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ABSTRACT 
We demonstrate an elaborate method to controllably fabricate ultra-thin nanopores by layer-by-layer removal of 
insulating few-layer mica flakes with atomic force microscopy (AFM). The fabricated nanopores are geometrically 
asymmetric, like an inverted quadrangular frustum pyramid. The nanopore geometry can be engineered by 
finely tuning the mechanical load on the AFM tip and the scanning area. Particularly noteworthy is that the 
nanopores can also be fabricated in suspended few-layer mica membranes on a silicon window, and may find 
potential use as functional components in nanofluidic devices. 
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1. Introduction 

Layered materials, with strong in-plane covalent bonds 
and weak van der Waals interactions between atomic 
planes, represent an appealing but largely unexplored 
source of two-dimensional (2D) materials [1–3]. So 
far, many bulk materials have been successfully 
exfoliated into 2D atomic sheets, including graphite, 
MoS2, WS2, MoSe2, MoTe2, TaSe2, NbSe2, NiTe2, BN, and  
Bi2Sr2CaCu2Ox [4].  

Among such layered materials, mica is chemically 
inert and insulating to heat and electricity [5–7]. These 
attractive chemical and physical properties make mica 
a favored material for radio frequency capacitors, 
high voltage electrical insulators, solid lubrication for 

nanoscale friction, and atomically flat substrates 
[8–11]. The crystal structure imparts mica with perfect 
basal cleavage [12]. Until recently, atomically thin mica  
sheets have been isolated from bulk materials [13].  

The emergence of 2D materials sheds light on the 
fabrication of ultra-thin solid-state nanopores [14].  
In particular, in the applications of nanopore-based 
analysis and separation [15], ultra-thin nanopores 
with both length and diameter matching the size of 
molecular analytes show promising superiorities over 
previous reported nanopore systems [16–22]. Although 
the diameter of the state-of-the-art SiN nanopores can 
be successfully reduced down to 1.5–2 nm, a substantial 
challenge remains in that none of them has a channel 
length shorter than 5 nm [23–26]. One disadvantage 
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of such 5-nm or longer nanochannels, for example in 
nanopore-based DNA sequencing, is that the recorded 
ionic current blockades may be induced simultaneously 
by at least 10 nucleotides in an extended ssDNA 
chain [27]. To reduce the channel length, biological 
nanopores with accurate pore size of 1.4 nm and length 
of 5.2 nm were initially established by self-assembling 
-hemolysin proteins into a lipid bilayer [28–30]. The 
recently reported Mycobacterium smegmatis porin A 
(MspA) nanopores bear a narrow (1.2 nm) aperture 
and an extremely short (0.5 nm) channel [31, 32]. 
Although these biological nanopores have more 
precisely controlled structure, they rely on the lipid 
membrane, which is mechanically fragile, electrically 
noisy, and incompatible with other nanodevice com- 
ponents [33–36]. In addition, the genetic engineering 
methods for tailoring the composition of the protein 
pores are not straightforward [37], especially for 
researchers in the field of physical and chemical  
sciences [38, 39].  

To tackle these challenges, ultra-thin nanopores 
constructed in graphene membranes have attracted 
much interest due to their extraordinary properties 
[40–43]. For example, in graphene nanopore devices, 
the in-plane conductivity is sensitive to the immediate 
surface environment, which can be used as an indicator 
of the target analyte. However, to date, besides highly 
conducting graphene, ultra-thin nanopores fabricated 
in insulating 2D materials have not been reported in  
the literature.  

