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P H Y S I C S

Gas flow through atomic-scale apertures
Jothi Priyanka Thiruraman1,2*, Sidra Abbas Dar3,4,5*, Paul Masih Das1, Nasim Hassani6, 
Mehdi Neek-Amal6,7, Ashok Keerthi4,8†, Marija Drndić1†, Boya Radha3,4†

Gas flows are often analyzed with the theoretical descriptions formulated over a century ago and constantly chal-
lenged by the emerging architectures of narrow channels, slits, and apertures. Here, we report atomic-scale defects 
in two-dimensional (2D) materials as apertures for gas flows at the ultimate quasi-0D atomic limit. We establish 
that pristine monolayer tungsten disulfide (WS2) membranes act as atomically thin barriers to gas transport. 
Atomic vacancies from missing tungsten (W) sites are made in freestanding (WS2) monolayers by focused 
ion beam irradiation and characterized using aberration-corrected transmission electron microscopy. WS2 mono-
layers with atomic apertures are mechanically sturdy and showed fast helium flow. We propose a simple yet robust 
method for confirming the formation of atomic apertures over large areas using gas flows, an essential step for 
pursuing their prospective applications in various domains including molecular separation, single quantum emitters, 
sensing and monitoring of gases at ultralow concentrations.

INTRODUCTION
Understanding confined gas flows in angstrom-scale tight spaces 
plays a major role not only in the design of gas extraction tech-
niques but also for gas separation and production (1). In extremely 
narrow pores, the mean free path of a gas is much larger than that of 
the dimensions of the pore itself, which leads to gas dynamics dom-
inated by molecular collisions with walls of the pore rather than the 
intermolecular collisions (2). This is known as the free molecular 
regime, and the gas flux through these pores was comprehensively 
described using the Knudsen equation (2), which has been modified 
and adapted to explain the flows through various confined systems 
(3). From a theory standpoint, a pore or an aperture is a simple 
model system through which gas transmission is proportional to 
the impingement of gas molecules, i.e., likelihood of a gas molecule 
encountering a pore, and the activation barrier, if any, to cross the 
pore. In the cases where the membrane surface can adsorb gases, the 
flow is a combination of direct transmission through the pore and 
diffusion along the membrane surface (4). Despite the emergence of 
many nanoscale gas flow conduits such as nanopores (5–9), nano-
tubes (10–12), nanochannels (11, 13–16), nanolaminates (17, 18), 
etc., ultimately narrow quasi–zero-dimensional (0D) apertures with 
atomic-scale dimensions in both the transmembrane and lateral di-
rections, which challenge the applicability of the Knudsen equation 
for gas flows, have been limited (5, 8, 9, 19). Although atomic va-
cancies in monolayer 2D materials have been ideal candidates for 
theoretical simulations and modeling of gas flows (4, 20–22), they 
have not been studied extensively in experiments (9, 14). Here, 
we investigate an inert gas, i.e., helium flow through atomic vacancies 

in freestanding monolayer tungsten disulfide (WS2) membranes, to 
validate the Knudsen description in the ultimate atomic aperture 
limit.

RESULTS
Several studies in the past have explored various sources for atomic 
defect creation in 2D materials; among those, the popular techniques 
are oxygen plasma (23, 24), thermal annealing (25), ion and elec-
tron beam irradiation (26, 27), acid etching (23, 28), and ultraviolet-
induced oxidation etching (5). In particular, ion irradiation offers a 
precise method of creating atomic vacancies with a controlled local-
ization of defect sites at comparatively high densities (>1011 cm−2). 
Recently, we have illustrated how to create highly controlled single-
atom defects by focused ion beam (FIB) irradiation on a monolayer 
transition metal dichalcogenide (TMD) flake (29). In particular, 
TMDs provide better imaging contrast in aberration-corrected 
scanning transmission electron microscopy (AC-STEM) imaging and 
appear less prone to contamination, enabling easier characterization 
of the defects. We compared the effects of FIB irradiation on vari-
ous suspended monolayer TMDs and established that defects with 
areas down to 8 Å2 (single transition metal vacancy) can be pro-
duced in WS2 with a specific low irradiation dose (increasing dose 
produces larger vacancies in the membrane). Therefore, we choose 
monolayer WS2 as an optimal base support for hosting single-atom 
defects. Apart from being mechanically stable with a Young’s mod-
ulus of 270 GPa and a thickness of ~0.7 nm (30), our detailed inves-
tigation of the controlled ion irradiation mechanism minimizes the 
possibility of undesired damage or tears. The FIB irradiation mech-
anism used here allows for exclusively hosting single atomic aper-
tures on a freestanding monolayer WS2 membrane, enabling a high 
density of uniform defects in the range of 9 × 1011 ± 3.5 × 1010 cm−2 
(see sections S1 to S3). These defect densities are comparable to that 
achieved in graphene membranes (9).

