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Fabrication of single conical nanopore in PET
membrane

The PET membranes were irradiated by single heavy ion at 
UNILAC of GSI.

The irradiated PET was etched from one side; stopping 
medium was used to stop 

the etching process as soon

as the nanopore was etched 

through. 

A picoammeter was used to

monitor the moment of 

the breakthrough.

Etchant: 9M NaOH
Stopping solution: 1M KCl
+1M HCOOH
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dtip: diameter of  the tip end

L: length of the pore

D: diameter of base end
K(c): specific conductivity
of the electrolyte (KCl)

Following these steps, conical nanopores in PET 
membrane with tip diameter from 1.5nm to tens of nm 
have been fabricated successfully
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Ion Transport properties in nanopore

There were extensive researches on 
exploring the basic physical properties of 
ion transport in a conical nanopore both in 
experiment and in theory. 

A synthetic conical nanopore in a PET 
membrane exhibits asymmetric properties 
of ion transport that resemble those in 
biological ion channels, such as current 
rectification and ionic selectivity. 



10

Pores are negatively charged

Pores are cation selective
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Experimental studies of asymmetric properties of 
ion transport in nanopore

Ion-current rectification (diode-like I-V curve) was verified

The rectification effect is influenced by c(M) and pH value
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I-V curves at different pH environments
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Rectification in asymmetric pH environments

pH sensor
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Theoretical study on asymmetric properties of 
nanopores based on PNP equations

Finite element method was used to solve 3-D PNP equations

There is no free parameters in our model; all were taken 

from experimental data, including surface charge density , 

the size of the nanopore , ion concentration of KCl , and 

diffusion coefficients. 
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Our theoretical calculation results consist with the 
experimental data well (from GSI’s and ourselves )

γ= I(-U)/I(+U)
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This current rectification effect is contributed to 
ion-enrichment and ion-depletion effect

The particular shape of the conical pore causes ion greatly 
enriched or depleted in the mid of the pore. The conductivity 
of the pore is adjusted by the applied voltage and cone angle.
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A relatively long length is indispensable for the 
conical pore to have rectification effect; a conical 
pore with the length comparable to its tip diameter 
is impossible to have the rectification effect.
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For a long conical nanopore charged homogeneously, 
the electrical and geometrical properties of the section 
near nanopore’s tip with a length of hundreds of 
nanometer are mainly responsible for the ionic current 
rectification.

J. Phys. D, 2007

electrophoresis
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For a long conical nanopore charged homogeneously, 
the electrical and geometrical properties of the section 
near nanopore’s tip with a length of hundreds of 
nanometer are mainly responsible for the ionic current 
rectification.
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Electric Energy Generation in Single Track-etched 
Nanopore electroosmosis

A pressure-gradient-driven flow inside nanofluidic channels 

that have a surface charge can be used to generate streaming 

current and potential. This process forms the basis for electro-

chemo-mechanical energy conversion in nanofluidic batteries.
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The chemical etching was performed from both 
sides of the PET foil simultaneously, and a double-
conical shaped nanopore with very small angles   
was obtained. Single double-

conical nanopore

72nm / 160nm (sample Ⅰ), 72nm /160nm (sample Ⅱ)

32 nm /120 nm (sample Ⅲ) and 31 nm /120 nm (sample Ⅳ)
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The streaming current (Istr) was recorded directly with 
a patch clamp (Axon 200B) . 
As pressure was applied Istr increased instantaneously, 
and then kept stable. After the external pressure was 
removed, Istr dropped back to zero again.
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Following figure shows a linear current-potential 
characteristic at different KCl concentrations, so the 
nanopores can be treated as a battery of an ideal 
current source plus an internal resistance 

Istr drops down as the KCl concentration (c0) decreases
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A larger radius means a larger output power; a smaller 
radius means higher efficiency of energy conversion. 
Highest energy-conversion efficiency around 4-5% was 
achieved with this single conical nanopore.
The track-etched nanopore method is very suitable for 
practical nanofluidic energy conversion devices.
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Thermal Responsive Nanochannels
Poly(N-isopropylacrylamide), Mn=19,000

