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Mechanical exfoliation of ion-track-etched two-dimensional 
layered materials yields nanometer-thin nanoporous sheets 
that can be suspended atop a silicon window to controllably 
fabricate single- or multi-pore nanofluidic devices. 

 Over the past one or two decades, synthetic nanopores in solid-10 

state materials have gained considerable attention as a research 
platform for biochemical sensing, water treatment, energy 
harvesting, and etc.1 Typically in such nanofluidic systems, the 
pore size can be well controlled down to 1 nm,2 but the pore 
length is still restricted to the thickness of the substrate materials. 15 

Although the state-of-the-art micro- and nanofabrication 
techniques reduce the membrane thickness down to sub-100 nm,3 
particularly in several types of silicon-based materials, the spatial 
resolution of the nanopore sensor is still far from the requirement 
of single-molecular detection that individual translocation events 20 

in transmembrane ionic current is induced by merely one 
molecular target.4 

Until recently, two-dimensional (2D) materials, including 
mono- or few-layer graphene,5 boron nitride,6 and molybdenum 
disulfide,7 are used as the membrane substrate that further 25 

reduces the pore length down to the atomic scale. In these 2D 
materials-based nanofluidic devices, the 2D nanocrystals are 
firstly grown on a metal substrate through chemical vapor 
deposition method and afterwards transferred onto a windowed 
silicon chip.5 The nanopore is then drilled in the 2D membrane 30 

with a focused electron beam in a transmission electron 
microscope. These atomically thin nanopore devices have been 
conceptually proved for DNA translocation and sequencing.8 One 
fatal problem of this approach is the sophisticated material 
processing steps, and thus, the yield of such devices cannot be 35 

scale-up for real-world applications. 
In fact, many natural layered materials, showing strong in-

plane chemical bonds, but weak van der Waals-like interlayer 
coupling, such as graphite and some minerals, represent a diverse 
source of the ultrathin nanopore membranes for mass production 40 

and facile processing.9 In this communication, taking muscovite 
mica for example, we demonstrate the produce of nanometer-thin 
nanoporous sheets by mechanical exfoliation of ion-track-etched 
2D layered materials (Figs. 1A and 1B). These nanoporous mica 
thin sheets can then be transferred onto a silicon window to 45 

controllably fabricate single- or multi-pore nanofluidic devices 
(Fig. 1C). 

 
Fig.1 Mechanical exfoliation of track-etched mica sheet yielding ultrathin 
nanoporous membrane for nanofluidic device. (A) Bulk mica sheet is 50 

irradiated by swift heavy ion beam, and chemically etched with 
hydrofluoric acid to produce nanopores in the bulk membrane. (B) A 
sticky tape is firstly attached to the surface of the nanoporous bulk mica 
membrane, and is repeatedly peeled off with other pieces of fresh tape. (C) 
Peeled thin mica flakes can be transferred onto a solid silicon window 55 

yielding a suspended nanopore membrane. 

Bulk muscovite mica is a representative type of two-
dimensional layered materials, consisting of alternating 
aluminum (or magnesium) stabilized silicate tetrahedra.10 The 
thickness of individual mica monolayer is ca. 1 nm. To drill 60 

nanopores in the bulk mica membrane, it was firstly irradiated by 
swift heavy ions with ion flux density of 108 or 105 per cm2. The 
initial thickness of the bulk mica membrane is about 10μm. After 
chemically etched by hydrofluoric acid (HF) solution, the latent 
ion tracks were developed into diamond-shaped, high-aspect-ratio 65 

nanopores (Fig. S1, ESI).11 Scanning electron microscopic (SEM) 
observations show that the length of the major axis (lmaj) of the 
diamond-shaped nanopores increases linearly with the etching 
time, from several tens to hundreds of nanometers.12 Mechanical 
exfoliation of the chemically etched mica membrane using a 70 