The WS2 membranes incorporating atomic vacancies are sup-
ported on silicon chips (SiNx/Si) with a size of 11 mm by 11 mm (Fig. 1A 
and fig. S1). In the center of each chip, one or more submicrometer 
holes were drilled in a freestanding silicon nitride (SiNx) membrane 
(Fig. 1B). A monolayer WS2 flake was suspended on submicrometer 
holes present on these silicon chips (see fig. S1). The suspended 
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flake was irradiated with a 30-kV gallium–sourced FIB under spe-
cific precalibrated irradiation dose conditions to produce single 
atomic vacancies (illustration is shown in Fig. 1B). We exposed 
samples to an ion irradiation dose of 5.1 × 1013 ion/cm2 and ob-
tained a defect density of 0.08 ± 0.03%, with an average defect area 
of 0.12 nm2 and a median defect area of 0.09 nm2. Figure 1C is a 
representative image of atomic-scale defects produced through this 
method. We observe single atomic apertures where 1W atom va-
cancies can be seen, as included in Fig. 1D. It is often challenging to 
locate S atoms in AC-STEM images because of their weaker con-
trast compared to heavier W atoms. The creation of atomic defects 
possibly leads to reconstruction of immediate surrounding sulfurs 
in the monolayer lattice; hence, we see a variety of shapes of the 
apertures such as triangular, truncated triangular, to pseudo-spherical 
(see table S1 and fig. S4). On the basis of analysis of several atomic-
resolution images, we estimate the total defect sites resulting from 
missing W atoms to be few hundreds to few thousands per one de-
vice depending on the supported membrane area.

The relatively large number of atomic apertures (up to ~2000) in 
our samples enables gas flows detectable by conventional mass spec-
trometers, such as helium leak detector. Our membranes are mechan-
ically robust and sustained the pressure differences of up to ~1 bar. 
For gas flow measurements, the experimental setup consists of 
mounting the silicon chips with O-rings to separate two vacuum 
chambers, one held at variable pressure P and the other in high vac-
uum connected to a mass spectrometer as depicted in the inset of 
Fig. 2A (also see fig. S5). The samples are well sealed such that 

atomic apertures in the WS2 membrane act as the only connecting 
paths between the two chambers where gas molecules can flow. As 
control samples, three replicas were done for each of the pristine 
silicon nitride membrane with and without holes and nonirradiated 
WS2 membrane suspended over the silicon nitride hole. The control 
samples used to establish baseline flow are a different set of mem-
branes than those used for gas transport; however, they all come 
from the same fabrication procedures and chemical vapor deposi-
tion (CVD) growth. A bare hole without WS2 layer exhibits large 
gas flow, as expected, and has been used as a standard leak for vali-
dation of the experimental setup (Fig. 2). A freestanding pristine WS2 
monolayer covering nine holes each with diameters of ~250 nm, 
without any irradiated defects, exhibited negligible helium flow be-
low our detection limit (~10−18 mol s−1 mbar−1). It is remarkable 
that the WS2 monolayer grown by CVD methods (see fig. S2) has 
such low intrinsic defect density that it is practically impermeable 
over a suspended area of a few square micrometers. Let us recall the 
ultralow permeability, ranging from 10−23 mol s−1 mbar−1 to only 
few gas molecules per hour (31, 32), of intrinsic defects in 2D ma-
terials with high crystal quality such as mechanically exfoliated 
graphene, studied extensively with specialized device architectures 
and atomic force microscopy measurements done over several days. 
Apart from the high crystal quality of our WS2 monolayer, the im-
permeability emphasizes the excellent sealing of the WS2 layer on 
the SiNx membrane in our devices, which is achieved by repeated 
annealing of the samples in H2/Ar atmosphere at 350°C, both right 
after the WS2 monolayer transfer and also before the gas flow mea-
surements (see section S3).

