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Abstract. Nanopore-based single-molecule analysis is a subject of
strong scientific and technological interest. Recently, solid state nanopores have been demonstrated to possess advantages over biological
共e.g., protein兲 pores due to the relative ease of tuning the pore dimensions, pore geometry, and surface chemistry. Previously demonstrated
methods have been confined to the production of single nanopore devices for fundamental studies. Most of these techniques 共e.g., electron
microscope beams and focused ion beams兲 are limited in scalability,
automation, and reproducibility. We demostrate a wafer-scale method for
reproducibly fabricating large arrays of solid state nanopores. The
method couples high-resolution electron-beam lithography and atomic
layer deposition 共ALD兲. Arrays of nanopores 共825 per wafer兲 are successfully fabricated across 4-in. wafers with tunable pore sizes. The
nanopores are fabricated in 16- to 50-nm thin silicon nitride. ALD of aluminum oxide is used to tune the nanopore size. By careful optimization
of the processing steps, a device survival rate of up to 96% is achieved
on a wafer with 50-nm thin silicon nitride films. Our results facilitate an
important step in the development of large-scale nanopore arrays for
practical applications such as biosensing. © 2010 Society of Photo-Optical In-

strumentation Engineers. 关DOI: 10.1117/1.3486202兴
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1

Introduction
1

Functional nanopores 共e.g., those in nanoporous zeolites or
nanotubes2,3兲 are already important in many technological
areas including energy-efficient separations, energy conversion, and chemical or biomolecule sensing. In these applications, the collective behavior of all the pores in the nanoporous material or thin film is of primary interest. However,
nanopores that function as individually addressable devices, or “engineered nanopore devices” 共ENDs兲, have become a subject of growing interest and offer a promising
route toward applications such as ultrarapid sensing and
analysis of chemical and biological analytes4 共e.g., small
molecules, DNA, proteins兲. The first ENDs were produced
from “soft matter” in the form of channel-forming bacterial
proteins such as ␣-hemolysin 共␣-HL兲 reconstituted in synthetic lipid bilayers. The ␣-HL nanopore has been studied
extensively as an ion channel for metering the length and
sequence of DNA. As strands of DNA pass through the
nanopore, the resulting modulations in the ionic current
through the nanopore can be measured and used to characterize the length and composition of the strand. Unfortunately, the complex geometry of the pore limits the device
resolution, and thus far, the goal of distinguishing strands
that differ by a single nucleotide has not been attained.
There are also other intrinsic disadvantages in working with
nanopores made from soft matter.5–7 Biological nanopores
are not very robust and cannot be maintained for extended

periods. In addition, there are limited options for controlling the pore geometry and dimensions for practical applications. These issues have led to a shift toward fabrication
of solid state inorganic nanopores that enable greater robustness and better control over pore geometry.
Nanopores formed in solid state materials are subject to
completely different design considerations that resemble
those found in semiconductor and microelectronic device
manufacturing. Figure 1 shows a design schematic of a
solid state END. Two critical design considerations are the
pore size and length, which are chosen for the desired application. For example, in DNA sensing, the pore diameter
desired is in the range of 2 to 10 nm, whereas larger pores
may be suitable for the detection of protein analytes. The
free-standing film is generally desired to be as thin as possible 共e.g., 10 to 50 nm兲, while still being mechanically robust and defect-free. The substrate is silicon, whereas sili-

Fig. 1 Solid state END geometry and design considerations.
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Fig. 2 Major process steps in tunable fabrication of arrays of nanopores on a wafer.

