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ABSTRACT Molybdenum disulfide (MoS,) flakes can grow beyond the edge of an
underlying substrate into a planar freestanding crystal. When the substrate edge is in the form
of an aperture, reagent-limited nucleation followed by edge growth fadilitate direct and
selective growth of freestanding MoS, membranes. We have found conditions under which
MoS, grows preferentially across micrometer-scale prefabricated solid-state apertures in silicon
nitride membranes, resulting in sealed membranes that are one to a few atomic layers thick.
We have investigated the structure and purity of our membranes by a combination of atomic-
resolution transmission electron microscopy, elemental analysis, Raman spectroscopy,

photoluminescence spectroscopy, and low-noise ion-current recordings through nanopores
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fabricated in such membranes. Finally, we demonstrate the utility of fabricated ultrathin nanopores in such membranes for single-stranded DNA translocation detection.
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ioneering studies of exfoliated single-

and few-layer graphene and other

2D sheets spawned a new field that
explores the physics of two-dimensional
materials."? Among this family of 2D mate-
rials, molybdenum disulfide (MoS;) is a
layered transition metal dichalcogenide in
which unsaturated d-electron interactions
give rise to unique material properties.
MoS, is a semiconductor with a finite band
gap, and is composed of covalently bonded
S—Mo—S sheets that are bound by weak
van der Waals forces. Moreover, the elec-
tronic properties of MoS,,**° which are
strongly affected by quantum confinement,
can be tuned by controlling its thickness:>*¢~8
the band gap of MoS, can be tuned from
direct (~1.8 eV)° to indirect (~1.0 eV)'° by
transitioning from its monolayer to its bulk
form, respectively. Further, the band gap of
MoS,; can be modified by applying strain to
the film/membrane."" This tunable electronic
structure has enabled many applications for
MoS; in optoelectronics, for example, ultra-
sensitive photodetectors,'*'® photovoltaic
cells,”* and photocatalytic/light emitters.'
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Additionally, the low energy band gap of
MoS, results in pronounced photolumines-
cence (PL) in the visible light range.*® Re-
cent studies have shown that PL quantum
yields for monolayer MoS, are ~3 orders of
magnitude greater than that of multilayer
MoS,, due to radiative recombination across
the direct band gap, and further, quantum
yields of suspended MoS, are greater than
unsuspended MoS,,* owing to interactions
with the substrate material.'®

MoS, has garnered a lot of interest for
biosensing applications.!”” The effective
Young's modulus of 270 + 100 GPa'® is
comparable to that of steel, allowing free-
standing MoS, membranes to be used as
sensors in agqueous environment without
being compromised. Recently, nanopores
in ultrathin MoS, membranes have been
fabricated and used for single-molecule
DNA sensing.'® For these studies, a high-
quality chemical vapor deposition (CVD)-
grown MoS, flake is transferred from its
growth substrate to an aperture. The results
with MoS, pores are promising because the
thickness of a single MoS, layer (0.8 nm)
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Figure 1. Freestanding MoS, membranes. (a) Scheme of CVD-based fabrication of MoS, on aperture-containing silicon nitride
(SiN,) membranes (see text for details). (b) Proposed mechanism of aperture-selective growth, in which the CVD growth
geometry imposes maximum Mo and S feed concentrations near the aperture. (c) Optical and TEM images of a ~1 um circular
aperture on a SiN, membrane after MoS, growth. (d) Atomic-resolution image of a freestanding 10 x 20 nm? MoS, membrane
region. Inset: FFT spectrum of the image. (e) Photoluminescence spectra of a diffraction-limited region ~5 xm away (purple)
and within (red) the aperture (excitation wavelength = 532 nm). (f) Raman spectrum of a MoS, membrane grown on the
aperture. (g) Energy dispersive spectra (EDS) of freestanding and SiN-supported MoS,.

may be more ideal than that of a graphene layer
(~0.3 nm).?*~22 Apart from geometry, the chemical,
optical, and electrical properties of MoS, can be
leveraged for next-generation, high-resolution DNA
sequencing technologies.?*> However, manufacturing
of freestanding MoS, membranes faces hurdles that
are related to the slow and serial nature of the flake
transfer process, during which flake contamination?*2®
and compromised mechanical properties reduce the
device fabrication throughput and limit its usability.

