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ABSTRACT: Highly stable nanopores with precise size and thin thickness are essential to 

ultrasensitive molecular biosensors and efficient ion filters. However, the stability of both solid-

state nanopores and biological nanopores is within a few hours. Even for two-dimensional (2D) 

materials with excellent properties, it is very difficult to prepare nanopores with stability for more 

than one day. Here, in mechanical exfoliated 2D materials with excellent quality, highly stable 

nanopores have been fabricated. Through manual control of defect density and laser spot 
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irradiation, the breakdown process is more controllable. Nanopore diameter can be precisely 

adjusted from 1nm to 10nm. The 2 nm-thick graphene nanopore (with a diameter of 2 nm) 

maintains good consistency in conductivity during the one-month immersion in KCl (1M) solution. 

The pore size changes less than 0.7% per day. We found that 2D materials nanopores can produce 

a strong rectification ratio (~50) due to the morphology undulation. In addition, our devices can 

recognize modified 5nm Au nanoparticles (AuNPs), showing great potential for single-molecule 

detection. This work can guide the development of high-quality ion rectifier devices and 

biosensors based on 2D materials nanopores. 

TEXT 

A nanopore is a kind of single-molecule biosensor based on the Coulter counting principle.1 The 

blocked current is generated when the target molecule passes through the pore. It can realize 

substances detection in a variety of dispersion systems and reflect molecular information such as 

structure, polarity, and charge of the target molecule.2 The resolution of a nanopore is directly 

related to the diameter and length of the ion channel.3 As a label-free electrical measurement 

method, nanopores can be divided into biological nanopores and solid-state nanopores according 

to their materials.4 In the past few years, high-throughput biosensor devices based on biological 

nanopores have been extensively researched. Representative α-hemolysin, MspA protein, 

Aerolysin, and other bio-nanopores have achieved mononuclear DNA detection with multiple-

base resolution.5 Common solid-state nanopores in the insulating membranes (such as silicon 

nitride, silicon dioxide, and alumina) exhibit better thermal, chemical, and mechanical stability 

than biological nanopores. It is more conducive to integration into electronic equipment and their 

pore size are easier to be controlled.5-7 Unfortunately, the common solid nanopores are still unable 
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to obtain satisfactory high-quality signals.8, 9 Most importantly, the stability of the currently 

prepared nanopores, whether solid-state nanopores or biological nanopores, is within a few 

hours.10, 11 Poor stability limits the wide application of nanopores in long-period and complex 

environments.  

Two-dimensional (2D)  materials with atomic thickness and excellent mechanical properties12 

provide new options for nanopores. In recent years, the research on 2D materials nanopores 

represented by graphene13 and molybdenum disulfide (MoS2)
14, 15 has shown great potential in 

DNA sequencing and ion filtration. The fabrication methods of 2D materials nanopores include 

transmission electron microscope (TEM)16, 17, focused ion beam (FIB)18, controlled breakdown 

(CBD)19, 20, etc. However, compared with the common solid-state nanopores, the 2D materials 

nanopores do not have obvious advantages in stability, which cannot meet the long-term testing or 

repeated use. In addition, the high defect density in the 2D materials prepared by the widely used 

chemical vapor deposition (CVD), exacerbates the instability of the nanopore. Therefore, how to 

prepare highly stable nanopores in 2D materials while maintaining spatial resolution is the primary 

challenge of current research. 

This article introduces a technical route to fabricate stable nanopores in 2D materials with 

precise size control. Through manual control of defect density and laser irradiation assisted 

breakdown, we have successfully fabricated high-quality nanopores in graphene, black phosphorus 

(BP), molybdenum disulfide (MoS2), and tungsten diselenide (WSe2). The graphene nanopores 

prepared by this method exhibit good stability and the thickness is precisely controllable (accurate 

to the atomic level). In addition, we have done research on 2D material nanopores as ion rectifier 

devices and biosensors. This work can guides the future research of 2D materials nanopores. 
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Figure 1. Fabrication of nanopores in 2D materials. (a) Microscopic images (top) and scanning 

electron microscope image (bottom) of MLG sample on a 4 µm nanohole. (b) Schematic drawing 

of the experimental setup used for nanopore fabrication. The inset provides the schematic of the 
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flowcell. (c) Nanopore fabrication process. The detailed introduction can be found in the 

supporting information. 