con dioxide 共SiO2兲 and/or silicon nitride 共Si3N4兲 are grown
or deposited to form the free-standing film containing the
nanopore. The processing strategy starts with fabrication of
relatively large holes followed by the reduction of pore size
共usually by at least an order of magnitude兲, until a nanopore
of desired size is formed.
A common solid state END fabrication method8,9 uses a
focused ion beam 共FIB兲 to produce nanopores. The incident
ions remove surface material on the atomic scale and single
nanopores in the sub-10-nm-diameter range have been
demonstrated via FIB etching.10,11 However, efforts to improve reproducibility remain ongoing. This reproducibility
of FIB-fabricated sub-20-nm pores is limited by the challenges in maintaining identical process conditions including
ion flux, charging effect, and processing temperature at different milling spots. Another issue associated with FIB
milling is the lateral deposition of milled material, which
increases the surface roughness of the pores around the
edges. One variation uses FIB to produce larger pores of
70-nm size and fills them in to achieve 12-nm pores by
depositing aluminum nitride.12 Similar approaches to pore
shrinkage have also been reported using electron-beaminduced deposition13 and hydrocarbon deposition using an
electron beam.14 So far, no FIB-based method has demonstrated arrays of high-quality sub-20-nm pores across an
entire wafer. Another method used to produce nanopores
involves the application of a tightly focused, high-voltage
共200 to 300 keV兲 electron beam 共generated in a transmission electron microscope兲 to etch a thin free-standing membrane supported on a silicon wafer.15–21 The film is usually
silicon nitride or silicon dioxide 共20 to 50 nm thin兲, deposited and exposed using standard photolithography and etching steps. This method also has drawbacks: it requires a
large amount of operator time, cannot be easily automated,
and is not scalable.
The objective of this paper is to demonstrate a fully
wafer-scalable process for fabricating a large number 共e.g.,
⬃1000兲 of individually addressable nanopore devices on a
4-in. wafer. The nanopores are shown to be tunable in size
from 50 to below 20 nm, and are fabricated reproducibly
with high throughput. Pores smaller than 20 nm are easily
J. Micro/Nanolith. MEMS MOEMS

accessible by the present process, but are not reported in
this paper since they cannot be easily imaged on the wafer.
The thin films containing the pores are very uniform and
tunable in thickness from 20 to 50 nm. In this paper, we
demonstrate the fabrication of more than 800 devices on a
wafer, and a sufficient number of devices are characterized
at each step to obtain a reliable statistical estimate of the
effectiveness of each step.
2 Methods
Figure 2 illustrates the major steps in the nanopore fabrication process. Most handling and device processing steps
were performed in a class 100 clean room 共CR兲 environment, except that the electron-beam lithography 共EBL兲 step
is performed in a class 10 CR and the KOH etch in a class
1000 CR. The substrates used were 400- or 520-m-thick
double-side polished 具100典 oriented silicon wafers. The wafers were immersed in 2% hydrofluoric acid solution to
remove any native silicon dioxide immediately prior to processing. Figure 2 illustrates the major fabrication steps in
the process. Silicon nitride 共Si3N4兲 films in the
15- to 50-nm thickness range were deposited on a wafer
using low-pressure chemical vapor deposition 共LPCVD兲 at
800 ° C. The precursors were ammonia and dichlorosilane.
Film thickness was measured at 9 to 13 points by ellipsometry. Next, EBL was performed using a Zeon ZEP-520
e-beam resist. The pattern consisted of a 29⫻ 29 array of
nanopores spaced 2.47 mm apart, with alignment markings
near the edges. Larger features were patterned around 25 of
the pores across the wafer, enabling these pores to be easily
located in scanning electron microscopy 共SEM兲 analysis.
These pores were imaged by SEM to give the size distribution and geometry. The wafer was then etched in an inductively coupled plasma 共ICP兲 to transfer the pattern from the
resist to the Si3N4. The precursors used were tetrafluoromethane and oxygen. Any remaining resist was removed,
and the wafer underwent ellipsometry and SEM imaging to
confirm pattern transfer. Next, photolithography with backside alignment was performed to pattern an array of 675
⫻ 675 or 775 ⫻ 775-m windows on the backside of the
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Fig. 3 Average pore size as a function of dose in 100-nm ZEP 2:1
after development. The curves are only a guide to the eye.

wafer. To obtain a high device survivability, the wafers
were carefully wet-etched using a specially designed
holder, in a 45% KOH 共w/w兲 solution with isopropanol
共IPA兲 at 80 ° C or higher to expose the free-standing films
and open the other end of the pores. Optical microscopy
was used to determine survival rate 共yield兲 and quality of
the devices. The open pores were then imaged by SEM.
Finally, atomic layer deposition 共ALD兲 of Al2O3 was performed to “fill in” the open pores to a smaller size. The
precursors used were trimethyl aluminum and water vapor
with respective pulse times of 15 and 5 ms, and at a temperature of 255 ° C. SEM images were taken between
107 cycles at a time.
3 Results and Discussion
Optimization of multiple steps in the process was found to
be critical to obtain a wafer with a high yield of goodquality nanopores. Therefore, a set of important parameters
was rigorously monitored between every process step to

