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The fabrication of solid-state nanopores using the electron beam of a transmission electron

microscope �TEM� has been reported in the past. Here, we report a similar method to fabricate

solid-state nanopores using the electron source of a conventional field-emission scanning electron

microscope �FESEM� instead. Micromachining was used to create initial pore diameters between

50 nm and 200 nm, and controlled pore shrinking to sub 10 nm diameters was performed

subsequently during in situ processing in the FESEM. Noticeably, different shrinking behavior was

observed when using irradiation from the electron source of the FESEM than the TEM. Unlike

previous reports of TEM mediated pore shrinkage, the mechanism of pore shrinkage when using the

FESEM could be a result of surface defects generated by radiolysis and subsequent motion of silicon

atoms to the pore periphery. © 2006 American Institute of Physics. �DOI: 10.1063/1.2179131�

The use of single ion channels to probe biological mol-

ecules has attracted the attention of researchers from various

areas since Kasianowicz et al. reported ionic current mea-

surements of DNA translocation through an �-hemolysin

nanopore.
1

The basic idea of such measurements is that a

single nanopore in a membrane provides the only path for

DNA transport between cis and trans chambers under elec-

trophoresis. When DNA traverses the pore, fluctuations in

the ionic currents are observed. Following Kasianowicz’s

work, researchers have used micromachining techniques to

fabricate solid-state nanopores, in an attempt to replicate the

biological analogs, as the solid-state ones are more robust

and stable in various chemical environments.
2,3

These solid-

state nanopore analogs have been successfully utilized to

perform measurements identical to the biological ion

channels.
4,5

Electron beam-induced shrinkage of pores using

a transmission electron microscope source, and subsequent

DNA electrophoresis measurements with those pores have

been recently reported.
3–6

Using a surface tension argument,

Storm et al.
3

proposed that if the diameter of a pore is greater

than the thickness of the oxide coating, the pore will expand

while being exposed to the electron beam in the TEM; oth-

erwise, the pore will shrink. In this paper, we report that pore

shrinkage can be obtained using the electron source from a

field emission scanning electron microscope as well. In con-

trast to the prior TEM work, pore shrinkage is found to be

independent of the initial pore dimension and pore expansion

is never observed. This new technique allows precise control

on the pore diameter through use of in situ observation,

thereby providing wider latitude on the selection of initial

pore size.

The samples were prepared using similar processes re-

ported in the literature, up to the point of shrinking the pore

diameter.
3,5,6

SIMOX silicon on insulator �SOI� wafers

doped with boron to a concentration of 1�1019 No./cm3

were used as the initial substrates for microfabrication. Uti-

lizing e-beam lithography, 80–100 nm dots were written on

the front side of the wafer. The e-beam resist was 250 nm

thick ZEP 7000, and the dose was 135 �C/cm2. Reactive ion

etching was used to open holes in the oxide through the dots,

and was followed by an anisotropic wet etch from the back

side of the wafer to create a thin membrane. A 100–150 nm

wide pore was opened in the membrane after the SOI mem-

brane was anisotropically wet etched from the front side and

the buried oxide layer �BOX� was removed. Finally, 100 nm

of thermal oxide was grown. This oxidation reduced the pore

size to around 50–100 nm and resulted in �30 nm thick SOI

layer. This structure is shown in Fig. 1�a�. Three additional

structures, shown in Figs. 1�b�–1�d�, were also fabricated and

used to explore pore shrinkage. Sample B was a pore con-

tained in a silicon membrane without any oxide. Sample C

had the pore in the SOI layer but the BOX layer was not

removed. This resulted in a 120 nm pore in the overhang

oxide layer. Sample D had a pore in the SOI layer without

the overhang oxide, and the BOX layer was not removed. All

of the samples were processed and observed in Field-

emission scanning electron microscope �FESEM� after

preparation.