At present, the CBD method has been widely explored in nanopore fabrication for its low-cost 

equipment and no additional ionization damage on the membrane. However, it is challenging to 

make nanopores smaller than 10 nm in mechanical exfoliated 2D materials. There are three 

proposed mechanisms for the formation of nanopores by the CBD method: discharge breakdown, 

thermal breakdown, and electrochemical breakdown.21 All mechanisms depend on the generation 

of defects inside the solid-state film. 2D materials peeled off from natural crystals have extremely 

high quality.22 Figure 1a shows the suspended structure prepared by mechanical exfoliated 

graphene. In theory, the nanopore prepared by this structure will have excellent stability. The 

mechanical exfoliated 2D materials have a stable lattice structure and extremely low defect 

density. In addition, each layer is independent of each other hence the defects cannot transfer 

across layers. Therefore, it is difficult to apply a constant voltage to cause effective defect 

accumulation in the 2D materials. Multiple-layer (i.e. >1L) mechanical exfoliated 2D materials 

are much more difficult to break down than single-layer 2D materials. In the nanopore fabrication 

process, the breakdown time is either too long or the initial pore size is too large.  

In our research, we significantly increased the success rate of forming nanopores by artificially 

introducing surface defects through plasma etching, supplemented by laser irradiation23 (as shown 

in Figure 1c). Figure 1b shows the schematic diagram of the equipment used in our experiment. 

A laser beam (532 nm) irradiates the suspended 2D materials to activate the covalent bond and 

reduce the breakdown barrier. The laser beam is modulated to 200 Hz, with an average power 

controlled at 10mW to reduce undesired photochemical reactions. The lowest power that can be 

ignited (17.1%, rated power 200W) is selected as the etching power. The plasma etching process 
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can be divided into three stages: the surface coated stage, the surface defect stage, and the deep 

defect stage. Figure 2a shows the TEM images and associated schemes of these three stages, 

respectively. In the surface coated stage (0 s – 15 s), the defects grow slowly. Plasma etching is 

mainly used to remove oxygen and water adsorbed on the surface of graphene.24Atomic force 

microscopy images in Figure 2c show that the thickness of the film decreases slightly at the surface 

coated stage, from 1 nm at 0 s to 0.8 nm at 15 s； In the surface defect stage (15 s – 30 s), the 

plasma etching only destroys the surface lattice structure leading to a rapid increase in the defect 

density. At this stage, the thickness (0.8 to 0.75 nm) and mechanical strength of the 2D materials 

films do not decrease significantly. In the deep defect stage (30 s – 60 s), the atoms in the interior 

layer begin to be affected by plasma etching, and the defect density tends to be saturated. At this 

stage, we observed a significant decrease in the thickness of the 2D materials (0.75 to 0.3 nm), 

even the suspended support structure could not be formed. As the number of layers increases, the 

time for the defect saturation stage appears later shifts. Multi-layer graphene has higher structural 

stability than single-layer graphene,25 because of the van der Waals adsorption of interior atoms to 

the surface-layer atoms. With the homogenization of van der Waals forces between multiple layers, 

the time to generate defects in 2 to 10 layers graphene is quite close. Raman spectroscopy in Figure 

2c evaluates the defect type and defect density of 2D materials.26 The defect density can be 

characterized by the ratio of Raman peak intensity ID/IG (Figure 2b).27 It can be expressed as: 

𝐿𝐷
2 =

(4.3±1.3)×103

𝐸𝐿
4 (

𝐼𝐷

𝐼𝐺
)
−1

                                                           (1) 

where LD is the minimum distance between adjacent point defects, EL is the average laser power, 

ID and IG are Raman characteristic peak intensities of graphene. Only LD is much smaller than the 

size of the self-supporting silicon nitride hole (1μm), can the electrical breakdown process occur. 
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It is worth noting that we use ID/IG to describe the change in the number of defects, which does not 

reflect the actual value of defect density value. This condition can be met in the entire surface 

defect stage according to equation (1). 

 

 

Figure 2. graphene plasma etching. (a) Diagrams of graphene lattice structure (top) andand the 

representative transmission electron microscope (TEM) images (below) for three different stages 

in the etching process of graphene. (b) The change of graphene defect density over time. Different 

curves represent different layers of graphene samples. (c) Raman spectroscopy of the bilayer 

graphene at different etching stages (left), and the corresponding AFM images (right). 
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There are obvious differences in film thickness and defect density between each sample. Using 

a fixed voltage (or a fixed electric field strength) cannot guarantee the consistency of the 

breakdown process. Therefore, a gradually increasing pulse current is used for nanopore 

fabrication. This pulse current starts at an initial current (10 μA) and gradually increases with an 

increment of (5 μA). When the source meter (Keithley 2450B) detects that the nanopore size 

exceeds 1nm, the applied current is rapidly reduced to 1 μA and maintained for 5 minutes to 

stabilize the nascent pore structure. Similarly, the pore enlargement process still uses a gradually 

increasing pulse current, and the parameters of the initial current and the current increment are 

consistent with the breakdown process. The change in nanopore diameter during the complete 

nanopore fabrication process is shown in Figure 3a, for treated and untreated graphene films.  
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Figure 3. Controlled breakdown to fabricate nanopores in 2D materials. (a) Pore diameter changes 

during the breakdown process and enlargement process for plasma-treated (blue) and untreated 

(black) graphene films, respectively. The graphene film are 2 nm in thickness for both samples. 

