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Abstract

It has been an aspiring goal to mimic biological channels like trans-membrane protein
channels or aquaporin to achieve the ultimate size to make use of the exotic properties
of these channels. Some efforts have been recognised to create a structure with
dimensions approaching the size of small ions and water molecules but precise control
on geometry and surface roughness makes it challenging to produce capillaries at this

spatial scale.

| have fabricated graphene and other 2D materials (h-BN and MoS2) based capillaries
with heights ranging from a single atomic layer of graphene to a few layers (up to
several tens of nanometers) by following nanofabrication protocols developed by
Radha et al (Nature 2016). This fabrication method provides insight on removing the
atomic layers through micromechanical cleavage and restacking these 2D layers
through van der Waals heterostructures with no loss in atomic continuity. Such 2D
capillaries use high-quality layered crystals (graphite, h-BN and MoS2) and basal
planes of these 2D crystals act as walls (top and bottom). These novel atomic-scale
capillaries are employed to study the interaction of molecules (gas, water and ions)
inside these conduits for permeation and separation based on size exclusion. In the
case of gas permeation, our results demonstrate that the frictionless surface of
graphene induces enhanced gas flow and shows a 2-3 order difference compared to
classical Knudsen flow. | have also checked the selectivity of different gases as
compared to helium gas but no selectivity was found.

Atomic-scale vacancies are demonstrated in monolayer tungsten disulfide (WSz2) as
the ultimate atomic limit of the pores, created by focused ion beam irradiation. The
permeability of helium through this aperture validate Knudsen descriptions to quantify
the relation between atomic-scale vacancies and gas flow. Atomic-scale vacancies

proved to be mechanically robust and showed fast helium flow.

Using angstrom scale capillaries, the response of ions flow under mechanical and
electrical (pressure and voltage) forces are measured to explore water and ions
transport coupling. lonic motion in these ultimate scale conduits is affected by the
channel walls and hydration shells of ions and transport strongly depends on wall
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material (graphite and h-BN). lonic flow is driven by pressure and applied electric force
reveals a transistor-like electrohydrodynamic effect under such confinement i.e. slight
increase (in fraction) in voltage significantly enhances the measured pressure-driven

ionic transport up to 20 times.

Overall, the nanofluidic structures in this thesis will provide a unique platform to study
molecular transport at the ultimate atomic scale. The device structures used and the
results of this thesis will help further 2D materials use to study the dynamics of
molecules for their detection and separation.
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Chapter 1

Introduction

1.1 Nanofluidics and emergence of carbon
nanofluidics

Nanofluidics is the study of fluid (water, ion and gas) flow at nanoscale where one of
the dimensions of the structure is within 1-100nm (1-4). Nanofluidics is fascinating
because atoms or molecules of fluids interact and assemble into conduits that possess
a unigue combination of physical, mechanical and electrochemical properties i.e.,
superfast flows, selectivity, asymmetric ion transport, slippage over smooth surfaces
and nonlinear electro-kinetic transport under such confinement (2, 4, 5). The surface
properties of the channel walls and steric forces play a significant role in determining
the mass transport when the size of the structure goes down to the nanoscale regime
(3, 4). In this scale, molecular interactions and physical phenomena are distinct from
the continuum regime because of the large surface-to-volume ratios found in
nanochannels (6, 7). This field has a wide range of applications and the most important
applications include molecular separation (8) and seawater desalination (9, 10). In
these applications, sufficiently small-sized pores sieve molecules for molecular
filtration and push the salt and large particles away permeating the water molecules.
Salt passage critically depends on pore diameter and water permeability of this
material is several orders of magnitude higher than the conventional reverse osmosis

membranes.

Individual molecules detection in nanopores has enabled the detectable changes in
ionic pore current (blockades in ionic pore current) and developed as an analytical tool
that leads to the application of DNA sequencing (11, 12) and biomedical analysis (13,
14).

lon conduction between channels with an applied voltage or applied pressure
produces a voltage difference and this ion current and potential can be coupled to an

electrical resistor to produce electrical current and the hydrostatic energy can be

converted to electrical power which is used for nanofluidic energy conversion (15-17).
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Figurel.l: An overview of nanofluidic length scales. Description of the different
length scales and effects arising in such confinement. Continuum description is valid
from 1nm to 100nm, 1 nm is the breakdown limit for continuum description and
molecular scale confinement starts from there and goes down to molecular size. Single
file pores are below 1nm and single-digit nanopores are below 10nm constrictions.
Image is taken from (18).

Nanofluidics has recognised development in fabrication technology to a point where
new systems are designed to mimic biological nanopores at their length scale. This
ultimate step in scale reduction has been reached to explore new properties emerging

in molecular scale confinement as continuum limit (18).

The ultimate scale for observing specific effects is set by the molecular size of the fluid
and confinement i.e., 1 nm or below where Navier-Strokes equations are still valid. At
the molecular scale, biological systems emerge giving huge permeability and perfect
selectivity of aquaporin as compared to potassium channels or mechano-sensitive
piezo channels. Below 1 nm confinement, fluid dynamics change due to reduced
viscosity, thermal fluctuations (due to confining wall and fluid and arise as noise in
ionic current measurements) and inter-particle correlations. Fluid changes its form
from bulk-like disordered structure to layered structuring (in nanoconfined solid-liquid
interfaces, attractive interactions between solids and liquids results in molecular

layering i.e., hexagon and pentagon and single-chain) due to confined (below 1nm)
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surfaces and pressure come into play as well (18). At this length scale where the size
of the nanopore is comparable to gases and ions size atom-wall collisions, ion-wall

and ion-water friction play an important role and needs to be taken into account (18).

Nanofluidics transport has significant importance in our daily life and life processes.
Transmembrane protein and ion channels serve as biological nanofluidic conduits
which transport water, proton and ions in a rapid, efficient and selective way across
these cellular membranes (19-21). Nanofluidic channels in these biological
membranes are composed of narrow hydrophobic pores like aquaporins which are
extremely permeable to water and perfectly selective for other species. To understand
the mechanism and function of these hydrophobic nanochannels, carbon nanotubes
(CNTs) have been used to clarify the physics of rapid liquid flow and selectivity (22,
23) as they are also hydrophobic.

Carbon nanofluidics studies fluid behaviour and its manipulation inside nanoscale
conduits made of carbon materials. These conduits are sp? bonded carbon which
includes graphene-based membranes i.e. graphene nanopores (GNPs) and graphene
oxide (GO) membranes and carbon nanotubes (24-28). Carbon nanofluidics has
gained a lot of interest and a lot of work has been done over the years because of
various unigue transport properties such as fast water transport in carbon nanofluidic
structures (29-32). It is due to a very small potential barrier for water molecules within
hydrophobic graphitic nanochannels which thus leads to an ultrafast transport of water
molecules. Ultrahigh gas permeability and selectivity have been observed in carbon
nanofluidic systems (30, 33-36) where the conduits are a few hanometers (nm) to tens
of nanometers, and gas flux has exceeded the flux predicted by the Knudsen diffusion
model. Precise and ultrafast ion sieving (37, 38) and ultrafast mass transport (36, 39-
43) has been observed in graphene-based nanofluidics with the incorporation of

nanopores.

The structure of these carbon conduits (CNTs, GO membranes and GNPSs) consist of
numerous parallel conduits which significantly increase the mass flow rate and ionic
conductance. The emergence of mass transport measurements allowed researchers
to determine the mass transport in nanoscale conduit down to the molecular level.
Apart from these carbon nanostructures single carbon nanotube (24, 44) and single
graphene nanopores (14, 45) has been studied for the fundamental understanding of
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the transport mechanism inside carbon nanofluidic conduits for the development of

better carbon nanofluidic membranes.

