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I
nterest in solid-state nanopores as single-
molecule high-throughput sensors arises
from their capacity to conduct ionic cur-

rents through membranes in a way similar
to protein nanopores.1 However, in contrast
tobiological nanopores, solid-state nanopores
offer tunable size, high bandwidth operation
due to ∼ nanoampere (nA) variation in mea-
sured currents, stability in a wide range of
salt concentrations and voltages, and intrinsic
compatibility with conventional solid-state
device fabrication processes, thereby provid-
ing great opportunities for widespread
deployment and integrationwith other tech-
nology. This possibility is demonstrated in

their coupling with tunneling electrodes,2

silicon nanowire field-effect transistors,3 gra-
phene nanoribbons4,5 and zero-mode wave-
guides.6

Nanopores sense the presence of indivi-
dual molecules via a change in ionic con-
ductance ΔG. Here, we use the convention
that a positive ΔG represents a drop in con-
ductance, namely ΔG = G0 � Gwith molecule,
where G0 is the open nanopore conduc-
tance and Gwith molecule is the conductance
when the nanopore is partially blocked by a
translocating molecule (Figure 1a). Hence,
the magnitude and statistical properties of
ΔG provide goodmetrics for the nanopore's
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ABSTRACT

Solid-state nanopores are single-molecule sensors that detect changes in ionic conductance (ΔG) when individual molecules pass through them. Producing

high signal-to-noise ratio for the measurement of molecular structure in applications such as DNA sequencing requires low noise and largeΔG. The latter is

achieved by reducing the nanopore diameter and membrane thickness. While the minimum diameter is limited by the molecule size, the membrane

thickness is constrained by material properties. We use molecular dynamics simulations to determine the theoretical thickness limit of amorphous Si

membranes to be∼1 nm, and we designed an electron-irradiation-based thinning method to reach that limit and drill nanopores in the thinned regions.

Double-stranded DNA translocations through these nanopores (down to 1.4 nm in thickness and 2.5 nm in diameter) provide the intrinsic ionic conductance

detection limit in Si-based nanopores. In this regime, where the access resistance is comparable to the nanopore resistance, we observe the appearance of

two conductance levels during molecule translocation. Considering the overall performance of Si-based nanopores, our work highlights their potential as a

leading material for sequencing applications.

KEYWORDS: nanopore . amorphous silicon . thin membrane . single-molecule sensor . STEM . EELS . DNA

A
RTIC

LE



RODRÍGUEZ-MANZO ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

B

sensing capability. Increasing ΔG (or ΔI) and decreas-
ing the signal noise, namely the root-mean-square (RMS)
deviation of G0 (G0

RMS), yield a higher signal-to-noise
ratio (SNR) ∼ ΔG/G0

RMS, broadening the frequency
bandwidth at which nanopore setups can operate.7�10

Thus, assuming constant noise, increasing ΔG improves
the performance of nanopore sensors. For example,
when a nanopore senses molecular translocations with
ΔG ∼ 10 nS and up to 20% RMS noise, the accessible
bandwidth expands to the megahertz (MHz) range.9 A
solid-state nanopore platform with a membrane thick-
ness of four DNA bases (∼1.3 nm), with sufficiently low
noise,10 and producing discrete signals for all possible
combinations of the four DNA bases as in the case
of protein nanopores,11 could conceivably be used
to sequence an entire human genome. Therefore, a clear
understanding of what is the practical upper limit to ΔG
and which nanopore fabrication procedure, including
choice of membrane material, is ideal for attaining the
highest ΔG is crucial for the design and fabrication of
solid-state nanopore-based sensors.
MaximumΔG occurs when themolecule completely

blocks the ionic current flow through the nanopore

(i.e., Gwith molecule ∼ 0 and ΔG ∼ G0). This condition
is satisfied by making the nanopore diameter close to
the molecule size in order to maximally block ionic
current during molecule transit. Likewise, since ionic
resistance is directly proportional to membrane thick-
ness in the limit of negligible access resistance,12

reducing the thickness increases G0 when considering
the approximation of the nanopore as a cylindrical
conductor with a length equal to the membrane
thickness.13 Therefore, maximizingΔG requiresmatch-
ing the nanopore diameter to the molecule cross
section and minimizing its thickness. Efforts to fabri-
cate thin membranes include thinning silicon nitride
(SiNx) films with reactive-ion etching14,15 or a focused
helium-ion beam16 and using thin materials such as
graphene,17�20 boron nitride,21,22 ALD-grown hafnium
oxide23,24 and molybdenum disulfide.25