In this work, we present an approach for growing
freestanding high-quality MoS, membranes directly
on apertures in silicon nitride (SiN,) windows. Building
on our recent demonstration of a CVD-based transfer-
free process for freestanding graphene membrane
fabrication,?® we utilize a catalyst-free CVD process
here to controllably grow 2D MoS, crystals on aper-
tures in freestanding SiN, windows. We have identified
conditions under which growth is selective toward
the aperture, yielding high quality sealed MoS, mem-
branes across the aperture. Further, we show via ion-
current measurements that electron-beam fabricated
nanopores in our MoS, are ultrathin, and that the low
noise of the devices is comparable with low-noise
silicon nitride nanopore devices. Finally, we demon-
strate single-stranded DNA transport through a 2.3 nm
diameter nanopore made in a MoS, membrane that
has a nominal thickness between 1 and 2 layers based
on ionic conductance models.

RESULTS AND DISCUSSION

Our simple and straightforward notion of aperture-
limited fabrication of freestanding MoS, membranes
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and a typical fabrication scheme are shown in
Figure 1a. The CVD synthesis method used here is a
modified version of a recently developed approach by
Bilgin et al. that uses MoO, and S as the two sourcesina
CVD chamber.?” Two quartz boats, one containing
sulfur powder (99.5%, AlfaAesar) and the other MoO,
powder (99%, Sigma-Aldrich) are placed in a 30 mm
O.D. quartz furnace, 15 c¢cm apart. A custom-made
silicon support is placed atop the Mo-boat, such that
a series of SiN, membrane devices can be placed above
the boat. Aperture-containing substrate devices were
prepared using a previously described procedure:?®
A series of 5 x 5 mm? chips that contain freestanding
30—50 um? membranes of 100 nm-thick freestanding
SiN, were cleaned using hot piranha solution and dried
with a gentle flow of nitrogen (N;) gas. Next, positive
electron beam resist was spun onto the membrane
side of the chips, and a single 0.5—2 um-diameter
circular hole was (or pattern of holes were) written
on each of the membranes using e-beam lithography
(Hitachi S-4800, NPGS EBL software). After resist devel-
opment, the exposed SiN, was reactive ion-etched
(Micro-RIE Series 800) using SFg plasma as the etch
reagent. The residual resist was then stripped using
acetone bath and hot piranha treatment. The details of
the CVD process are as follows: substrate devices are
placed on the Si support that is on top of the MoO,
boat, and the temperature of the furnace is ramped to
300 °C at a rate of 30 °C/min under 180 sccm Ar flow
and the furnace is held at this temperature for ~15 min,
a step that we found necessary for generating high
yield crystals. Following this intermediate temperature
step, in which MoO, sublimes to generate nucleation
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sites for subsequent MoS, growth, the temperature is
ramped to 750 °C at a rate of 3 °C/min under 180 sccm
Ar flow such that sulfur gas flows over the aperture, and
the furnace is held at that temperature for 30 min.

We find that the geometry of this CVD scheme
results in optimal Mo and S concentrations for selective
MoS, growth near the aperture, as illustrated by
the cartoon in Figure 1b. In Figure 1c we show an
optical microscope image of a membrane following
MoS, growth (left), as well as a transmission electron
micrograph (TEM, JEOL 2010FEG operating in bright-
field mode at 200 kV) of a partially covered MoS,
membrane. The TEM image shows two predominant
triangular flakes that are suspended over the aperture
parallel to the membrane direction. Because typically
multiple flakes nucleate over the aperture, there are
always regions within the membrane that contain one,
two, and more than 2 layers. An aberration-corrected
high-resolution transmission electron micrograph
(AC-HRTEM, MC Zeiss 80—200 operating at 80 kV) is
shown in Figure 1d. The image reveals the high quality
of these MoS, membranes, which exhibit 1 and 2 layer
regions that contain virtually no atomic vacancies,
minimal contamination, and a monocrystalline nature
that is typical of MoS, (a = 0.32 nm).

