayer
films were deposited on Si substrate by low-pressure chemical
vapor deposition (LPCVD) and then patterning. Then, a multi-
layer of non-doped a-Si/SiO2 was deposited onto the front and
back sides of the wafer using LPCVD. The poly-Si/SiO2 multi-
layer was then patterned to form the channel by RIE. After pat-
terning, the SiO2/Si3N4 multilayer was deposited using LPCVD.
Then, the SiO2 layer with a thickness of 500 nm was deposited
and then planarized by chemical mechanical polishing (CMP)
to precisely control the total stress of the membrane. After

Fig. 11 Sensing mechanism and test results for Si nanowire–nanopore FET sensors. (a) Schematic diagram of the sensing circuit. (b) Equivalent
circuit diagram of (a) silicon nanowire (SiNW). (c) The calculated change in potential at the nanopore opening in the trans chamber when one dsDNA
molecule threads through the nanopore at 1 V as a function of nanopore diameter and cis/trans chamber buffer concentration ratio. (d) Calculated
potential distribution in the trans chamber for a 10 nm diameter nanopore at 1 V obtained from eqn (2). (e) Simultaneously recorded ionic current
and FET conductance signals at 2 V with a trans chamber KCl buffer concentration of 10 mM, cis chamber KCl buffer concentration of 1 M and 1.4
nM pUC19 DNA. (Right panel) Magnified view of single ionic current and FET conductance events, represented by a black arrow on the corres-
ponding ionic current traces on the left panel. (f ) Magnified view of the multiplexed recording. The dashed red trace in the top corresponds to the
reconstructed ionic current trace calculated from the three FET traces. The measurements were made with 1 M KCl/10 mM KCl (cis/trans) buffer, 3 V
voltage, and 1.4 nM pUC19 DNA. Reprinted with permission from ref. 163. Copyright 2012, Nature Research.
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CMP, all films on the back side of the wafer were removed by
RIE. After that, the Si3N4 layer was deposited by plasma-
enhanced chemical vapor deposition (PECVD), followed by pat-
terning SiNx on the back, to form the etching mask of the Si
substrate. The contact windows at source-drain-gate electrodes
were formed by dry etching. Ti/Al (50/200 nm) was deposited
by sputtering, and then patterned to form pad electrodes. After
that, the SiO2/Si3N4 layer above the channel was half-etched by
RIE. Then, the Si substrate was etched with TMAH (85 °C, 9 h)
to form a suspended structure; the remaining SiO2 layer above
the channel was removed with hydrofluoric acid. Finally, nano-

pores with diameters of ∼5 to 8 nm were successfully prepared
by TEM. The final structural diagram of the sensor is shown in
Fig. 13(a). The sensor is above the suspended membrane and
consists of the nanopore, source electrode, drain electrode,
lightly doped channel, control gate and back gate.

A TEM image of the final sensor is shown in Fig. 13(b): a
nanopore is located between the control gate (CG) and the Si
nanowire channel, which is formed close to the channel by
TEM; this can improve the detection sensitivity. A magnified
view of the nanopore is shown in Fig. 13(c), with a diameter of
about 5.3 nm. Since this structure has two side-gate electrodes,

Fig. 12 Schematic diagram of the fabrication process for Si-based ultrathin-channel nanopore FET sensors. Reprinted with permission from ref.
190. Copyright 2016, IOP Publishing.

Fig. 13 Side-gate ultra-thin channel nanopore FET sensor for DNA translocation testing. (a) Schematic diagram of the side-gated, ultrathin-channel
Si nanowire nanopore FET sensor. (b) A TEM image of the top view of a side-gate Si nanowire nanopore FET; the nanopore is between the channel
and the control gate. (c) Magnified view of nanopores fabricated with a diameter of approximately 5.3 nm. (d) Circuit for the measurement of a FET
nanopore sensor. (e and f) Back gate dependence of the VCG–ID characteristics of the p/n-type FETs before nanopore formation (p-type: tch = 4 nm,
VBG/VS/VD = 0/0/−1 V, VCG = −3, 0, 3 V; n-type: tch = 2 nm, VS/VD = 0/1 V and VBG = −3, 0, 3 V). (g) Simultaneous recording of ionic current and
p-type FET current with 1 M KCl/0.01 M KCl (cis/trans) buffer, Vcis/Vtrans/VCG/VBG/VS/VD = −4.7/−1/0/0/0/−1 V, and 5 nM 1 kbps ds DNA. Reprinted
with permission from ref. 190. Copyright 2016, IOP Publishing.
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the test circuit becomes more complex, as shown in Fig. 13(d).
When it came to testing, the sensor was mounted onto a
custom-built acrylic flow cell, and the two chambers were separ-
ated by the membrane. Electrical contact to the electrode of
sensor was achieved by nickel contact probes. The transverse
current and ionic current were measured using Axopatch 200B
and homemade amplifiers, respectively. The measurement data
were low-pass filtered with a cut-off frequency of 2 or 5 kHz by a
four-pole Bessel filter. Fig. 13(e) and (f) shows the relationship
between the source-drain current of p-type/n-type sensors and
the applied gate voltage (VCG, VBG), respectively. The threshold
voltage of the sensor could be controlled through the back gate.
The two gates could work collaboratively to control the source-
drain current and the magnitude of the transconductance (dΔI/
dΔV), and then adjust the detection sensitivity of the nanopore
FET sensor. The undoped amorphous Si nanowire channel
material was prepared by LPCVD, which could control the
growth thickness of the film, so 2 nm and 4 nm thick polycrys-
talline silicon films were successfully prepared. Due to the
Coulomb scattering effect between carriers, when the thickness
of the Si nanowire channel is 2 nm, the probability of only one
carrier in the thickness direction is as high as 90%, which sig-
nificantly improves the spatial resolution of the Si nanowire
nanopore FET sensor. The high sensitivity and spatial resolution
described above can facilitate DNA sequencing.

During testing, the source-drain voltage and the ion voltage
were applied synchronously, and the transverse current and
the ionic current would be recorded simultaneously during
DNA translocation, as shown in Fig. 13(g). This result is
similar to the behavior of p-type Si nanowire–nanopore pre-
pared by Ping Xie et al.163 Synchronized with ionic current
blocking, Fig. 13(g) shows large spikes in transverse current ID,
indicating that ID is able to detect DNA translocation through
the nanopore. The change in transverse current ID is still nega-
tive for a p-type transistor, which is not expected, because DNA
carries negative charges, which should increase the transverse
current, but this result is consistent with a previously reported
result.163 According to experimental analysis, this abnormal
phenomenon is mainly due to the fact that the charges of DNA
are shielded by counter-ions, and what the channel detects is
a change in the electric potential near the exit of the nanopore
in the cis-chamber. The potential change is caused by the
increase of the series resistance of the nanopore and the trans-
chamber in the solution during DNA translocation. The
increase in series resistance leads to a drop in voltage near the
exit of the nanopore, resulting in a negative change in the
transverse current ID.

190 In Fig. 13(g), the up-pointing signals
in the channel current were random telegraph noise (RTN) due
to the trapping and detrapping of carriers at the interface state
between poly-Si and SiO2. RTN can be inhibited by converting
the channel material from polysilicon to single-crystalline
silicon and preparing the channel with a specific crystal orien-
tation, as well as by improving the manufacturing process to
further reduce the interfacial state density.

