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Abstract: A high-resolution focused electron beam is used for the fabrication of metal nanostructures and devices 

with insulating membranes by nanosculpting metal films. This top-down focused electron beam drilling method uses 

the controlled ablation of materials to produce nanoscale devices with near-atomic precision of order. Using the 

proposed procedure, nano-drilling is not directly realized through the aperture, but by using a focused electron beam 

to burn away the solvent. Recent studies have investigated silicon nitride nanopores with an hourglass profile and 

silica nanopores with a pyramid-shaped cross-section, but electronic drilling in these approaches failed to produce 

straight nanopores. A method is proposed to improve the membranes’ thermal conductivity to rapidly produce 

straight nanopores, and is experimentally confirmed and has significant potential for use in nano-sensors or 

nano-devices. 
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Introduction 

The ability to manipulate materials at nanometer 

scales and to control the dimensions of nanostructures is 

a prerequisite not only of studying the novel properties 

of materials at different length scales but also for 

realizing useful miniaturized devices. The effectiveness of 

widely-used resist-based electron-beam lithography 

techniques is limited to tens of nanometers, and the 

top-down fabrication of sub-10 nm scale devices with 

high reproducibility is still a challenge. Transmission 

electron beams have long been used to study materials 

at nanometer scales. Upon the electron irradiation of a 

sample, high-energy electrons lose a portion of their 

kinetic energy via inelastic scattering processes in a solid, 

resulting in various effects including sputtering, 

amorphization, sublimation and desorption. Nanopores 

have been fabricated in thin Si3N4 films using an intense 

electron beam from a transmission electron microscopy 

(TEM) system. Nanopores embedded in an insulating 

membrane (e.g., Si3N4) are a new class of nanosensors 

for the electrical detection and characterization of 

biomolecules, with single-molecule resolution [1-3]. 

Numerous techniques for nanopore fabrication have 

been developed in recent years. Based on reactive ion 

etching (RIE) and using a few-nm-thick textured alumina 

film as masking material, the transfer of a random 

pattern of nanopores from the masking film of alumina 

to a 100-nm-thick Si3N4 membrane was accomplished [4]. 

Electrochemical etching was used to fabricate nanopores 

in a silicon chip [5]. Various teams have proposed using 

TEM to fabricate nanopores on a Si3N4 film [6-11]. 

Experimental Method and Device 
Fabrication  

Apart from the performance observation and 

measurement, TEM can also be used as an insulating 

platform to form nanopores of various dimensions. This 
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TEM technology is useful for the development of 

nano-scale applications, including nano-electronics and 

molecular transposition [12-15]. 

The proposed method is based on the irradiation 

of a transmission electron beam in TEM to effectively 

observe, etch and evaporate the membrane.  

First, the top and bottom surfaces of a 4" wafer 

with a thickness of 500 μm<100> is grown in low stress 

amorphous Si3N4 of 100 nm by means of low-pressure 

chemical vapor deposition (LPCVD), as shown in Figure 

1(a). Then patterning through standard photolithography 

and RIE is used to remove the silicon nitrade membrane 

to produce a square window on the back surface of the 

wafer. As shown in Figure 1(b) a freestanding membrane 

measuring 50×50μm2 is obtained by anisotropic 

electrochemistry etching with KCl and KOH, respectively, 

in contact with the front and back side of the wafer as 

illustrated in Figure 1(c)[2-5]. 

 

Figure 1. A schematic fabrication procedure for sample preparation:  
(a) silicon nitride membrane deposited by LPCVD on both sides of the 

wafer  
(b) a window opened on the back side with photolithography and RIE 
(c) KCl and KOH were respectively in contact with the front side and 

back side of the wafer  
(d) a freestanding membrane TEM drilling sample  
(e) TEM fabrication of a nanopore  

As the silicon substrate is <100>, a crystal face 

etching path penetrates at an angle of 54.74° to form a 

pyramid-shaped pore measuring 50 X 50 μm2, as shown 

in Figures 1(d, e). 

Hourglass Profile of a Nanopore 

Straight nanopores cannot be achieved using 

conventional TEM electron beam processing. Two 

phenomena can be observed. First, TEM can be used to 

depict a silicon nitride nanopore with hourglass shape [1]. 

Second, TEM shows the nano-silica material is drilled to 

create a pyramidal cross-section [2].  

With TEM observation, light is concentrated 

around the heated area of the material. When irradiated 

by an electron beam at a fixed location, the temperature 

of the non-processing material is raised by the heat 

conduction to produce a graded temperature distribution. 

Heat concentrates on the film to produce a melting 

pothole, which causes the material to soften in the pit 

below the melting pothole.  