All of the unique and remarkable transport properties of carbon nanofluidics has been
raised due to the atomically smooth surfaces and hydrophobic graphitic nature of
these nanoscale conduits. Also, the minimum possible thickness of graphene-based
nanomaterials high mechanical strength, large aspect ratio and chemical robustness
makes these materials a good candidate for a diverse range of technological
applications in areas including water purification/desalination (46-48), oil extraction or

separation (49, 50) and energy storage/conversion (51-53).

1.2 Nanofluidic Systems

For utilising such exceptional properties of the nano-confinement, various nanofluidic
structures have been developed over the years. Experimental and computational
studies have been done for nanofluidic transport and selectivity of the nanofluidic
species i.e. (gas, water and ions) through various nanochannels and membranes
made using different materials and designs. In these systems, the minimum dimension
of the system is defined as pores, membranes, channels diameter and distance

between the laminates etc. which act as a membrane for fluid transport.

Membranes for molecular separation act as a much simpler and more efficient method
as compared to traditional chemical separation processes. The perfect membrane for
mass transport should be as thin as possible to maximize flux, mechanically robust to
prevent fracture and leakage, and have well-defined pore sizes and geometry to

achieve selectivity and chemical inertness to prevent any reaction.

Different nanofluidic systems have various unique properties which are due to the
design, structure and material used in those systems. Here | will present some of the
nanofluidic structures and discuss their characteristic features, merits and demerits,
their fundamental properties and applications. Comparison of all these systems has
helped me to design a unique state of the art nanofluidic structure by utilising the
properties of already developed structures and overcoming their drawbacks to improve

the design, structure and reliability of nanofluidic systems.
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Nanofluidic structures can be categorized as natural and artificial nanostructures.
Amongst natural nanoporous materials shale rocks, zeolites, silica, activated charcoal
and cell membrane are widely used. Artificial nanopores include solid-state and
graphene nanopores, nano spaces in graphene oxide sheets, metal-organic

frameworks and carbon nanotubes.

Shale is a sedimentary rock composed of a mixture of clay minerals and organic
matter. Shale matrix has usually had a broad range of poorly connected nano- and
micro-pore systems (figure 1.2). Pore size distribution in shale matrix is associated
with clay minerals and organic matter. (54, 55). Zeolites can be synthesised from shale
rock, volcanic ash (56). Zeolite is a crystalline aluminosilicate and is found most
common in sedimentary rocks. The different chemical combination of aluminium,
silicon and oxygen makes a three-dimensional framework with well-defined voids and
pores of molecular dimensions which are accessible for ion exchange, permittivity and
selectivity. Activated charcoal is used to filter out heavy poisonous metal ions and

organic molecules from water and air by adsorption.

(a)

Figure 1. 2: Natural nanoporous cavities. (a) A still taken from a simulation of atoms
travelling in the natural nanoporous media. Blue spheres are representing the particle
injected in the rock (porous media) for the air flux experiment. Image is taken from(57).
(b) SEM image of shale rock, scale bar is 5 um. Image is taken from (58).

The walls of our cells are also nanoporous membranes used for selective transport of

water and ions with a lot of added complexities. lon channels in the cell membrane

regulate different physiological functions in our body and selectively permit certain
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proteins and ions to travel into and out of the cell. Aquaporins are the protein channels

that only facilitate water transport and block other ions and molecules (figurel.3).
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Figure 1.3: Aquaporin-water selective pores. Protein channels in the membrane
of biological cells for the transport of water between cells. Water molecules are
selectively transported from the pores called aquaporin. Image is taken from (59).

All of these nanoporous materials can be used for nanofluidic studies but their complex
geometries and non-uniform wall roughness, mechanical and chemical instability in

case of biological pores hinder their use in different applications.

1.2.1 General methods for making nanochannels

Fabrication of nanostructures is usually pursued through two paths. One is the top-
down approach and the other one is a bottom-up approach. The Top-down (6, 45, 60,
61) approach is to miniaturize the larger structures with nanofabrication using
nanolithography and etching. The top-down approach is good for producing long-
range order with precise control of structures size. The bottom-up approach is of
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building complex molecular structures atom by atom using chemical synthesis, where
chemical and physical forces act at the nanoscale to grow basic units to larger
structures. It has many advantages for scalable synthesis has limited control on the

pore size for the whole assembly.

The top-down approach uses conventional lithography materials to create
nanochannels by lithography on silicon, glass and SiN (6, 60) however it is difficult to
reach very small channel dimensions main reason is the surface roughness. Surface
roughness dominates if you go below 2 nm and it's quite hard with conventional
materials because the surface roughness dominates in that scale. On the other hand
with the bottom-up method like carbon nanotube which itself act as a fluidic conduit
and reach very dimensions however it is difficult to integrate thousands of tubes with

diameter control.

There are a lot of existing systems that can reach nanoscale and angstrom scale
dimensions which can be categorized in terms of dimensionality, the first and foremost
important structure is the simplest zero-dimensional nanopores. These pores are
punched through either a 2D material or a simple conventional membrane type
materials. Solid-state nanopores are artificially drilled holes in (silicon oxide, silicon
nitride and graphene) membranes. Holes are usually drilled by focused lon beam (FIB)
(62-65), e-beam (66, 67), chemical, laser and ultraviolet (UV) etching (68-71). These
nanopores have a very short length with nm resolution. Solid-state nanopores are
usually stable, chemically robust and size tuneable than biological pores.

Precise dimensions of the nanopore are difficult to achieve because of pore opening
(enlarge) and shrinkage observed by a few groups reported in the literature (72-75).
Pore opening and shrinkage depends on many factors such as ion intensity, type of
the ion, the intensity of the beam, temperature and thickness of the membrane also
play a deterministic role. Precise control on size and number density of nanopores
(10, 45, 48, 61) is sometimes difficult to achieve due to the thin nature of graphene
membranes and small pores often get blocked. Graphene nanopores (GNPSs)
fabrication is complex, time-consuming and a rigorous process with many failure
modes, and has been developed rapidly over the past decade. Nanopores made in
SisN4 (76), graphene (77) and MoS2 (78) are shown in figure 1.4.
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(a) Silicon nitride (Si;N,) (b) Graphene (c) MoS,
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Figure 1.4: Solid-state nanopores. (a) Nanopores in SisN4, (b) in graphene and (c)
in MoS2 by molecular dynamic simulation. In (a) Yellow spheres are Si atoms and blue
spheres are N atoms. The pink colour inside the pore is due to the surface charge that
appeared during pore creation. To maintain charge neutrality partial charge of Si was
adjusted. The pore size is 3.5 nm. 6 A graphene nanopore created in (b), grey spheres
is carbon atoms. In (c) yellow and lime spheres are sulphur and molybdenum atoms
respectively. Image (a) is taken from (76) (b) from (77) and (c) from (78).

Another very well-known system is nanotubes which can be categorised as one
dimensional system. Carbon nanotubes have been studied for more than two decades

and they have been used to study the flow of molecules.

Carbon nanotube (CNT) incorporated membranes typically have a single wall and
multi wall tubes of nanometer and sub-nanometer size. Single wall nanotubes have
well-defined geometry and sub-nm to angstrom scale resolution. Fast mass transport
has been observed through such carbon nanotube membranes (79-81). Individual
CNTs are also fabricated but, fabrication of individual nanochannels are challenging
in terms of efficiency and the calculation of fluid flux in nanochannels requires very
large sampling (82). Schematic and SEM image of carbon nanotube is shown in figure
1.5.
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Figure 1.5: Carbon nanotube nanofluidic conduits. (a) Schematic of single-wall
carbon nanotube. (b) Cross-section of the as-grown double wall carbon nanotube.
(c)TEM image of as grown carbon nanotube showing two concentric graphitic walls.
The majority of the CNT are double walls as shown in the high-resolution inset. Image
(a) is taken from (83) and (b-c) from(30).