The silicon-based nanowire–nanopore FET sensor, as
described above, stands out for its ability to detect single mole-

cules with high sensitivity. This technology, which integrates
the precision of nanowire structures with the specificity of
nanopore sensing, and can achieve miniaturization and multi-
plexing detection. A key advantage of Si-based FET nanopores
is their compatibility with complementary-metal-oxide-semi-
conductor (CMOS) fabrication processes. This compatibility
ensures high repeatability and reliability, benefiting from the
standardized manufacturing processes in CMOS technology.
Such standardization is a significant step forward in the fabri-
cation of nano-biosensors, as it enables more consistent and
scalable production. However, since the distance between DNA
bases is only 3.4 Å, it is vital to further reduce the thickness of
the Si channel material in order to achieve DNA sequencing,
which poses a huge challenge for processing. Overall, the
silicon-based nanowire–nanopore FET sensor offers a highly
sensitive and integrable method for molecular detection, but
there are still some technical and application limitations.
Continued progress in nanofabrication techniques and
material engineering is essential to overcome these challenges
and fully realize the potential of this promising technology in
applications such as DNA sequencing and molecular
diagnostics.

3.3.3 Nanopore FET sensors based on two-dimensional
materials. Firstly, two-dimensional materials are a special
class of materials, the thickness of which is only a few atomic
layers. For example, graphene film is only 3.35 Å thick (equi-
valent to the distance between two bases in the DNA strand,
3.4 Å), so it can provide a suitable film thickness for DNA
sequencing. Secondly, graphene has very high electron mobi-
lity, which means that electrons can move through the
material at very high speeds. This enables the graphene nano-
pore FET to operate at higher frequencies than the silicon-
based nanopore FET, which facilitates rapid DNA sequencing.

GNR nanopore FET sensors were theoretically validated in
2010 with sufficient sensitivity to distinguish between different
nucleotides, enabling large-scale parallel DNA
sequencing.180,191 Many theoretical and computational studies
on the transport of GNR and graphene quantum dot contacts
with a nanopore have shown that the presence of DNA bases
inside the nanopore can lead to current changes in graphene
nanostructures based on base-specific modulation. Therefore,
in theory, DNA sequencing can be realized when the molecule
passes through the nanopore.180–187,192–196 A schematic
diagram of the FET nanopore model is shown in Fig. 14(a).
The four different bases produce very different current modu-
lations in DNA translocation, mainly due to their different
chemical compositions and different coupling strengths to
GNR. During sequencing, base rotation would lead to expan-
sion of the conductance modulation; the shaded regions repre-
senting overlapping regions are shown in Fig. 14(b). These
studies show that non-electrostatic base-specific interactions
between DNA bases and GNR could lead to changes in local
state density around the nanopore, resulting in changes in the
resistivity of the nanoribbons, which could be measured by the
nanoribbon transverse current, as shown in Fig. 14(c).192

Fig. 14(d) shows the simulation results of the density of states
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for the original graphene nanopore and the original graphene
nanopore with DNA bases, indicating that the presence of DNA
bases does cause changes to the local state density.196 In
addition to graphene, other 2D materials also prove to be suit-
able candidates for DNA translocation FET current detection,
such as MoS2,

184,197 phosphorene,196 silicene,196 Ti2C(OH)2
MXene,187 borophene,124,198–201 2D CxNy,

122,123,202 etc.
Since 2010, two-dimensional material nanopore FET

sensors have received sufficient attention and research.
According to the above description, two-dimensional material
nanopores have high spatial resolution due to only a few
atomic layers; in addition, the conductive nature of the two-
dimensional material enables it to precisely measure the tiny
changes that occur in the transverse current as DNA threads
through the nanopore, enabling rapid sequencing of DNA. In
2013, Traversi et al. showed the first experimental realization
of a GNR nanopore FET sensor. GNR with a nanopore is
located on a suspended 20 nm thick SiNx membrane, and Cr/
Au metal electrodes on both sides are used to detect changes
in current between the source and drain when DNA is translo-

cated through the graphene nanopore. The detailed prepa-
ration process and optical and TEM images of the GNR nano-
pore FET sensor are shown in Fig. 15.203 Firstly, 60 nm/20 nm
SiO2 and low-stress SiNx were grown on a B-doped 380 μm
thick silicon wafer. Then, the SiO2/SiNx multilayer films on the
back of the wafer were patterned by EBL and RIE. After pattern-
ing, the suspended SiNx film was prepared by wet etching Si
with KOH solution, as shown in Fig. 15(a). After that, mono-
layer graphene film grown by chemical vapor deposition was
transferred above the suspended SiNx film, as shown in
Fig. 15(b). EBL and RIE (oxygen plasma) were used to define
the size and corresponding positions of GNRs. Next, Cr/Au =
5 nm/50 nm double-layer metal contact electrodes were pre-
pared by EBL, electron beam evaporation (EBE) and lift-off, as
shown in Fig. 15(c). To minimize ionic cross-conductance, the
atomic layer deposition (ALD) technique was used to deposit
5 nm thick aluminum oxide (Al2O3) on top of the electrodes,
which would isolate the electrodes from the electrolyte.
Finally, nanopores were successfully fabricated on GNRs using
TEM operating in scanning mode, as shown in Fig. 15(d).

Fig. 14 (a) Schematic diagram of a metallic zigzag graphene nanoribbon with a nanopore, where current flows mainly around the zigzag edge (red
arrow). Reprinted with permission from ref. 173. Copyright 2016, Springer Nature. (b) Conduction modulation was induced by four different bases;
the rotation of the base causes a spread of the conductance modulation. The shaded areas represent overlap between different base conductance
modulations. Reprinted with permission from ref. 181. Copyright 2012, American Chemical Society. (c) I–Vsd curves of the GNR nanopore FET
sensor; the nanopore is located at the center of GNR. Reprinted with permission from ref. 181. Copyright 2012, American Chemical Society. (d) The
presence of bases affects the density of states. Density of states of the pristine graphene nanopore and pristine graphene nanopore + base were
described, and EF is the Fermi energy of a pristine graphene nanopore. Reprinted with permission from ref. 196. Copyright 2021, AIP Publishing.

Review Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 1
9 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

9/
30

/2
02

4 
7:

52
:1

0 
A

M
. 

View Article Online

https://doi.org/10.1039/d4nr01325e


Fig. 15(e) shows the optical picture of the final sensor, where
four GNR sensors are simultaneously fabricated on a sus-
pended SiNx film. Fig. 15(f ) and (g) are TEM images of GNRs
before and after drilling; the nanopore is basically located in
the center of the GNR. The magnified view of the nanopore
with a diameter of 10 nm is shown in Fig. 15(h).

The equivalent circuit model of the GNR nanopore FET
sensor is shown in Fig. 16(a). The Al2O3 passivation layer is
represented by a parallel resistor (Roxide) and capacitance
(Coxide). The quality of the Al2O3 passivation layer is critical
and the resistance needs to be as high as possible (in this
case, 10 GΩ) to ensure good electrical isolation between the
GNRs and the electrolyte solution to avoid current crosstalk.
During the test, in order to maintain the quality of the Al2O3

passivation layer, low ionic strength (10 mM KCl) was main-
tained on one side of the sensor area. When the ionic strength
was too high, degradation of the Al2O3 passivation layer would
be caused during the test, which was not expected during the
test.164 In Fig. 16(g) and (h), the events of incoherent translo-
cation of ionic current and GNR current are simulated by
using an advanced design system (ADS). These images illus-
trated the distinct translocation events of ionic current and
GNR current, thereby effectively demonstrating that the
changes observed in the GNR channel current were not a
result of crosstalk. This differentiation is crucial, as it stresses
the specificity of the GNR channel in responding to molecular
events, ensuring that the signal changes are attributed to the
intended molecular interactions rather than unintended elec-
trical crosstalk.

