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ABSTRACT: Atomic-defect engineering in thin membranes provides opportunities for ionic and molecular filtration and
analysis. While molecular-dynamics (MD) calculations have been used to model conductance through atomic vacancies,
corresponding experiments are lacking. We create sub-nanometer vacancies in suspended single-layer molybdenum disulfide
(MoS,) via Ga* ion irradiation, producing membranes containing ~300 to 1200 pores with average and maximum diameters of
~0.5 and ~1 nm, respectively. Vacancies exhibit missing Mo and S atoms, as shown by aberration-corrected scanning
transmission electron microscopy (AC-STEM). The longitudinal acoustic band and defect-related photoluminescence were
observed in Raman and photoluminescence spectroscopy, respectively. As the irradiation dose is increased, the median vacancy
area remains roughly constant, while the number of vacancies (pores) increases. Ionic current versus voltage is nonlinear and
conductance is comparable to that of ~1 nm diameter single MoS, pores, proving that the smaller pores in the distribution
display negligible conductance. Consistently, MD simulations show that pores with diameters <0.6 nm are almost impermeable
to ionic flow. Atomic pore structure and geometry, studied by AC-STEM, are critical in the sub-nanometer regime in which the
pores are not circular and the diameter is not well-defined. This study lays the foundation for future experiments to probe
transport in large distributions of angstrom-size pores.
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Ionic and molecular transport through individual solid-state flow through sub-nanometer pores.” A few recent papers have
nanopores has been studied thanks to the ability to fabricate reported transport measurements in individual molybdenum
nanometer scale holes in thin membranes.! In contrast, ionic disulfide (MoS,) sub-nanometer pores.7’8

transport through smaller, sub-nanometer pores and nano- Thin nanoporous membranes containing a large number of
porous two-dimensional (2D) membranes has not yet been pores provide opportunities for fluid filtration, molecular
explored in detail, although these systems present fascinating analysis, and energy generation. In water-desalination applica-
opportunities to study phenomena at the atomic scale. Most tions, there is a demand for high-throughput, where atomic-
studies infer the conductance and sub-nanometer pore scale pores (atomic vacancies in the material) provide unique
diameters indirectly from modeling.”’ With the recent

availability of 2D materials* that can be suspended as Received:  October 24, 2017
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is now possible to study the fundamental principles behind ion Published: February 21, 2018
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Figure 1. (a) Optical image and (b) fluorescence image (673 nm centered bandpass filtered) of as-grown single-layer MoS,. (c) Schematic
illustration of focused Ga' ion beam based irradiation process. (d) Raman and (e) photoluminescence spectra of the pristine and the Ga* ion

irradiated MoS,.

benefits. This is because (i) water transport scales inversely
with membrane thickness allowing for high water fluxes and (ii)
membranes with sub-nanometer pores are highly selective.””"*
Previous experiments explored ionic transport in nanoporous
graphene membranes.'”'”'* Heiranian et al. indicated the
benefits of MoS, pores compared to graphene."® To the best of
our knowledge, there have been no studies of transport in
nanoporous MoS, membranes.

Here, we report ionic transport measurements through MoS,
membranes with a population of sub-nanometer pores
introduced by controlled Ga* ion irradiation at 30 kV. We
study the vacancy defects and the resulting properties of the
suspended MoS, lattices using AC-STEM, Raman spectrosco-
py, and photoluminescence (PL) spectroscopy. We observe the
longitudinal acoustic (LA) band and defect-related PL and
determine the vacancy-defect size distribution as a function of
Ga" ion irradiation dose, showing the median defect diameter
in the range of 0.3—0.4 nm.

