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Abstract—Sub-5 nm nanopores are widely used in single-
molecule detections for biological and chemical applications. 
However, the traditional fabrication methods are difficult to reduce 
pore size to sub-5 nm. Focused electron beam irradiation inside a 
transmission electron microscope (TEM) is verified experimentally to 
be an effectively straightforward way to fabricate such small pores. 
The fabrication process can be explained by a simple physical 
collision model. We also fabricate graphene nanopores under various 
temperatures. The results verify that drilling at high temperature and 
direct thermal heating treatment can be beneficial to fabricate carbon 
nanostructure with high crystallization, which will promote the study 
of biological measurement. High temperature could also modulate the 
duration of fabrication, which can enhance the size control during 
nanopore fabrication.
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I. INTRODUCTION

Sub-5 nm nanopores embedded in thin membrane have 
attracted worldwide attention due to its potential to single-
molecular detection and identification. It has been reported 
that a nanopore of 1-5 nm is suitable for characterizing most 
of biomolecules[1-4]. For example, solid-state nanopores in 
some thin membranes (silicon oxide[5], silicon nitride[6-7], 
aluminum oxide[8-9] and graphene[10-12]) have been used to 
detect single-strand DNA. How to fabricate sub-5 nm 
nanopores is a basic and key problem. Although many 
methods (magnetron sputtering, chemical etching, ion beam 
induced sputtering, etc) were developed to fabricate nanopores, 
it is difficult to reduce the nanopore size to sub-5 nm. 
Nevertheless, electron beam irradiation inside a transmission 
electron beam (TEM) has become the most effective way to 
obtain such small pores[13-19]. Previous experiments[13-15] 
indicate that electron beam size is one of the limiting factor to 
ultimate pore size, and the beam size could be focused to 
several nanometer even sub-nanometer inside a TEM. On the 
other hand, nanopore size could be modulated by electron 
beam irradiation at optimized electron intensity to reduce the 
surface free energy and to reconstruct more stable 
nanostructure, which is possible to reduce the pore size to 5 
nm, even closure[16-19]. However, electron beam irradiation 
would inevitably damage the crystalline structure of the 
membrane, causing amorphization of the substrate. More 
severely, the damaged structures may increase the noise of the 
nanopore-based devices which limit their applications on 
biological molecules detection and analysis. Direct thermal 
heating without electron irradiation could assist to modulate 
the morphology of nanopores[20-21]. Moreover, irradiation 
damage can be avoided or minimized by the heat effect 

because heat treatments may promote the self-repairing of 
sample, especially on the carbon nanomaterials[22-23]. 

In this paper, we tried to drill nanopores in various 
membranes using focused electron beam inside a high 
resolution TEM. A simple model indicates that nanopores 
could be fabricated in many materials, which is in agreement 
with the experimental results. We also fabricated graphene 
nanopores at various temperatures. The results also verify that 
drilling at high temperature and direct thermal heating 
treatment can be beneficial to fabricate carbon nanostructure 
with high crystallization, which may promote the study of 
biological applications. 

II. RESULTS AND DISCUSSION

All nanopores were fabricated in a high resolution TEM 
(FEI Titan 80-300) with a field emission gun operating at 300 
kV accelerating voltage. To in-situ heat the sample, a heating 
sample holder (GatanTM 628) was used. To remove the 
contamination induced by adsorbed hydrocarbon molecules, 
the specimen was kept at 300°C for 30 min before 
fabrication[24]. When the electron beam was focused into 
several nanometers with a Gaussian dispersion, the average 
current density is estimated to be 103~105 A/cm2.

In order to show that the electron beam irradiation 
fabrication method can be applied to various materials, we 
tried to drill sub-5 nm nanopores at room temperature (RT) in 
graphene, MoS2, Si3N4, ZnO, as shown in Fig. 1. The 
dominant effect during the drilling process is knock-on 
(displacement) damage although effects of heating, 
electrostatic charging and ionization damage are also 
important. Knock-on displacement of atoms arises from the 
high-angle elastic scattering. Generally, the incident electron 
could transfer an amount of energy to atoms in the specimen 
by elastic collision. Electron beam induced sputtering occurs 
when the maximum transferred energy is larger than the 
surface displacement threshold energy. In fact, the threshold 
incident energy for electron sputtering is below 300 keV for 
most of existing elements[24]. Hence, electron beam induced 
atomic displacement or sputtering under 300 keV electron 
beam can become an important way to fabricate sub-5 nm 
nanopores in many materials.  

Although nanopores in Si3N4, SiO2 and Al2O3 exhibit high 
stability, these membranes are too thick to obtain precise 
information of biomolecules (e. g., sequence of base pairs of a 
DNA). Due to exceptional mechanical properties and sub-
nanometer thickness (0.34 nm) per layer, graphene nanopores 
open up the possibility to determine sequential details of DNA. 
Hence, we focus on the fabrication of graphene nanopores. We 



Si3N4 RT ZnO RT

Graphene RT

3.7 nm
4.7 nm

1.8 nm

2 nm

1.7 nm

MoS2 RT

Fig. 1. Sub-5 nm nanopores on various materials. 

drilled nanopores on graphene not only at room temperature 
but also at the temperature higher than 300°C, because high 
temperature could be helpful to avoid the damages mentioned 
above[22-23].  