Here, we describe a method to thin free-standing
SiNx films to <2 nm and fabricate nanopores using the
electron probe of a scanning transmission electron
microscope (STEM) operated at 200 kV, and we show
DNA translocations through nanopores with diameters
just slightly larger than a double-stranded molecule

Figure 1. Electron-irradiation-based thinning of Si-based films for nanopore sensors. (a) Schematic of DNA translocating
through a nanopore and experimental ionic conductance trace showing three concatenated DNA translocations. Each DNA
translocation is registered as a change in ionic conductance, ΔG = G0 � Gwith molecule, and has a translocation time Δt.
(b) Diagramof electron-irradiation-based thinningmethod. After interactingwith the film, the electronbeam is collectedwith
HAADF and EELS signal detectors. c) HAADF STEM images of a Si3N4 area before (left) and after (right) thinning. Line profiles,
as the one indicated by the dashed line, acquired at eight different electron (e�) doses show an HAADF signal drop with
thinning. HAADF signals corresponding to the initial (50 nm) and final (0 nm) thicknesses are indicated by ti,HAADF and tf,HAADF,
respectively. (d) EELS taken from the SiNx areas irradiated with electron doses displayed in (c). The Si L-edge maximum shifts
from 106 to 101 eV with thinning. Onset of the Si L and N K-edges corresponds to 100 and 400 eV, respectively, in the EELS
signal.31 (e) Si L (dark gray) andN K-edge (light gray) EELS signals shown in (d) normalized by highestmagnitude as a function
of electron dose. The top axis indicates the ratio of N to Si atoms. (f) HAADF signal (left) and EELS Si L-edge (right)
corresponding to the thinning of a 5 nm-thick a-Si membrane to 3.5 and 1.6 nm. The HAADF signal corresponds to a line scan
of 25 pixels and the EELS signal was averaged over 160 pixels of the scan. The a-Si theoretical thickness limit (0.7�1.0 nm) is
indicated by a red band in the HAADF signal.
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(diameter ∼2.2 nm). The electron probe, with a
0.5�2.4 nmdiameter, is scanned over a film area, while
high-angle annular dark-field (HAADF) STEM images
and energy electron-loss spectra (EELS) are acquired
continuously and simultaneously, as depicted in
Figure 1b. Electron irradiation causes sputtering of N
and Si atoms,26 and film thickness is controlled by
observing and quantifying this mass loss with the
HAADF STEM images and EELS. For a sufficiently large
electron dose, defined as the total charge deposited
per unit area, this method produces an amorphous
silicon (a-Si) membrane owing to the larger sputtering
rate of N compared to that of Si.27,28 This implies that,
when compared with a silicon nitride membrane of
the same thickness, an a-Si membrane is more stable
under electron irradiation. In STEM, probe size and
lateral movement can be controlled with subnan-
ometer precision. This spatial resolution is transferable
to the final drilling step that defines nanopore size
and position.4 We also perform large-scale molecular
dynamic (MD) simulations that demonstrate that free-
standing a-Si membranes become unstable for thick-
nesses j1 nm, indicating that our thinning method
produces membranes close to the theoretical stability
limit.
Nanopores prepared using the new electron-

irradiation-based method developed here show ΔG
as high as 9.7( 0.4 nS for the translocations of double-
stranded DNA (dsDNA) scaled to 1 M KCl electrolyte
solution at room temperature (23 �C). This corresponds
to a mean percentage of ionic conductance blocked
during translocation (% of ΔG/G0) reaching values up
to 85% in 2.5 nm-diameter nanopores. The associated
SNR presents values up to ∼70 at 100 kHz for our
measured ionic current RMS noise ∼80 pA at 500 mV
(G0 RMS ∼ 0.16 nS). We contrast these results with
recent reports describing translocations of DNA
through nanopores drilled in membranes of different
materials with thicknesses <10 nm.14,17�23,25,29,30 In
particular, our comparative study shows that the ΔG
data reported here are within experimental error bar
of the best measurements of dsDNA translocations
through any solid-state nanopore measured in KCl
solution that are dominated by SiNx nanopores. More-
over, our highest ΔG surpass all but one data point
(Table 1) measured on nanopores in 2D materials
(graphene, MoS2 and BN), as small-diameter nano-
pores in these materials have not been realized yet.
Our findings on the development of a method

to thin a-Si membranes down to 1.4 nm, close to the
theoretically determined thickness limit of ∼1 nm,
and on the determination of the ionic conductance
upper limit for translocation of DNA through Si-based
nanopores constitute a new technological frontier for
solid-state-nanopore based detection. Our research
establishes that the thinnest Si-based nanopores con-
sistently offer the highest signals (∼10 nS for dsDNA

at 1 M KCl at 23 �C) and SNR (∼70 at 100 kHz, even
without optimizing the chip capacitance10), well above
data reported for any 2D material.