Swollen Swollen 
StateState

Collapsed Collapsed 
StateState

PNIPAMPNIPAM

Journal of Membrane Science 

308 (2008) 75–86

LCST: Lower Critical Solution Temperature  



26

PET Nanopore

Gold Coated Nanopore
HS- end Polymer 
Grafted Nanopore

SnSn2+2+ + 2Ag+ 2Ag++ →→ SnSn4+4+ + 2Ag+ 2Ag
AuAu++ + Ag + Ag →→ Au +Au + AgAg++

2Au2Au++ + HCHO + 3OH+ HCHO + 3OH-- →→ HCOOHCOO-- +2H+2H22O + 2AuO + 2Au

5-10 nm
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Fabrication of synthetic nanopore-C4 DNA

5’-(NH2)-(CH2)6-AAAAAAAAAA CCC TAA CCC TAA CCC TAA CCC  (Bodipy493/503)-3’

C-quadruplex
（C4）

DNA

S. Wang and L. Jiang, et al., Angew. 
Chem. Int. Ed. 2007, 46, 3915.
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Fabrication of synthetic nanopore-C4 DNA
Nanopore fabrication 
by ion-track technique

SEM image of the nanopore

The attached DNA motor is  
responsive to pH

Grafting DNA onto PET by a 
two-step chemical reaction.
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I-V curve of single nanopore before and after 
decoration of DNA

Bare pore Nanopore-DNA  
system

…pH4.5

…pH8.5

…pH4.5

…pH8.5
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Performance of nanopore-DNA in switching the 
“gate”

negative potential positive potential
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I-V curve and switching performance of a Poly-A 
nanopore system

5’-(NH2)-(CH2)6-AAAAAAAAAA AAA AAA AAA AAA AAA AAA
AAA (Bodipy493/503)-3’

Poly-A-DNA

Bare pore Nanopore-Poly-A-
DNA  system
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Synthetic nanopores were gated by the 
conformational change of DNA molecules.

The pH-responsive nanopore-DNA system was 
inspired by biological ion channel in nature.

JACS, 2008
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Nanopore-G4 DNA System
G4 DNA changes its configuration with alkali metal ions 
(sensitivity: K+>>Na+>Rb+>NH4

+>Cs+>>Li+)

G-quadruplex
（G4）

DNA
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Nanopre-G4 DNA can be gated by K+ ions at very 
low concentration
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Only Potasium ion can switch the nanopore-G4 DNA system

Ion Responsive
Nanochannel
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The work on nanopore-
DNA was highlighted 
by Nature recently
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Advantages 
Gating of protein channel can only work in the 
environment of the lipid membrane.

Our nanopore-DNA system is live-like but solid as 
well.

Potential Applications
Mimicking the changeable permeability of the 
biological ion channels and serve as sensor.  

Study of the dynamics conformational transition of 
bio-molecular in a confined environment. 

Open a way that many well-studied functional 
molecules can be applied to the hybrid nanopore
system to construct functional nanomachinery. 
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Nanopore in Si-based films

Si3N4/SiO2 membrane were irradiated by Br17+ ions at 

Peking University, with a total energy of 90MeV

Ion tracks in SiO2 were etched out as window for RIE 

(reactive ion etching) process on Si3N4

Nanoporous membrane of Si3N4/SiO2 with pores 

diameter of tens of nanometer was obtained

Controllable shrinking and shaping of silicon nitride 

nanopores under electron irradiation



41

Processing steps
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SEM images of nanoporous
membranes
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Controllable shrinking and shaping of silicon nitride 
nanopores under electron irradiation

Appl. Phys. Lett., 2007



44Si SiO2 Si N3 4

HF wet etch and RIE   aqueous TMAH at 90 C o

HF wet etch RIE

  Single  ion irradiation

HF wet etch

50  mμ

Si SiO2 Si3N4

50-100um

Single heavy ion

Irradiation at GSI
HF wet etch and RIE Aqueous TMAH at 90o 

HF wet etch RIE HF wet etch with 
pA current monitor

Single nanopore in SiO2 based on ion track ?
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Open Questions
Could the tip diameter and its inner profile 
be identified or measured directly?
Based on track-etching technique, could we 
fabricate multipore (107-108/cm2) nanopre-
membrane with uniform tip diameter at nm
scale in polymer and in Si-based materials?
Could the synthetic and hybrid nanopre
system be used for some practical 
applications? 

Do-it-yourself nanostructures are possible 
with simple equipment--R. Spohr
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