Next, we did helium (He) gas flow measurements on FIB-irradiated 
samples containing atomic vacancy defects in suspended WS2 mem-
branes. Three typical irradiated samples along with controls are 
shown in Fig. 2A, in which sample no. 1 has WS2 suspended on nine 
holes each with a diameter of ~200 nm. From our fabrication method, 
mainly three types of defects are possible such as 1W (~69%), 2W 
(~22%), and 3W (~9%) defects, respectively. Here, the pore config-
uration is focused on W atoms since experimentally, the AC-STEM 
contrast from S atoms is weak, and hence, their locations are not 
identified with certainty. Unlike the geometric area given in Fig. 1D, 
to get the effective area (accessible pore area for He atom), the 
van der Waals (vdW) diameter of each atom on the aperture edge is 
subtracted (see section S2) (14). The total estimated tungsten defects is 
given as N = N1+ N2+ N3, where N1, N2, and N3 are estimated numbers 
of 1W, 2W, and 3W vacancies, respectively, from AC-STEM image 
analysis. In our samples, N ~ 2070 ± 830 for sample no. 1; the sam-
ple no. 2 was WS2 on a single hole with a diameter of 250 nm to 
yield total defects N ~ 440 ± 170; the sample no. 3 was WS2 on a 
200-nm-diameter hole to give estimated defects, N ~ 300 ± 120. He 
flow through atomic apertures increases linearly with increasing 
pressure and also with increasing number of defects in a sample 
(Fig. 2A). The gas flux is not exactly linearly correlated with the in-
crease in N. The additional sources of error include the variation in 
the substrate hole area leading to an overall WS2 suspended mem-
brane area variation and errors in the ion irradiation dose, in total 
amounting to about ~40% error. At the experimental working pres-
sure P ranges from few to 200 mbar, the mean free path of helium is 
>0.5 m, and the Knudsen number for these atomic apertures in 
our WS2 monolayer is >103. Here, the defects are not circular and 
have a well-defined atomic structure (see inset in Figs. 1D and 3), 
meaning that a diameter (typically used for larger circular pores) is 

Fig. 1. Atomic apertures fabricated using an FIB scanning technique. (A) Optical 
microscope of a monolayer WS2 flake suspended in the center of a silicon nitride 
(SiNx) membrane (~50-nm thickness, 50 m by 50 m) using position-control trans-
fer technique. The inset shows a scanning electron microscopy image of a hole of 
250 nm in diameter drilled in the center of the SiNx membrane. (B) Schematics of 
the irradiation technique on the suspended WS2 flake, and the inset shows a photo
graph of a SiNx/Si chip (11 mm by 11 mm). (C) Aberration-corrected high-angle an-
nular dark-field (AC-HAADF) image of irradiated monolayer WS2 flake at a dose of 
~5.1 × 1013 ions/cm2. Bright spots indicate W atoms. (D) Histogram of apertures pro-
duced with the irradiated dose used in (C). Light shading of blue, green, and orange 
indicate the size ranges of 1W, 2W, and 3W atomic apertures in the graph, respec-
tively. Inset: A high-magnification AC-HAADF STEM image of one such aperture.
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not an optimal measure of size. We quote their geometric area, i.e., 
mean area <A>, and the characteristic sizes in table S1. As an exam-
ple, the 1W (+6S) defect has a pore with characteristic size, ~3.15 Å, 
and an area of 0.08 nm2, whereas the 3W (+6S) defect has a pore size 

of ~5.25 Å and an area of 0.216 nm2. To represent the size of the He, 
we use the kinetic diameter (~2.6 Å), which is a semiclassical notion; 
however, for monoatomic spherical molecules like He, this is quite 
close to the quantum-mechanical size of the electron cloud around 
the nuclei (33). As the aperture size is much smaller than the mean 
free path, the mass flow of the gas Q (moles per second) through the 
aperture is simply the impingement rate upon the area of the pore 
(see section S6), as described by Knudsen (22, 34).