RESULTS

We first illustrate the electron-irradiation-based
method by showing results obtained from the thinning
of a 50 nm-thick Si3N4 film, as captured by HAADF
(Figure 1c) and EELS (Figure 1d) signals. A 2.4 nm-
diameter probewith current density of 4.8� 109 Am�2

was scanned continuously over a 256 � 256 grid
covering a 63 � 63 nm2 surface until all material was
sputtered. The intensities of HAADF and EELS signals
are proportional to the number of atoms interacting
with the electron probe for film thicknesses less than
the scattered electron's mean free path, which is
>100 nm for 200 keV electrons scattered elastically or
inelastically in a-Si.31 Therefore, the HAADF and EELS
signals from elastically and inelastically scattered elec-
trons provide real-time feedback of the thinning.
As the film is thinned with the probe the EELS signal
drops, the Si L-shell ionization edge maximum exhibits
a downward shift of 5 eV and the N K-edge fades,
indicating loss ofmass andNdepletion.27,28 The EELS Si
and N ionization edge signals scaled to highest mag-
nitude as a function of electron dose, shown in
Figure 1e, prove that a 50 nm-thick Si3N4 film thinned
with the above irradiation parameters experiences a >
90%drop in N content with respect to Si for an electron
dose of 4 � 109 C m�2. Hereafter, we refer to those
membranes exhibiting atomic ratios N/Si < 0.1 as “a-Si
membranes”. For the thinnest membranes, the EELS
N K-edge was indistinguishable from background
noise. Milder irradiation conditions (for example,
1.6 nm-diameter probe with current density of
0.4� 109Am�2) werenecessary during thefinal thinning
step to keep the sputtering rate low (∼1 nmperminute).
This is shown in Figure 1f, where HAADF and EELS signals
corresponding to 3.5 and 1.6 nm ((5% error) were
recorded during the thinning of a 5 nm-thick a-Si mem-
brane before the membrane failed. The thinnest mem-
brane measured here had a thickness of 1.4 ( 0.1 nm.
MD simulations of a-Si membranes of thicknesses

ranging from 0.5 to 5.0 nm establish the theoretical
minimum thickness to be ∼1 nm. Results shown here
were obtained from a 8.69� 8.69 nm2 cell periodically
reproduced in both lateral dimensions (see Methods
for details). First, we calculated the surface energy of
the membranes as a function of thickness t (Figure 2a).
Starting from 5 nm, the surface energy increases quasi-
linearly down to t = 1.5 nm. At this point, the surface
energy drops to a minimum for t = 0.7 nm, reaching
a surface energy as low as that of a 10 nm-thick film.
For a-Si membranes thinner than 0.7 nm, the surface
energy increases sharply, indicating the difficulty of
further thinning, based on thermodynamic stability
arguments alone. Below 0.7 nm, a-Si membranes are

A
RTIC

LE



RODRÍGUEZ-MANZO ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

D

too thin to sustain bulk-like atoms and consist only of
surface atoms. This is shown in Figure 2b, where we
plot the density of Si atoms along the normal direction
of the membrane. Only two well-defined peaks are
present for t = 0.5 and 0.6 nm, whereas the density
shows three well-defined peaks for t > 0.7 nm. These
three peaks are related to the two surfaces and one
bulk-like layer stabilizing themembrane. A thickness of
0.7 nm represents the physical crossover point below
which a bulk-like layer is unsustainable.
We gain further insight into the stability of the

thinnest a-Si membranes by examining their average
atomic connectivity (Figure 2c). The membranes be-
come unstable when there is a large change in atomic
connectivity since this indicates a significant reduction
in chemical binding. The decrease in connectivity is
slow until t = 1.0 nm, but experiences a large decrease
for t < 1.0 nm, further indicating that the smallest
achievable thickness is in the vicinity of this value. The
thermodynamic arguments presented thus far indicate
that a-Si membranes are unstable below 0.7�1.0 nm,
depending on whether we use surface energy or
chemical connectivity as metrics for stability. We can
further narrow down this range by examining energy
fluctuations as ameasure of dynamical stability. During