Herein, we demonstrate an elaborate method to 
controllably fabricate ultra-thin solid-state nanopores 
in few-layer mica flakes with single layer resolution 
(ca. 1.0 nm). Through an atomic force microscopic 
(AFM) micromechanical fabrication process, individual 
mica layers can be removed one-by-one from the few- 
layer mica substrate and finally form a penetrated 
nanopore within the scanning area. The fabricated 
nanopores are geometrically asymmetric, like an 
inverted quadrangular frustum pyramid (Fig. 1). The 
nanopore geometry can be engineered by finely tuning 
the mechanical load and the scanning area. Particularly 
noteworthy is that this AFM micromechanical pro- 
cessing method can be equally applied to a suspended 
ultra-thin mica membrane on a silicon window to 
fabricate nanopores. In principle, this method can  

 
Figure 1 Schematic illustration of few-layer mica cleavage and 
nanopore fabrication. (a) A freshly cleaved bulk muscovite mica 
sheet is attached to a sticky tape. Few-layer mica is prepared by 
repeatedly peeling off small flakes with other fresh pieces of tape 
(ⅰ)–(ⅲ). The peeled flakes can be transferred onto the top of either 
a solid silicon substrate (route 1) or a silicon window (route 2) for 
further characterization and processing. Nanopores can be fabricated 
in both solid (ⅳ) and (ⅴ) and suspended (ⅵ) and (ⅶ) few-layer 
mica membranes by AFM processing with a certain mechanical load. 
(b) The nanopores are geometrically asymmetric, like an inverted 
quadrangular frustum pyramid. The widths of the large and small 
openings are denoted as dLO and dNO, respectively. (c) Crystal 
structure of mica. The thickness of a mica monolayer is ca. 1.0 nm 

also be expected to pattern non-specific 2D substrates 
with the desired number of atomic layers for planar  
nanoelectronic devices [44].  

2. Experimental 

2.1 Fabrication and characterization of few-layer 
mica membranes 

A freshly cleaved muscovite mica (Alfa Aesar) sheet 
was attached to a sticky tape (Scotch 600, 3M). The 
few-layer mica flakes were prepared by repeatedly 
peeling off small flakes with other pieces of fresh sticky 
tape at least four times. Silicon wafers with a capping 
oxidized layer of 0 nm, 250 nm, 300 nm, or 500 nm thick 
were used as substrate for optical characterization. 
After transfer onto the Si/SiO2 substrate, the few-layer  
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mica flakes were characterized with optical microscopy 
(Olympus BX51 microscope with a Nikon DS-Ri1 
camera) and followed by AFM measurements (Seiko 
SPI3800N) to determine the actual thickness. In optical 
characterization, the red green blue (RGB) values of 
five neighboring pixels were averaged. The mechanical  
load for AFM imaging is about 80 nN [45].  

Two-terminal I–V measurements on the few-layer 
mica flakes were conducted using a Keithley 4200-SCS 
semiconductor system and Suss PM5 analytical 
probe station in a clean and shielded cage under dark 
conditions. Two platinum probes were employed   
in the I–V measurements. The distance between two 
electrodes was about 20 μm and 50 μm, respectively, 
for the measurements on mica flakes and SiO2  
substrate.  

2.2 Calculation methods  

Optimized geometries and band structures of bulk 
and single-layer mica were computed using density 
functional theory (DFT) in the generalized gradient 
approximation (GGA) with the Perdew–Burke– 
Ernzerhof (PBE) exchange correlation function as 
implemented in the CASTEP program [46]. The total 
energy and the force convergence thresholds were 
2 × 10–5 eV/atom and 0.05 eV·Å–1, respectively. A plane 
wave cut-off was chosen as 300 eV for the ultra-soft 
pseudopotential [47]. Integrations over the Brillouin 
zone were carried out by using the Monkhorst–Pack 
scheme with 4 × 4 × 1 k-sampling in the relevant irre- 
ducible wedge [48]. Since DFT always underestimate 
the band gap [49], the band shift was calibrated using  
experimental data [50]. 

2.3 Micromechanical fabrication of nanopores on 
few-layer mica membranes 

The AFM was operated in contact mode. The AFM 
tip (NSC11, Mikromasch) was made of silicon with  
a silicon nitride coating. The tip radius was about 
20 nm and the full tip angle was ca. 40° (Fig. S-5 in 
the Electronic Supplementary Material (ESM)). All 
processing was carried out at a scanning rate of 1 Hz. 
Different loads, from 800–4000 nN, and different scan- 
ning areas, from 15 nm × 15 nm to 500 nm × 500 nm, 
were employed to scan the few-layer mica surface. After  

each mechanical processing, an adjacent area of ~2 μm 
was imaged in situ with a much lower mechanical 
load of 80 nN. Before each experiment, the machine  
was thermally equilibrated for at least 4 h. 