	​ Q  =  PA ​(1 / 2M RT)​​ 1/2​​	 (1)

where P is the inlet pressure, A is the total area of the conducting 
apertures, M is the atomic mass of the gas being transported (M = 
4 g mol−1 for helium), R = 8.314 J mol−1 K−1 is the gas constant, and 
T is the temperature (T = 295 K in our experimental setup). In our 
case, A is the sum of all individual atomic aperture areas in the WS2 
membrane, which is, on average, N1 × A1 + N2 × A2 + N3 × A3 (in 
our samples, N can be varied from 300 to 2000 for an individual 
sample by increasing the membrane area; A1, A2, and A3 are the 
accessible aperture areas for 1W, 2W, and 3W vacancies, i.e., ~0.08, 
~0.13, and ~0.23 nm2, respectively, given in table S1. In the case of 
control devices, i.e., large bare holes, A is the sum of individual hole 
areas (with diameters in the range of ~200 to ~300 nm). Taking into 
consideration the proportion of the various defects observed in AC-
STEM images, we calculated the Knudsen estimates from all the 
vacancies such that 3W vacancies contribute to ~9% of the flux, 
whereas ~91% of the flux is contributed by 1W (+6S) and 2W 
vacancies together (Fig. 2B). If the pores are much narrower than 
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Fig. 2. Gas flow through atomic apertures. (A) Helium gas permeation measured through atomic apertures in WS2 made with same irradiation dose (5.1 × 
1013 ions/cm2) but with different WS2 areas leading to difference in the number of defects in a given sample. The proportion of the 1W, 2W, and 3W vacancies in each 
sample is 69:22:9%, sample no. 1, N ~ 2070 ± 830; sample no. 2, N ~ 440 ± 170; sample no. 3, N ~ 300 ± 120. Pristine WS2 membranes without any irradiation and large bare 
hole not covered with WS2 (shown in red color) are shown alongside as controls. Solid lines running through symbols indicate best fit to the data. Inset shows a schematic 
of our experimental setup. (B) Comparison of normalized permeance per unit pressure of irradiated samples and controls, with the Knudsen estimates. The colors within 
the gray bars representing Knudsen estimates arise from the flow contributions due to 2W (red) and 3W (dark blue) vacancies. Horizontal light blue color bar indicates the 
detection limit. Error bars on the helium flow of samples are from the SD of flow values recorded over a series of helium flow measurements (measured three times) on 
the same sample repeated after annealing three times. For the Knudsen theory estimates, the error bars arise from the error values associated with the number of defects 
and with the total area of the apertures A in each sample.

Fig. 3. Atomic apertures and electron density isosurfaces. Typical aperture sizes 
with the irradiation dose (~5.1 × 1013 ions/cm2) are shown. The top panel shows the 
density functional theory (DFT) results for electron density isosurfaces of atomic 
apertures in a WS2 membrane (isovalue of 0.2 e/Å3). The S and W atoms are shown 
in yellow and blue, respectively. The blue and red arrows inside the images are the 
accessible dimensions in width a and length b across the pores (1W+6S, a ≈ b ~ 3.2 Å; 
2W+6S, a ~ 2.1 A, b ~ 6.2 A; 3W+12S, a ~ 5.8 A, b ~ 6.2 A). The accessible aperture 
areas for helium molecules are ~0.08, ~ 0.13, ~ 0.23 nm2, respectively. The bottom 
row includes the AC-STEM images of the defect, while the top row illustrates the 
observed atomic configuration.
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the size of the molecule, then there can be a finite energy barrier, 
which is expressed as an exponential term in the Eq. 1, exp(−E/RT), 
where E is the energy barrier that substantially reduces the trans-
mission coefficient of the gas even for small E (14, 22).