The identity of the membranes was characterized
using photoluminescence spectroscopy (PL), Raman
spectroscopy, and energy dispersive spectroscopy
(EDS), as shown in Figure 1e—g, respectively. The PL
spectrum, acquired by diffraction-limited confocal illu-
mination of the aperture region using a 532 nm laser
illumination and spectrally resolved detection using
a 555 nm long-pass emission filter, reveals a sharp
peak at A, =667 nm that corresponds to MoS, PL. For
comparison, the PL spectrum ~5 um away from the
circle contains strictly the characteristic broadly dis-
tributed orange-red SiN, PL. The Raman spectrum col-
lected from the aperture clearly shows MoS,-specific
E»q' and A,q vibrational modes at 379 and 404 cm™ ',
respectively. Finally, in order to gauge the contamina-
tion levels of our grown MoS, we performed EDS ele-
mental analysis on the freestanding and SiN-supported
MoS, membranes, as shown in Figure 1g (Hitachi HD
2700 Cs-corrected STEM operating at 200 kV, equipped
with Bruker EDS system). Both spectra show peaks for
Mo (~2.27 keV) and S (~2.30 keV), in addition to
Si (~1.73 keV). However, the relative ratios Mo:Si
and S:Si are much higher in the freestanding MoS,
area. Observation of Si signal in the freestanding
region most likely comes from scattered nearby elec-
trons, since we did not observe any evidence of Si
presence in TEM imaging. Finally, carbon contents
found in our membranes are much lower than ob-
served with transferred MoS, membranes,?®%° the
presence of carbon being most likely a result of
unavoidable contamination during sample handling
and/or TEM imaging.

WADUGE ET AL.

Figure 2. TEM images of MoS, membranes. (a) Incomplete
MoS, deposition on a 1.3 um (left) and a 2 um (right) diam-
eter circular apertures (see text for details), which show that
MoS, grains nucleate from the SiN, substrate inward. (b)
Large image: array of 5 apertures prior to MoS, growth.
Following growth, the smaller four apertures (~1 um each)
are fully sealed with one to few layers of MoS,, whereas the
larger aperture is not completely sealed. (c) High-resolution
TEM images of different regions within the sealed mem-
branes, which show areas of epitaxial and nonepitaxial
arrangement of MoS, layers. Insets: diffraction patterns
obtained from regions within the images.

Our approach to CVD MoS, growth on apertures is
kinetically controllable. The TEM images (JEOL 2010FEG
operating in bright-field mode at 200 kV) in Figure 2a
show partial MoS, deposition that emanates from a
1.3 um (left, 30 min growth time) and a 2 um (right,
60 min growth time) diameter circular aperture. As the
images suggest, MoS, grains first nucleate on the SiN,
substrate, and then growth toward the center of the
aperture proceeds. By using the growth parameters as
indicated above (750 °C, 180 sccm Ar flow), crystal
nucleation is slow and full sealing of the aperture with
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only one to a few layers of MoS, is obtained. In
Figure 2b we show BF-TEM images (JEOL 2010FEG
operating in bright-field mode at 200 kV) of five
micron-scale apertures (four ~1 um apertures and a
central 1.8 um aperture, see large image) onto which
MoS, was deposited for the purpose of obtaining com-
plete thin seal. The peripheral images show close-up
views of each aperture following the deposition. Apart
from the larger aperture, which did not close fully, all of
the four 1 um holes were found to be fully sealed.

In Figure 2c we show high-resolution TEM images
(MC Zeiss 80—200 operating at 80 kV) of two regions
within a sealed membrane, as well as respective se-
lected area electron diffraction (SAED) pattern ac-
quired from regions within the images. In the left
image only one set of a 6-fold symmetry diffraction
spots, confirming epitaxial arrangement of the layer/s
(some portions of the image are multilayered, whereas
others are single layer). In contrast, the image on the
right shows a superhexagonal moiré pattern formation
between two nonepitaxial crystalline planes. As the
SAED pattern in the inset shows, this moiré pattern is
the result of two superimposed grains that are positioned
with a relative orientation of ~15° to each other, obtained
during independent growth of two adjacent crystals. The
only possible interaction between these two grains could
be mediated by weak van der Waals forces.