MD relaxation, one observes large variations in ener-
getics and structural deformation of a-Si films for t <
1.0 nm, as quantified by the root-mean-square devia-
tion (RMSD) of atomic positions, which captures the
structural fluctuations and the variance of the energy
during MD simulations (Figure 2d). These two metrics
of fluctuations increase rapidly for thicknesses <1.0 nm,
indicating the difficulty of creating a stable a-Si mem-
branewith t < 1.0 nm and supporting the experimental
evidence that the thickness limit lies at ∼1 nm.
Once the film is thinned, the final step required to

make a nanopore involves acquiring a STEM HAADF
image of the membrane and positioning the electron
probe on a chosen pixel until the drop in EELS signal
indicates that all material inside the probe (∼103 Si
atoms) has been sputtered (Figure 3a). Nanopores
were made with probe diameters of 1.3�2.4 nm with
a current density of 0.3 � 109 A m�2. For membranes
with thicknesses <10 nm, nanopores aremade in a few
seconds with these conditions, with diameters a few
angstroms wider than the probe. The probe size and
convergence angle, together with the electron dose,
provide a wide palette of settings to make nano-
pores of different sizes with subnanometer precision
(Figures 3b). When the nanopore axis is tilted with

Figure 2. Molecular dynamic simulations and stability analysis of a-Si membranes. (a) Surface energy Σ as a function of a-Si
membrane thickness. The dashed line indicates the Σ for a 10 nm-thick a-Si film. (b) Density of Si atoms dNSi/dz along the
normal direction z perpendicular to the surfaces for a-Si filmswith thicknesses t= 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 nm. The dNSi/dz
values smoothed using Bézier curves are shownwith red lines. The outermost peaks correspond to the surface atoms. Labels
sb and st refer to the bottom and top surfaces, respectively, and b to bulk-like atoms. Atomic models for each thickness,
represented by spheres with van der Waals radius, are shown on the right. (c) Average number of bonds per Si atom CNSi,
computed as the average number of Si atoms in a 0.3 nm diameter sphere centered on each atom, as a function of a-Si
membrane thickness. The dashed line indicates the CNSi for bulk a-Si. (d) Variance σ

2
E of the energy per Si atom and Si atom

distance root-mean-square deviation (RMSD) of Si atomic positions computed during the 1 ns MD relaxation of a-Si films as a
function of a-Si film thickness; σ2E represents the amplitude of energy fluctuations at room temperature and measures the
structural stability.
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respect to the electron beam, a transmission elec-
tron microscopy (TEM) image displays the projection
of the nanopore shape (Figure 3c). For thick mem-
branes (for example, 100 nm), these drilling conditions
generate a nanopore with a truncated cone shape, and
for membranes <10 nm thick, the nanopore shape
becomes indistinguishable from that of a cylinder. At
this level, for example, less than 10 Si atoms span the
length of a 2 nm-thick nanopore. A typical nanopore
fabricated this way is modeled in Figure 3d, showing
its scale with respect to a dsDNA molecule in solution.
The thinnest STEM-drilled nanopores shown here have
a cylindrical shape in contrast to the TEM-drilled pores
shown by previous work to have an hourglass shape
with effective thickness equal to one-third of themem-
brane thickness.14 This would imply that a 1.7�2 nm-
thick nanopore drilled by STEMgives comparableΔG to
a 5�6 nm-thick TEM drilled pore.14,15 In the limit of very
thin nanopores approaching the two-dimensional limit,
there should be no difference in signal levels between
the two cases. Once the a-Si nanopores are outside of
the TEM vacuum chamber, Si is expected to react with
oxygen and form a native oxide layer. It is therefore
likely that the nanopores consist of Si encapsulated
by SiO2. We took TEM images of the same nanopore
immediately after drilling in vacuum, and then after
piranha treatment and air exposure for about 1 week
(Supporting Information SI-6). There was no noticeable
change in nanopore diameter.
To assess the ΔG obtained from nanopores made in