The 2D membranes with atomic apertures show measurable he-
lium flux ~10−16 to 10−15 mol s−1 mbar−1, over two to three orders 
higher than the detection limit and significantly lower than the 
leakage rate for submicrometer holes (Fig. 2B). This corresponds to 
a flow of about ~107 to 108 He molecules per second per millibar 
pressure difference across the membrane. Theoretical simulations 
with such small pores in graphene have estimated a pass through 
frequency of 104 He molecules per second per defect (close to our 
flow values per millibar for a sample with ~2000 defects; Fig. 2), 
which can be likely ascribed to a low diffusion barrier for He result-
ing from its noninteracting nature (14, 20). As a check for the repro-
ducibility of devices with atomic apertures, we would like to point 
out that in a given batch of irradiated samples, about 40 to 50% 
samples show the measurable flow commensurate with the number 
of defects estimated by the irradiation dose (29). Other devices 
either did not conduct gas or showed much higher gas flow. From 
the He flow, we back-calculated the number of defects contributing 
to the flow using Eq. 1, and N matches close to the defect numbers 
from AC-STEM image analysis for the sample nos. 1 to 3. For high 
leaking samples, substituting experimental Q in Eq. 1 gave large 
contributing defect area A, which does not correlate with the defect 
density statistics attained from AC-STEM, hinting that these sam-
ples might have tears or cracks in the membrane. Examination of 
these samples by scanning electron microscopy (SEM) on large areas 
indeed indicates that they are damaged samples (see tears in sus-
pended WS2; fig. S6).

The measured He flow values are within an order of magnitude 
of the values predicted by the Knudsen estimates, despite the uncer-
tainties in our defect densities and the distribution of the type of 
defects. Equation 1 is based on the kinetic theory and has been ap-
plied to describe the flows through apertures using effusion mecha-
nism in both theoretical (4) and experimental literature (5, 6). 
To more precisely validate the agreement to Eq. 1 and/or evaluate 
its limitations in our experiments, we would need to further de-
crease our experimental sources of error, including the calibration 
of all defect areas, which is a challenging experimental task. To 
verify whether there is any energy barrier, we measured gas flows by 
varying the temperature between ~25° to ~100°C, by using a heat-
ing tape wound around the chamber, interfaced with a temperature 
controller. We did not see noticeable variation in the gas flow with 
temperature, hinting an absence of an energy barrier (an exponen-
tial dependence is expected if an energy barrier is present). As per 
Eq. 1, a T−1/2 dependence would lead to variation of flux by <10% 
within the temperature range tested, and this is beyond our experi-
mental measurement error.

From the electron density isosurface (EDI) of defects shown in 
Fig. 3 (and fig. S4) using first-principles density functional theory 
(DFT) calculations, accessible pore areas are obtained (table S1). 
The accessible pore areas from EDI closely match with those esti-
mated using vdW radii (section S2). The surface transport con-
tributions can be negligible as He does not adsorb sufficiently on 
the WS2 basal plane, similar to that observed on graphene (typical 
adsorption layer thickness, ~4 to 6 Å) (35).

Ideal atomic apertures with only 1W missing and with no miss-
ing sulfurs on the pore edge would likely, theoretically, be noncon-

ducting. On the other hand, 1W defects with six sulfur vacancies 
with an accessible pore diameter of ~3.2 Å, which is larger than the 
kinetic diameter of helium (2.6 Å), would be amenable to gas flows. 
As shown in Fig. 1D, the minimum area of the defects obtained 
from AC-STEM imaging was about 0.06 to 0.1 nm2, which corre-
sponds to the defects with 1W and 6S missing (~0.08 nm2), whereas 
the 1W defects with no sulfurs missing would be of significantly 
lower area (~0.002 nm2). As the characteristic pore size decreases, 
the electron overlap between He and membrane significantly in-
creases, thereby increasing the energy barriers for the flow. However, 
the theoretical calculation of energy barriers might not necessarily 
capture all the favorable electronic interactions in real systems as 
there can be rearrangements in the vacancies. These discrepancies 
between the computed energy barriers and the experimental 
flows have been noted before by Wang et al (8). Specifically, our re-
sults do not imply a significant energy barrier compared to the-
oretical predictions (4, 8, 14, 22), and we also note that different 
levels of DFT calculations (and supercell size, or equivalently, the 
ratio between the pore area and the simulated defect area in mem-
brane) can give different energy barriers; thus, a separate systematic 
DFT study is required for carefully probing the energy barriers.