For DNA translocation experiments, the applied transmem-
brane voltage is in the range of 100–400 mV, and the source-
drain voltage of the GNR is set to 20–100 mV. During the
experiment, it was observed that the DNA molecule passing

through the pore would cause a decrease in ionic current in
10 mM KCl solution (low salt concentrations), which was con-
trary to earlier reports,204 mainly because of the positive
charges on the side wall of Al2O3, which caused a decrease in
ionic current even at very low salt strength, as shown in
Fig. 16(b). Simultaneous events on the graphene transverse
current and the ionic current were also observed from
Fig. 16(b); this is similar to the results for the Si-based nano-
wire–nanopore FET sensor. Fig. 16(c) and (d) shows enlarged
views of a single related event during DNA translocation. It can
be seen that the graphene channel current both dips and
spikes in the electrical current flowing through the GNR,
which is different from the results of the Si-based nanowire–
nanopore FET sensor; this is mainly due to the bipolar nature
of graphene.

The scatter plots shown in Fig. 16(e) and (f) describe the
translocation duration and current drop of the ionic current
and graphene channel current, respectively. The scatter plots
of translocation events detected by ionic currents and gra-
phene channel currents can be divided into two types of event.
One is a long translocation time and high current change
events, and the other is a short translocation time and low
current change events. It can be seen from the scatter dia-
grams that the ionic current and graphene channel current
related events basically belong to the first class of transloca-
tion events with very few exceptions. For ionic currents, uncor-
related translocation events were characterized by rapid and
shallow changes, mainly due to the fact that the DNA molecule
only collides with the nanopore without translocation through
it.205 During these collision events, the blockage of the nano-
pore is too weak to effectively change the electrostatic potential
near the nanopore, so GNR cannot be gate-controlled. The very
fast translocation events detected in the graphene channel

Fig. 15 Fabrication of a GNR nanopore FET sensor. (a–d) The entire fabrication process for the device. (e) Optical micrograph of Cr/Au electrodes
in contact with four GNRs on a suspended SiNx membrane. Image dimensions: 120 µm × 120 µm. (f and g) TEM images of GNR before and after
nanopore drilling, respectively. (h) Magnified view of a TEM image of a nanopore. Reprinted with permission from ref. 203. Copyright 2013, Nature
Research.
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current, but undetectable by the ionic current, may be attribu-
ted to local conductance changes in GNR caused by the pres-
ence of charged molecules in the solution far from the
nanopore.

Unlike Traversi et al.,203 Puster et al. prepared a nanopore at
the edge of GNR by TEM operating in scanning mode.206,207

The preparation diagram for the nanopore and the final
results are shown in Fig. 17(a) and (b). In order to minimize
damage to GNR induced by the electron beam during nano-
pore preparation, Puster et al. studied the damage to GNR
caused by the electron beam under TEM and STEM imaging
conditions. In particular, they measured in situ changes in
GNR resistance with electron dose by using a TEM scaffold
equipped with electrical measurements. Results under TEM
and STEM imaging conditions are shown in Fig. 17(d) and (e),
respectively. It can be seen from Fig. 17(d) that in TEM
imaging mode, in order to locate the edge position of GNR,
the GNR resistance increases linearly and irreversibly with an
increase of the electron irradiation time, and even irreversible
damage occurs before the beam is fully condensed to form the
nanopore. In this mode, the extended electron beam is con-
tinuously illuminated over a large area of the sample being
observed, as shown in the large red circle in the illustration in
Fig. 17(d). The increase in GNR resistance is due to the con-
tinuous production of defects in graphene. In graphene, the
resistance is linearly related to the defect density, nd = σ × D,

where σ is the displacement cross section, D is the irradiation
dose, and the dose is the product of current density ( j ) and
time (t ), so R ≈ nd = σ × D = σ × t × j. These relationships are
shown in Fig. 17(d). In TEM mode, these high magnification
rates are required to position the nanopore next to GNR, which
results in significant destruction of GNR in a short time.

Fig. 17(e) shows the change of GNR resistance over time in
STEM imaging mode. As shown by the arrow in the figure, the
resistance of GNR in each STEM image is increased in steps,
and the damage occurs only in a short time when the beam
scans GNR. In contrast to TEM mode, convergent beams illu-
minate the sample at discrete locations, as shown by the array
of red dots in the illustration of Fig. 17(e). Unlike TEM nano-
pore preparation, any damage generated during STEM
imaging is uniform on GNR and does not preferentially select
the area around the nanopore, ensuring that the area of the
device close to the nanopore is as sensitive as the rest of the
device. In STEM mode, GNR can be imaged once, precisely
controlling the dose to determine where the nanopore is
formed. For a given Si3N4 film thickness, the size of the nano-
pore created in STEM mode can be calibrated and controlled
by adjusting the electron probe residence time and monitoring
the electron energy loss spectroscopy (EELS) signal. The EELS
signal provides an accurate representation of the material com-
position within the electron probe region and enables real-
time monitoring of the sputtering of atoms in the membrane

Fig. 16 Equivalent circuit diagram and analysis of test results. (a) Circuit diagram of a FET nanopore sensor. (b) Simultaneous recording of DNA
translocations under an ionic current and graphene current (pNEB DNA in 10 mM KCl; transmembrane voltage, 200 mV; graphene source–drain
voltage, 20 mV). (c and d) Different changes in GNR current upon DNA translocation, indicating p-type and n-type graphene transistor behavior,
respectively. (e and f) Scatter plots of events detected under ionic currents and graphene currents, respectively, where relevant events are rep-
resented by filled colored circles and unrelated events are represented by partially transparent circles. (g and h) Incoherent translocation events of
an ionic current and a GNR current (500 mV ionic bias and 10 mV graphene bias; 10 mM KCl buffer). Reprinted with permission from ref. 203.
Copyright 2013, Nature Research.
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during nanopore formation. When the nanopore is fully
formed and opened, the strength of the EELS Si peak would
drop to zero, and if the residence time continues to increase,
the nanopore size will further expand. EELS signals before
(gray), during (blue), and after (red) nanopore formation are
shown in Fig. 17(f ).

Fig. 17(g) shows the relationship between the ratio of the
final resistance to the initial resistance of GNRs (Rf/Ri) and the
initial resistance (Ri) after nanopore preparation in two
different modes (TEM and STEM). For nanopores prepared in
TEM mode, the GNR resistance increases significantly, result-
ing in the abnormal use of most devices. Especially for GNR

with a width of less than 50 nm, once the nanopore is formed,
the device can no longer be conductive. In contrast, after nano-
pore preparation by STEM, the resistance of GNRs basically
does not change, that is, Rf/Ri ≈ 1, even for 50 nm wide GNRs.
This huge difference is mainly due to the influence of
irradiation dose during the preparation process. Fig. 17(c)
shows a SEM image of the STEM prepared nanopore in an
enlarged view. It can be seen that the nanopore was success-
fully prepared on the edge of GNR, and basically did not cause
damage to GNR. The experiment also found that neither
current annealing after the formation of the nanopore nor
in situ annealing during the formation of the nanopore could