We also prepared Si/SiO2 bilayer structures with a 
penetrated single window in the center to support the 
ultra-thin mica membranes. A series of microfabrication 
processes were employed to fabricate the silicon 
window. Experimental details can be found in the 
ESM. Ultra-thin mica flakes were transferred onto the 
silicon window by a mechanical cleavage method. 
Some individual mica flakes were eventually found 
to cover the silicon window. By using a similar AFM 
fabrication method, nanopores can be drilled in the 
suspended mica membranes. The mechanical load on  
the AFM tip was 3000 to 7500 nN. 

3. Results and discussion 

Considering the crystal structure of mica, each two 
sheets of aluminum (or magnesium) stabilized silica 
tetrahedra (SiO4) are interconnected by potassium ions 
via weak van der Waals interactions [12]. We define 
such an atomic complex of thickness ca. 1.0 nm as one 
mica monolayer (Fig. 1(c)). As schematically illustrated 
in Fig. 1(a), few-layer mica flakes (n < 10, where n is 
the number of mica monolayers) were prepared by 
repeatedly peeling off small flakes with pieces of sticky 
tape [1]. The peeled flakes were first transferred to 
the top of an oxidized silicon wafer before preliminary 
identification by optical microscopy. These 2D cry- 
stallites atop the Si/SiO2 wafer become visible due to 
the changes in interference color with respect to the 
blank substrate (phase contrast) [51, 52]. The visual 
inspection provides a convenient way to determine 
the relative position of these ultra-thin crystals on the 
silicon wafer. Further analysis of the actual thickness 
of the peeled flakes was performed by AFM. On a 
given substrate, once the relationship between the 
optical contrast and the actual membrane thickness has 
been determined, a precise and concise identification 
of few-layer mica flakes can be realized using only 
optical observation. For comparison, silicon wafers 
with different capping oxide layers of 0 nm, 250 nm, 
300 nm or 500 nm thickness were used as substrates  
for optical and AFM characterization. 
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Figure 2 Optical and AFM characterization of the few-layer mica 
flakes. Typical results for silicon wafers with different capping oxide 
layers of 0 nm (a)–(c), 250 nm (d) and (f), 300 nm (g)–(i) and 500 nm 
(j)–(l) thicknesses are shown. We focus on the thinnest visible mica 
layer on the Si/SiO2 substrate with a transparent border that is nearly 
indistinguishable from the blank substrate (highlighted by the dashed 
line). The two methods indicate identical morphologies of the mica 
sheets. AFM observation reveals the actual height of the thinnest 
mica layer that can be observed under optical microscopy (c, f, i, l) 

The RGB values of each pixel measured with a 
charge-coupled device (CCD) camera were converted 
to grayscale values according to the following  
equation [53]:  

  grey red green blue0.30 0.59 0.11I I I I       (1) 

where Ix stands for the optical intensity in x channel 
(x = gray, red, green or blue). Then the optical contrast 
(OC) between the mica sheet (mica) and the silicon  
substrate (sub) can be calculated as [54]: 





gray,sub gray,mica

gray,sub gray,mica

OC
I I

I I
           (2) 

Previous studies have pointed out that thinner sheets 
exhibit minor optical contrast [55]. To find the thinnest 
visible mica layers on the Si/SiO2 substrate, we focused 
on those mica flakes with a transparent border that 
nearly indistinguishable from the blank substrate. 
Figure 2 shows the thinnest visible mica flakes in 
optical imaging. Their actual height was measured with 
AFM. The two methods indicate identical morphology 

of the same mica flakes. The optical contrasts for the 
thinnest mica flakes on all four kinds of substrate are 
within 2.0 ± 0.3%, which is very near the resolution  
limit of the naked human eye (1.5%) [56].  