We stored our samples with atomic vacancy defects under ambi-
ent conditions. When we tested the samples after a few weeks, it was 
observed that they tend to get clogged with time, leading to reduced/
no He flow. As is well known, all surfaces are likely to be covered by 
hydrocarbons, which might cause the clogging (15) of atomic aper-
tures in our case. However, upon reannealing at 350°C, He flow was 
regained to the previously observed value within a factor of 2. Stor-
age of samples in activated charcoal helped extend the life span of 
the atomic apertures to be open for few months. Annealing with a 
combination of storage in charcoal has enabled us to keep the atomic 
apertures open for about a year. The atomic vacancy defects, once 
created, are quite stable and show similar helium flow with repeated 
annealing, indicating that the atomic apertures do not expand or 
propagate rapidly. Those samples that have been irradiated but did 
not conduct gas remained nonconductive even after repetitive an-
nealing. We speculate that these samples could have contained a ma-
jority of the dominant 1W defect type with one “W” atom missing 
but with partial or all S atoms at that site, thereby increasing the 
energy barrier and leading to no He flux. While the ion irradiation 
dose is optimized for single-atom (W) defect pores, the removal of 
sulfur atoms from ion irradiation and the subsequent AC-STEM 
imaging to precisely know the composition of sulfur vacancies at a 
defect site have remained a challenge. However, in the extreme limit, 
when there were large holes, tears, or cracks in the membrane, the 
flow was much higher, and the membranes themselves were not stable. 
In addition, we performed ion flow measurements in KCl solution 
on our atomic apertures as a cross-check. Those samples that 
showed inconsistent and unexpectedly high gas flows showed high 
ionic conductance (~400 nS in 1 M KCl; see fig. S7), again indicating 
the presence of tears (visible in SEM; see fig. S6). The samples that 
showed gas flows commensurate with the Knudsen equation exhib-
ited only a small ionic conductance, <1 nS in 0.1 M KCl for total 
membrane area ~0.4 to 0.6 mm2, as shown in fig. S7. This is expected 
as the atomic apertures with sizes <6 Å exclude ions (27), but the pres-
ence of tears in the membranes leads to bulk ionic flow (see fig. S6). 
These observations further emphasize that the sealing of WS2 
monolayers to the SiNx membranes is leak proof, leaving no gaps, 
and hence, only irradiated defects contribute to the observed gas flow.
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DISCUSSION
Let us analyze the gas flow in nano- and angstrom-scale pores from 
the literature, in comparison to our atomic vacancy defects presented 
here. It has been shown in the literature that when the pores are less 
than the size of the gas molecule passing through (8), activated 
transport is observed and highly sensitive energy barriers play a ma-
jor role in the transport, and the barrier is usually estimated using 
combined theoretical and experimental efforts. In this work, since 
the atomic vacancy apertures are only slightly larger than the gas 
molecule (i.e., less than twice the size of helium molecule, 2.6 Å), 
the flow is governed by simple effusion (14). In general, effusive 
flow is seen as detrimental and the cause of reduction for selectivity 
between gases in size exclusion. Because of this, an accurate com-
parison of the observed permeability and value estimated from the 
Knudsen description for the known size of the aperture is often 
overlooked. Such a comparison made for nanometer-sized holes 
showed the validity of the Knudsen description in graphene pores 
down to ~7 nm in size, where a N2 permeance of ~0.05 mol m−2 s−1 Pa−1 
was observed (6). Angstrom-size defects (size, ~0.38 to ~0.43 nm) 
made by ozone-induced etching in a CVD-grown graphene layer 
were shown to have a H2 permeance of about 10−7 mol m−2 s−1 Pa−1 
(9), which is only one order higher than the permeability of graphene 
membrane, 10−8 mol m−2 s−1 Pa−1 hosting the defects (36). However, 
the observed gas flow values for atomic defects are still much lower 
than that estimated from the Knudsen description for given defect 
densities, which might be due to the overestimation of the conduct-
ing apertures. In our WS2 atomic aperture samples, the He gas flow 
obtained matches the Knudsen estimates within a factor of 2 to 3, 
and the gas flow normalized by the total area of defects translates to 
~0.05 to 0.1 mol m−2 s−1 Pa−1. From theoretical studies on graphene 
pores with sizes 3.6 to 4.8 Å, for defect densities up to ~1014 cm−2, 
large permeance of ~0.1 mol m−2 s−1 Pa−1 has been predicted 
(14, 20), which closely matches with our experimental values. These 
permeance values are higher than those typically observed in silica 
(37), zeolite, and metal-organic framework membranes, graphene 
oxide membranes (18), which are in the range of ~10−6 to 10−7 mol 
m−2 s−1 Pa−1. Large permeance values are obtained through our WS2 
apertures, even when normalized with the area of the membrane, 
i.e., ~10−4 to 10−5 mol m−2 s−1 Pa−1, which indicates that most of the 
atomic apertures are in the predicted size range and hence conduc-
tive to gases.