Fig. 5 Patterned nanopore size as a function of radial distance on
the wafer before and after pattern transfer. The curves are only a
guide to the eye.

obtain the first clear results on reproducibility and quality
of nanopore fabrication process steps. These parameters include the thickness and uniformity of the film containing
the nanopore; the size distribution, geometry, and SEM
contrast of the nanopores; and the appearance of the front
and backside surfaces, i.e., number of stray deposited particles, scratches, and other defects. Several wafers and individual devices underwent different degrees of processing
to demonstrate reproducibility and to show the range of
pore sizes and film thicknesses that are possible in the presented process.
The first step investigated was the patterning of the initial array of pores in the electron beam resist via EBL. The
pores were patterned using two methods of dosing. In the
first, a single shot of the beam was applied with a very high
dose. In the second, multiple shots of the beam were applied at significantly lower doses. Comparable nanopore
size and quality were achieved with both methods. A single

Fig. 4 High-resolution SEM images of nanopores of varying sizes patterned in 100-nm-thick ZEP2:1 resist films at different doses. From 共a兲 to
共f兲, pore sizes of 8, 10, 20, 30, 40, and 50 nm 共see Fig. 3 for corresponding electron doses兲.
J. Micro/Nanolith. MEMS MOEMS
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Fig. 6 Pore size as a function of dose for two wafers after identical
processing. The curves are only a guide to the eye.

silicon wafer underwent three trials in which every parameter was kept constant except for the electron dose. The
pores were patterned by a single shot of the beam at a
current of 2 nA. The resist used was ZEP diluted 2:1 in
anisole 共ZEP2:1兲 and coated at 3000 rpm to give a thickness of about 100 nm. In each trial, the array of pores was
split into three regions, each of which received a different
dose. Fifteen pores were viewed in SEM after patterning
共five per dose兲 to obtain the size distribution. At the end of
each trial, the wafer was immersed in a stripping solution
for 15 min, and washed with acetone, methanol, and isopropanol before being patterned again. The effects of electron dose on pore size are given in Fig. 3. As clearly demonstrated by the figure, one can precisely pattern the initial
pore size in the 10- to 50-nm range by varying the electron
dose. The low statistical fluctuation in the patterned pore
dimensions 共indicated by the error bars in Fig. 3兲 validates
the use of EBL as an excellent first step for nanopore array
fabrication. The smallest nanopore produced was 8 nm in
diameter. The pores observed in SEM demonstrated high
contrast with well-defined edges and circular geometry,
even as the pore size was reduced to 10 nm and smaller.
Several examples are shown in Fig. 4.
In the next set of experiments, four wafers underwent
EBL and pattern transfer to the silicon nitride, followed by
resist removal. The process parameters examined include
film and resist thickness, dose, shot pitch, and the pore
pattern. The pore pattern was a 50-nm circle divided into
multiple shots with a shot pitch of 5 nm. Because the pattern was divided into multiple shots, the dose required for
each shot was much lower than the pores patterned by a
single shot. The first wafer was coated with 22⫾ 5-nm silicon nitride, then coated with 130-nm ZEP2:1, and patterned with a constant dose of 500 C / cm2 across the entire array of pores. Nineteen pores were imaged across the

Fig. 7 Pore size as a function of dose before and after pattern
transfer for single-shot dosing. The curves are only a guide to the
eye.