Single-layer MoS, triangular-flakes were synthesized via a
halide-assisted powder vaporization method (Figure 1a).'® The
presence of single-layer material was confirmed by fluorescence
microscopy (Figure 1b, 673 nm bandpass filtered). While
single-layer MoS, shows strong photoluminescence, the signal
is quenched in multilayered MoS,."” Similar to graphene,"®
polycrystalline MoS, fractures at grain boundaries under
strain.’” To maintain the rigidness of the material, we focused
on single crystal MoS,. Single-layer MoS, flakes were
transferred onto carbon grids® or SiN,’ using a polymethyl
methacrylate-assisted transfer (Figures S1 and S2). Atomic
vacancy-defects were introduced by rastering the Ga* ion probe
over a certain area (Figure 1lc) using a focused ion beam
(FIB).”"** The degree of defectiveness was controlled by
varying the Ga* ion dose from 6.25 X 10" ions/cm? (see Figure
S3) until the PL signal of the irradiated MoS, fell into noise
level (2.50 X 10" ions/cm?). After prolonged irradiation, the
fluorescence signal was suppressed regardless of dose.
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The effect of Ga* ion irradiation on MoS, flakes was
investigated by Raman spectroscopy and PL spectroscopy
(panels d and e of Figure 1, respectively). After Ga* ion
irradiation of the MoS,, several Raman peaks located around
200 cm ™, in the vicinity of the longitudinal acoustic (LA) band
emerged, whereas the first-order in-plane (E’) and out-of-plane
(A’}) modes remained unaffected.”’ The LA band consists of
several peaks including LA (~M), LA (~K), and a van Hove
singularity at the saddle point between the K- and M-points in
the Brillouin zone.”” Because these LA (~M) and LA (~K)
modes far from the I'-point are only activated when defects are
introduced into the MoS, lattice, their relative intensity with
respect to the A’; mode (I(LA)/I(A’;)) can be used as an
indicator of the degree of crystallinity.”"** The relative
intensity, I(LA)/I(A’,) increased with higher Ga* ion doses
(see the inset of Figure 1d), as expected.

The PL of the MoS, flakes was found to be sensitive to ion
irradiation.” For pristine MoS,, there were two peaks at 1.88
and 2.03 eV in the PL spectra, corresponding to the A and B
exciton peaks. The A exciton peak was composed of two
subpeaks with energy at 1.88 eV (neutral exciton: A®) and 1.82
eV (trion: A7).>* After Ga* ion irradiation, the neutral exciton
A® was suppressed and a new peak, a bound exciton (D)
located at ~1.72 eV, emerged. This newly emerged photo-
emission peak can be correlated to defect-mediated radiative
recombination processes.”>>*” The bound exciton peak is also
observed when the MoS, is irradiated by a-particles™ and
energetic plasma.”> The spectral weight of the bound exciton
peak becomes higher with increasing Ga* ion dose, similar to
the relative intensity of the LA band, and at a dose of 2.5 X 10"
ions/cm? the PL intensity becomes close to the noise level.
The enhancement of the LA band and the suppression of the
neutral exciton reflect a qualitative increase of defectiveness
(e.g., number and size of vacancies), within MoS, monocrystals
after the Ga® ion irradiation. However, upon the collision
between an ion and an atom, several different types of defects
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Figure 2. Aberration corrected scanning transmission electron microscopy (AC-STEM) characterization of single-layer MoS,. (a) AC-STEM image
of the pristine and the Ga* ion irradiated MoS, with different ion doses. (b) High-magnification AC-STEM image of atomic vacancies with different
atomic configuration. These images were used to perform the statistical analysis of defects shown in Figure S7 and are described in the text.

including topological defects, atomic vacancies, holes, and
amorphous regions can form" depending on the ion species and
their kinetic energy.”” A quantitative study of vacancy-defects;
such as type, density and edge termination of defects, is
required but cannot be completed using only the techniques
above. In this context, Surwade et al. mentioned that even when
similar optical signatures were observed in differently prepared
defective graphene membrane, the water-transport properties of
the membranes varied.”