Carbon nanotubes suffer from non-uniform dimensions amongst numerous tubes and
are difficult to integrate. Multiwall nanotubes suffers from blockages because of the
migration of the catalyst particle in the interior of the tubes reported in (79, 84, 85) due
to their unique structure (bamboo type) and these blockages can reduce the active

membrane pore density which make it difficult to precisely calculate the flow.

A recent system that has two dimensions is two-dimensional graphene oxide and
related laminates where the layers of 2D materials are stacked against each other and

the space between these layered materials is used as a capillary.
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Figure 1.6: Size selective sieving in graphene oxide (GO) membranes. Common
salts dissolve in water and form a water layer around salts ions which is called
hydration shell. (a) Blue coloured balls are the salt ions with a hydration shell around
them. GO sieves block the salt ions and permeate water molecules. Smaller balls are
water molecules that can pass through the interlayer spacing in the GO membrane
which acts like sieves. (b) Scanning electron microscopy image of 100 um thick GO
laminates embedded in epoxy with interlayer spacing = 6.4 to 9.8 A. Scale bar, 1 pm.
Image (a) is taken from (86) and (b) from (41).

Graphene oxide (GO) membranes (figure 1.6) are the derivatives of graphene with
oxygen-containing functional groups. Due to their relatively easy synthesis process,
they have gained significant interest over the last few years. These membranes have
a laminar structure with numerous interlayers which act as parallel conduits of nm and
sub-nm size. These have the advantage of being easily scalable for commercial use
and can desalinate water(41). Swelling of pores in water and irregular distribution of
oxygen groups observed in (87, 88) limits the control on the size of the pores in GO

membranes.

The major advantage of the top-down approach is controlled patterning and no
assembly step is needed as in the case of integrated circuits. Using top-down
methods, fluidic nanochannels were fabricated by using standard lithography and
etching process (60) to study ion transport (figure 1.7). Here 2 nm high channels are
prepared on silicon with 60 pm deep microchannel and encapsulated with an oxide
layer and anodic bonding. Fluid wall interaction in these channels suggested that ion

transport is dominated by the surface charge.
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Figure 1.7: Top-down lithography and etching method to prepare nanochannels.
a) Schematic of a 2 nm high nanochannels device, with microchannels and reservoirs
prepared by top down fabrication method on silicon die. b) Bonded nanochannel
device with a transparent Pyrex die on top. The microchannels are 1cm long, 500 um
wide, 60 pm deep and the reservoirs are 2x2 mm? through-holes. The pink colour of
the microchannel/nanochannel comes from a 500nm thick thermal oxide layer. c)
Cross-section schematic of three nanochannels. d-e) AFM image and analysis of
nanochannels after surface oxidization. Image is taken from (60).

Surface roughness is incorporated during nanofabrication and lithography of silicon
which makes it challenging to make pores/channels at atomic resolution. To overcome
the surface roughness 2D materials are ideal building blocks compared to

conventional silicon-based materials.

All of these systems have their benefits but none of these systems even come close
to the sophistication of protein and biological channels (89, 90) for their
mechanosensitivity. To mimic those channels by reducing the channel size down to

atomic scale for ultra-sensitive mechanical response under external stimuli.
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1.2.2 Challenges with nanofluidic systems

All of these nanofluidics structures have their advantages and disadvantages.
Numerous parallel conduits (1D and 2D) significantly increase the conductance which
consequently permits one to study physical phenomena arising from the enhanced
flow. Apart from enhanced flows due to numerous parallel conduits (30-32, 91) there
is a huge variation of results amongst these systems which has opened a debate on
the fundamental physics because of this variation of experimental results. These are
owing due to the huge differences in the pore size and the total quantities of these
membranes which are completely based on the statistical estimation. Inaccuracy of
estimation is further magnified when various individual channels aggregate and their
integration lead towards inaccuracies in the results. The exact estimation of the
size/diameter, cross-sectional geometry and number density of open conduits is
challenging which limit their application. On the other hand, another factor limiting the
utilization of carbon nanotubes is the difficulty to integrate the membrane structures
into lab-on-chip systems. Also, they have leaks and avoiding those leaks is a difficult

task.

Despite careful fabrication, several nanofluidic structures (0D, 1D and 2D) are limited
by imprecision in cross-sectional geometry (non-uniformity of these pores in size and
density) and the presence of oxide and ionic groups which occur as defects. Controlled
fabrication of uniform defect-free sub-nanometer pores and the control on interlayers
distance is very difficult to attain at the same level and is one of the major current

obstacles found in the membranes discussed.

Fundamental restrictions imposed by top-down and bottom-up approaches and lack
of robust method to fabricate nanofluidics systems with well-defined pore size and
geometry over the whole assembly for numerous channels has been the limiting factor

to calculate the flow with precision and instil some complexities.

To avoid the complexities arising from the statistical estimation of these conduits and
overcome the challenges associated with the individual systems we have devised a
state of the art atomics scale structure. The structure will utilise the properties of
graphene and has numerous parallel conduits with precise control on the size, cross-

sectional geometry and length and defect-free with no surface roughness.
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1.3 Matter transport studies through nanofluidic
systems

lons and molecules are the building blocks of matter. Interaction of ions and molecules
in confinements down to nanoscale provide more insights into the fundamentals of
physics, chemistry, materials and life sciences. Nanofluids in such confinements
behave radically different from their bulk counterparts and the surfaces and interfaces

exert vital influence on the transport and interactive behaviours of ions and molecules.

Understanding molecular transport (gas, ions and water) through such confined
atomic-scale tight spaces is very important as novel properties have shown to emerge
in fluids confined at the sub-nanometer scale. Gas transport through such confined
spaces plays a major role in the design of gas extraction and separation techniques
(92) and indicated a trade-off between permeation and selectivity. Permeability which
provides the amount of flow rate and selectivity which provide the quality of separation
are the important parameters for determining the membranes quality and their

application.

In extremely small structures the mean free path of gas is much larger than the
minimum dimension of the system where the gas dynamics are dominated by the
molecular collisions with the wall of the structure rather than the intermolecular
collisions (93). This is known as the free molecular regime and gas flux in this regime
is described using the Knudsen equation which will be discussed in detail in section
(2.5).

Graphene and graphene oxide membranes are studied for gas permeance governed
by the Knudsen mechanism of diffusion (33, 94) and reported to decrease with the
molecular weight of the gases as expected. Selectivity of these membranes to He was
in good agreement with theoretical Knudsen selectivity. Gas permeation is usually
inversely proportional to the membrane thickness for conventional membranes but for

these membranes, permeation decreases exponentially with membrane thickness.

Gas transport properties through such small structures have been studied by various
groups and found marked differences in the permeation of the gases through the
nanoconduits (29, 30, 33).
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Figure 1.8: Single-gas permeance and selectivity. Single-gas permeance of
different gases and selectivity of H2 over other gases for carbon nanotube membrane
as a function of molecular weight. Image is taken from (95).

Vertically-aligned carbon nanotube membranes were measured for the gas
permeation (95-98) and compared the fluxes were with the Knudsen diffusion model.
Very high permeation fluxes were reported as a contrast to the predicted from the
Knudsen diffusion model. It was claimed that high permeation fluxes were due to the
inherent smooth and frictionless nature of the interior of the nanotube but there is huge

variation in the flux amongst different systems.