wafer after resist development and after pattern transfer to
the silicon nitride. The pore size distribution was found to
be a function of the radial distance from the center of the
wafer, as shown in Fig. 5. This is a controllable phenomenon, which results from the variations in resist thickness
during spin coating. It is suggested that the plot in Fig. 5
qualitatively reflects the thickness profile of the spin-coated
resist. The degree of variation is significant, and therefore
the eventual manufacturing process for nanopores arrays
should incorporate a radially varying dose profile in the
patterning step, or tuning the spin-coating process to give a
more uniform ZEP film. The pore size was also found to
shrink by an average of 7% after pattern transfer, which is
expected as ICP etch usually leads to a slightly tapered
sidewall.
Next, two wafers underwent identical processes to demonstrate reproducibility. Both wafers were coated with
12⫾ 4-nm silicon nitride, then coated with 120-nm
ZEP2:1, and patterned with 30-nm circles in three dosing
regions. The size distributions are given in Fig. 6. The pore
sizes produced on each wafer are very similar and follow
the same trends as a function of electron dose. The somewhat larger standard deviations are most likely due to the
dependence of dose on position 共see Fig. 5兲. For example,
the electron dose of 900 C / cm2 was delivered to pores
that covered the largest span of radii on the wafer, and
therefore would be expected to have the greatest variance
in size, and thus the highest standard deviation. These effects appear to average out to give a mostly unbiased electron dose dependence of the patterned pore size.
The fourth wafer was deposited with 19⫾ 3-nm silicon

Fig. 8 Nanopores of various diameters transferred from the e-beam resist to the silicon nitride films; 共a兲 and 共b兲 in 16-nm silicon nitride and 共c兲
in 7-nm silicon nitride.
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Fig. 9 Three isolated pores unmarked by calibration features showing the types of imperfections that can occur during processing: 共a兲 and 共b兲
jagged pores created by unoptimized doses in 7-nm and 16-nm silicon nitride, and 共c兲 good-quality circular pore created by optimized dose in
7-nm silicon nitride.

nitride and coated with 100-nm ZEP2:1. The pores were
patterned using a single shot in three dosing regions. This
result is shown in Fig. 7. Again, a highly reproducible and
tunable pore size was obtained upon variation of the electron dose.
The smallest pore size produced in silicon nitride was
about 15 nm. SEM images of the different size pores are
shown in Fig. 8. The pores have high contrast under the
imaging electron beam, and demonstrate good transfer of
the circular geometry. It was found that EBL patterning
using a single shot yields the smallest pores with the best
geometrical characteristics.
Outside of our test set of 25 pores marked by the calibration features, a number of the other pores on the wafer
共which are not marked by calibration features兲 were also
successfully located for characterization 共by trial and error兲.
Three examples of these pores are shown in Fig. 9. There
appear to be two kinds of occasional imperfections 关Figs.
9共a兲 and 9共b兲兴 that occur in these isolated features. The first
is a wavelike roughness at the edges of the pore. The second is an apparent elongation of the circular shape in the
lateral direction, resulting in an elliptical pore. These effects are due to nonideal dosing of the resist during EBL.
They do not generally occur in pores surrounded by calibration features because of a proximity effect 共these pores
receive an added dose that is symmetrical about the pore,
resulting in a more circular geometry兲. To minimize such
defects, the dose should be optimized for a given resist
thickness. Figure 9共c兲 shows the result from a properly
dosed 共800 C / cm2兲, isolated 50-nm pore.

Tapping-mode atomic-force microscopy 共AFM兲 was
performed on a wafer containing 50- to 70-nm pores in a
16⫾ 1-nm silicon nitride film. The AFM probe was composed of silicon, and had a tip curvature of ⬃8 nm with a
tip cone angle of 30 deg. The 1-D profile of a typical pore
is shown in Fig. 10. The depth reached by the tip indicates
that not only has the pore been etched to the underlying
silicon wafer, but also that it was overetched to a significant
depth in the silicon itself. This indicates that the etchant
molecules are still able to effectively remove material in
these nanoscale trenches, and therefore there is room to
produce even smaller pores. The measurement bars are
placed at a depth of 16 nm, where they are measured to be
66 nm apart for the example shown in Fig. 10. This
strongly supports the SEM data. The tapered shape of the
profile near the bottom of the profile is an artifact mirroring
the shape and size of the tip of the AFM probe. Still, the
smallest lateral distance measured is 6.5 nm, suggesting
that the actual profile comes to an even sharper peak in the
sub-5-nm range.
ALD 共Refs. 22 and 23兲 of aluminum oxide was then
performed on the nanopore arrays. Up to 215 ALD cycles
were performed. Figure 11 shows the measured pore size as
a function of the number of cycles, for two pores of initial
size 38 and 45 nm, respectively. Figure 11 also shows the
average pore size reduction of 25 pores on a wafer that
underwent ALD. For the two individual pores, the aluminum oxide deposition rate 共and hence the rate of pore size
shrinkage兲 is nearly linear, with an average deposition rate
of 0.58-Å Al2O3 per cycle. The nanopore diameters were