scotch tape-based method yields nanometer-thin nanoporous mica 
flakes laying on the solid substrate (Fig. S2, ESI). These peeled 
mica nanoflakes become visible due to the difference in 
interference color,13 when they are placed onto a silicon substrate 
with a 400-nm-thick, oxidized capping layer (Fig. S3, ESI). This 75 

feature facilitates further identification and manipulation of the 
tiny flakes for practical use. The thickness of the mica nanoflakes 
can be stepwisely reduced via the repeated peel-off from the 
parent bulk materials. Then the ultrathin mica sheets can be 
optically selected depending on the interference color. The 80 
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nanopore size is determined by the chemical etching process, and 
is independent of the mechanical exfoliation. Therefore, in this 
study, we etched the latent ion tracks into wide nanopores 
(lmaj~100-400 nm), so that the whole mica thin flakes and the 
nanopores therein could be clearly shown in an identical vision. 5 

Further precise characterization of the lateral size and thickness 
of the mica nanoflakes were carried out with an atomic force 
microscope (AFM). Typical images were shown in Fig. 2A and 
Fig. S4, and the results were summarized in Fig. 2B. The 
membrane thickness can be remarkably reduced down to about 10 

10-nm via the mechanical exfoliation, while retaining the lateral 
size of sub-micron to tens of microns. The membrane thickness 
shows a rough positive correlation with respect to the lateral size 
of the mica flakes. A large portion of the membrane thickness 
concentrates in the range of 20-300 nm. The lateral size of single- 15 

or few-layer (n<10) mica flakes ranges from several hundred 
nanometers to several microns that makes it difficult to handle for 
further use (Fig. S4). 

 
Fig. 2 AFM characterization of the nanoporous mica thin membranes. (A) 20 

Typical AFM image of the mica thin flakes, and the corresponding height 
profiles. The thickness is ranging from several tens to several hundred 
nanometers. (B) The membrane thickness increases with their lateral size. 
Data points were collected from over one hundred measured nanoflakes. 
The ion track density is ~108/cm2. 25 

Using similar methods, the peeled mica nanoflakes can be 
transferred onto a silicon window yielding a suspended ultrathin 
nanopore membrane. The silicon window was embedded in a 
400-μm-thick Si/SiO2 bilayer structure, with a large opening of 
560 μm and a small opening of about 10 μm (Fig. 1C). The 30 

experimental setup was confirmed by both optical microscope 
(Fig. 3A) and SEM (Fig. 3B). Individual mica nanoflakes can be 
eventually found to fully cap the silicon window on the small end. 
For the case shown in Fig. 3C, there are about 60 nanopores 
located in the testing area of 10 μm× 10 μm, and the mean lmaj is 35 

about 166 nm.  
By placing electrolyte solution and electrodes on the two sides 

of the suspended nanoporous mica membrane (Fig.S5, ESI), we 
further study the ion transport properties through the mica 
nanochannels at various electrolyte concentrations. As shown in 40 

Fig. 3D, at high potassium chloride (KCl) concentration range 
(0.01-1 M), the transmembrane ionic conductance through the 

mica nanochannels increases linearly with the KCl concentration. 
But at low KCl concentrations below 10−3 M, the ionic 
conductance shows saturation with respect to the electrolyte 45 

concentration. Since the mica surface takes excess negative 
charge,14 this conductance saturation at low electrolyte 
concentrations indicates a surface-governed ion transport 
behavior.15 By taking the Debye-Hückel approximation,16 the 
Debye screening length is about 96.3 nm at ~10-5 M. This result 50 

is in line with the pore size measured by SEM observation (insert 
in Fig. 3C). Parallel ionic conducting tests were performed on 
separate suspended mica membranes with different lmaj. A rough 
linear relationship is found between the total ionic conductance 
and the pore area, suggesting the availability of the nanopore 55 

devices (Fig. S6, ESI). 