To find out a relation between gas flux and nanofluidic structure a comparative gas
transport study has been done in (99) which is presented in figure 1.9 (a) to show the
permeance of nitrogen molecules through carbon nanotubes (CNTs), as measured by
different groups.

The permeance is the flow rate per unit cross-sectional area for a unit pressure
difference applied across the membrane. The CNT diameters of the different groups

differ as shown along the x-axis. The figure also shows the permeance of reference
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membranes of a polycarbonate composite with pore diameters shown. The

Enhancement Factor plotted in figure 1.8 (b) is given by

experimental permeance
Enhancement Factor = (1.1)
Knudsen model permeance
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Figure 1.9: Permeance and enhancement over Knudsen theory. (a) Permeance,
(b) enhancement of nitrogen gas through different CNT membranes fabricated by
various groups. CNT diameter mentioned (in nm) after the name of the group, along
the x-axis. Polycarbonate membranes are presented with hatched bars with
corresponding pore sizes. Image is taken from (99).
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Polycarbonate composite membranes with pore diameters are presented as reference
membranes shown with hatched bars with corresponding pore sizes. The
enhancement factor allows a direct comparison between the different studies as it

normalises for membrane thickness, CNT number and cross-sectional area.

The enhancement of 1-2 over the Knudsen estimate is consistent for all studies except
Holt et. al. (30). This is a reasonable agreement with the Knudsen model. The large
disparity in Holt 1.6 is attributed to the large density of open CNTs along with the
specular nature of molecular reflections off the smooth walls of the 1.6 nm diameter
CNTs (99).

Silicon nanochannels (SINCs) are fabricated in (100) by electrochemically etching
from the surface of silicon along the <100> direction.

The etching leaves the surface roughness on the nm scale but an amorphous layer of
native silicon dioxide that forms on it provides surface roughness in the picometer
range. Gas transport through these channels is measured as a function of relaxation
time for equilibration between two chambers at different pressures connected via
these nanochannels. Relaxation time plots reveal the diffusion rate to be similar to

theoretically expected estimates with no enhancement as seen in CNTSs.

Selectivity of gases with different molecular size through nanoscale conduits also
provide an insight into the properties of the gas flow. Selectivity of different
nonhydrocarbon gases (Hz, He, Ne, N2, Oz, Ar, CO2 and Xe) and hydrocarbon gases
(CHa, C2Hs, CsHs, CaHs, C4Hs) studied in (30) through carbon nanotube as a function
of molecular weight presented in figure 1.10. Gas selectivity here is measured as
permeability of the gas (measured) relative to He. Selectivity of nonhydrocarbon gases
follows the inverse square root mass scaling except hydrocarbon gases which is due

to preferential interaction of hydrocarbons with nanotubes sidewalls (30).
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Figure 1.10: Gas selectivity of different gases. Sub-2 nm double-wall nanotube and
multiwall nanotube membranes are denoted as triangles and circles respectively.
Open symbols denote nonhydrocarbon gases (Hz2, He, Ne, N2, Oz, Ar, CO2 and Xe),
solid symbols denote hydrocarbon gases (CHas, C2Hs, C3Hs, C4Hs, C4Hs). The solid
line is a power-law fit of the nonhydrocarbon gas selectivity data and represents a
scaling predicted by the Knudsen diffusion model (exponent of —-0.49 T 0.01). The
dashed line is a power-law fit of the hydrocarbon gas data, showing a deviation from
the Knudsen model (exponent of-0.37 T 0.02). The full mass range of the
nonhydrocarbon gas data is presented in the inset which is in agreement with the
Knudsen model scaling. Image is taken from (30).

This enhancement of flow with respect to theoretical results in the case of CNTs and
the lack of it in the case of silicon nanochannels point to the difference of gas
molecules interaction amongst two materials. The difference in surface roughness of
graphene and silicon dioxide leads to different interactions and hence different gas
flux. However, the lack of consistency and precision in the results require more
rigorous experimental proof from multiple nanochannels whose dimensions can be
uniformly and precisely controlled when fabricated to have a systematic investigation
through the channels.

Nanofluidic systems have reached a stage where they can mimic the biological
channels in terms of their functionality because of the advancement in fabrication
techniques to reach the dimension of sub-nanometre. A pressure-sensitive response
has been observed for biological mechanosensitive ion channels (101-103) which is

very essential for understanding the cellular mechanisms. In response to chemical and
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mechanical stimuli, these channels regulate the transport of ions through the cell
membrane.

To observe such response in artificial channels most experimental studies done are in
carbon nanotubes which have been restricted to electric forces (44, 104, 105). Carbon
nanotubes (106) has been explored with ionic transport in these channels using
mechanical pressure and electrical voltage forces to mimic the exotic behaviour of
biological channels and observed an ionic conductance that depends quadratically on
applied pressure. Here a micrometre-long carbon nanotube with radii of ~2nm
embedded in a membrane separating two electrolyte reservoirs has been used to

study the coupling between pressure-driven fluid flow and ion transport.

Effects of range of forces i.e., electric field, pressure drop and chemical gradient on
fluid transport through the single-channel carbon nanotubes (CNTs) (106) and boron

nitride nanotubes (BNNTs) (107) have been explored at the nanoscale.
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Figure 1.11: Streaming current for CNT and BNNT under different PH values. (a)
Streaming current as a function of the pressure gradient AP for different pH values
and 1M salt concentration. (b) Streaming current induced by a pressure drop for BNNT
for pH 7 (red), 8.5 (blue) and 10 (green) for salt concentration 10-2M. (a-b) The dashed
line represents the best linear fit for each pH value. Error bars represent the standard
error over five experimental values. Streaming current is measured without an applied
voltage bias (AV = 0) and AP = P+ - P. pressure drop. Inset in (b) shows pressure-
driven streaming current direction. Image (a) is taken from (106) and (b) from (107).
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The response of the confined fluid to a pressure drop across these tubes was
measured as streaming current to assess how ion transport through the tube interior
is affected by the pressure difference between two sides of the membrane. Nanotube
exhibits linear ion transport behaviour under pressure difference with no applied
external voltage. Streaming current I, varies linearly with pressure gradient AP and
the slope increases with pH in both systems. The sign of the current is due to the
excess transport of positive charges. Figure 1.11 shows the constant value reached
by the ionic current which is measured as I, and plotted as a function of applied

pressure AP for carbon and born nitride nanotubes.
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Figure 1.12: Streaming current as a function of applied bias. (a) streaming current
as function of pressure drop and applied bias -25V to 25V with PH 5.5 and atc=1 M.
(b) streaming current as function of pressure drop and applied bias of -100V to 100 V
with PH 10.5 and at c =1 M. The dashed line represents the best parabolic fit for each
applied bias. Image is taken from (106).

Under an external driving potential, its current response has a quadratic dependence
with an applied pressure which is the as like a membrane potential for ion channels.
This result emphasizes that narrow CNTs display mechanosensitive ionic conduction

i.e., conductance that is tuned by the mechanical pressure.
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This pressure-sensitive ionic response depends on the driving electrical potential and
matches the behaviour of mechanically activated currents of biological ion channels
(102, 103, 108).

1.4 Scope of the work

Membranes are widely used for nanofluidics (gas and ions) for the permeation and
separation process. Membranes present a trade-off between permeability i.e., how
fast molecules pass through a membrane and selectivity i.e., to what extent certain

molecules are separated from the rest.

Biological membranes and ion channels are highly permeable, highly selective and
can regulate ion/molecule transport across the cell membranes. The pressure-
sensitive response has been observed for biological mechanosensitive ion channels
(101, 102) which is very essential for understanding the cell mechanisms, these

channels have concise constrictions of the angstrom scale dimensions.