Following our optimization of hole-free membrane
growth, we have grown complete MoS, membranes
on several devices and used a TEM beam to fabricate
nanopores>° in these membranes in order to study ion
transport through these pores. Because of the extre-
mely thin membrane structure, only brief ~1—-2 s
exposure times to a focused beam were sufficient to
produce nanopores, and great care had to be taken
(i.e., reduction of spot size, beam current) to avoid
large pore formation. Following the fabrication of
several pores of different diameters, the chips were
assembled into a custom-made PTFE cell as shown in
Figure 3a. Prior to measurements, a chip was glued
onto the top PTFE portion of the cell using a quick-
curing elastomer, and a second layer of glue was
applied to the membrane such that only ~1 mm? was
exposed, in order to minimize capacitance-mediated
noise.' After elastomer curing, the cell was assembled,
the cis and trans compartments were filled with
0.40 M KCl electrolyte buffered to pH 8.0 using 10 mM Tris
(Gpuk = 50 mS/cm), and a pair of Ag/AgCl wire electrodes
immersed in the chambers was plugged into a Chimera
Instruments high-bandwidth amplifier.3* Figure 3b shows
the current—voltage response of the MoS, membranes
with pores of various diameters. While for the membrane
without pores we did not measure any appreciable
current, for the three nanopores tested we observed
linear current/voltage responses that are characteristic of
ion-conducting nanopores. Linear fitting of the slopes of
the curves yields the membrane conductance (G) values,
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Figure 3. lon transport measurements through nanopores
in MoS, membrane devices. (a) Scheme of setup (see text).
(b) Current—voltage curves of several nanopores (0.40 M
KCl, pH 8, T = 21 °C, pore diameter d and conductance G
indicated in legend). Inset shows TEM image of several pores
drilled adjacent to each other (scale bar = 5 nm). (c) Compar-
ison of our experimental G and d values with theoretical
curves computed for 1—4 MoS, layers using eq 1.

which are reported in the legend of the figure. The inset
TEM image (JEOL 2010FEG operating in bright-field mode
at 200 kV) displays several nanopores fabricated using an
electron beam adjacent to each other, ranging in diameter
from 1 to 5 nm. To rationalize our observed conductance
levels for these pore diameters, in Figure 3c we plot the
theoretically expected conductance for circular nanopores
of ideal diameter d in MoS, membranes of quantized
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thicknesses in the range of 1—4 layers (where each layer is
0.8 nm thick). To obtain these curves we must take into
account access resistance in ultrathin membranes,*>>*
which yields the conductivity G for MoS,

4nh 117"

G(d) = U{ﬁ+a} (M
where o is the bulk electrolyte conductivity, n is the
number of MoS, layers, h is a monolayer thickness
(0.8 nm), and d is the pore diameter. In the figure we also
plot the conductance for three MoS, membranes that
contained no fabricated nanopores, in which the mean
conductance was 043 nS, a factor of 35 smaller than the
conductance of the 2.8 nm pore. Overall, our experimental
data points to pores that are 1—2 layers thick, apart from a
small negative deviation for the larger pore, which most
likely stems from ~10% error in pore diameter. In sum-
mary, while these data do not directly prove that our pores
are of thickness that corresponds to a single MoS; layer,
thin 1—2 layer thick pore structures are highly likely based
on the observed conductance values and TEM images.

Next, we compared the ion-current noise exhibited
by our MoS, nanopores to that of SiN, pores. In
Figure 4a we show 3-s current vs time snapshots for
the smallest pore in the series (d = 2.8 nm) at different
applied voltages. The traces were acquired using
a Chimera Instruments high-bandwidth amplifier,*?
which digitally samples the ion current at 4.17 MHz,
although the traces shown in the figure have been
digitally low-pass filtered at 200 kHz. Remarkably, DC
current values were very stable, with peak-to-peak
noise values of ~400 pA at 200 kHz. Power spectral
density plots shown in Figure 4b for different applied
voltages in range 0—200 mV show that the noise is
comparable to nanopores in SiN, membranes at this
bandwidth.>> Both pores exhibit typical 1/f noise re-
gions that decrease with frequency until overwhelmed
by capacitive noise at f > 10% Hz, which is dampened
using the 200 kHz digital low-pass filter (shoulders on
right). The 1/f noise in our MoS, membranes is atypical
of 2D pores. In comparison, graphene pores, due to
their more hydrophobic nature and charge fluctua-
tions in the material, display larger 1/f current noise
values than MoS, or than their ceramic counterparts
(e.g., SiN,, HfO,). Heerema and co-workers,*® as well as
Merchant and co-workers,*” reported for a transferred
graphene pore noise density of ~10~* nA%/Hz at a fre-
quency of 100 Hz, whereas Waduge found for transfer-
free graphene pore a noise value of ~107° nA%/Hz
at 200 mV. In contrast, for MoS, and SiN pores of
similar conductance values and voltages we observe
noise densities at 100 Hz below 10~ ¢ and ~10~7 nA%/Hz,
respectively. This value for MoS, is lower than the noise
reported by Feng and co-workers for a transferred
MoS, pore.®® Recently, 1/f noise in graphene has been
attributed to mechanical fluctuations in the thin
material.>® Since we have recently observed lower
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Figure 4. lon-current noise in MoS, pores. (a) Current vs
time traces of a d = 2.8 nm MoS, pore at different voltages
(data low-pass filtered at 200 kHz). (b) Power spectral
density plots at different voltages for a d = 4.7 nm SiN
pore (G = 14 nS) and a d = 2.8 nm MoS, pore with similar
conductance (G = 15 nS).