 
Fig. 3 Nanoporous mica membrane is suspended atop a silicon window 
opened in a 400-μm-thick Si/SiO2 substrate. Both optical (A) and SEM 
images (B) show that the silicon window was fully covered by the mica 60 

flakes. The dashed frames in (B) and (C) indicate the underneath silicon 
window. (C) Magnified view of the nanoporous mica membrane. The 
insert shows the diamond-shaped naopore, etched by 5M HF solution for 
60 minutes. The length of the major axis (lmaj) is about 166 nm. The 
membrane thickness is ca. 700 nm. (D) Transmembrane ionic 65 

conductance measured in KCl electrolyte with various concentrations. 
Surface-governed ion transport is found at low concentration below 10-3 
M. The dashed line represents the bulk conductivity. 

By reducing the ion track density down to 105/cm2, the exact 
pore number in the testing area can be precisely controlled, 70 

yielding single-pore nanofluidic devices. Statistical results of fifty 
separate samples show three representative types of the 
suspended ultrathin mica membrane containing non-, one-, or 
two-nanopore within the area of the underneath silicon window 
(side length ~10 μm, Figs. 4A-4C). Since the mean track density 75 

is very low, nearly 80% of the exfoliated membranes do not 
include any track-etched nanopores within the testing area (Fig. 
4D). About 20% of the tested samples contain precisely single-
nanopore. And less than 2% of the exfoliated membranes contain 
two or more pores. The mean ion track density of 105/cm2 80 

indicates a mean pore number of 0.1 pores in an area of 100 μm2. 
But the local pore density can be deviate from the average 
value.17 Thus, large portion of the exfoliated membranes contain 
no pores. It is reasonable to expect a ca. 20% yield of single-pore 
device. This value is still noteworthy for modern nanotechnolgy 85 

and nanofabrication techniques.  
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We also test the ion conducting properties of the single- and 
double-nanopore devices. Linear I-V responses are found for the 
exfoliated mica nanopores (Fig. 4E and Fig. S7), suggesting the 
nanopores are geometrically symmetric. Moreover, we confirm 
that there is no measurable leak current through the suspended 5 

mica membrane, if there are no nanopores in it (Fig. 4E and Fig. 
S8). The exfoliated mica membrane provides a perfect seal onto 
the silicon window through van der Waals interactions with the 
substrate. Restricted to the relatively large side length of the 
underneath silicon window, the thickness of the suspended mica 10 

membrane can be as large as several hundred nanometers (refer to 
Fig. 2B). To further reduce the size of the silicon windows, for 
example down to sub-micron scale, atomically thin nanoporous 
sheets can be used to cap the windows. Besides mica, this 
nanopore fabrication technique can be generally applied to other 15 

dielectric layered materials, including some layered metal oxides 
and silicates.18 

 
Fig. 4 Mechanical exfoliation of low-density tracked mica membrane 
yields single-pore nanofluidic devices. (A-C) Representative examples 20 

containing zero, one, or two nanopores within the testing area. The track 
density here is ~105/cm2. The dashed frames indicate the underneath 
silicon window (10 μm × 10 μm) and the dashed circles indicate the 
individual nanopores. The scale bar is 2 μm. (D) Statistical results show 
the probability of the exfoliated mica nanosheets with fixed pore number. 25 

(E) I-V responses of the single- and double-nanopore devices in 0.1 M 
KCl solution. No leak current can be measured if there is no nanopore in 
the mica membrane. The membrane thickness is about 1-3 microns.  

In conclusion, we demonstrate an effective and easy-to-use 
approach to produce nanometer-thin nanoporous sheets by 30 

mechanical exfoliation of ion-track-etched mica membrane. The 
nanoporous ultrathin mica sheets can be further developed into 
single- or multi-pore nanofluidic devices by simply suspending 
them onto a silicon window. The size, length, and number of the 
nanopores can be well controlled by using this method. This 35 

approach can be generally applied to other two-dimensional 
layered materials to fabricate atomically thin membranes with 
predesigned patterns or structures for ultrafiltration, water 
purification, and desalination. 
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