Fig. 17 (a) Cross-section of a GNR FET device with a nanopore through a SiNx membrane close to GNR. Reprinted with permission from ref. 206.
Copyright 2013, American Chemical Society. (b) High-angle annular dark field STEM images before (left) and after (middle) nanopore drilling with an
electron probe, and a TEM image of GNR with a nanopore (right). Reprinted with permission from ref. 207. Copyright 2015, Wiley-VCH. (c) High-
resolution high-angle annular dark field STEM image of the nanopore at the edge of GNR (this image was taken at 0.3 nm beam diameter). Reprinted
with permission from ref. 206. Copyright 2013, American Chemical Society. (d and e) Variation of GNR resistance in TEM and STEM modes, respect-
ively. Reprinted with permission from ref. 206. Copyright 2013, American Chemical Society. (f ) EELS signals before (gray), during (blue), and after
(red) nanopore formation. Si and N peaks at 100 and 400 eV, respectively. Reprinted with permission from ref. 207. Copyright 2015, Wiley-VCH. (g)
Comparison of GNR resistance changes after nanopore preparation in TEM and STEM modes. Reprinted with permission from ref. 206. Copyright
2013, American Chemical Society. (h) Response of GNR to liquid gate voltage in KCl solutions with different concentrations. Reprinted with per-
mission from ref. 207. Copyright 2015, Wiley-VCH. (i–k) The translocation of DNA with 15 000 base pairs measured under different ionic strengths,
transmembrane voltages and source-drain voltages. Reprinted with permission from ref. 207. Copyright 2015, Wiley-VCH.
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effectively regain or maintain the resistance of the initial GNR,
which also occurred in the Si-based nanowire–nanopore FET
sensor (after drilling, the formation gas annealing process is
essential to restore the transistor characteristics). Fabrication
of nanopores by sculpting causes irreversible damage to the
channel material. Therefore, it is necessary to seek new
methods for preparing nanopores to minimize or eliminate
damage to channel materials.

The sensitivity (transconductance) of GNR can be character-
ized by measuring the response of GNR to the gate voltage of
an ionic solution applied to the nanoribbon side of the SiNx

membrane. The bipolar gate response characteristics of GNR
devices are shown in Fig. 17(h).208 The detection sensitivity of
GNR can be controlled by applying a gate voltage. In the region
with the greatest GNR sensitivity, a uniform perturbation of
∼10 mV applied to the nanoribbon would produce a current
change of >50 nA (>1 µA baseline current); this is significantly
higher than the GNR noise level (Irms ≈ 12 nA) at 1 MHz band-
width in solution, indicating the GNR sensor has the ability to
achieve DNA sequencing at high-bandwidth levels.

Fig. 17(i) and (k) shows the results of DNA translocation
under different solution concentrations and source-drain
voltage (Vds), respectively. From Fig. 17(i), when Vds is applied
at 0 V, DNA translocation through the nanopore can still cause
changes in the channel current of the nanoribbon, proving
that crosstalk behavior occurs between GNR and the ionic
current. With an increase of Vds, both GNR current and noise
increase, but the amplitude of crosstalk remains unchanged,
that is, with an increase of Vds, crosstalk becomes less obvious,
as shown in Fig. 17( j). However, on the GNR side of the mem-
brane, the SNR of crosstalk does not increase during the tran-
sition to low salt concentrations, and at a high nanoribbon
baseline current, crosstalk is entangled with noise, as shown
in Fig. 17(k). Combined with the experiments and circuit simu-
lation results, it is found that the GNR crosstalk appears as the
time derivative of the ionic current, Ielectrode = dq/dt =
Celectrode-soln × dV/dt (Fig. 17(i)–(k)). This crosstalk signals are
independent of Vds or ion concentration and are generated by
capacitive coupling between GNR and ion measurement
channels.

Although the capacitive coupling signal reveals the local
presence of DNA in the nanopore, unlike the resistance modu-
lation principle predicted by the simulation in GNR, the result-
ing current signals cause some interference to DNA sequen-
cing, so these current signals are not desired. Based on pre-
vious research on GNR nanopore FET sensors,203,206,207 in
2018, Heerema et al. made innovations with respect to two
aspects,188 to improve the detection sensitivity of the FET
nanopore and to eliminate the influence of capacitive coupling
signals of the FET nanopore. One is the characteristic size of
GNR (previous theoretical work focused on GNR less than
10 nm wide, but previous experiments only explored the trans-
mission characteristics of GNR that was 600 to 1000 nm long
and 50 to 200 nm wide). In order to maintain the crystallinity
of graphene and maximize the detection sensitivity, short and
narrow (30 nm × 30 nm) nanoribbons with a 5 nm nanopore

(the smaller the size, the more difficult to process, but the
higher the detection sensitivity) were clearly defined on the
suspended graphene membrane using high-temperature
STEM. And the other is the GNR current signal measurement
method. During testing, the capacitive current signal (capaci-
tive coupling) and the resistive response (electrostatic gate
voltage field effect control) in GNR were distinguished by
using a custom differential current amplifier.

The whole preparation process for the GNR nanopore FET
sensors is shown in Fig. 18(a). The substrate material for
sensor preparation is a Si wafer with 500 nm thick SiNx mem-
brane, in which a platinum heater is embedded. Then, a 5 ×
5 μm window of 100 nm thickness in the SiNx membrane was
obtained by through-membrane EBL and RIE.209 Then, a
400 nm hole was prepared on the 100 nm thick SiNx mem-
brane and platinum electrodes were deposited near the hole
(i). The hole is mainly used to suspend the graphene mem-
brane so that suspended GNR can be obtained. The stripped
graphene sheet (usually 10 × 10 μm) was transferred to the top
of the SiNx film (ii). After transfer, the graphene membrane
was defined as a 200 × 200 nm square with four leads that
were each in contact with a platinum electrode, by using EBL
and oxygen plasma etching (iii). This structure ensures that
the current can only pass through the graphene nano-
structures. GNR of 30 × 30 nm in size was then prepared at
300–600 °C using high temperature STEM with high precision
sculpting (iv). Heating is mainly used to prevent carbon depo-
sition and maintain the crystallinity of graphene. The bottom
row in Fig. 18(a) shows an example of performing the continu-
ous sculpting steps in STEM. After STEM, a thin h-BN flake
(3–7 layers) is transferred to the top of GNR as a support, more
importantly, allowing DNA to translocate only through the
nanopore (v). To prevent parasitic electrochemical currents
during measurements, a thick (1.5 μm) polyimide layer is
placed on top of the stack to cover the electrode, and then, a
10 μm uncovered area is opened by EBL (vi). If the electrode on
the device were only partially coated, tens of nA of electro-
chemical leakage current would occur, while a complete polyi-
mide layer on the chip would result in zero leakage current, as
shown in Fig. 19(f ). Finally, a 5 nm nanopore was drilled by
STEM in the center of the GNR and h-BN multilayer film (vii).
The final schematic diagram of the GNR nanopore FET sensor
is shown in Fig. 18(b). Figure 18(c) and (d) shows the resis-
tance and conductance distribution of GNRs (without nano-
pore) after sculpting, respectively. The relatively narrow GNRs
after sculpting have lower conductivity than that of typical
GNR, as shown in Fig. 18(d), probably because the graphene
membrane is damaged during the nanopatterning process.210