In 2D systems, the type of vacancy-defects introduced by ion
irradiation changes depending on the jon characteristics and
kinetic (=.ne1‘gy.28’29 For the electron irradiation of MoS, using a
parallel beam, monosulfur vacancies (V;) and disulfur vacancies
(Vys) are predominant.ﬁ‘27 With increased electron irradiation
time, sulfur vacancies migrate and aggregate into line defects.>®
In contrast to electrons, the mass of an ion is larger and varies,
resulting in ion-species-dependent effects. Molecular dynamics
(MD) simulations suggest that higher mass causes more
displacement and sputtering of atoms.”**’ Direct observation
of vacancy-defects created by Ga" ion irradiation is needed to
fully understand their characteristics.

Ion-irradiated MoS, membranes were investigated by
aberration-corrected scanning transmission election microscopy
(AC-STEM). Figure 2a shows high-angle annular dark-field
(HAADF) images of MoS, before and after Ga* ion irradiation
for different doses: 0 (pristine), 6.25 X 10'% 8.16 X 10", 1.11 X
10", 1.60 X 10", and 2.50 X 10" ions/cm? HAADF intensity
changes depending on ~Z* (Z: atomic number), allowing us to
roughly distinguish elements (Mo or S) and, therefore, the
atomic configuration of vacancy-defects. Figure 2b shows
magnified STEM-HAADF images of several atomic vacancies.
Metal atomic vacancies with several sulfur vacancies (VxM0+yS)
are formed rather than sulfur vacancies (Vs), topological defects
(bond changing), or amorphous regions. This is consistent with
expected sputtering behavior due to the relatively higher mass
of Ga’ in comparison to electrons and leads to disulfur or
monosulfur termination-rich edge structures.

To investigate the effect of the Ga* ion dose on pore (i,
vacancy-defect) area and density, statistical analysis was
performed on AC-STEM images (see Figure S7). Within the
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irradiation dose ranges we used, the pore density increases with
larger doses, whereas the pore area remains roughly constant.
For the lowest dose (6.25 X 10'* ions/cm?), the majority of the
atomic pores were single-molybdenum-based vacancies
(V1M0+y5), while the number of missing sulfur atoms varied.
With increasing Ga* ion dose, the number of double-
molybdenum-based vacancies (V2M0+yS) increased, and some
triple-molybdenum-based vacancies were also found (Vioy,si
Figure 2b), exhibiting low-intensity STEM—HAADF signals
inside the defect. Because these defects were observed far from
carbon contamination caused by the transfer process (Figure
S4) and the STEM—HAADF intensity was close to Vg, we
assigned the structure inside the defect to sulfur. When the Ga*
ion dose reached 2.50 X 10" ion/cm?, the density of pores with
size >0.8 nm in diameter increased (see Figure S7).

To observe the ionic transport characteristics of the
angstrom-size defects in the MoS, membranes, we implement
the device setup shown in Figure 3a. A MoS, flake was selected
under an optical microscope and then transferred over a SiN,
window with a ~200 nm diameter FIB hole (Figure S1).34%
The membrane was then irradiated with doses ranging from
6.25 X 10" to 2.50 X 10" jons/cm? to create atomic vacancies
with average single defect diameters between 0.4 and 0.5 nm.
The top inset of Figure 3b shows a STEM image of a
suspended MoS, membrane over a FIB hole exposed with a
dose of 2.50 X 10" ions/cm?. A resultant nonlinear current—
voltage (I-V) curve is shown in Figure 3b for an irradiated
MoS, membrane (device P, dose of 1.60 X 10" ions/cm?). For
comparison, a similar trace is shown in the bottom inset for a
pristine sample demonstrating a baseline ionic conductance (G
= dI/dV) of ~10 pS.