Our pore resizing experiments were conducted in a Hi-

tachi S-4800 FESEM operating at accelerating voltagesa�
Electronic mail: bashir@purdue.edu
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�Vacc� of 5, 10, and 30 kV, with the emission current �Ie� of

10 �A. TEM characterization studies were carried out in a

JEOL FX-2000 TEM �LaB6�, as well as a FEI TecnaiF20

�FEG�, both instruments operating at 200 kV. The beam cur-

rents in the FESEM, corresponding to each of the accelerat-

ing voltages at an emission current of 10 �A as measured by

a Faraday cage were 0.015 �A, 0.021 �A, and 0.085 �A for

acceleration voltage of 5 kV, 10 kV and 30 kV, respectively.
7

As shown in Fig. 2 the pore shrank from submicron dimen-

sions to a few nanometers in the FESEM. The shrinkage rate

decreased from �15.7 nm/min �average� to �6 nm/min

�average�, with a Vacc reduction from 30 kV to 10 kV. The

pore did not shrink at all at 5 kV. These results imply that

the shrinkage rate was correlated to the energy of the elec-

tron beam in the FESEM, and that there was a threshold

between 5 and 10 kV; below this threshold, the shrinking

phenomenon did not occur. Additionally, our observed rates

were higher than those achieved by electron irradiation in the

TEM.
3,6

Shrinkage rates of accelerating voltage and beam

current versus shrinking rate are shown in Fig. 2�b�.
Figures 3�a�–3�e� show the results of sample B �the ox-

ide free membrane�. Pore shrinkage was also observed in this

sample during in situ FESEM imaging, and the shrinkage

rate, which was �41 nm/min as shown in Fig. 3, was much

higher than that for sample A. It is important to note that

after the rapid shrinking, the silicon structure seemed to be

damaged and reverted back towards the original shape. This

phenomenon needs further investigation. Samples C �pore in

SOI layer/BOX not removed�, and sample D �pore in SOI

layer/no overhanging oxide� did not change at all in the

FESEM. Thus, the pore shrinkage phenomenon appears to be

related to both the material and structure of the pore. When

the pore was in the silicon, with or without uniformly grown

SiO2, in a free standing membrane �samples A and B�, it

shrank. However, the pores made of pure oxide �the over-

hang in sample C�, and the pore located on top of the BOX

and handle silicon �sample D� did not change in the FESEM.

In the case of samples C and D, the SOI layer is clearly

constrained by the support BOX layer and could not move

freely.

To help understand the metamorphosis of our nanopores,

higher energy electron beam processing �TEM-based� was

also carried out on the same type of samples and compared

with the results from the FESEM. Sample A either shrank or

expanded as reported previously by Storm et al. and fol-

lowed the same rules derived by considering minimization of

surface energy.
3

Figure 4�a� is a plot of the shrinkage rate

versus electron dose rate �beam intensity� for the higher en-

ergy TEM based processing for sample A. We observed that

FIG. 1. Cross sections of the samples presented in this paper. �a� Sample A;

�b� sample B; �c� sample C; �d� sample D.

FIG. 2. Plot of pore diameter vs time for various accelerating voltages for

sample A. Note: Average diameter=sqrt �long axis�short axis�. The shrink-

age rates for 10 and 30 kV were �6nm /min and 16nm /min, respectively.

FIG. 3. Pore diameter vs time for sample B.

FIG. 4. TEM results of our experiments. �a� Plot of shrinking rate vs beam

intensity for sample A. �b� and �c� Sample B did not have significant change

in TEM. �d� and �e� Top oxide in sample C expanded in TEM.

103109-2 Chang et al. Appl. Phys. Lett. 88, 103109 �2006�

Downloaded 14 Feb 2013 to 129.107.76.4. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



a threshold in electron dose rate, at constant voltage, was

needed to shrink pores. Figures 4�b� and 4�c� are the TEM

images of sample B, and Figs. 4�d� and 4�e� are from sample

C. As shown in sample B, the pore in a pure silicon layer

exhibited insignificant change in the TEM. In sample C, the

pore in the overhang oxide expanded, due to the fact that the

diameter of the pore is greater than the oxide thickness.
3,6

Only the samples with an oxide shrank or expanded in the

TEM, but those in pure silicon remained unchanged. This

behavior was opposite to that observed in the FESEM. More-

over, only pore shrinkage occurred in the FESEM, while

pores could either expand or shrink in the TEM, as shown in

the case of sample C.