(b) Initial diameters of breakdown nanopores in graphene films of different thicknesses, with or 

without plasma treatment. The blue solid curve represents the linear fitting to the initial diameter 

and film thickness of treated graphene. The TEM images on the right show the representative 

nanopore images for the untreated (top) and treated (bottom) graphene films.(c,d) Changes of 
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measured resistance (c) and the diameter (d) of nanopores over days in three different films. The 

right insets of panel d are microscopy images of SLG and MLG graphene films on a SiNx hole. 

© TEM images of nanopores in various 2D materials. 

The breakdown process of treated graphene film is easier to precisely control. The initial pore 

size is much smaller than that of the sample without defect introduction under the same conditions. 

Most of the treated samples shown in Figure 3b have an initial pore size of less than 10nm. The 

initial pore size and the thickness of the graphene film show a positive correlation, and the 

breakdown path no longer satisfies the Weibull distribution.28 In the enlargement process, the size 

of the graphene nanopores showed a discontinuous, step-wise growth trend. The breakage of the 

graphene film gradually grows in lattice units, which is consistent with the result of Feng et al.20 

Through this method, we have successfully fabricated high-quality nanopores in 2D materials 

films such as graphene, BP, MoS2, and WSe2 (as shown in Figure 3e). The initial shape of these 

nanopores is related to the selected 2D materials lattice structure. And all samples have a regular 

vertical profile, which is conducive to reducing the structural differences between each device. 

We compared the stability of CBD nanopores with diameters of 2 nm in 10-nm thick SiNx, 2-

nm thick multilayer graphene (MLG), and 0.8-nm thick single-layer Graphene (SLG) (Figures 3c 

and 3d). Previous research reported that the resistance of solid-state nanopores immersed in the 

electrolyte solution will decrease over time.29 Three groups of nanopores were immersed in 1M 

KCl solution (pH = 8.0), and continuously measured at a voltage of 200mV for 1 hour each day to 

simulate daily use under real conditions. After each test, its pore size was calculated with the 

average current. The flowcells are replaced with fresh solution before each measurement to 

eliminate the conductivity deviation caused by the liquid volatilization. SLG nanopore 

undoubtedly exhibits poor stability and its pore size has grown to more than 100nm in 3 days. On 
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the contrary, the MLG (2 nm) nanopore exhibits amazing robustness. Even after a one-month 

immersion test, it still maintained good pore size consistency. The average daily change in pore 

size is less than 0.7%, which is smaller than the change of nanopores in the thicker SiNx (10 nm). 

The stability of nanopores is related to the pore shape and defect density.29 In the electrolyte 

solution, the continuous growth of defects causes the size of the nanopores to increase 

continuously. The layers of the MLG are independent of each other and the defects are difficult to 

transfer between them. This structural feature effectively prevents the pore size increasing. During 

the immersion test, the pore size of both two graphene samples decreased significantly in the first 

few hours. We consider that is due to the edge of the newly formed nanopore are oxidized or 

recovered30. This phenomenon may also be a reason for the stability of graphene nanopores. 
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Figure 4. Morphology and conductivity of graphene nanopores (a) AFM cross-sections of 

graphene films with different suspended areas. All the graphene films are about 2 nm thick. The 

top-left and bottom-right insets are AFM stereograms of 4 µm suspended sample. The scale bar is 

1μm. (b) IV curves of a graphene nanopore (5-nm diameter, 2-nm thick) measured in electrolytes 

buffered at pH 1.0 (blue triangle s), pH 3 (grey squares) and pH 12.5 (red circles). The diameter 

of the SiNx hole is about 4 µm. (c) Current traces of the graphene nanopore (used in panel b) at pH 

1.0 (blue) and pH 12.5 (red). Data were acquired at 100 mV and digital filtered at 50 kHz. (d) 

Comparison of the power spectral density (PSD) of the same nanopore in electrolytes buffered at pH 

1.0 (blue) and pH 12.5 (red), along with its PSD at 100 mV.  