Figure 3c,d show ionic current traces at Vz = 0.1 V and the
corresponding current noise for two devices (dose of 1.60 X
10" ions/cm?). It should be noted that only those devices are
shown here that have an ionic conductance of G > S nS in the
range of +0.1 V. For devices exhibiting G < 5 nS, the defects
are too small to allow significant ionic flow below a certain
threshold voltage (discussed below), thus making ionic noise
extraction difficult. The power spectral density was extracted
from the current traces and fit to the following equation:
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Figure 3. (a) Experimental setup to measure the conductance of nanoporous MoS, membranes. (b) Current—voltage plot of a MoS, device
irradiated with a dose of 1.60 X 10" ions/cm? showing a nonlinear trend in the voltage range of Vi = + 0.8 V (orange, device P). (bottom inset)
Current—voltage curves for a pristine MoS, membrane (black) and the same irradiated MoS, device for Vi = & 0.1 V. (top inset) STEM image of a
suspended MoS, membrane exposed to a Ga* ion dose of 2.50 X 10" ions/cm? (c) Current vs time traces at an applied voltage of Vi = 0.1 V and
(d) the corresponding power spectral density for two devices (device P and Q, dose of 1.60 X 10" ions/cm?). (e) Current vs time trace for device Q
at an applied voltage of V;; = 1 V showing an increase in conductance in steps, suggesting membrane damage. (inset) Noise at an initial conductance
of 20 nS before the high-voltage induced damage (zeroth point) is obtained from panel d.

I’A
PSD = —
(1)
where PSD is the power spectral density, I is the corresponding
ionic current, f is the frequency, A is the noise coeflicient, and a
is the low-frequency noise exponent. All of the devices showed

a noise exponent value of @ & 1 and noise coefficient of A =
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107*—107%, suggesting dominant low-frequency noise as has
been demonstrated previously in 2D nanopore devices.’">***

To further investigate the stability of our devices, we applied
a constant Vy = 1 V and monitored the change in ionic current
for another device with the same dose (device Q, dose = 1.60 X
10" ions/cm?), as shown in Figure 3e. The current increased in
jumps from 20 nA (from Figure 3c) to 250 nA, suggesting
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Figure 4. (a) Ionic current vs voltage (I~V) curves measured for pristine and irradiated MoS, membranes with dose 1 (6.25 X 10'* ions/cm?), dose
2 (1.11 X 10" ions/cm?), and dose 3 (2.5 X 10" ions/cm?). The applied sweep rate was between S and 20 mV per second. (b) Corresponding dI/
dV with respect to voltage for nonlinear I-V curves in panel a. (c) Conductance G is shown as a function of the pore diameter for both the
continuum (black, yellow, orange, and pink) and molecular dynamics (MD) simulated (blue) models. Plotted are also G values from the MD model
discussed in the text for five pores shown in Figure S, the experimentally obtained G values for MoS, nanoporous membranes and single nanopores,
and reported values from previous works on SiN,*® a-Si,>”*% and MoS, nanopores.7’8

incremental damage of the membrane as opposed to gradual
increase of defect sizes.”> The noise coefficients extracted from
each section and plotted in the inset (zeroth point is from
Figure 3c) reveal that the low-frequency noise decreases with
increasing conductance, in accordance with a power law:

A =048G" )

A similar trend of increasing conductance was also observed
in other devices when V exceeded +0.8 V. To ensure that we
did not damage our devices during ionic experiments, V was
kept in the range of 0.5 V for most of our devices.