thinned a-Si membranes, we measured translocation
dynamics of dsDNA (15 kbp and 400 bp) in buffered 1M
KCl solution as a standard molecule to allow for com-
parison with published literature. We present data from
12 nanopores in a-Si membranes, with 2.5�5.3 nm
diameters and thicknesses <10 nm, of which 10 had
thicknesses e4 nm and four had thicknesses e2 nm.
TEM images of three individual nanopores are shown in
Figures 4a�c, along with a representative 12 s long raw
trace of ionic current measured during DNA transloca-
tions, and a zoom-in of individual translocation events at
shorter time-scales. The single-point-per-event scatter
plots show the distribution of events in translocation
duration along with the% ofΔG/G0 and its correspond-
ing histogram. These events show a ΔG as high as
10.8 ( 0.4 nS for measured conductivity of 12.0 S m�1,
corresponding to a solution concentration of 1.1 M KCl
at 23 �C (or ΔG = 9.7 ( 0.4 nS when scaled to 1 M KCl
at 23 �C). We did not observe a dependence of ΔG
on the applied voltage up to 500 mV, which implies
that data acquired at different voltages can be directly
compared (Figures 4d,e). For all measurements, nano-
pore diameterswere estimated fromTEM images (dTEM),
and for the thinnest membranes, we also calibrated the
membrane thickness fromEELS (tEELS). In lieu of an EELS-
based estimate of membrane thickness, we used the
measured G0 and ΔG to extract an effective membrane

thickness estimate (teff), as shown in Figure 5a and
Supporting Information SI-1, using a cylindrical model
for nanopore conductance.13 Nanopore dimensions
and DNA translocation results for all measured nano-
pores are given in Supporting Information Table ST-1.
Upon closer inspection of translocation events at

short time-scales, it is clear that a significant number of
events contain two distinct levels, indicated by green
and blue dashed lines in Figure 4e, similar to recent

Figure 3. Fabrication and characterization of nanopores
in thinned a-Si membranes. (a) Nanopore “drilling” step.
The STEM HAADF image shows a typical two-step thinning
formed by a coarse thinning (110� 110 nm2) followed by a
milder thinning (40 � 40 nm2). The magnified view of the
green rectangle (middle panel) shows how the electron
probe is positioned in a selected pixel (0.2� 0.2 nm2) during
“drilling”. The right most panel shows a STEMHAADF taken
immediately after the nanopore was formed. (b) TEM
images showingana-Si thinnedmembranewith a nanopore,
and three nanopores (diameters 3.5, 2.4, and 1.6 nm)made in
STEMmode with different probe conditions. (c) The diagram
depicts the projection of a nanopore shape, with diameter d
and thickness t, in the TEM image plane when the nanopore
axis is tilted by an angle θwith respect to the electron beam
axis. Nanopores formed in 100- and 5 nm-thick SiNx mem-
branes are shown at 0� and 20� tilt angle. The dashed line
indicates the rotation axis. For the 5 nm-thickmembrane, the
projected nanopore looks the same as the nontilted image,
which implies a cylindrical shape. (d) Top and side views of a
snapshot showing realistic molecular dynamics modeling
results of a dsDNA molecule translocating across a 2 nm-
thick a-Si nanopore with 2.7 nm diameter. The simulation
involves dynamics where all atoms were treated explicitly,
including Si (yellow), water (shown here as a blue hallow),
dsDNA, and the positive (blue) and negative (green) ions.
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reports.9,29,32 The advent of the shallow level (ΔGs)
corresponds in our experiments with the regime of
nanopores with diameters d < 5 nm in membranes
with thicknesses t < 10 nm. In this regime, the nano-
pore access resistance12 [1/(2σd)], where σ is the
electrolyte conductivity, is comparable to the resis-
tance of the nanopore itself. Within a single transloca-
tion event, a shallow level can appear before or after
the deep level, and typically less than one-third of
events contain a single shallow level without a second
deeper level. Typically, over 50% of events contain two
levels, although in some instances it is much higher.
The smaller % of ΔG/G0 peak in each scatter plot

(Figure 4 a�c) records when the single translocation
event consists only of the shallow level. These shallow
single-level events have shorter time duration than
two-level translocation events. For voltages <200 mV,
there are practically no deep events, and the only
events are shallow single-level events. This event
structure occurs in nanopores with diameters down
to 2.5 nm, which are not wide enough to allow
translocation of DNA in a folded configuration, and
for DNA lengths of 15 kbp (Figure 4) and 400 bp
(Supporting Information SI-2). It has been proposed
that the shallow level is related to the presence of
the molecule in the access region of the nanopore.29