After the successful preparation of the GNR nanopore FET,
a custom differential current amplifier was used for experi-
mental testing, which was able to distinguish between gra-
phene current signals generated by capacitive coupling and
signals generated by electrostatic gating or state density modu-
lation. Fig. 19(b) and (c) explains the working principle of the
differential current amplifier. GNR was divided into two sym-
metrical parts, centered around the nanopore, as shown in
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Fig. 19(b). The capacitance between the electrolyte and the gra-
phene channel near the nanopore is denoted as Cg, and the
capacitance coupled within a few microns of the nanopore is
denoted as Clead. Any local potential change at the nanopore
ΔVL is coupled with the capacitance Cg of the sensor to form

the current Ic1;2 ¼ Cg � ΔVL
Δt

; potential changes that are not

strongly localized at the nanopore, ΔVnl, will generate a coup-

ling current, Ic1;2 ¼ ðCg þ CleadÞ � ΔVL
Δt

. The coupling current is

inherent in the nanopore FET sensor. During the test, the
differential current amplifier applies opposite potentials to the
two electrodes connected to GNR, as shown in Fig. 19(b).
Because the capacitive current is independent of electrode
potential, the sign is the same at both electrodes. In contrast,
any resistance modulation results in the current signal being
the opposite sign on each electrode. The differential current
amplifier enables us to suppress common-mode signals and
output differential mode signals during the test, as shown in
Fig. 19(c). Thus, with this differential measurement, all capaci-
tive contributions are eliminated, while retaining any contri-
butions from resistance modulation.

In addition, Heerema et al. further explained the principle
of differential current measurement through SPICE simu-
lation, as shown in Fig. 19(g) and (h). In SPICE simulations,
DNA events are simulated by 100 mV voltage steps lasting
1 ms, and the resistance modulation of GNR is simulated by a
resistance increase lasting 1 ms. The current at each electrode

is measured by a separate op-amp, each of which gives a
unique signal. When the two current signals measured at the
two electrodes are subtracted, the resulting differential current
signal represents only the resistance modulation of GNR,
while the addition of the two responses produces a capacitive
signal, as shown in Fig. 19(h). These simulation results further
verify the ability of the differential current amplifier to elimin-
ate the coupled current signal during the experiment.

The equivalent circuit is shown in Fig. 19(a), the combi-
nation of Vbias (bias voltage of GNR) with Vion and Vlift enables
DNA sequencing to be performed at the highest transconduc-
tance (highest GNR sensitivity). At the same time, Vcom read-
ings can be used to monitor any leakage from the channel to
the liquid. In DNA translocation experiments, 99.9% of trans-
location events were found to be fully synchronized in time,
i.e. both the ion blocking signal and the GNR transverse
current signal were detected, as shown in Fig. 19(d), and for
most translocation events, no signal was detected in the
common mode channel. The translocation of DNA leads to a
temporary reduction in the resistance of GNR, because of
electrostatic gate control, which includes two parts: the nega-
tive charges of the DNA backbone and the local potential
change around the nanopore. Based on the transconductance
and the magnitude of the graphene current change, the total
potential change is estimated to be about −15 mV. The SNR in
the GNR current is comparable to that in the ionic current
(Fig. 19(e)); the SNRs of GNR current and ionic current are
4.2–4.5 and 3.8–5.4 respectively at 20–30 mV bias voltage.

Fig. 18 Preparation process and characterization of a GNR nanopore FET sensor. (a) Detailed fabrication process for short and narrow GNR nano-
pore FET devices. (b) Schematic diagram of the GNR nanopore FET sensor. (c and d) Resistance and conductivity distributions of 51 GNRs before
nanopore drilling. Reprinted with permission from ref. 188. Copyright 2018, American Chemical Society.
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As detailed previously, GNR nanopore FET sensors have led
to significant advancements in the field of biomolecular detec-
tion. However, despite these successes, GNR nanopore FET
sensors still encounter several critical challenges that need to
be addressed.40,80,173,211–215 For example, the graphene nano-
pore cannot be treated with oxygen plasma or piranha solu-
tion, so it is difficult to wet the nanopore during testing, result-
ing in base adhesion to the surface, causing blockage of the
nanopore, and thus preventing DNA translocation. Luckily,
there are some new two-dimensional materials such as MoS2
and WS2 that can be oxygen plasma treated to render the pore
hydrophilic,28,216 which do not cause blockage of the nanopore
during testing. In 2014, Farimani et al. demonstrated the MoS2
nanoribbon nanopore FET sensor as a promising sensor
capable of transverse current detection and can be used for
high-bandwidth DNA sequencing experiments, by MD and
DFT simulations. The thickness of the single layer MoS2 is

∼1 nm, making it superior to the single layer graphene nano-
pore in terms of SNR, and the MoS2 FET device is easy to
prepare due to the presence of its inherent band gap.186,197

In 2019, Graf et al. prepared a MoS2 nanoribbon nanopore
FET sensor and successfully performed transverse current
detection during DNA translocation.164 The entire preparation
process and final sensor structure of the MoS2 nanoribbon
nanopore FET sensor are shown in Fig. 20. Firstly, a 20 nm
thick suspended SiNx membrane was fabricated on a Si sub-
strate by photolithography and wet etching with potassium
hydroxide (KOH) solution (i). After that, a 50 nm–100 nm aper-
ture was formed on the SiNx membrane by EBL and RIE,
which was used to suspend part of the MoS2 (ii). The CVD
grown single crystal MoS2 layer was then wet-transferred to the
hole of the SiNx membrane (iii). After transfer, the Ti/Au
contact electrode was prepared by EBL, electron beam assisted
metal evaporation, and lift-off (iv). After that, the MoS2 layer

Fig. 19 Test circuit and analysis of test results. (a) Equivalent circuit of the setup. Vlift can be used to tune the gate voltage, Vcom measures the
direct current potential of graphene and monitors the leakage current. (b) During the test, the principles of capacitive coupling and electrostatic
gate control, and how to exclude capacitive coupling signals. (c) Two kinds of signals are successfully distinguished based on the test in (b). (d) The
simultaneous detection of three channels of ionic current (blue), graphene current (red) and common mode voltage (yellow); a magnified view of a
DNA translocation event is shown in the right panel. (e) Signal-to-noise ratio versus bias voltage (red: graphene current; blue: ionic current). (f ) The
calculated leakage current versus Vlift after polyimide coating. (g and h) The working principle of a differential amplifier is demonstrated by Spice
simulation, and further verifies the authenticity of eliminating coupling capacitance by a differential current amplifier in the experiment. Reprinted
with permission from ref. 188. Copyright 2018, American Chemical Society.
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was patterned by EBL and RIE (O2), and the characteristic size
of the prepared MoS2 nanoribbons was 50 nm wide and 2 μm
long (v). EBL and ALD (20 nm thick HfO2) were then used to
selectively insulate the metal leads (vi). The 20 nm thick HfO2

layer could limit crosstalk caused by capacitive coupling,188

which has been described in detail previously. Insulating layer
materials include but are not limited to Al2O3, HfO2, SiNx, and
SiO2.

163,190,203 Finally, TEM was used to drill a nanopore in the
suspended portion of the MoS2 nanoribbon, similar to the sus-
pended graphene nanopore prepared by Heerema et al. This
configuration can maximize the local potential change caused
by DNA translocation.217 The final schematic diagram of the
MoS2 nanoribbon nanopore FET sensor is shown in Fig. 20(b).
Fig. 20(c) shows a TEM image and optical micrograph of the
sensor.

The equivalent circuit of the MoS2 nanoribbon nanopore
FET sensor is shown in Fig. 21(a). Due to the limited stability
of the freestanding MoS2 nanoribbon, a nanopore was drilled
in the MoS2 nanoribbon supported by SiNx for DNA molecular
translocation testing. Fig. 21(b) shows the TEM image after
nanopore preparation. To completely eliminate capacitance
coupled crosstalk, a new test circuit based on differential
amplifiers was proposed, as shown in Fig. 21(d), similar to the
setup proposed by Heerema et al.,188 but it was more complex,
decoupling and electrically insulating the two circuits.