Figure 4a presents the I-V curves for a pristine membrane
and 15 devices irradiated at three different doses (dose 1 = 6.25
X 10", dose 2 = 1.11 X 10", and dose 3 = 2.50 X 10" ions/
cm?). We note that while a total of 25 devices were irradiated
and tested, 10 of these yielded negligible ionic conductance (G
~ 10 pS) comparable to non-irradiated, i.e., pristine samples,
close to our detection limit, and are not shown here. In Figure
4a, several of the 15 I-V curves plotted overlap (6 red, dose 1;
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4 green, dose 2; S blue, dose 3; 1 black, pristine). A total of six
representative differential conductances (dI/dV) for doses 1—3
are shown in Figure 4b. Collective current passing through
multiple angstrom-size pores in a MoS, membrane resulting in
nonlinear I-V curves at voltages Vz > 0.1 V are displayed by
~80% of the devices. At lower voltages (Vi < 0.1 V), the I-V
curves are linear (Figure 4a inset). Such nonlinear trends have
been observed previously for sub-nanometer 2D pores and
were attributed to stripping of the ionic solvation shell at higher
driving voltages.”” About 20% of devices showed higher
conductance (G > S nS) and a linear trend, even up to 1 V.
This may be due to the merging of individual angstrom-size
pores or their enlargement over time, resulting in higher
conductance values and linear I-V curve behavior that is
typically observed in nanometer-size pores that are well-
described by the continuum model.”

Using the previously stated AC-STEM analysis (Figure S7),
we estimate the number of pores, N, and their diameters, D,
within the nanoporous membranes for the various doses. The
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Figure S. (a) AC-STEM images of individual MoS, pores: (i) pore 1 and (ii) pore 2 with effective diameters of ~1.4 and 1.1 nm, respectively.
Corresponding all-atom structures used in non-equilibrium molecular dynamics (NEMD; see section 10 of the Supporting Information) simulations
are presented aside. Mo, S,, and S atoms are shown in blue, yellow, and purple spheres, respectively. (iii) Atomic structure of an equivalent circular
pore of diameter of ~0.9 nm. QSTEM simulations*" for vacancy-defects caused by (iv) 1Mo and 1S (Vjy,15) missing and (v) 3Mo and $S atoms
(Vsmosss)- (b) I=V characteristics and (c) conductance G panel computed from NEMD simulations for the five pores shown in panel a. Error bars
represent the standard deviation from the ionic current computed from NEMD runs.

mean and maximum diameters of pores are 0.4 and 0.8 nm for
dose 1, 0.5 and 0.9 nm for dose 2, and 0.5 and 1.3 nm for dose
3, respectively. The number of pores ranges from N ~ 300 for
dose 1, N =~ 700 for dose 2, and N =~ 1200 for dose 3. This is
estimated using the results from Figure S7a and calculating how
many pores of average diameter are contained in the suspended
area ~3 X 10* nm? From the defect size distributions, we also
estimate the number of pores with diameters larger than the
hydrated K* ion diameter (the smaller ion compared to CI),*
where D > 0.6 nm: ~30, ~120 and ~240 for doses 1-3,
respectively. Similarly, the estimated number of pores with D >
1 nm are zero for doses 1 and 2 and ~34 for dose 3. Doses 1-3
were chosen because they produce well-separated, angstrom-
size defects. For higher doses, defects start to merge resulting in
larger, irregularly shaped pores.

Despite a large number of defects, most of them are very
small, below ~5 A. Based on molecular dynamics simulations,"
such pores are expected to be too small for ions to flow through
but should allow water molecules to pass. We therefore expect
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the measured conductance in the range of Vi = #+ 0.1 V of the
irradiated MoS, membranes to be low, and indeed, it was found
to be ~1 nS in 80% of the devices shown in Figure 4a. The
average conductances of the irradiated devices were ~1 nS for
doses 1 and 2, increasing to ~10 nS for dose 3. We compare
and contrast the irradiated membranes to single nanopore
devices in Figure 4c, which plots the conductances of the
nanoporous membranes as a function of the effective defect
diameter (including the mean G for each dose), as well as the
conductances of two single MoS, nanopore devices that were
drilled using AC-STEM with effective D values of ~1.4 and
~1.1 nm (shown in Figure Sa(i),(ii)). Effective D is defined as
D of a circle with the same area as the pore (calculated using
Image] software). We also compare our results with previously
published literature on single pores (less than 2 nm in
diameter) in MoS,,”**" thinned silicon nitride,’® and
amorphous silicon membranes with D ~ 0.3 to 2 nm.””**
The average conductance measured for dose 1 is ~1.4 nS,
slightly higher than that of dose 2 (1.11 X 10" ions/cm?),
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where the measured average conductance is 0.9 nS. While the
larger dose 2 is expected to give larger mean conductance than
dose 1, the averaged experimental results can be explained by
the following two factors: (i) the mean vacancy sizes obtained
from these two doses are very close to each other, ie., 0.4 and
0.5 nm for dose 1 and dose 2, respectively, as shown in Figure
S7; and (ii) the spread in the conductance values for different
samples, irradiated at each dose, is larger than the difference
between the averages of the two doses. Dose 3 (2.5 x 10"
ions/cm?), which is the highest dose used, yielded the largest
mean conductance (~10 nS), consistent with expectations that
samples irradiated with larger doses yield higher ionic
conductance.