noise levels in transfer-free graphene than in trans-
ferred graphene, we conclude that the even lower
noise exhibited by our polycrystalline MoS, membrane
directly grown on apertures is likely a combination of
superior mechanical stability afforded by the direct
growth and a material-specific low noise of MoS,.
Finally, we have tested the utility of MoS; nanopores
in DNA transport experiments by studying the trans-
port of single-stranded DNA (ssDNA) through a MoS,
pore. Rather than using TEM fabrication, for this study
we have used the recently described electrochemical
reaction (ECR) process.>® Briefly, we applied a voltage
of 1V for 10—15 s, after which we observed a jump
in the membrane conductance and the voltage was
turned off. After measuring a pore conductance
of ~5 nS, 153-mer ssDNA sample was added to a total
concentration of 20 nM, a 200 mV voltage was applied,
and current traces were recorded. In Figure 5a we show
a sample 3-s current trace, which displays a stochastic
set of downward current pulses, each indicating the
transport of individual DNA molecules through the
pore. Below the continuous current trace in Figure 5a
we show concatenated sets of events that were ana-
lyzed using Pythion software. In Figure 5b we show a
scatter plot of the fractional current blockade (defined
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Figure 5. Single-stranded DNA transport through a 2.3 nm
diameter MoS, nanopore. (a) Three-second continuous
current trace for a 2.3 nm diameter pore after the addition
of 20 nM 153-mer ssDNA to the cis chamber ([KCI] = 0.40 M,
Virans = 200 mV, sampling rate =4.17 MHz, data low-pass
filtered to 200 kHz). Concatenated sets of events at different
magnifications are shown below the trace. (b) Scatter plot of
fractional current blockade (see text) vs dwell time ty4, as well
as histograms of each parameter shown in each corre-
sponding axis (n = number of molecules detected).

as the ratio of the spike mean amplitude to the open
pore current) vs dwell time for the 744 events in the
experiment. Because of our 200 kHz bandwidth, events
below 3 us are significantly distorted and therefore
were discarded from the analysis. Histograms of both
parameters are also shown above and to the right of
the scatter plots, from which we extract mean dwell
times of 16 us and mean fractional current blockades of
26%. On the basis of the values of the open pore
current (1.32 nA at 200 mV) and the mean blockade
values, we estimated an effective pore diameter and
thickness of 2.3 nm and two MoS, layers (1.6 nm),
respectively.>* Given the relatively large pore size as

METHODS

Substrates for MoS, growth were 5 x 5 mm? Si chips with a
100 nm-thick SiN, film deposited on a 2.5-um-thick thermal SiO,
layer to reduce electrical noise. 950 PMMA etch mask was spun

WADUGE ET AL.

compared with the nominal diameter of ssDNA
(~1.3 nm), mean transport velocities of 0.1 us/bp are
reasonable and in accordance with a prior study.>
Finally, the data in the figure shows many events with
dwell times (t4) below 10 us, which makes their detec-
tion challenging. However, because the mean capture
rate was 0.95 s~ ' nM ™" in our experiment, and a mean
capture rate of 0.02s~' nM ™" was obtained fora 1.7 nm
diameter HfO, pore under similar conditions,*® we
reason that DNA capture is efficient in a MoS, pore.