Figure 4. Measurements of dsDNA translocations through nanopores in thinned a-Si membranes. (a�c) Data from three
nanopores with dimensions indicated. From left to right: (i) TEM images, (ii) ionic current time traces showing 15 kbp dsDNA
translocations, (iii) representative concatenated events shown at shorter time-scales with the same y-axes scale as (ii), (iv)
single-point-per-event scatter plots showing event distributions in % of ΔG/G0 and translocation time, and (v) histograms
of events for % of ΔG/G0 with Gaussian fit of the primary translocation peak. TEM images were taken with a low electron
dose and resolution to avoid altering nanopore size. All data sets were measured at 500 mV in KCl solution. The solution
conductivity and temperature were measured before each experiment and are provided in the Supporting Information
Table ST-1. (d) Ionic current translocation time traces measured for several voltages from the same nanopore. (e) The blue
points showΔG for each voltage shown in (d), and the green points represent the shallowΔGs level. Neither the shallow level
nor the full-translocation level exhibits voltage-dependence, highlightedwith solid trend lines. Inset shows six representative
translocations at 300 mV that demonstrate the structure of the two levels (also seen in (a�c)). Dashed lines depict where the
shallow and full levels lie on the translocations.
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ΔG of the deep level scales with membrane thickness,
indicating that that level represents full molecular
translocation,14 while the magnitude of the shallow
level ΔGs is not dependent on membrane thickness
(Figure 5b). In the previous work by Carlsen et al.29 on
4.5 nm-thick SiNx nanopores, the shallow level was
observed before the deep level and was attributed to
the current blockade before the DNA molecule enters
the nanopore. However, we also observe events when
the shallow level occurs after the deep level, which
may be attributed to the DNA molecule exiting the
nanopore. We note that the nanopores studied here
are significantly thinner than those used by Carlsen
et al.,29 which may be the reason why we may observe
the exit of the molecule. Further translocation mea-
surements will need to clarify this point.
As the nanopore diameter is decreased down to the

dsDNA diameter, the noise in ionic conductance dur-
ing translocation (ΔGRMS) becomes larger than G0

RMS,
and the duration of the events increases up to 2 orders
of magnitude (Figure 4a�c). For measurements of
dsDNA through nanopores narrower than 2.5 (
0.2 nm in diameter, nanopore clogging occurs quickly.
The % of ΔG/G0 plateaus at 85% for dsDNA transloca-
tions through nanopores down to 2.5 nm in diameter
(Figure 5c).
The nanopores are stable in ionic solution and can

probably last for hours. Most of our translocation mea-
surements lasted around 10 min (yielding thousands of

translocation events) andwehavenot studiedhow long
they can ultimately last. The main challenge includes
possible nanopore expansion in time, shifting the open-
nanopore current baseline, G0. Further systematic stud-
ies of nanopore durability as a function of applied
voltage, salt concentration and other external condi-
tions are required before implementing these nano-
pores into any future sequencing platforms.
At this stage in the 10-year-long development of the

solid-state nanopore field, it is important to compare
quantitatively between the best ΔG for DNA reported
in the literature in order to rationalize the optimal
choice of membrane materials and nanopore dimen-
sions moving forward; Table 1 ranks results collected
across the literature according to ΔG, for nanopores
made in membranes with thicknesses <10 nm,
together with the highest ΔG for dsDNA obtained in
this work. Five out of the top seven results from Table 1,
including ours, were measured with Si-based nano-
pores. The electrolyte conductivity was not measured
in all published studies. In these cases, we assumed
standard values (Supporting Information SI-3). It is
important to note that ionic current data is exception-
ally sensitive to the electrolyte conductivity. An in-
crease in temperature of 5 �C can give a 10% change
in conductivity for the same nanopore diameter and
thickness. Similarly, a 0.2 M increase in KCl concentra-
tion produces a change in conductivity that can yield
an 18% change in ΔG.

TABLE 1. Change in Ionic Conductance Caused by Translocating DNA through Nanopores Fabricated in Solid-State