Fig. 10 AFM depth profile 共left兲 and the profile cross section 共right兲 of a 50-nm to 60-nm pore in 16-nm thin silicon nitride film.
J. Micro/Nanolith. MEMS MOEMS
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Fig. 13 Optical images of two devices 共50-nm silicon nitride兲 after
backside wet etch. The window dimensions shown are in
micrometer.
Fig. 11 Nanopore size as a function of number of ALD cycles for
two pores 共with a deposition rate of 0.58-Å Al2O3 per cycle兲 and an
entire wafer 共with a deposition rate of 0.9-Å Al2O3 per cycle兲. The
curves are only a guide to the eye.

successfully downsized to 20-nm levels. Figure 11 also
clearly indicates that the pore size can be easily scaled below 20 nm by additional ALD cycling 关as demonstrated by
other authors with individual nanopores,24 and also suggested by Fig. 12共d兲兴. However, once these pores were
sized below 20 nm, their sizes could not be clearly measured by SEM. Figure 12 shows SEM images of pore 2
共from Fig. 11兲 at different stages of ALD processing. By the
last set of cycles, the pore has been very nearly closed.
Under the same conditions, a wafer containing 25 pores
also underwent ALD for 107 cycles. If the rate of material
deposited remains constant, the pore size will shrink faster
over time. This effect is observed as the pores in the wafer
approach the sub-10-nm range. The average deposition rate
observed on the wafer was 0.9-Å Al2O3 per cycle.
To demonstrate the final process step and investigate the
resulting yield of the devices, several wafers were wet
etched from the back to expose the free-standing silicon
nitride films, each containing a nanopore. The highest as-

Fig. 12 SEM images of a single nanopore undergoing ALD cycles,
as shown in Fig. 11 共pore 2兲. The nanopore size is reduced in a
controlled manner and with nanometer scale precision.

J. Micro/Nanolith. MEMS MOEMS

pect ratio 共length:thickness兲 of a surviving free-standing
film achieved was 19,750, which demonstrates the high mechanical strength of the membranes.
The survival rate of devices following the KOH wet etch
was determined by optical microscopy of every device on
each wafer. The best results were obtained for wafers containing 50-nm free-standing films with 60- to 80-m windows. Figure 13 shows examples of these films. A yield of
903 out of 940 devices, or 96% across the wafer, was
achieved. Devices at the edges of the wafer were included
in the analysis. For the case of the 16 nm films over
200– 500 m windows, the survival rate was 15%. The aspect ratio was likely too large to allow the films to withstand the mechanical stresses arising from the KOH etching
process. This result indicates that further optimization of
the window dimensions for ultra-thin films is necessary.
4 Conclusions
We have demonstrated a process for fabricating large arrays
of nanopores in the sub-20-nm range on a wafer. This is a
necessary step toward scaling up the production of nanopore devices. The fabrication process described here has
been demonstrated to produce hundreds of devices on a
wafer with high throughput, tunable pore size, and reproducibility. In a controlled industrial fabrication environment, this process can be easily scaled up to produce hundreds of thousands of nanopore devices on a single 12-in.
wafer. Furthermore, the high precision of the ALD step
enables continued pore shrinkage to a few nanometers. The
presented process can also be modified for different applications. For example, several pores of different sizes can be
patterned on a single device. This may be useful for detecting multiple analytes that vary in size or charge in a solution. If silicon dioxide is deposited instead of aluminum
oxide, the pores can thereafter be functionalized for different single-molecule sensing applications.25,26 ALD of other
materials such as titanium oxide27 or metals28–30 can also be
used to impart different chemical, mechanical, and electrical properties to the nanopores for a desired application.
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