Taking inspiration from biological channels in the cell membrane artificial
nanochannels and nanopores can be constructed to modulate the interactions of
molecules and ions inside these channels under a range of forces to probe the

fundamental properties.

Several systems have been developed which can achieve nanometer-sized conduits
and molecular transport has been observed inside the channel, but a clear
understanding of the interaction between channel and molecules and how it affects
the flow under different forces to mimic mechano-transduction. For that reason,
angstrom scale capillary devices are designed to explore the interaction of gas and
ions at the channel wall interface to probe surface-induced properties under electrical

field and pressure gradient to mimic the biological channels.

The objective of this study is to fabricate multiple atomic-scale channels of graphene
which we call capillaries with different wall materials (graphene, h-BN and MoS2) by
utilising all the properties of graphene i.e. high mechanical strength, chemical
inertness, thermal stability and atomic flatness. Atomic-scale capillaries are designed
with precise control on channel height by selecting different atomic layers of graphene

with great flexibility, cross-sectional geometry and length precisely defined by
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lithography and etching to investigate the fundamental transport of gas molecules and
ions transport mechanism under electric, chemical and mechanical forces inside these

capillaries.

These angstrom scale capillaries will explore the physical interactions between
graphene and molecules of fluid near it depending on the flow rate. Fundamentals that
are involved in the interaction of molecules of gas at the sub-nanometer scale will be
probed for the applications of gas permeation and selectivity. lon transport under
electric and mechanical forces will provide the route for exploring and mimicking the

mechanosensitive ion channels.

Chapter 2, will introduce the theoretical background of the 2D materials used along
with their atomic structure and the applications in different areas of science will also
be discussed. Different production methods for 2D materials will be reviewed. Then |
will proceed to present van der Waals structures for the fabrication of devices through

different layers to measure mass transport.

Gas transport in such confined spaces is characterised by Knudsen description where
the gas molecules are not colliding with each other but only with the confined wall
which is discussed in detail in section 2.5. Water and ions transport in such confined
conduits and coupling of these fluids under different forces for different materials will

be discussed later in the thesis.

In Chapter 3, | will discuss the fabrication techniques and tools used for the fabrication
of graphene capillary devices for nanofluidics transport. | will discuss how the
geometry of graphene atomic-scale capillaries can be precisely controlled by selecting
different layers of graphene used and through e-beam lithography and etching. The
step by step process for making the atomic scale capillaries structure is of significant

importance and will be discussed in detail.

In chapter 4 gas transport studies through the fabricated capillaries will be studied
using a helium leak detector and the impact of channel height affecting the transport
phenomena under nanoscale confinement will be discussed. The flow of different
gases (hydrogen, deuterium, oxygen, argon, nitrogen, carbon dioxide, methane,
butane, isobutane and xenon) as compared to helium will be analysed using a residual

gas analyser.
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Chapter 5 of this thesis is the study of gas flow through atomic-scale apertures.
Atomic-scale apertures made in the WS2 membrane will be studied for helium gas

flows.

Chapter 6 of this thesis is related to molecular streaming and its voltage control in
angstrom-scale channels. The use of external voltage and pressure for the ionic

current under confinement for different 2D materials will be discussed in this chapter.

The work presented in Chapter 5 and Chapter 6 has been published and for a better

presentation of the results, the original papers are attached in each of these chapters.

A summary of the work presented in the thesis is provided in chapter 7. This chapter
will include the conclusions of the thesis and an outlook of the future work based on

our study.
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Chapter 2

Graphene and 2D materials beyond
graphene

In this chapter, properties of graphene and other two-dimensional (2D) materials, such
as hexagonal boron nitride (h-BN) and molybdenum disulphide (MoS2) are discussed.
Starting with the carbon allotropes, introduction to atomic orbitals and properties of
graphene and other 2D materials (h-BN and MoSz2) are reviewed. Production methods,
van der Waals heterostructures for stacking different layers of 2D materials for device
fabrication and then mass transport properties of nanostructures are also presented

here.

2.1 Carbon and its allotropes

Carbon plays an important role in fundamental research being the most abundant
element on the earth. Over the years, various carbon-based materials with different
physical properties have been discovered based on their symmetry and dimension.
Carbon compounds present different characteristics in different structures due to

highly flexible molecular chains(109).

Isolation of graphene from bulk graphite by K.S. Novoselov and A.K. Geim in 2004 is
one of the most important scientific works of this century. Graphene, which more than
70 years ago was thought of as a ‘state that could not exist’ has brought about
tremendous results in the scientific community (110). The first 2D single-layer carbon
atoms were isolated from graphite by mechanical exfoliation (111) and proved that
single-layer carbon atoms could exist freely without a monocrystal base. Later it was
proved that graphene could also exist perfectly well on the membranes (112) and in

liquid suspension as well (113).

In graphite, all carbon atoms form a covalent bond and it is a planar allotrope of carbon.
The carbon atoms are hexagonally arranged to form a honeycomb lattice structure in

graphene. It is a building block of all other graphitic materials such as fullerenes,
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carbon nanotube and graphene. From the basic understanding of carbon atoms, they
have been divided into different dimensions (D) such as OD, 1D, 2D and 3D.
Fullerenes are spherical molecules containing carbon atoms arranged in pentagonal
and hexagonal lattices and are a wrapped form of graphene. Fullerenes are
considered as zero-dimensional (OD) (figure 2.1a). In carbon nanotubes, hexagonal
lattices are rolled in cylindrical tubes with carbon atoms in one-dimensional (1D) and
is a rolled form of graphene (figure 2.1b). Graphene has a single layer of carbon atoms
packed in a honeycomb structure, with a two-dimensional (2D) hexagonal lattice
(figure 2.1c). Graphite (3D) is stacks of graphene with several layers (figure 2.1d)
(110).

(a)

(c) (d)

Figure 2.1: Structure of graphene, graphite, carbon nanotube and fullerene. (a)
Fullerenes with carbon atoms pack in pentagonal and hexagonal lattices (0D). (b)
Graphene/hexagonal lattice rolled into cylinders as nanotube (1D). (c) Graphene with
carbon atoms in a hexagonal lattice (2D). (d) Stacks of graphene with several layers
as graphite 3D. Image is taken from (109).

Graphene is characterized by various excellent properties, such as exceptional
mechanical strength, chemical inertness, high electrical and thermal conductivity, the

thinnest material ever discovered and impermeable to many gases. All these versatile
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properties combined in graphene have proved it to be this century breakthrough
material. The fact that high-quality, clean graphene (114) can be obtained simply and
economically in a laboratory has accelerated research on graphene and other 2D
materials, including the development of nanopores.

2.2 Atomic orbitals of graphene

The remarkable properties of graphene, particularly its electronic properties and
mechanical strength are due to its unique electronic band structure and hybridization.
Carbon is an exceptional material and it makes different types of bonds (single, double
and triple) to create versatile compounds. To understand the carbon bonds formed in
graphite, the electronic configuration of carbon atoms in their ground state, excited

state and its hybridization are discussed here.