In conclusion, we demonstrate the fast He transport through 
quasi-0D atomic-scale apertures (~W sites). To our knowledge, this 
is the first experimental observation on He gas transport in such 
angstrom-scale pores in WS2/TMD monolayers where we attempt 
to evaluate the applicability of the Knudsen equation down to the 
ultimate limit. Our results indicate the necessity of future theoreti-
cal models to explore the role of sensitive variation of the energy 
barriers of various gas molecules and their critical dependence on 
the size of the aperture at this atomic limit, especially taking the 
electron density isosurfaces of atoms to account for the enhanced 
flux. In addition, this work provides a new method for corroborat-
ing atomic pore formation and their density over large areas via a 
simple bulk measurement technique of measuring gas flow through 
them. This is analogous to using nanoholes (few hundred nanome-
ters in size) as standard leak elements for calibration (38). So far, 
the only way to inspect and confirm the atomic pore formation in 
the case of atomic vacancy defects is by AC-STEM, which is limit-
ed to relatively small areas. Conventional ionic transport mea-

surements through nanopores are mediated by Hille’s equation 
(27), which yields a linear relationship between conductance and 
total aperture area. However, for pores that are smaller in dimen-
sions than many common salts, ionic conductance measurements 
do not yield a predictable or a measurable signal, leading to the 
breakdown of Hille’s model for atomic aperture limit (28). With 
our study, we would like to highlight that once the pore creation is 
confirmed and calibrated by AC-STEM locally, gas flow measure-
ments can act as a standard to test for the presence of these pores 
and their density over large areas. Let us also note that the stability 
of pore/aperture configuration of these atomic scale defects needs 
further investigation (27, 39) as the pores could change over time, 
which can be attempted in future experiments by imaging the pores 
over time. More advanced methods including dynamic scanning 
tunneling microscopy need to be devised to locate S atoms (40) and 
also any other atoms such as possible contaminants (C, O, and N) to 
be certain of pore compositions and sizes. Future work may involve 
efficient gas separation investigations using a scaled-up version of 
such membranes.