The experimental results show that the presence  
of an oxidized layer atop the silicon wafer is of great 
importance in obtaining thinner mica flakes. With a 
bare silicon substrate, the thinnest visible mica layer 
contained approximately 28 mica monolayers. With 
an increase in the thickness of the capping SiO2 layer 
up to 500 nm, the thinnest visible mica layer was 
significantly reduced to merely 6 monolayers. This 
result is qualitatively in agreement with previous 
studies in which a thin layer of SiO2 on silicon wafer 
enhanced the visibility of some 2D materials [57]. The 
mechanical cleavage approach combined with the 
optical and AFM characterization was found to be 
high-yield and reliable, producing ultra-thin mica 
flakes with typical lateral size of ~10 µm and membrane  
thickness less than 10 nm. 

In addition, we tested the electrical insulating 
properties of the isolated 2D mica sheets. Figure 3(a) 
schematically illustrates the two-terminal I–V mea- 
surement of the few-layer mica on a Si/SiO2 substrate 
(see the Experimental section). Almost symmetric I–V 
curves were obtained for measurements on both the 
silicon substrate and n mica flakes (Fig. 3(b)). The 
specific conductivity (σ) can be extracted from the I–V 
data. For example, the specific conductivity measured 
for a ten-layer mica flake was about 2.3 × 10–7 S/m, 
which is higher than that measured for the 500 nm- 
thick SiO2 substrate (0.5 × 10–8 S/m). Based on the 
electrical conductivity measurements, we can further 
estimate the breakdown electric field (the breakdown 
strength, BDS) of the few-layer mica (see the ESM). The 
BDS of a ten-layer mica sheet was ~59.9 MV/m, which 
is about one half of the bulk value (~118 MV/m). 
However, it is still very large compared to other 
insulating materials, such as SiO2 (BDS ~2.6 MV/m). 
Therefore, few-layer mica preserves excellent insulating  
properties, even if it is lower than the bulk material. 

This experimental result can be verified by first- 
principles calculation of the electronic band structure 
of bulk and single-layer mica. As shown in Fig. 3(c), 
although the band gap for a single-layer mica (~5.7 eV) 
is lower than the bulk material (~7.8 eV), it still 
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belongs to the class of insulating materials (taking 
the band gap of bulk SiO2 as a reference). A reduction 
in band gap after being exfoliated into atomically thin 
sheets has also been found for other 2D materials, 
such as hexagonal boron nitride (h-BN) [58]. A detailed 
discussion of the variation in band structure is beyond  
the scope of this work. 

In the AFM imaging process, the mechanical load 
on the AFM tip is very small, and thus no physical 
damage can be found in the scanning area. When the 
load exceeds a threshold value (~130 nN for bulk 
mica) [45], the pressing force causes physical damage 

to the mica substrate (see the ESM). By finely tuning 
the mechanical load on the AFM tip, the 2D mica  
substrate can be removed layer-by-layer.  

To demonstrate this idea, a piece of few-layer mica 
flake (n = 9) was optically selected from the peeled 
flakes and its actual thickness was determined by 
AFM. Typical results are shown in Fig. 4. The scanning 
area was 120 nm × 120 nm. The drilled depth increases 
with the magnitude of the mechanical load. The 
minimum step increment was found to be about 
1 nm, which is exactly the thickness of a single mica 
monolayer. The drilled depth can be well-controlled 

 
Figure 3 Conductance measurements on few-layer mica flakes. (a) Illustration of the two-terminal I–V measurements of the few-layer 
mica on a Si/SiO2 substrate. (b) Representative I–V curves obtained on the 10-layer mica flakes (red) and on the Si/SiO2 substrate (blue). 
(c) First-principles calculation of the band gap of a mica monolayer, bulk mica and bulk SiO2 