Furthermore, we observed a clear connection between the morphology of 2D materials and the 

nanopore conductivity (Figure 4). This characteristic leads to the amplification of low-frequency 

noise of graphene nanopores under large suspended areas and in small pH electrolyte solutions 

(1M KCl).31 As the area of the suspended 2D materials on the SiNx hole increases, the morphology 

undulation affected by external forces also gradually increases. The change of the film morphology 

can be described by the Hencky model.32 The cross-section of the 2D materials film is parabolic, 

which satisfies: 

𝐻 = 𝛿[1 − (
𝑥−𝑎

𝑎
)2]                                                        (2) 

 where H is the protrusion height of the film, δ is the deflection of the film, x is the horizontal 

distance from the edge of the SiNx hole, and α is the radius of the SiNx hole. After derivation, it 

can be obtained that the angle between the film and the SiNx hole wall satisfies: 

𝜃 = 𝑎𝑡𝑎𝑛 [−2(
∆𝑓𝐸𝑎

𝐾(𝜗)𝐸𝑡
)

1

3
]                                                  (3) 
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where 𝑓𝐸  is the electric field force, 𝐾(𝜗)is a constant that is dependent on Poisson's ratio ϑ, E is 

Young's modulus of the film, t is the thickness of the film. When the diameter of the suspended 

area increases to about 4μm, some nanopores even show obvious ionic current rectification (ICR), 

as shown in Figure 4b. This rectification characteristic is different from the structural rectification 

produced by asymmetric tapered nanopores33 or by channels with uneven internal charge 

distribution.34 The ICR we observed is induced by the film protrusions or depressions. The 

modulation of the edge charge density by changing the pH of solutions results in a different electric 

field force of graphene film. The nanopore device has a higher rectification ratio (𝑅𝑟 = 𝐼−/𝐼+) in 

an alkaline environment (Figure 4b). The finite element simulation (Figure 5) confirmed this 

result, and we get the relationship between nanopore current I and deformation angle θ: 

𝐼 = 𝐼𝑚𝑎𝑥𝑒
1

5
(
𝜃−90

𝜃+90
)
                                                                     (4) 

 Figure 5c and Figure 5d respectively show the change in rectification ratio at different angles 

and hole positions. By increasing the thickness of the film and reducing the suspended area, the 

noise level of 2D materials nanopore can be effectively reduced. Conversely, by reducing the 

thickness of the film and increasing the suspended area, the deformation of the film under the 

electric field force can be used to prepare fluid valves or ion rectifying devices. 



 14 

 

Figure 5. Finite-element simulation. (a) Schematic diagram of the cross-section of a nanopore 

suspended structure. (b) Electric field distribution when a 2D material film is placed perpendicular 

to the SiNx hole wall. (c，d) The rectification ratio changes with deformation angle θ and 

horizontal distance x. 

Single-molecule detection is an important application of nanopores. The highly robust 2D 

material nanopores prepared by our method also have great potential in this field. As a common 

functional material, Au nanoparticles (AuNPs) can be modified with DNA on the surface. Thus it 

has specific recognition ability and addressability. We use 5nm AuNPs and the AuNPs modified 

with 10-base DNA fragments (poly-dG10) as the test substance. Here, our graphene nanopore 

(2nm thickness, 6.5nm diameter) can clearly distinguish the AuNPs with and without modification. 

As shown in the Figure 6b, the dewell time of the DNA modified AuNPs was significantly 
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increased, and the blocked current amplitude was also slightly increased. On individual capture 

events, the signal of unmodified AuNPs shows a symmetrical sharp peak (Figure 6a right top). 

The signal of AuNPs after DNA modification is still sharp in the first half, but it becomes smooth 

in the second half (Figure 6a right bottom). It can be seen that the DNA on the surface of AuNPs 

can effectively delay the time of it passing through the nanopores. 

 

Figure 6. Detection of 5nm AuNPs. (a) Signals of AuNPs passing through the graphene nanopores. 

Au1 (red line) is unmodified AuNPs, Au2 (blue line) is modified AuNPs. (b) Statistical distribution 

of AuNPs capture events. 

In this work, highly stable nanopores in various 2D materials such as graphene, BP, MoS2, and 

WSe2 have been fabricated. By artificially introducing quantitative defects and laser irradiation, 

we can easily create high-quality nanopores in mechanical exfoliated 2D materials with 

thicknesses ranging from 0.5 nm to 20 nm. In addition, the manufacturing precision in pore size 

can reach 1 nm or less. We found that the initial pore size and the step-growth of nanopores are 

related to the lattice structure of the 2D materials. The 2-nm MLG nanopores exhibit good stability 

when immersed in the electrolyte solution. The daily increase in pore size is less than 0.7%. In 

addition, we have investigated the influence of the suspended 2D material morphology on the 
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nanopore conductivity. Thin film and large suspended area caused the amplification of low-

frequency noise (10-1000 Hz) and deformation rectification. Finally, we successfully detected the 

DNA-modified AuNPs using the prepared graphene nanopores. This research may promote the 

research process of 2D material nanopore ion conductivity devices and biosensors. 
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