Translocation tests were performed on neutral, positively
charged and negatively charged analytes in the nanopore with
a diameter of ∼2.5 nm. Fig. 21(e) shows DNA translocation,
where relevant signals are simultaneously detected, and the
negatively charged DNA molecule induces a decrease in the
drain-source conductance of the n-type MoS2 nanoribbon
nanopore FET. When the neutral PEG molecule translocates, it

causes a decrease in ionic conductance; however, most of the
time no transverse signals are visible, as shown in Fig. 21(f ).
Finally, positively charged polylysine molecules were added,
and it was found that positively charged polylysine transloca-
tion induced an increase in the drain-source conductance of
the n-type MoS2 nanoribbon nanopore FET, as shown in
Fig. 21(g). As explained above, the crosstalk between the
channel material and the ionic current generates a capacitive
coupling signal; it is a time derivative signal that is dispropor-
tionate to the drop in ionic current.207 And, electrostatic gating
produces a field effect on the transistor that is proportional to
the drop in ionic current.163 Based on the analysis of transloca-
tions of three differently charged molecules, the changes to
the FET channel current were caused by electrostatic gate
control rather than capacitive coupling, moreover, direct
charge sensing plays a dominant role,188 as shown in
Fig. 21(e)–(g).

The power spectral densities of ion channels and transverse
channels under 1 M/1 M KCl and 10 mM/100 mM KCl test
environments were plotted, as shown in Fig. 21(h). With a
decrease in ion concentration, the noise on the transverse
channels decreased. The median SNR for all 759 related events
in Fig. 21(i) is 7.7 for the ionic current and 10.7 for the trans-
verse current. The SNR of the transverse current is 40% higher
than that of the ionic current, indicating the feasibility of
transverse current measurement at higher bandwidth by using
the MoS2 nanoribbon nanopore FET sensor.

The two-dimensional material based FET nanopore sensor,
as stated earlier, offers several compelling advantages for DNA
translocation testing. Its high spatial resolution and sensi-
tivity, coupled with a fast response time and high SNR, make it
particularly suitable for DNA sequencing. In addition, its com-

Fig. 20 Preparation process and final device structure of the MoS2 nanoribbon nanopore FET sensor. (a) Detailed preparation process for the MoS2
nanoribbon nanopore FET sensor. (i) A 20 nm thick suspended SiNx membrane was fabricated. (ii) A 50 nm ∼ 100 nm aperture was formed on the
SiNx membrane. (iii) MoS2 layer was transferred. (iv) The Ti/Au contact electrode was prepared. (v) MoS2 nanoribbons was prepared. (vi) A nanopore
was formed by TEM. (b) Schematic of the proposed MoS2 nanoribbon nanopore FET sensor. (c) TEM (left) and optical (right) images of the sensor.
Reprinted with permission from ref. 164. Copyright 2019, American Chemical Society.
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patibility with the CMOS process enhances its potential for
integration into existing technologies. Furthermore, it is well
suited for high-bandwidth testing during DNA translocations,
enabling the analysis to be conducted without slowing down
or limiting the speed of DNA molecules as they thread through
the nanopore. Information about some representative FET
nanopore sensors is summarized in Table 2, which contains
the results of successfully prepared and successfully per-
formed experimental DNA translocation tests. Several other 2D
materials not listed below have been validated through first-
principles density functional theory for DNA detection appli-

cations and hold promising prospects for nanopore FET
sensors. Materials include borophene,218 CxNy,

219 Ti2C(OH)2
MXene,187 etc. Consequently, nanopore FET sensors based on
these materials are not included in Table 2, mainly because
they have not yet been experimentally verified.

Nanopore FET sensors, while highly promising for DNA
sequencing compared with traditional solid-state nanopores,
do face significant challenges that need to be addressed,
mainly including preparation and detection. These challenges
are critical to enhancing the robustness and reliability of nano-
pore FET sensors in practical applications.

Fig. 21 Test circuit of the MoS2 nanoribbon nanopore FET sensor and analysis of DNA translocation test results. (a) The equivalent electrical circuit
of the MoS2 nanoribbon nanopore FET sensor during DNA translocation. (b) A TEM image of the nanopore drilled through MoS2 and the SiNx mem-
brane. (c) The I/V curve of the MoS2 nanoribbon nanopore FET sensor in 1 M KCl solution. (d) Electrical setup. All components in this circuit are
powered by a lead-acid battery placed in a Faraday cage. The core elements of the test circuit mainly include an amplifier, a differential amplifier and
a voltage isolator. (e–g) Translocation detection of three differently charged molecules in 10 nM–1 M (cis–trans) solution (1 kbp dsDNA; PEG, mw =
20 × 103 g mol−1; polylysine molecules). Both channels were sampled at 100 kHz and digitally low-pass filtered at 15 kHz. (h) Power spectral density
of the ionic and transverse currents in 1 M/1 M KCl and 10 mM/100 mM KCl. (i) Boxplot of the signal to noise ratio of the ionic current and the trans-
verse current. Reprinted with permission from ref. 164. Copyright 2019, American Chemical Society.

Table 2 Summary of some representative experiments of FET nanopore sensors

Materials of the channel Feature size Mechanism Multiplexing Yield SNR of FET Gate electrode

Si nanowire
prepared by CVD163

Length: <200 nm Local potential Three channels Low No
Width and thickness: ∼30–50 nm

Graphene203 Width: ∼100 nm DNA charge sensing Single channel 22 devices
(1/4)

No

Poly-crystalline Si190 Length: 260 nm Local potential Single channel Low Side-gate
Width: 50 nm
Thickness: 2 nm/4 nm

Graphene207 Length: 600 nm Capacitive coupling Single channel Very low No
Width: 50–200 nm

Graphene188 Length: 30 nm DNA charge sensing Single channel 1/180 4.2–4.5 No
Width: 30 nm

MoS2
164 Length: 2 μm DNA charge sensing Single channel 3/200 4.2–4.5

(median)
No

Width: 500 nm
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The difficulties in preparation: (1) unlike traditional SSNs,
which are characterized by simple fabrication processes and a
short production period, the preparation of nanopore FET
sensors involves a series of complex processes. These pro-
cesses require multiple steps such as photolithography, EBL,
ohmic contact formation, FIB, etc. As a result, the fabrication
period is lengthy, the tolerance for errors is low, and thus the
yield of devices is lower than that of traditional SSNs; (2)
additionally, two-dimensional materials used in nanopore FET
sensors, such as graphene, are susceptible to damage during
the fabrication processes, necessitating extreme caution. For
instance, graphene is sensitive to oxygen plasma, which com-
plicates the process as avoiding oxygen plasma can lead to
insufficient removal of organic contaminants, thereby further
decreasing the yield of nanopore FET sensors. Currently, as
described in Table 2, the yield of the device is very low; (3) fur-
thermore, the use of FIB for nanopore preparation can cause
irreversible damage to the channel material during nanopore
formation, rendering the nanopore FET sensors incapable of
exhibiting proper FET functionality. Even with post-processing
treatments such as annealing, only partial restoration of FET
performance is achievable. This significantly reduces the
detection sensitivity of nanopore FET sensors.