Membranes with Thicknesses <10 nma

a Only the maximumΔG is quoted for each reference. The data shown in columns 2 through 10 were extracted directly from the literature. Next to last column scales allΔG to
values of 1 M KCl electrolyte at room temperature [(ΔG/σgiven)� σ1 M KCl]. ColumnΔG/(σ� dDNA)e 1 weighsΔG by electrolyte conductivity and DNA diameter size
(2.2 and 1.1 nm, respectively, for dsDNA and ssDNA). Gray rows correspond to measurements made with ssDNA. The yellow row indicates the highestΔG obtained in this work.
t: membrane thickness. d: nanopore diameter.σ: electrolyte conductivity. V: applied voltage.ΔI: change in nanopore ionic current.ΔG: change in nanopore ionic conductance.
(†) Indicates when values of σ were not quoted in the reference; we assumed values of 7.0, 7.8, and 10.8 S m�1 for 1 M solutions of Li, Na, and K chloride at 23 �C,
respectively.39 Temperatures at which conductivities were measured are indicated for temperatures other than room temperature (23 �C). (*) Indicates that values of nanopore
diameter d or membrane thickness t quoted in the reference were obtained indirectly from a fit to a model of nanopore conductance.
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The trends in ΔG based on material choice, mem-
brane thickness, and nanopore diameter become even
more evident in Figure 5d, where ΔG is plotted
with respect to the corresponding G0 for all compiled
data from the literature for dsDNA translocations
through nanopores <10 nm thick. Data were scaled to
an electrolyte conductivity of 10.8 S m�1, representing
1 M KCl at 23 �C. ΔG and G0 are the directly measured
experimental quantities, and this allows a comparison
of published results without any fitting for membrane
thickness or nanopore diameter, keeping in mind that
error bars for published results where electrolyte con-
ductivity was not measured may be large. The upper
limit of 100% conductance blocked (ΔGmax = G0) is
indicated by a straight dashed line in Figure 5d. To
achieve a higher ΔG, one may move up the ΔG = G0

line by decreasing the membrane thickness for a
constant nanopore diameter, which increases both

G0 and ΔG. At the limit of vanishing thickness, the
resistance is determined by the access resistance alone
for a given nanopore size, and any subsequent increase
in G0 can only be achieved by an increase in diameter.
When the diameter increases, however, ΔG begins to
decrease. Conceptually, this should result in a max-
imum peak in ΔG as a function of G0, and in fact that
trend proves to be experimentally true (Figure 5d). To
visualize this trend, dashed lines of either constant
membrane thickness or constant nanopore diameter
portray the dependence of ΔG on G0, based on the
cylindrical model referenced before. Instead of a sharp
peak, as predicted by thatmodel, there appears to be a
roundedmaximum. To achieve themaximumΔG, both
themembrane thickness and nanopore diameter must
be small. Thus, although according to their thicknesses
nanopores made in 2D materials should yield the high-
estΔG, the majority of reported results for 2Dmaterials

Figure 5. Conductance results from a-Si nanopores as a function of nanopore diameter and thickness and comparison with
sub-10 nm thick solid-state nanopores in the literature. (a) Method of determining deff and teff for each nanopore when direct
TEM measurements were unavailable. Isolines for the experimentally measured G0 and ΔG values as a function of nanopore
diameter andmembrane thickness (red lineswith error designated as black dashed lines), according to a cylindrical nanopore
model. The intersection of these two isolines gives a solution for deff and teff (see Supporting Information SI-1).When effective
nanopore dimensions are listed, we have indicated that explicitly. (b) G0, ΔG, and ΔGs values plotted as a function of teff for
all measurements for teff < 10 nm. Nanopore diameters range from dTEM = 2.5�5.3 nm, and the dashed lines are trend lines for
d = 2.7 nm (Supporting Information SI-1). (c) The % ofΔG/G0 plotted as a function of nanopore diameter, where open circles
are deff and filled circles are dTEM. (d) Translocation results from our own experiments plotted along with data from the
literature for dsDNA (all data is scaled to 1 M KCl, 23 �C). All measurements were in KCl electrolyte unless otherwise noted.
Points close to theΔG=G0 line have nanopore diameters close to the size of themolecule. For larger nanopore diameters, the
maximumΔG is limitedby themembrane thickness,with thickermembranesgiving smallerΔG values. Isolines for t=0, 1, and
2 nm are shown as guides for the eye (Supporting Information SI-1). Any data from Table 1 not represented in this graph falls
outside the bounds of the graph, with either ΔG < 2 nS, G0 > 45 nS, or both, or was obtained for ssDNA. Errors are listed in
Supporting Information Table ST-1 and appear in each graph when they are larger than the data point markers.
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fall short of the ΔG values reported for Si-based
nanopores. All the data in Figure 5d except for one
point fall within the range on the plot bounded by the
ΔG isoline for t = 1 nm and ΔG = G0. The point by
Carlsen et al.29 seems to be an outlier on this graph.
This could happen if there were any discrepancies
between the nominal solution concentration reported
(0.9MNaCl) and the actual solution concentration (and
conductivity). Another potential reason could originate
from differences in translocation dynamics in NaCl vs
KCl that may not allow a simple linear scaling of ΔG.