     When the temperature rises continuously and 

reaches its breaking point, a nanopore is generated at 

the bottom of a shallow crater and the material is 

pressed downwards to break through into 

hourglass-shaped nanopore as depicted. Theoretically, 

we could obtain a straight nanopore by reducing the size 

of the melted pit holes and the region of the softened 

materials. This could conceivably be accomplished by 

improving the film’s thermal conductivity. A metal film is 

deposited on the sample to obtain the pores as depicted. 

Drilling Fabrication of Straight Nanopores  

Fabrication Instrument 

The nanopores were fabricated using a JEOL 2010 

HRTEM integrated with a Gatan digital camera for digital 

image processing. During the drilling process, TEM 

images could also provide real-time visual feedback to 

ensure accurate drilling control. 

Specimen Preparation 

Nanopores were drilled in a freestanding Si3N4 

membrane with a thickness of 100 nm. The membrane 

was first prepared by sputtering plasma from a heat 

conducting gold film with a thickness of 50 nm, as shown 

in Figure 2.  

Drilling Operation 

The JEOL 2010 HRTEM was operated at 200kV, 

using image magnification and the convergence angle as 

operational parameters to control the e-beam density. 
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For image acquiring, image magnification and 

convergence angle were operated usually at 200kX and 

α5 mode, which resulted in a beam density of 60 pA/cm2. 

For nanopore drilling, it was operated at 1MX and α1 

mode respectively, resulting in a more focused electron 

beam of 102 pA/cm2.  

 
Figure 2. Si3N4 membrane (bright zone) with sputtered gold film (dark 
zone) 

Results and Discussion 

An 8 nm nanopore (Figure 3b) was drilled in the 

non-gold-covered region of the Si3N4 membrane (Figure 

3a). The heat conduction property at the drilling spot 

was still enhanced by the deposition of the gold thin film 

nearby. Another 8 nm nanopore was drilled in the 

gold-covered region (Figures 4a-c). Similarly, other 

nanopores measuring 3 nm, 4 nm and 5 nm were 

fabricated to demonstrate the practicality of the 

proposed technique (Figures 5a, 5b and 5c).  

The heat conduction hypothesis could be 

confirmed by the transformation of the nanopore from 

an hourglass cross-section to a straight through pore. For 

the purpose of comparison, the TEM image of an 

hourglass nanopore was first analyzed. As outlined in 

Figure 6, the hourglass nanopore profile resulted from 

insufficient heat conduction of the Si3N4 membrane.  

IMOD was used to reconstruct a three-dimensional 

model of the hourglass-shaped nanopore (Figure 6a) [16]. 

Figure 6b shows the TEM top-down view of an hourglass 

nanopore, where the pore is shown as the brightest 

circle at the center of the image and is surrounded by a 

light grey circular area, the circumference of which 

indicates the rim of the upper bowl of the hourglass 

profile. The appearance of this circular area is seen as 

proof of the existence of the hourglass profile. Figure 6c 

shows the top-down view of another hourglass 

nanopore. 

 

 
Figure 3. Nanopore drilled in non-gold-covered region: (a) before 
drilling, (b) after drilling. 

To enhance the heat conduction, a gold thin film 

was deposited on the Si3N4 membrane by plasma 

sputtering process (Figure 2). As shown in Figures 3-5, 

the nanopore drilled in this heat-conduction-enhanced 

membrane showed only as a bright circle in the TEM 

image, without the light grey circular area associated 

with the hourglass-shaped nanopore. This implies that 

the resulting nanopore has a straight cross-section and 

that such nanopores can be effectively achieved by 

improving the heat conduction of the Si3N4 membrane. 
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Figure 4. Nanopore drilled in the gold-covered region: (a) before drilling 
with a TEM magnification of 1000kX, (b) after drilling with a TEM 

magnification of 400kX, (c) after drilling with a TEM magnification of 
800kX.  

 

 

 

Figure 5. Nanopores of different sizes: (a) 3 nm, (b) 4 nm, (c) 5 nm 
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Figure 6. Hourglass nanopore: (a) three-dimensional model, (b) TEM 
top-down view, (c) top-down view of another hourglass nanopore  

Conclusions 

Improving the membrane’s heat conduction was 

found to preserve membrane strength except for areas 

under direct electron collision, allowing for the drilling of 

straight nanopores. The deposition of gold thin film on 

the membrane increased the complexity of the 

membrane’s surface tomography, thus 3D 

reconstructions of the straight nanopore using IMOD 

have yet to be accomplished, and will be the subject of 

future work.  
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