The difficulties in detection: (1) as described above, the
extremely low fabrication yield of nanopore FET sensors
impedes sufficient testing data being obtained, thereby
obstructing the accurate determination of the mechanisms of
DNA translocation signals in nanopore FET sensors; (2)
improving their signal-to-noise ratio and sensitivity; (3) and
completely eliminating capacitive coupling.

Overcoming these issues is crucial for maximizing the per-
formance and applicability of nanopore FET sensors in practi-
cal settings. Detailed strategies and methods for addressing
these challenges are discussed in the following section, and
insights into potential improvements and innovations in this
field are offered.

3.3.4 Improved nanopore FET sensors. Many theoretical
and computational studies on the transport of two-dimen-
sional materials shaped as a constriction or quantum point
contact (QPC) containing a nanopore show that the presence
of DNA bases inside the nanopore can lead to current changes
in the nanostructure of the two-dimensional material based
on base-specific modulation, so DNA sequencing can be
achieved as DNA threads through the nanopore.180–187,192–196

However, during experimental testing, the operation of an
actual biosensor will involve the underlying substrate (usually
SiO2 or SiNx, suspended two-dimensional materials), a solvent,
the DNA counterion,220 and most importantly, fluctuation of
the DNA structure, not all of these factors are taken into
account in simulations. Although significant advancements
have been made in the field of nanopore FET sensors, until
now, nanopore FET experiments have not been able to detect
transverse current changes caused by non-electrostatic base-
specific interactions between DNA bases and nanostructures.
To fully realize the potential of DNA sequencing using nano-
pore FET sensors, several issues need to be resolved. This

involves improving the sensitivity and specificity of the inter-
actions between the DNA bases and the nanostructures, ensur-
ing accurate and reliable sequencing can be achieved as DNA
molecules pass through the nanopores.

3.3.4.1 Improve the yield of the nanopore FET sensors.
Nanopore FET sensors face major challenges due to their low
fabrication yield. As a result, the detection mechanism of nano-
pore FET sensors cannot be explored in detail. To address this
problem, there is an urgent need to develop and explore new
preparation processes or optimize existing preparation pro-
cesses, explore new two-dimensional materials that are easy to
process and of high quality,187 improve nanopore fabrication
methods and precision, and prevent contamination during the
sensor preparation process. These steps are essential for enhan-
cing the yield and effectiveness of nanopore FET sensors.

3.3.4.2 Improve SNR and detection sensitivity. FET nano-
pores with high SNR are critical in DNA sequencing. A high
SNR can notably improve the ability to identify single molecule
events, reduce misjudgments and omissions, reduce experi-
mental errors, and improve detection sensitivity. Until now,
DNA sequencing has not been possible with SSNs, a major
obstacle being the low SNR due to the thermal fluctuations of
DNA bases, ions, and water inside SSNs. In particular, the
noise from conformational changes in the DNA structure
within the nanopore may overshadow the signal induced by
each nucleotide, thus significantly diminishing the detection
sensitivity of nanopore FET sensors.

In 2016, Hu Qiu et al. proposed a new nanopore FET sensor
structure that could be used for electrical regulation, and veri-
fied by molecular dynamics simulations; this can further
enhance the SNR and detection sensitivity of nanopore FET
sensors. The device structure is shown in Fig. 22(a).221

Compared with the original nanopore FET sensor, the struc-
ture has an additional metal layer, which can be used to
control DNA molecular motion, and the metal layer is isolated
from the channel sensing material by an insulating layer (SiO2,
SiNx, Al2O3, HfO2, etc.). When the control voltage (Vc) is
applied to the metal layer (−0.75 V to 0.75 V), it creates an
electrostatic field within the nanopore (Fig. 22(c)), which in
turn affects the conformation and random fluctuations of the
DNA molecule, as shown in Fig. 22(b). At different Vc, the cen-
troid positions of DNA passing through the nanopore were
recorded as shown in Fig. 22(d) and (e). According to
Fig. 22(d), it can be seen that with an increase of the applied
positive bias, the centroid position of DNA becomes more loca-
lized around a specific position in the pore, indicating
damping of the DNA motion around a stable conformation.
The larger positive voltage more strongly reduces the move-
ment of the DNA molecule, mainly because of electrostatic
attraction between the positively charged pore surface and the
negatively charged DNA backbone. When a negative voltage is
applied, the fluctuation of DNA is still large, as shown in
Fig. 22(e). Mainly due to the strong repulsion between the
negatively charged pore surface and the DNA backbone, DNA
is significantly compressed in the lateral direction, as shown
in Fig. 22(b) (right panel).
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By applying Vc and changing the shape of the nanopore, it
is found that the distribution of electric field in the nanopore
can be coordinated to control the thermal fluctuation of DNA.
A teardrop-shaped nanopore, as depicted in Fig. 22(h), demon-
strated a unique electric field distribution (Fig. 22(f )), with a
slower decay of field intensity at the teardrop tip. This struc-
ture influenced DNA’s centroid position during translocation
under different Vc conditions (Fig. 22(g)). Notably, under posi-
tive bias, DNA exhibited a slight shift towards the pore tip.
This movement is largely attributed to the higher electric field
intensity and slower decay at the tip, suggesting a synergistic
interplay between the nanopore shape and electric field in con-
trolling DNA behavior.

The synergistic utilization of gate voltage and control
voltage can also further enhance detection sensitivity on the
basis of improving the SNR. By applying a gate voltage to
change the Fermi level of the channel material, and then
change the carrier concentration, finally, the transconductance
of the channel is controlled, achieving the highest sensitivity
detection;184,187,211 the sensor structure is shown in Fig. 22(i).
In the experiment, in addition to adjusting the detection sensi-
tivity of the nanopore FET sensor by applying a gate voltage,
the detection sensitivity can also be improved by reducing the
characteristic size (width and length) of the FET channel and
the diameter of the nanopore. Currently, the minimum charac-
teristic sizes of the nanopore FET sensor is width = 30 nm (ref.

Fig. 22 (a) Schematic of a multilayer FET prototype with a nanopore for DNA translocation control and detection. The metal control layer is used to
apply the control voltage (Vc, yellow) and is isolated from the channel material by an insulating oxide layer (blue). Channel bias at VD and VS is used
to detect translocations of DNA molecules. The system is biased with respect to a common ground. Reprinted with permission from ref. 221.
Copyright 2016, American Chemical Society. (b) Overlapping DNA conformations at 10 ps intervals on 5 ns MD tracks at 0 (left), 0.5 (middle), −0.5 V
(right) voltage bias. Reprinted with permission from ref. 221. Copyright 2016, American Chemical Society. (c) The magnitude of the electric field of a
cylindrical nanopore at a bias voltage of 0.5 V. Reprinted with permission from ref. 221. Copyright 2016, American Chemical Society. (d and e)
Scatter plots of mass positions of dsDNA under different applied control voltages. Reprinted with permission from ref. 221. Copyright 2016,
American Chemical Society. (f ) The magnitude of the electric field of a teardrop-shaped nanopore at a bias voltage of 0.5 V. Reprinted with per-
mission from ref. 221. Copyright 2016, American Chemical Society. (g) Scatter plot of mass positions of dsDNA under different applied control vol-
tages upon translocation through the teardrop-shaped nanopore. Reprinted with permission from ref. 221. Copyright 2016, American Chemical
Society. (h) The geometry and size of the teardrop nanopore. Reprinted with permission from ref. 221. Copyright 2016, American Chemical Society.
(i) More complex four-layer FET nanopore structure. The top layer Vc1 is used to control the translocation speed of DNA, the second layer Vc2 is used
to control the lateral confinement of DNA, and the third layer Vds is used to detect the transverse current. Finally, the gate voltage (Vg) is used to
regulate the detection sensitivity. Reprinted with permission from ref. 194. Copyright 2013, National Academy of Sciences. ( j) FET nanopore sensors
are stacked with three-layer MoS2 insulated by an h-BN monolayer. Reprinted with permission from ref. 195. Copyright 2023, American Chemical
Society. (k) Vertical bilayer graphene nanopores; DNA translocation through carbon atomic orbitals causes a change in the source-drain current.
Reprinted with permission from ref. 222. Copyright 2014, American Chemical Society.
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188) and L = 10 nm.41 With the maturation and continuous
development of processing technology, there is still plenty of
room for further reduction. Besides size, the SNR and detec-
tion sensitivity can also be improved through more complex
vertical multilayer nanopore FET structures, as shown in
Fig. 22( j) and (k).222 Different from the conformational fluctu-
ations of translocation molecules quenched through electrical
control by Qiu et al., when biomolecules translocate through
multilayer membranes, conformational fluctuations will natu-
rally be quenched and the SNR will be greatly improved.221