We observe variation of 2 orders of magnitude in the
experimental conductance values corresponding to single pores
and nanoporous membranes, from G = 0.1 to 10 nS for single
pores with D = 0.3 to 2 nm, and G ® 1 to 100 nS for
nanoporous devices with an average D of =~ 0.5 nm. This
enhancement in conductance is expected due to the presence of
multiple nanopores. However, the scatter among devices could
come from several reasons, including the variations in atomic
structure and edge terminations that can result in different
properties of the pores when they are introduced in the salt
solutions. This has not yet been explored experimentally. It is
also challenging to determine the diameter accurately. The
effective D used on the x-axis is measured from AC-TEM
images with pores in vacuum before ionic measurements, and it
can change later (for example, due to expansion or
contamination in solution).*"2

To estimate the conductance of the pores with precise and
stable diameters, we perform molecular dynamics simulations**
(see sections 9 and 10 in the Supporting Information). Figure
Sai—v shows the five configurations that were tested, where
pores 1 and 2 (the same as in Figure Sc) correspond to AC-
STEM drilled MoS, pores with effective diameters of ~1.4 and
1.1 nm, respectively (see Figure S9), and pore 3 corresponds to
a perfectly circular pore of effective diameter 0.9 nm, and
finally, Viyons and Viyo,ss, which represent the defect
vacancies with one of the smallest and largest diameters,
respectively (Figure S7). The conductances of these five pores
are plotted in Figure 4c. As shown in Figure 5b, I-V curves
were computed for each system via MD simulations, and
conductances G were obtained by the linear fitting of I-V
curves with 0.15 V < V < 0.6 V. Figure Sc presents the
conductance obtained for all the simulated pores, showing a
variation of 3 orders of magnitude depending on the pore size.
Pores 1 and 2 are characterized by conductance values of 3.3
and 3.5 nS, respectively, which agree within a factor of 2—3
with the experimental values (~10 and 1.5 nS in Figure 4c),
while pore 3 shows a conductance of 0.4 nS. The conductance
G drops drastically for pore 3 because of its smaller diameter in
comparison with pore 1 and 2 and because its diameter is close
to the limiting diameter value for zero conductance. Finally,
pores made of defects Vyy,1s (D & 0.4 nm) and Viyo,ss (D =~
0.6 nm) exhibited a negligible conductance of G = 0.02—0.03
nS, confirming the fact that pores made of defects smaller than
~0.6 nm do not conduct ions in our experiments.

In this size range (<1 nm), small changes in D by ~0.1 nm
result in conductance changes by 1 order of magnitude or more
(notice the sharp drop of the blue line in Figure 4c). Using the
MD simulations, we obtain an empirical linear model of open
conductance for MoS, pores less than 3 nm, plotted as the blue
line in Figure 4c:
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Gyp = C(D — Dyy) (©)
where Gy is the pore conductance derived from MD, C = 8.92
S/m is the conductivity of KCl ions through single-layer MoS,
nanopores less than 3 nm, and D,;, = 0.73 nm is the minimum
pore diameter for ionic flow. Furthermore, in Figure 4c, this
model derived from MD simulations*” is featured as a blue line
along with the black, yellow, pink, and orange fit lines G (L and
D), which represent the continuum model for the conductance
for different values of pore thickness, L.