To understand the fabrication process, we record the 
relationship between nanopore diameter and irradiation time 
using same beam condition at 350 °C. Fig. 2 shows the size of 
graphene nanopores as a function of irradiation time and 
images of nanopores at various irradiation durations. As 
shown in the figure, longer irradiation time formed larger 
nanopores, but the diameter increased nonlinearly with the 
time. The procedure consists of three stages: (I) nanopore 
formation, (II) quick expansion, and (III) slow expansion, 
which is in agreement with previous literature[18]. The 
phenomenon is attributed to the density distribution of 
electron beam, which fits Gaussian distribution with a 
maximum density of ~ 104 A/cm2 at the center of electron 
beam. The current density decays rapidly in the position away 
from the beam center. The time T needed to form a nanopore 
is reciprocal to the current density J at the fringe of the pore 
on the common assumption that the amount of irradiation 
damage is proportional to the electron dose. In other words, 
1/T also subjects to Gaussian distribution in the irradiation 
region, which shows good agreement with the experimental 
result. The result can also verify the assumption. As shown in 
Fig. 2, 21 seconds is needed to form a nanopore on graphene 
membrane with a thickness of ~3.4 nm. Then the nanopore 
enlarges quickly in another 9 seconds after pore formed 
because the density changes quickly along radial direction of 
the beam. The pore size is sensitive to irradiation time in this 
stage. Finally, the pore diameter increases almost linearly with 
the irradiation time after 30 s as the current density decreases 
slowly. In this stage, the pore size is mainly limited by the size 
of the electron beam.  
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Fig. 2. Graphene nanopore diameter as a function of time and images at 
various irradiation time. The maximum current density of the focused electron 

beam is ~104 A/cm2.

To understand the role of thermal heating during the 
fabrication process, we compare the nanopores drilled at 
various temperatures. The results indicate that the temperature 
has a significant effect on the drilling and radiation process 
under 300 keV electron beam irradiation, as shown in Fig. 3. It 
is hard to obtain more information from the pore drilled at RT 
due to severe amorphization, which hinders high resolution 
imaging. But at the temperature of 300 °C, the pore has a 
concentric ringlike structure extending several nanometers 
away from the edge, but the ringlike structure is not very 
obvious because locally amorphous structure is still presented. 
At the temperature of 300 °C, terrace-like structures with 
obvious step occur around the as-fabricated nanopore. Results 
prove that the amorphization is effectively limited by raising 
the temperature of drilling process, indicating that 
manipulation at high temperature can fabricate highly 
crystallized graphene nanostructure, which is very helpful to 
the study of biological measurement.  



Fig. 3.  Influence of temperature on the drilling of few-layers of graphene by 
high-energy electron beam (a) at RT, (b) at 300 , (c) at 450 . We drill 

pores with high current density more than 104A/cm2, then radiate for several 
seconds with low density less than 103A/cm2 to form a clear edge structure. At 
RT, it is hard to identify the thickness of the graphene membrane because the 
area surrounding the nanopore still remains amorphous. At 300 , the pore 

has a concentric ring-like structure extending several nanometers away from 
the edge, but the ring-like structure is not clear enough because the local 
amorphous is still presented. The edge region is clear enough at 450 .

Moreover, a high temperature not only promotes the 
crystallization of the structures around the pores but also 
influences the drilling rate. As shown in Fig. 4, it is obvious 
that the drilling rate decreased when raising the temperature, 
which is attributed to the self-repairing of carbon materials at 
high temperature. We can also find that nanopore diameters 
increase with increasing irradiation time at a given 
temperature. Due to the diminishing current density in the tails 
of electron beam, pore diameter can be plotted as a function of 
time, as in Fig. 4, which is in agreement with the function in 
Fig. 2. Finally, the pore size would keep constant, and the 
ultimate size is approximately equal to the electron beam size. 

In fact, high temperature is not only important during the 
drilling process, but it also promotes the crystallization of the 
structures around the as-fabricated nanopores. As shown in 
Fig. 5, contrast to the behavior without thermal heating, ring-
like structure occurs, extending several nanometers away from 
the edge of nanopore after thermal treatment. Without doubt, 
electron beam irradiation would generate many uncombined 
carbon atoms on the surface of the membrane.  

Fig. 4.  Pore diameter as a function of time at different temperature, for 
irradiation of a graphene membrane with ahout 7 nm in thickness. The 

average current density is about 3 103A/cm2. 

Fig.5. Influence of temperature on the holes. (a) Hole made on the RT. (b) The 
same area after being  heated to 400

These ad-atoms will migrate and form stable structures under 
thermal excitation. 

III. CONCLUSION

In conclusion, sub-5 nm nanopores on various substrates 
could be fabricated using focused electron beam inside a TEM. 
A simple model indicates that nanopores could be fabricated 
in many materials, which is agreement with the experiments. 
We also fabricate graphene nanopores at various temperatures. 
The results also verify that drilling at high temperature and 
direct thermal heating treatment can be beneficial to fabricate 
carbon nanostructure with high crystallization, which may 
promote the study of biological measurement. High 
temperature could also modulate the duration of the 
fabrication, which can promote the size control during 
nanopore fabrication. 
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