CONCLUSIONS

In summary, the electron-irradiation-based thinning
method outlined here can be consistently employed to

fabricate a-Si nanopores <2 nm-thick with diameters
tailored to molecule size with subnanometer preci-
sion. We used this method to reach the theoretical
thickness limit of a-Si membranes, which we estab-
lished to be ∼1 nm with MD simulations and corre-
sponds to about 3�4 DNA bases. Double-stranded
DNA translocation measurements with these nano-
pores at the thickness limit provide the intrinsic ionic
conductance detection limit in Si-based nanopores
(i.e., ∼ 10 nS at 1 M KCl at 23 �C for dsDNA) and show
a two-level event structure. Our work establishes that
compared with other materials, Si-based nanopores
remain unrivaled in terms of ease of fabrication, robust-
ness to chemical treatments and applied bias, wetta-
bility, ionic current noise, and yield.

METHODS
Free-standing 50 � 50 μm2 Si3N4 films supported on 5 μm

SiO2/500 μm Si wafers were fabricated with standard litho-
graphic procedures.14,15 The 5 nm-thick a-Si film used in
Figure 1f was purchased from SIMPore, Inc. STEM and TEMwere
carried out with a JEOL 2010F operating at 200 kV. The HAADF
signal was collected fromelectrons scattered at angles >50mrad.
The current density of the electron probe [(0.3�4.8)� 109 Am�2]
was modified by changing the probe size or/and varying its
convergence angle. Quoted probe diameters (0.5�2.4 nm) cor-
respond to the manufacturer specifications. Typically, STEM con-
ditions for thinning were as follows: pixel size of 0.16�0.33 nm
and dwell time of 20�160 μs. EELS was acquired with a GIF
camera (Gatan, Inc.) with dispersion of 0.5 eV/channel and
convergence collection angle of 15 mrad. During thinning, EELS
spectra were acquired every 0.01 s. Quantification of the N and S
ionization edges was performed with CSI spectrum analyzer.33

We prepared KCl solutions with 10 mM Tris and 1 mM EDTA.
Solution conductivities and temperatures were measured with
an Accumet pH/conductivity meter. We obtained conductivities
between 12.0 and 12.2 S m�1 which correspond with approxi-
mately 1.1 M KCl. The 15 kbp and 400 bp dsDNA fragments were
purchased from Fermentas Life Sciences. Typically, we used
40 ng of DNA per μL of KCl solution. Ionic current data was
acquired with a patch-clamp amplifier (HEKA Elektronik Dr.
Schulze GmbH), sampled at 200 kHz, and filtered at 100 kHz,
except for events collected at 100 mV, which were filtered at
10 kHz. The nanopore chip was cleaned using hot piranha
solution (i.e., a mixture of sulfuric acid and hydrogen peroxide
used to clean organic residues) followed by repeated water
rinsing. Translocation events obtained at 500 mV were defined
as changes in the open nanopore current >1 nA concomitant
with translocation times >20 μs. Small modifications to these
parameters did not significantly affect the results of the analysis.
More details of the statistical analysis of the translocation events
are given in Supporting Information SI-4. Generation of compu-
tational models of a-Si bulk and membranes: we used the
LAMMPS software package for all MD simulations.34 To create
a-Si bulk material, we employed the method of “melting and
quenching”. The detailed protocol to fabricate atomic-scale
structural models of a-Si has been described in detail before.35

A cubic cell ofa=8.69nmwithperiodic boundary conditions and
containing 32768 Si atoms was employed to build a three-
dimensional bulk unit cell. The Si atoms interactions aremodeled
using a specific parametrization of the Stillinger�Weber poten-
tial.36 The density of the MD cell was chosen as the same as
of crystalline Si (c-Si). The atoms were initially arranged in the
diamond structure. The amorphous structure was obtained by,
first, equilibrating the system at T = 3500 K during 100 ps and
then quenching it to T = 500 K during 3 ns. Then, the structural
properties of the corresponding a-Si bulk material have been

compared with experimental data (Supporting Information SI-5).
Theoretical and experimental radial distribution functions were
found to be in good agreement. The angular distribution of
the bonds between first neighbors, with a mean angle of the
distributionequal to 109.6� and the standarddeviation is equal to
9.5�, are in good agreement with previous works.37,38We created
thea-Si nanoporousmembranes from the realisticmodel for bulk
a-Si. A film of thickness t is extracted from a-Si bulk material by
removing all the atoms i of the bulk such as z0� h/2 > z (i) > z0þ
h/2 where z0 is the median plane of the simulation box used for
a-Si bulk. Each a-Si film is then relaxed at T = 300 K during 1 ns.
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