Ionic measurements have validated the continuum model for
pores with nanometer-scale diameters and shown that an
effective pore thickness, L & 1.6 nm is a good approximation
for MoS,.** This corresponds to the black line in Figure 4c.
Here, the pore is modeled as a system of three resistors in

series. The interior of the nanopore is modeled as a cylindrical

1 4L

resistor, R_= ey where ¢ is the conductivity of the
T

P
electrolyte, L is the thickness of the nanopore, and D is its
diameter. Additionally, there is an access resistance in series on

each side where current paths converge from the bulk

11

electrolyte into the pore,** R, = b The total resistance of

a
the single nanopore, R), is given by the sum of the three
resistances, the interior of the nanopore and two access
resistances:

1(4L 1
R =R, +2R =—|—% +—

o\zD> D 4)

This gives us an equation for conductance through a single
nanopore of diameter D and thickness L:

2
ornD

G =—2=_
"7 (4L + 7D)

©)

We stress that G (L = 1.6 nm, D) does not fit the
conductance measured in single MoS, sub-nanometer pores
plotted in Figure 4c, in contrast to the agreement found in
pores with larger diameters (D > 1 nm). In fact, the data clearly
show that small pores conduct less than expected from this
model, and a better fit can be obtained by assuming a larger
pore thickness (the pink line in Figure 4c where L = 13 nm) or
by assuming an effectively smaller diameter. The orange line, G
(L = 1.6 nm, D — 0.6 nm) corresponds to a continuum model,
assuming that the pore diameter is smaller than the actual
diameter by 0.6 nm, meaning that a pore with D = 0.6 nm
would give zero current. This best fit is also consistent with the
assumption that for a KCl ionic solution, K is the smallest
hydrated ion with a diameter of 0.6 nm, such that a pore
diameter, D = 0.6 nm, will effectively resist the transport of
ions.”* This model closely resembles the linear model of
conductance obtained from MD simulations for pores smaller
than 2 nm. For large D, G (L = 1.6 nm, D = 0.6 nm) ~ G (L =
1.6 nm, D), and the two models converge (orange and black
lines). To our knowledge, besides these data points, the only
comparable pores that have been measured in the diameter
range of less than 2 nm are Si/SiO, pores36 and ultrathin
Si;N,.**** The corresponding fit G (L = 3 nm, D) is shown in
yellow for comparison to G = 3 to 10 nS for D = 0.8 to 2 nm.

In conclusion, we created nanoporous MoS, membranes
containing ~100—1000 angstrom-size pores with a mean
diameter of ~0.5 nm, and the devices were characterized by
atomic-resolution imaging and Raman and PL spectroscopy.
The measured conductance in 80% of the devices was of the
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order of 1 nS. We have also fabricated two single ~1 nm
diameter MoS, pores with corresponding AC-STEM images,
and G was found to be ~1 and 10 nS. Our experiments and
comparison with single-pore data demonstrate that conduc-
tance must occur only through the few larger pores within the
distribution and that the majority of the defects do not allow
ions to pass through. These results have a direct application for
water desalination. Our MD simulations reveal that the defects
with diameters less than ~0.6 nm are too small for ions to go
through and result in negligible conductance <20 pS. This
conductance is comparable to the conductance obtained in a
controlled experiment using a pristine membrane. Future
studies may use atomic-resolution imaging to correlate the ionic
transport measurements with the detailed information on the
atomic structure of the individual conducting defects.
Furthermore, there is a need for the modeling of nanoporous
membranes containing a large distribution of angstrom-size
pores that can now be fulfilled using the AC-STEM insights
provided by this work.
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This paper published ASAP on 3/1/2108. Figure 1, panel e,
was corrected and the revised version was reposted on 3/14/
2018.
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