Figure 4 Layer-by-layer removal of few-layer mica with AFM microfabrication method. (a)–(e) AFM images showing the processing area 
of 120 nm × 120 nm with different mechanical loads on the AFM tip. The few-layer mica substrate contains nine mica monolayers in all.
(f) The drilled depth increased with the magnitude of the load. The minimum step increment is ca. 1.0 nm, which is exactly the thickness of 
a single mica monolayer. By finely tuning the mechanical load, the removed thickness can be engineered from two to nine mica monolayers
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from two to nine monolayers (until the mica substrate 
is penetrated). This AFM micromechanical fabrication 
method can be employed to fabricate nanostructures 
on a few-layer mica surface. It can be generally extend 
to pattern non-specific 2D materials at a desired  
location and with a controllable number of layers. 

As a fundamental application of this AFM micro- 
mechanical processing method, a penetrated ultra-thin 
nanopore was fabricated on a 9.50 nm thick mica 
substrate (Fig. 5 and Fig. S-2 (in the ESM)). The 
scanning area was 250 nm × 250 nm and the load on 
AFM tip was 3863 nN. The drilled nanopore exhibits 
asymmetric geometry, shrinking from the top mica 
surface to the bottom silicon substrate. The width   
of the large opening (dLO) was ca. 220 nm, which is 
approximately identical to the scanning length. The 
width of the narrow opening (dNO) in contact with the 
silicon substrate was merely 68 nm. The measured 
depth of the nanopore was about 9.63 nm, in general 
agreement with the height of the mica substrate. Optical 
evidence further proves that the few-layer mica 
substrate was penetrated. The mean optical contrast 
between the processing area and the surrounding 
mica surface is ~2.5%, which is approximately the 
difference between the mica surface and the blank 
SiO2 substrate. The optical contrast between the center  

 
Figure 5 Optical and AFM characterization of the fabricated 
nanopore. (a) AFM image of an asymmetric ultra-thin nanopore 
processed with 250 nm × 250 nm scanning area on a 9.50 nm mica 
layer. The insert height image shows the profile of the nanopore, 
which is geometrically asymmetric. The load on the AFM tip was 
3863 nN. (b) The same area viewed by optical microscopy. The 
dashed line highlights the optical contrast (OC) between the hollow 
nanopore region and the surrounding mica surface (OC ~2.5%). 
The insert figure shows the optical image of the surrounding silicon 
substrate whose OC with respect to the nanopore center is merely 
0.02%. These results prove that the nanopore is penetrated 

of the processing area and the blank silicon substrate 
is merely 0.02%, indicating that the center of the 
nanopore and the SiO2 substrate are at the same  
height (Fig. 5(b)).  

The size of the nanopore can be controlled by tuning 
the scanning area, as shown in Fig. 6. When the 
scanning area was larger than 100 nm × 100 nm, the 
width of the large opening (dLO) generally agreed with 
the scanning length (Fig. 6(c)). However, when the 
scanning length was reduced to below 100 nm, the 
width of the large opening significantly diverged from 
the scanning length and became less predictable (see 
also Fig. S-4 in the ESM). Therefore, further discussion 
concerning control over the size of the narrow opening 
is focused on the scanning area larger than 100 nm × 
100 nm. The width of the narrow opening (dNO) is 
about one tenth to a half of the scanning length. It 
generally increases with the scanning length, but at a 
speed much slower than the large opening (Figs. 6(c) 
and 6(d)). Statistical results on more than sixty nano- 
pores show that the minimum width of the narrow 
opening is about 20 nm (Figs. 6(a) and 6(d)). We 
envision that the limitation is caused by the size of 
the AFM tip, which is also ca. 20 nm at its narrowest 
end (Fig. S-5 in the ESM). Further studies concerning 
the structural damage to the ultra-thin mica flakes are 
of essential importance in understanding the shaping  
mechanism of the asymmetric nanopores. 