MATERIALS AND METHODS
Sample fabrication
CVD growth of monolayer WS2 flakes
Monolayer WS2 flakes were grown using CVD processes similar to 
previously reported methods (27, 29). Solutions of 2% sodium cholate 
growth promoter and 15 × 10−3 M ammonium heptamolybdate 
(metatungstate) were spun onto piranha-cleaned silicon (Si) substrates 
coated with 150 nm of SiO2, which were then loaded into the center 
of a tube furnace (Thermo Fisher Scientific Lindberg/Blue M). For 
WS2, samples were heated in argon atmosphere [100 standard cu-
bic centimeters per minute (sccm)] at a rate of 65°C min−1 and 
held at 800°C for 10 min, during which time 15 sccm of H2 was also 
added. Approximately 100  mg of sulfur precursor placed 22  cm 
from the substrates was kept at 180°C during the growth procedures. 
Both samples were rapidly cooled to room temperature by cracking 
open the furnace.
Position-controlled transfer of WS2 flakes
With WS2 flakes grown on Si/SiO2 wafer pieces, we cut smaller 
pieces with areas about 3 × 3 mm2 that contain good WS2 flakes. 
Using a wet transfer technique, the TMD flake side of the SiO2 pieces 
is coated with poly(methyl methacrylate) (PMMA) (MicroChem C4, 
4000 rpm for 60 s). The PMMA-coated substrates are left to dry at 
ambient temperature for a few minutes before being floated onto 
the KOH etchant (8 g per 100 ml of water). Depending on the thick-
ness of the SiO2 wafer, the time for etching away the SiO2 layer var-
ies. Last, we observe the PMMA + TMD flake floating on the KOH 
etchant. These PMMA + TMD flakes are then rinsed three times in 
clean water baths before being used to transfer them onto a SiNx/Si 
chip with a hole (diameter range, 200 to 300 nm) drilled by FIB. Po-
sition transfer is practiced when the flake size and their number 
density are high, so that in this case, it is possible to place one 
PMMA + TMD flake onto the SiNx FIB hole. This step of placing 
the PMMA + TMD flake over the SiNx FIB hole is somewhat chal-
lenging since the coverage of the FIB hole depends on the number 
of the as-grown flakes. However, because in a given batch of CVD 
growth, the number of grown flakes is large, the transfer is completed 
within several transfer trials. In addition to this manual transfer, we 
have also used custom-built manipulators, with needles and tweezers 
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to move the flake on the substrate to increase device yield. These 
manipulations came at a cost, since there was now a higher risk of 
device failure caused by the usage of additional tools, which can 
sometimes break the membrane. In this work, all devices were fab-
ricated by manually “fishing” (moving) the PMMA + TMD flake 
onto the SiNx FIB hole. After we transfer the flake and optically ver-
ify the coverage, the sample is then dried in ambient temperature 
for 30 min. Furthermore, the sample is placed into hot acetone 
(90°C) to remove the supporting PMMA.
Gallium ion irradiation
Monolayer TMD flakes were irradiated with a Ga+-sourced ion 
beam FEI Strata Dual-Beam instrument. The acceleration voltage of 
the ion beam was set to 30 kV and incident normal to the surface. 
The beam spot size was observed to be 100 nm for a flash second at 
10-pA current. To produce atomic defects, an area of 250 nm by 
250 nm was irradiated with the dwell time (16 s) and current (10 pA). 
Pixel resolution (1024 × 884) was kept constant. The exposure was 
carried out in an imaging mode, which followed a raster pattern 
where the beam sequentially exposed each pixel in a row. The in-
strument, FEI FIB Strata DB 235, has an option to “grab frame,” 
which takes a single scan at a set resolution; this option was used for 
all the scans. The dose was varied by changing the number of scans. 
Suspended and substrate-supported samples were exposed to FIB 
irradiation while sitting on holey carbon TEM grids and Si/SiO2 
substrates, respectively.
AC-STEM imaging
AC-STEM images of WS2 samples were acquired using a Cs-corrected 
JEOL ARM 200CF STEM operating at 80 kV. Images were obtained 
using a high-angle annular dark-field (HAADF) detector with a col-
lection angle of 54 to 220 mrad and 10-cm camera length. Probe 
current (22 pA), focusing time (<2 s), and electron dose (≈6.0 × 
106 e− nm−2) were kept low to minimize beam-induced knock-on 
damage.

First-principles calculations
The DFT was performed with the generalized gradient approxima-
tions (41) form with exchange-correlation potential parametriza-
tion of Perdew-Burke-Ernzerhof (42). The calculations were carried 
out by the Quantum ESPRESSO package (43) and have been per-
formed on the basis of the plane-wave basis sets and ultrasoft non-
local pseudopotentials (44). To take the vdW contributions into 
account in the total energy, the Tkatchenko-Scheffler (45) method 
was used. The cutoff of kinetic energy in the plane-wave expan-
sion and the convergence threshold for the self-consistent field 
calculations were chosen as 280.0 and 10−6 eV per atom, respec-
tively. The WS2 membrane was relaxed both in plane and out of 
plane.

Calculations were done at 0 K for a rectangular supercell shape 
with size 15.953 × 16.579 Å2 for all considered defects consisting of 
29(60), 29(54), 28(58), 28(54), 27(54), and 27(48) atoms of W (S) 
for 1W, 1W (+6S), 2W (+2S), 2W (+6S), 3W (+6S), and 3W (+12S) 
with a vacuum layer of 30 Å between periodic images in the vertical 
direction. We calculated the EDI using the above aforementioned 
functionals and energy cutoff. For the EDI images (Fig. 3 and fig. S4), 
the isovalue was set to be 0.2 e/Å3.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabc7927/DC1
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