Carbon has four unpaired electrons to form four covalent bonds with other elements.
The electronic configuration of the carbon atom in its ground state is expressed as
1s22s22p? and four valence electrons available for bonding are 2s22p?. When one
electron jumps from the 2s to the 2p orbital, the unpaired electrons are made available
to create electronic structure 1s22s' 2px* 2py* 2pz?. Due to bond formation, the energy
of the system decreases and in turn reconfiguration of valance electrons takes place
which is referred to as hybridization. When hybridization takes place one electron from
2s orbital jumped into one of the 2p orbitals, and a combination of these orbitals create
three new hybrid orbitals (115). The 2s and 2px, 2py orbitals hybridize to form sp?
hybrid orbitals with one electron filled in each orbital. Three newly formed hybrid
orbitals have trigonal planar geometry with an angle of 120° and provide energy
stability and elastic strength to the graphene honeycomb structure. Figure 2.2 is

presenting the orbital hybridization and bonding process of graphene.
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Figure 2.2: Orbital hybridization and bonding process of graphene. sp?hybridized
orbitals. One 2s orbital and two 2px and 2py orbitals hybridize to sp? orbitals, with
trigonal planar geometry with an orbital angle of 120°. sp? hybrid orbitals overlap to
form ¢ bond, remaining 2pz orbital overlap to form r bond and is perpendicular to the
planar structure. Image is taken from (116).

The three sp? hybrid orbitals form a & covalent bond with their nearest neighbour
carbon atoms 1.42 A apart in honeycomb hexagonal lattice structure. Left behind 2pz
orbital, which is not involved in hybridization remains unpaired and is responsible for
the high charge carrier conduction of graphene. The 2pz orbital is located
perpendicular to the plane formed by three sp? hybridised o bonds and forms
delocalised 7 bonds in layers with adjacent paralleled neighbours. In graphite, layers
of sp?hybridized carbon atoms are stacked together to form a hexagonal lattice. There
is a week interaction between the layers which makes graphite easier to exfoliate
(115).
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2.3 Graphene preparation

Graphene can be made with many different techniques. Mechanical exfoliation was
the principal method to produce all the flakes needed to fabricate capillary devices in

this study.

2.3.1 Mechanical exfoliation of graphene

High-quality monolayer graphene is produced by mechanical exfoliation using scotch
tape (111). This method provides a clean and defects free structure on the substrate
(117, 118). Bulk graphite is repeatedly peeled off on the scotch tape surface by
applying normal force or sheer force on the graphite layers (119). This repeated
peeling process would separate the graphite layer and become thinner by exposing

fewer layers or a single layer of graphene in the process

Thin graphite on the adhesive tape is then transferred to the substrate by sticking this
tape onto the substrate. The tape is then removed from the substrate mechanically to
get the different layers of graphene on the substrate. Normal force and shear forces
which are responsible for the fragmentation of the bulk crystal to thin crystal is shown
in figure 2.3. Step by step process for the exfoliation of 2D flakes onto the substrate of
choice is shown in figure 2.4 below.
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Figure 2.3. Exfoliation process of 2D materials. Mechanical exfoliation route in
graphite exfoliation results from normal force, shear force or fragmentation. Image is
taken from (119).

Figure 2. 4. Exfoliation of 2D crystals by tape. (a) Adhesive tape is pressed against
a 2D crystal. (b) Tape is peeled a few times to crystal attach few layers to the tape. (c)
The tape with thin crystals of layered material is pressed against the substrate. (d)
Upon peeling off, the bottom layer of the crystal is left on the substrate. Image is taken
from (120).

2.3.2 Other methods of producing graphene

Mechanical exfoliation is the principal method of producing clean, high quality and

defect-free graphene flakes but it is time-consuming, low yield and not suitable for



large scale and mass production. In recent years several other methods have been

reported to produce graphene for different research and application purposes.

The chemical vapour deposition (CVD) method has attracted a great deal of attention
and is perhaps the most studied method of producing large scale graphene(121). In
CVD, graphene is grown by thermal decomposition of hydrocarbons using carbon
compounds (CHa, C2H2, etc.) as a carbon source at elevated temperatures (up to 1000
°C) (122). Hydrocarbons thermally decompose to carbon radicals and grow uniformly
with fewer grain boundaries on the catalytic substrates i.e. copper foil or other metal
substrates (Ni, Pt, Pd, Rh etc). Carbon atoms segregate on the surface of the bulk

metal to grow graphene.

Ni, Cu and Ni-Cu alloy have received more attention as a graphene substrate material
(123-125). Thin Cu films yield (typically) single-layer graphene growth because of its
low carbon solubility and Ni typically yield few-layer graphene, whereas the Cu-Ni alloy
thin films yield high-quality single layer and bilayer graphene separately. The
difference in their carbon solubility (9,000 at. (Atomic) ppm at 900°C in Nior 7.4 at.
ppm at 1,020°C in Cu) leads to produce multilayer thick graphene on Ni and monolayer
graphene on Cu (126). Deposition temperature, cooling rate and growth environment
are important deterministic parameters for the thickness and quality of the graphene
obtained through CVD (127).

Epitaxial growth of graphene is another way to get large-area graphene layers. It
involves thermal decomposition of silicon carbide (SiC) (128, 129) at high temperature
and low pressure where silicon carbide (SiC) substrate reduces to graphene. CVD
graphene on copper provides high-quality graphene in large sizes (30 inches) (122,
130, 131) as compared to reduced graphene oxide or graphene epitaxially grown on

silicon carbide.

Liquid-phase exfoliation (LPE) is a key method of producing thin flakes in large
guantities involving the exfoliation of graphite(132) or other 2D layered materials(133)
with the assistance of sonication in solvents(134). It offers upscale production and
good quality at a reasonable cost but few-layer graphene produced is usually small
with average lateral dimensions of <1 ym. It is important to choose a suitable liquid
whose surface tension enables graphite crystallites to extend into a larger surface area

(132). Liquid exfoliation is a promising method in conductive ink and ink printable
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electronic circuit applications. Figure 2.5 is presenting the schematic comparison of
different routes for the production of graphene.

Mechanically-assembled stacks

Figure 2.5: Schematic comparison of different routes for production of graphene
i.e., mechanically-assembled stacks and physical epitaxy or CVD method. Image is
taken from (121).

There is another method to produce large scale graphene by chemically modifying
graphite. In this method, graphite is chemically converted to graphite oxide and then
dispersion and exfoliation of graphite oxide are done in the liquid phase to produce
sheets of graphene oxide (GO). GO is reduced by thermal annealing or chemical
reducing agents to produce graphene (135, 136). This method provides a high yield
of graphene but the reduction of oxide leave behind structural defects which need to
be tailored before using it for different applications. (137, 138). In the context of
nanofluidics, as discussed in chapter 1, GO sheets can be assembled into 2D-laminate
membranes with channel size <1 nm.
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2.4 2D materials beyond graphene

There are plenty of 2D materials apart from graphene which can be mechanically
exfoliated down to a single layer. In fact number of atomic layers stacked up in these
materials also have van-der-Waals forces in between the layers. These van-der-Waals
forces are weak enough to enable different layers to isolate into two-dimensional

individual sheets.

Among different layered materials, graphene and hexagonal boron nitride (h-BN) are
the simplest layered materials with atomically thin hexagonal sheets. Other layered
materials i.e. transition metal dichalcogenides (TMDs) have more complicated crystal
structures. In this section, we discuss the fundamentals and electronic properties of

hexagonal boron nitride (h-BN) and molybdenum disulfide (Mo0Sz>).

2.4.1 Hexagonal boron nitride

Boron nitride (BN) is a chemical compound of boron (B) and nitrogen (N) that doesn’t
exist naturally and has a similar crystal structure and properties to carbon. BN
polymorphs have four different crystalline structures i.e. hexagonal BN (h-BN),
rhombohedral BN (rBN), cubic BN (cBN) and wurtzite BN (WBN) (139). Hexagonal BN
(h-BN) perfectly parallels the crystalline structure to graphene and possess similar
physical properties. The other three polymorphs have a parallel with a carbon
allotrope, e.g. rBN with rhombohedral graphite, cBN with diamond, wBN with

lonsdaleite (wurtzite diamond) (139).

h-BN is an insulating isomorph of graphite and has a layered honeycomb-like crystal
lattice. One boron and one nitrogen atom in its unit cell occupy the A and B sub-
lattices in the Bernal structure(140). h-BN has AA’ AA’ stacking (figure 2.6 a) with the
same atoms from different layers exactly aligned on top of each other.