An inverted three-dimensional image of the 
asymmetric nanopore can be visualized as shown in 
Fig. 6(b). It is interesting to note that the drilled nano- 
pore exhibit an asymmetric geometry, like an inverted 
quadrangular frustum pyramid. In nanofluidic systems, 
the asymmetric geometry functions not only as a 
pathway for molecular transportation, but also provides 
a geometric kinetic constraint that possibly induces a 
unidirectional diffusive flow through the nanopore 
[59, 60]. Studies on the application of geometry- 
induced asymmetric diffusion for bio-inspired energy 
conversion and oil/water separation are currently  
underway in our lab [61–64]. 

Based on the above discussion, the nanopore 
fabrication can be further optimized. By employing a 
smaller AFM tip (maybe a few to ten nanometers), 
the width of the narrow opening (dNO) should be 
further reduced. In addition, although a large AFM  
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scanning area makes the fabrication more controllable, 
it enlarges the width of the narrowest end. Balancing 
the controllability and the desired small dimension of  
one end, a scanning length of 100–120 nm is preferred.  

More importantly, using a similar method, nano- 
pores can be also fabricated in suspended ultra-thin 
mica membranes. A silicon window with a large 
opening of 560 μm and a small opening of 18 μm was 
opened in a 400-μm-thick Si/SiO2 bilayer structure 
(Fig. 7(a) and Fig. S-7 (in the ESM)) [65]. Few-layer mica 
membranes were prepared by mechanical cleavage and 
then transferred onto the silicon window. Individual 
mica flakes were eventually found to cover the silicon 
window, as shown in Figs. 7(b)–7(d). Through the 
AFM processing, a single nanopore of 4.94 nm in 
depth, and 130 nm at the wide end, and 21.3 nm at the 
narrow end was fabricated within the scanning area  

(Fig. 7(d)). The mechanical load on the AFM tip was 
5476 nN in the fabrication process. To obtain penetrated 
nanopores in the suspended mica membrane, the 
applied force required was about three times the value 
used for the solid substrate. One possible reason for 
this is the elastic property of the suspended mica 
sheet [66]. The suspended few-layer mica membranes 
containing a single nanopore may be further developed 
to give functional nanofluidic devices for molecular  
sensing [15]. 

4. Conclusions 

We have demonstrated an AFM micromechanical 
processing method to controllably fabricate asymmetric 
ultra-thin nanopores in both solid and suspended 
insulting few-layer mica membranes. The width of the  

 
Figure 6 Controlling the nanopore size by tuning the scanning length. (a) AFM image of a nanopore fabricated for a scanning area of 
125 nm × 125 nm on an 8-nm-thick mica flake. The large and narrow openings are approximately 160 nm and 20 nm respectively. (b) 
Inverted three-dimensional image of the asymmetric nanopore identifies an inverted quadrangular frustum pyramid shape. (c) The width
of the large opening generally agrees with the scanning length in the range 100–500 nm. Below this region, the micromechanical 
fabrication process becomes less controllable. (d) The width of the narrow opening generally increases with increasing scanning length, 
but at a much slower rate than the large opening 
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Figure 7 Fabrication of a single nanopore on a suspended ultra- 
thin mica membrane. (a) A silicon window (in the dark region) was 
opened on a 400-μm-thick Si/SiO2 substrate. Both optical (b) and 
AFM images (c) show that the silicon window was covered by 
individual mica nanoflakes. The dashed region in (c) shows the 
underlying silicon window. (d) A magnified view of the nanopore 
region. The height profile of the cross section shows the nanopore 
is about 4.94 nm in depth, 130 nm at the wide end, and 21.3 nm at 
the narrow end 

large opening generally agrees with the scanning length 
and the small opening is restricted to the size of the 
AFM tip. The nanopore geometry can be engineered 
by finely tuning the mechanical load and the 
scanning area. The AFM micromechanical fabrication 
can be generally employed to pattern non-specific 2D 
substrates with single atomic layer resolution. The 
geometrically asymmetric ultra-thin nanopores in 
suspended few-layer mica membranes may have 
potential uses in constructing functional nanofluidic  
devices.  
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