This approach offers a promising and simple alternative to
voltage control. Furthermore, it is not necessary to precisely
control the electric field inside the nanopore to quench the
DNA molecular configuration fluctuations.

3.3.4.3 Eliminating capacitive coupling. When nanopore FET
sensors are used for DNA translocation testing, part of the trans-
verse current signal comes from the capacitive coupling effect
between the channel material and the ion channel, and the
capacitive coupling signal is independent of the source-drain
voltage and ion concentration. Unluckily, during the test
process, the capacitive coupling signal is inherent and can only
be eliminated by subsequent test circuits. Although the capaci-
tive coupling signal reveals the local presence of DNA around
the nanopore, unlike the resistance modulation principle pre-
dicted by the simulations for GNR, the resulting current signal
has an adverse effect on DNA sequencing. In order to comple-
tely eliminate the effect of the capacitive current during DNA
sequencing, a differential current amplifier needs to be used for
translocation testing. During translocation, the differential
current amplifier is able to distinguish between a capacitive
current signal generated by capacitive coupling and a resistive
current signal generated by electrostatic gating or state density
modulation.164,188 Therefore, to completely eliminate the effect
of capacitive coupling, more complex differential current ampli-
fiers and test circuits should be explored and used.223,224

4. Conclusion and outlook

In this review, the development history, detection principle,
preparation methods and application scenarios of traditional
SSNs were first discussed. The ultimate goal of traditional
SSNs is to enable rapid, low-cost DNA sequencing for individ-
uals. Nevertheless, traditional SSNs still encounter substantial
challenges in DNA sequencing. Firstly, compared with biologi-
cal nanopores, the pore size of traditional SSNs cannot be
engineered as accurately or manufactured as reproducibly,
because variations in the dimensions and geometrical charac-
teristics of SSNs arise when employing different fabrication
methods. Secondly, the SNR of traditional SSNs is considerably
low, which seriously hinders high-bandwidth testing during
translocation, resulting in some effective signal loss. Thirdly,
to achieve parallel addressable DNA translocation experiments
with traditional SSNs, an extremely complex microfluidic
system is required. These challenges significantly restrict the
practical application of traditional SSNs in DNA sequencing.

To overcome the obstacles faced by traditional SSNs, some
innovative detection mechanisms have been proposed, includ-
ing optical detection, tunneling current detection, and nano-
pore FET detection. Optical detection, while effective, requires
complex optical systems, which hinder the portability of DNA
sequencing. Tunneling current detection demands high pre-
cision in device fabrication, requiring the accurate placement of
metal electrode pairs near the nanopore, which is challenging
for mass production. The nanopore FET method, being CMOS
compatible, offers advantages in terms of miniaturization and
large-scale integration, making it a promising approach for DNA
sequencing. The nanopore FET sensor, combining nanopore
technology with FET sensing, is an advanced biological detec-
tion tool. The development of a nanopore FET sensor is mainly
focused on traditional Si materials and novel two-dimensional
materials like graphene and MoS2. Compared to traditional
ionic current blocking detection, nanopore FET detection offers
tremendous advantages. To begin with, nanopore FET sensors
exhibit a relatively high baseline current (μA) during testing,
with a flat high-frequency response and superior SNR, facilitat-
ing high-bandwidth testing that traditional SSNs cannot realize.
Next, the fabrication of nanopore FET sensors is compatible
with CMOS processes, enabling integration and miniaturization
to be achieved. Furthermore, nanopore FET sensors can be used
for multiplexing within a single analytical chamber, removing
the need for complex microfluidic systems.

Despite the fact that nanopore FET sensors have addressed
several limitations inherent to traditional SSN DNA sequen-
cing, nanopore FET sensors still face considerable challenges
in terms of fabrication and testing. Firstly, the preparation
process for nanopore FET sensors is much more difficult than
that of SSNs, leading to the extremely low yield of nanopore
FET sensors, so it is impossible to investigate the DNA sequen-
cing mechanism in detail under these conditions. Secondly, in
the testing process, the changes in transverse current induced
by capacitive coupling result in interference during DNA
sequencing, impacting the accuracy and reliability of the
results. Thirdly, the SNR of nanopore FET sensors needs to be
further enhanced. Finally, it is imperative to further diminish
the dimensions of the channel, aiming to achieve a size of less
than 10 nm in both length and width, to further enhance the
detection sensitivity of the sensor.

Recent investigations combined with molecular dynamics
simulations have elucidated that the type, shape, and feature
size (width, length, and thickness) of the channel material, as
well as the size, position, and shape of the nanopore, coupled
with the presence of any defects at the nanopore boundary,
substantially influence the sensitivity of the sensor.194,211,225

Consequently, future developments of nanopore FET sensors
are anticipated to follow these directions:

(1) Improving the fabrication methods for two-dimensional
material based nanopore FET sensors to elevate the yield. And
further facilitate more comprehensive exploration of the detec-
tion mechanisms of these sensors.

(2) Investigating novel two-dimensional materials that are
not only easier to process but also enhance detection sensi-
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tivity. Establishing a foundation for the large-scale integration
and preparation of nanopore FET sensors.

(3) By using more complex differential current amplifiers
and low noise test circuit systems to entirely eliminate capaci-
tive coupled signals and improve resistance modulated
signals.

(4) Developing nanopore FET sensors with innovative struc-
tures such as vertical multi-channel configurations, multiple
gate voltage regulation, two-dimensional material heterojunc-
tions and so on.

(5) Continued optimization of traditional silicon-based
nanopore FET sensors is essential, mainly to enhance their
spatial resolution and SNRs. Utilizing the maturity of fabrica-
tion processes for improved yield, miniaturization, and inte-
gration with other advanced devices.

(6) During the manufacturing process, the characteristic
dimensions of the channel material, including width, length,
and thickness, as well as the diameter of the nanopore, should
be reduced to match the simulated dimensions to optimize
and maximize the detection sensitivity of the sensors.

In conclusion, nanopore FET technology is increasingly
recognized as a powerful platform for achieving DNA sequen-
cing. With the swift progression in micro- and nanofabrication
technologies, coupled with ongoing enhancements in detec-
tion theories, the feasibility for rapid, economical DNA
sequencing via nanopore FET sensors is progressively attain-
able. This approach promises to fundamentally transform
DNA sequencing, providing high-speed and cost-efficient
solutions.
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