Boron and nitrogen atoms in each lattice are bonded together by strong covalent o
bonds and form sp? hybridisation of atom orbitals in the layered structure but
interatomic bond (r bond) between two successive hexagonal layers is weak (139).
Both atoms (B and N) in the h-BN crystal have different electronegativity. The

electronegativity of the N atom is higher, which makes the = electron locate mostly
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near the N atom. P orbital in B atoms are vacant and in N are occupied by paired
electrons. This makes h-BN a perfect insulator and white in colour (139). h-BN is
considered the most appealing substrate to improve the quality of graphene devices
because it has an atomically flat surface, be able to synthesise free from impurities,

dangling bonds and charge traps (140, 141).

(a) Covalent bonds (b)

6.5A

Van der Waals—
bonds

0.6661 nm

Figure 2.6: Lattice structures of h-BN and MoSz. In a) h-BN lattice, nitrogen atoms
are in blue and boron atoms are in grey colour. The B and N atoms are combined with
covalent bonds. (b) MoS: lattice, M represents transition metal (Mo), X represents
chalcogen (S). The distance between layers in (a) is 3.4 A in (b) is 6.5 A. In (a-b) layers
are held together with van der Waals forces. Image (a) is taken from (142) and (b)
from (143).

2.4.2 Molybdenum disulphide

Molybdenum disulphide is from the group of transition metal dichalcogenides (TMDCs)
which have the formula MXz (M represents transition metal and X represents
chalcogen) (121). TMDCs have a wide range of electronic properties (from insulating
to semiconducting). The transition metal of TMDCs comes from the IV (Ti, Zr etc.), V
(V, Nb etc.) and VI (Cr, Mo, W etc.) groups; the chalcogen elements are S, Se or Te
(144). In TMDCs each monolayer consists of three layers of stacked atoms and also
have a hexagonal structure(121). The transition metal atoms packed in between two

layers of chalcogen atoms with the form X-M-X (figure 2.6b)

51



Analogous to graphene and other 2D materials, TMDCs can also be produced by
mechanical exfoliation of the bulk crystal. Some other promising techniques include
liquid-phase exfoliation (144, 145), CVD growth on a metal substrate (146, 147) and
epitaxial growth on gold (Au) substrates(148) and two-step thermolysis process (149).

In the context of nanofluidics, TMDC can host apertures, which are nanometers to as
narrow as a few atoms wide. These apertures on monolayer tungsten disulfide (WS2)
membranes permits the gas flows as the ultimate atomic limit of the pores (150), which

will be discussed in chapter five.

2.5 Van der Waals heterostructures

Since the discovery of graphene, a lot of research has been done on the studies of
freestanding graphene or substrate supported graphene to get their remarkable
properties and probably has passed their zenith. A combination of individual stacked
layers form the van der Waals heterostructures and could potentially provide unique
properties from their original counterparts. Van der Waals heterostructures using
various 2D materials provide the way to the discovery of new intrinsic properties of
graphene and 2D materials and help design different structures for a range of
properties and applications. Recent developments in the technology of van der Waals
heterostructures have led to the observation of new physical phenomena, and
realization of functional devices for applications of biosensing (151, 152), solar cells
(153, 154), photodetector (155, 156) and gas sensing (157).
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Figure 2.7: Building van der Waals heterostructures. 2D layers of various crystals
arranged in form of lego-blocks on top of each other for the construction of Van der
Waals heterostructures. Image is taken from (158).

van der Waals heterostructures can be assembled using the analogy of atomically thin
lego-blocks (figure 2.7). Before the construction of van der Waals heterostructures, a
few factors need to take into account i.e. structure of the material, thermal and
chemical stability in bulk form. Materials that have an anisotropic structure in their bulk
form can only be used for constructing such heterostructures because they have weak
interlayer van der Waals bonds in the z-direction. Also, the thermal stability of bulk
form is a very important factor as the melting point of the material decreases with its
thickness. Chemical stability also needs to be considered before because the majority
of the available 2D materials decompose and oxidize in the air or they need to exfoliate

in an inert atmosphere before encapsulation with h-BN or graphene (159).

Most of the two-dimensional heterostructures are composed of stacking individual
flakes of different materials on top of each other. This method provides individual
layers of two-dimensional materials with outstanding qualities but it is a time-
consuming process. Alternative techniques have also been developed for mass

production such as synthesis of large-area crystals grown by CVD (160), direct growth

53



of heterostructures by CVD or physical epitaxy (161-163) etc. Apart from the new
physicochemical properties arising from the fabrication of van der Waals
heterostructures which combine the physics of various atomically thin materials, this
has paved the way for engineering new systems at the atomic level.

For fabrication of the van der Waals heterostructures, two main approaches are
followed which are top-down (164) and bottom-up (161, 162, 165). In a top-down
approach various mechanically exfoliated layered crystals are stacked on top of each
other. These crystals are stacked one above the other by the transfer of individual
layers through different transfer techniques i.e. dry transfers (166) and wet transfers
The bottom-up-up method involves either the direct synthesis of different two-
dimensional crystals in a particular sequence or the direct growth of individual two-
dimensional layers, followed by the transfer process. Heterostructures obtained
through these two approaches usually requires different transfer techniques; dry

transfer for mechanically exfoliated crystals and wet transfer for the synthesized ones.

Practical nanochannels with graphene walls with angstrom scale precise dimensions
are fabricated using van der Waal heterostructures to study the molecular transport

(gas and ions) will be discussed in detail in the next chapter in this thesis.

Before we discuss the device structure, we shall discuss the properties and the
phenomenon involved for fluid flow studies (gas and ion transport) as the bedrock on
which our study builds, and they will be referred to as we go along.

2.6 Mass transport properties

Transport of gaseous molecules will be studied to probe the nature of molecule wall
interactions, permeation and selectivity of the gases through the atomic scale
channels. lons transport through the fabricated channels will be studied in the
electrolyte reservoir between these channels to see the coupling of ions and water
molecules at the solid-liquid interface. The ion transport through the channels is
affected by the pressure gradient and potential difference between the two sides of
the channels.

In addition to gas transport in angstrom scale channels, ion transport is a good model

system to probe the roles of surface charges, flow type and surface friction in the

54



transport. The well-defined geometry and clean interior of the channels made with 2D

materials promote fluid flow that renders new functionalities to nanofluidic devices.

Fundamental understanding of fluid transport at sub continuum regime (< 1nm)
requires mass (gas and ion) transport dynamics to be characterised through these
ultimately small structures. The properties associated with the gas flow inside these
small structures have been characterised by the Knudsen equation which will be

discussed in the next section.

2.6.1. Knudsen diffusion for gas flow measurements

The flow rate (Q) of gases in long channels (cross-sectional radius R) much smaller
than the length L, due to a pressure difference AP across it is described by applying

mass and momentum conservation, to obtain Poiseuille's law:

Q = APTR*/8ylL, 2.1)

where the gas is treated as a bulk material because bulk properties like viscosity p
play a significant role due to frequent intermolecular interactions. In the case of
nanochannels, Poiseuille’s law is invalid as the gas molecules are separated by
distances greater than the cross-sectional dimension of the channel and thus not in
the bulk state.

The dynamics of the gas transport within nanostructures are significantly different from
those in larger dimension systems. At room temperature and ambient pressure, most
gases have their mean free path around 100 nm. So depending on the exact value of
the mean free path and the dimension of the structure, the transport of gas molecules
could be governed by their collisions with the walls of the structure or that with each

other. Depending on which factor supersedes, different regimes of flow are defined.