CONCLUSIONS

In conclusion, we have developed here a method for
CVD-based fabrication of freestanding, insulating, and
low-noise MoS, membranes on solid-state apertures.
Flowing sulfur vapor over a microscale aperture that is
placed above subliming molybdenum dioxide in a CVD
apparatus at atmospheric pressure seals the aperture
with high quality one to a few layers of polycrystalline
MoS,. Optimization of the CVD growth conditions
included adjustment of the growth temperature,
cooling/heating rates, growth time, geometry of the
feed samples, and carrier gas flow rates. Selective
growth near the apertures favors a mechanism in
which nucleation and growth are restricted to near
the aperture by the geometry of the setup, in which the
aperture is exposed to optimal concentrations of both
Mo and S vapors. Our investigation of the membrane
quality using atomic-resolution transmission electron
microscopy, elemental analysis, Raman spectroscopy,
photoluminescence spectroscopy, and low-noise ion-
current recordings through nanopores fabricated in
these membranes, points to a high-quality crystalline
membrane with low noise and a good mechanical
stability. Finally, we have demonstrated DNA transport
measurements through a 2.3 nm diameter pore fabri-
cated using a recently developed method. Although a
more detailed study of DNA transport is required, the
initial results presented here demonstrate the viability
of directly grown MoS, pores for DNA studies.

Apart from applications in biomolecular analysis,
there is vast interest in such membranes for ion filtra-
tion and other membrane applications. An attractive
feature of our direct-growth technology includes its
scalability to wafer-scale quantities. As compared with
the painstaking 2D material transfer method to aper-
tures, which requires larger quantities of MoS,, special
equipment for transfer, and is associated with low yield
of sealed devices, our direct growth method yields
favorable quality, low-noise, and a superior scalability.

onto SiN, and a small region (2 x 2 um?) was exposed using
Nabity NPGS e-beam writing software on a Hitachi S-4800
scanning electron microscope. Exposed PMMA was developed
with 3:1 isopropyl alcohol:methyl isobutylketone, and SiN, was
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etched in a Technics Micro-RIE Series 800 etcher using sulfur
hexafluoride (SFg) at 300 mTorr and 150 W. PMMA was then
stripped off by 45 min acetone bath and 15 min hot piranha
treatment followed by warm water rinse. MoS, membranes
were deposited on SiN windows with apertures using ambient
pressure CVD technique in a split tube furnace with 35 mm
O.D. quartz tube. The details of the growth procedure are as
follows: Two quartz boats, one containing sulfur powder (99.5%,
AlfaAesar) and the other MoO, powder (99%, Sigma-Aldrich)
are placed in the furnace 15 cm apart such that the boat
containing the S powder is at the upstream of the tube. A
custom-made silicon support is placed atop the Mo-boat, such
that a series of SiN, membrane devices can be placed above
the boat. The temperature of the furnace is ramped to 300 °C at
a rate of 30 °C/min under 180 sccm Ar flow and the furnace is
held at this temperature for ~15 min. Then the temperature of
the furnace is further increased to 750 °C at a rate of 3 °C/min
under 180 sccm Ar flow and the furnace is held at that
temperature for 30 min. Following the MoS, growth, the
furnace was allowed to naturally cool down to room tempera-
ture under 180 sccm Ar flow while the hood of the furnace
being opened.

The SiN, chips with MoS, freestanding membranes were
glued in a custom-made PTFE cell using quick-curing elastomer.
Both chambers (cis and trans) of the cell were filled with 0.4 M
KClI buffer solution (pH 8.0, 10 mM Tris, 1 mM EDTA) and Ag/AgCl
electrodes were immersed in each chamber. Before collecting
current data, both cis and trans chambers were rinsed several
times with 1:1 methanol:buffer solution mixture, and then the
wash solution was replaced with aqueous buffer. lonic current data
were collected at sample rate of 4 MS/s and digitally low-passed
filtered using a Chimera Instrument VC100 amplifier system.
ssDNA was then added to the cis chamber and thoroughly mixed
with the buffer to a ~20 nM final concentration. DNA translocation
data were analyzed offline using Pythion software, developed at
the Wanunu lab (www.github.com/rhenley/Pyth-ion).
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