An obvious concern in these experiments is the possibil-

ity of hydrocarbon contamination being involved in the pore

shrinkage process. We investigated this extensively and

found no evidence linking this to the observed behavior. Af-

ter creating the pores in the FESEM, we observed the pore

diameter using both conventional bright field imaging in the

TEM �JEOL 200 FX�, and qualitative elemental mapping in

a dedicated analytical TEM �FEI TecnaiF20�. We found that

the pore size was the same both before and after cleaning the

samples in an argon-oxygen plasma �Fischione Model 1020

Plasma Cleaner�, and energy filtered TEM imaging and elec-

tron energy loss spectroscopy showed no detectable carbon

around the pore holes following the plasma cleaning proce-

dure. Additionally, cleaning the samples prior to insertion

into the FESEM with either Piranha solution �50:50 sulfuric

acid:hydrogen peroxide� or argon-oxygen plasma cleaning

did not alter the observed pore shrinkage behavior, nor did ex

post facto cleaning with either the Piranha solution or the

plasma process alter the pore sizes. In total, these observa-

tions strongly indicate the pore shrinkage process is not as-

sociated with hydrocarbon contamination.

It has been reported that irradiation by electron

beams,
8–11

lasers,
12,13

and UV lights
14

causes damage in po-

rous silicon and polycrystalline silicon. High-energy radia-

tion disrupts the Si/Si and Si/H bonds �radiolysis� and re-

sults in dehydrogenation and the formation of surface

defects. In our case, the SOI layer was heavily doped via ion

implantation, and thus already had internal point defects and

impurities remaining in the crystal structure from this proce-

dure. When a silicon pore is observed in the FESEM, the

high-energy electrons can transfer energy to the Si and SiO2

layers; this can disrupt the bonding and potentially cause the

silicon and oxygen atoms to diffuse towards the edge of the

pore. Interestingly, whenever samples of the “A” type geom-

etry were observed at 30 kV in the FESEM before the final

thermal oxidation, the pore always expanded during obser-

vation in the TEM, independent of the ratio of pore diameter

and oxide thickness. This implies that while the silicon was

being imaged at 30 kV in the FESEM, the material is being

affected by the electron irradiation.The maximum energy

transfer by electrons to a silicon atom as a function of accel-

erating voltage has been reported earler.
15

Knock-on or dis-

placement damage will only occur when the energy transfer

exceeds the crystalline lattice displacement energy, which for

silicon is �15 eV. This corresponds to electron energy of

more than �150 keV. Since our operating conditions do not

produce sufficient energy in the FESEM, it leads us to hy-

pothesize that radiolysis and not knock-on damage is likely

the mechanism leading to modification of the pore in the

FESEM. The pore was not in its usual state thereafter, and

thus the suggested mechanism of pore shrinking during elec-

tron irradiation in the TEM by Storm et al. could no longer

be applied. It has been shown that deposited oxide on poly-

crystalline silicon gates can absorb 5.4 keV electron beam.
8

This could also shed some light on our observation that the

shrinking rate of sample B was much higher than that for

sample A. Direct irradiation generated more radiolysis in-

duced defects in the silicon layers without scattering through

the oxide layer. However, the mechanism needs further

investigation.

We have presented a new technique to adjust the sizes of

single nanopores in silicon and oxidized silicon layers and

have proposed a possible mechanism explaining this phe-

nomenon. Additionally, the shrinkage rate obtained using

electron irradiation in the FESEM was found to be higher

than in the TEM. This technique achieved good control over

the pore size toward the deep nanoscale, yielding the ability

to create pores of any size required by a specific application.

Mass production of pores may be thus realized by combining

a feedback system of beam current and automated control of

the electron gun.
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