In 1909 Knudsen put forward a molecular theory to describe the mass flow rate as,

Q = a |AsP /M/2RT|, (2.2)
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Where A is the cross-sectional area of the nanochannel and M is the molecular mass
of the gaseous molecule (167). The part in the square brackets is the flow rate of
molecules into the channel and a is the transmission coefficient of the channel that
describes the fraction of molecules that pass through the channel without loss in
energy and momentum. Knudsen derived this transmission coefficient for different

channel geometries by assuming diffuse reflections at the channel walls.

In the Knudsen diffusion regime, molecules bounce back and forth between the walls
of the medium without colliding with each other. The driving force for Knudsen diffusion
is the partial pressure gradient, which is equivalent to the total pressure gradient in a
single gas system (168). Due to the relative absence of inter-atomic collisions inside
nanoconduits atomic-scale capillaries are good experimental setups to study atom-
surface interactions in isolation. Knudsen and Smoluchowski has modelled the flow
through such nanochannels, with the atom-wall collisions treated as purely diffuse
reflections, and formulated equations that described the flow rate of gases through

channels of different geometries.

lonic transport under pressure gradient also characterises the atom surface
interaction. If the transport is performed under different forces i.e., voltage and
chemical gradient different materials show different responses which will be discussed
in chapter 6 of this thesis. lonic streaming is characterised using streaming current

which will be discussed in the next section

2.6.2. lonic streaming measurements

In liquid environments, transport in nanofluidic conduits that are larger than molecules
or ions size is dependent on differences in species diffusivity, steric effects, chemical

affinity and electrostatic interactions, including surface charge (169-171).

The interaction of fluid species within the conduits at sub continuum (< 1nm) range
can be probed through ions flow under different forces. lons transport under potential
difference provides the electric currents. Streaming current provides the coupling of

ions and water under forces (pressure and voltage).

A streaming current is an electric current that originates when an electrolyte is driven

by a pressure gradient through a channel. Streaming current is proportional to the
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pressure change, changes with the channel height and with salt concentration.
Streaming current studies the surface charge phenomena and potential arises due to
electro-kinetic fluid in confined conduits because of the large surface to volume ratio.
It is sensitive to the polarity of surface charge and reverses the direction upon
changing the positively or negatively charged channel surface. Streaming current is
suggested to provide a simple and effective way of converting hydrostatic pressure

gradients into electrical energy (172-174).

To quantify streaming current, the ionic current is measured versus time while
increasing pressure in discrete steps by a pressure pump (figure 2.8a). Each pressure
increment last for a few seconds (15 sec) with the delay between two successive
increments to measure the ionic streaming current. Current overshoots with a pressure
gradient, saturate to a constant value and then drop on pressure removal (figure 2.8b).
The streaming current is defined as the difference between the saturation value
reached by the ionic current while pressure was applied and its value when the
pressure was released. Figure 2.8b shows ionic current measurement as a function of
time with no bias voltage applied. The pressure-driven component of the ionic current

|, defined as the streaming current I, is equal to (106, 107),

I = I(AP,AV) - I(AP = 0,AV) (2.3)

Streaming current results from the transport of ions carried by a pressure-induced

flow which is explained in figure 2.8b.
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Figure 2.8: Experimental set-up and streaming current (pressure-driven
current). (a) Schematic of the nanofluidic transport cell under pressure gradient for
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streaming current measurements through a 2nm single CNT membrane. Membrane
is immersed between two potassium chloride (KCI) filled reservoirs connected to a
pressure controller to execute a pressure gradient in both directions for ionic transport
measurements. (b) The ionic current is measured as a function of time for the salt
concentration of 1M and pH 10.8 without a bias voltage (AV = 0) for a range of
pressures which is called streaming current. The current overshoots when the
pressure is applied and then saturates to a steady-state value and drops to zero upon
pressure release. A schematic of the streaming current through a CNT is shown in the
inset. Image is taken from(106).

Carbon nanotubes are well studied to explore different physical and electrochemical
phenomena arising in nanoconduits (106, 107, 172) described in terms of streaming

current in figure 2.8 b.

Of vital importance to this study is how the pressure, mean free path and the dimension
of the nanostructure affects the interaction of mass species (gas, water and ions) with
the surface of the nanofluidic conduits. This study will also probe the nature of the

interaction of fluids in the angstrom-scale dimension.

To check the response of our channels under voltage and pressure difference for
streaming currents and behaviour of fluid—ion dynamics across the channels is studied
through the capillary devices and detailed discussion of the results will be presented

in chapter 6 of this thesis.

Detailed fabrication procedures and tools used will be discussed in detail in the next

chapter.
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Chapter 3

Device fabrication and experimental
techniques

In this chapter, experimental procedures for assembling 2D materials to fabricate
atomic-scale capillary devices will be reviewed. | will go through the tools and
techniques used to define the geometry and structure of the channels. In addition, the
processes to carry out device fabrication i.e. photolithography, reactive ion etching
(RIE) which is dry etching and KOH (potassium hydroxide) wet etching for drilling
through-holes on SiNx/Si substrate will be discussed in detail. Electron beam (e-beam)
lithography and etching for defining the channels in the graphene crystal will be
discussed. The flake transfer methods used during the fabrication process will be

reviewed as well.

3.1 Flake preparation

Graphene and other 2D materials (MoS2 and h-BN) can be exfoliated with mechanical
cleavage on SiO2/Si. Graphene exfoliation is done by cleaving single-crystal natural
graphite. Silicon oxide covered wafer (SiO2/Si) provides better reflection and hence
provide easy identification of graphene and other 2D flakes with an optical microscope.
Graphene absorbs only a small amount of light and the oxidised Si layer provides an

extra reflection layer and enhances the contrast for single layer-graphene (175).

The wafers used for exfoliation of 2D materials for this work are commercially available
with the thickness of oxide layer i.e., 70nm, 90 nm and 290 nm. The thickness of the
oxide layer is very important to allow flakes to be visible under an optical microscope.
Most of the time, 290 nm wafers were used owing to the fact they give the best contrast
needed for flake identification. Different nitto® tape types (BT-130E-SL, BT-150E-KL,
BT-50E-FR, BT-150E-CM and 1009R-6.0) are used which give good-sized flakes and
leave less tape residue. Depending upon the material (graphite, h-BN and MoS:2) being
exfoliated, different tapes were used. The yield and quality of flakes vary for different
tapes and materials. BT-130E-SL, BT-150E-CM are good for h-BN and are low tack
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tapes. BT-150E-KL, BT-50E-FR, 1009R-6.0 are high tack tapes and good for
exfoliating graphene and MoS:2 but not good for h-BN.

Tape used for Type of the tape Observations
exfoliation
BT-130E-SL Low tack Very good for hBN flakes, good for
graphene, not good for MoS:2
BT-150E-CM Low tack Very good for hBN, not good for
graphene and MoS:2
) i High tack Very good for graphene, good for
BT-150E-KL hBN and MoS:2
EOE High tack Very good for graphene, good for
BT-S0E-FR MoS:2, not good for hBN
1009R-6.0 High tack Very good for graphene and MoSa,
not good for hBN

Table 3.1: Comparison of different nitto tapes. Different nitto tapes used for the
exfoliation of 2D (graphene, h-BN and MoS:) materials.

Here, producing good flakes means leaving less tape residue and yielding flakes of

larger lateral dimension (more than 10 microns) and a high number density of flakes

on the wafer. On an average few flakes (typically, 3 to 10) of lateral size, 50um can be

obtained in a 2x2 inch size wafer. For graphene flakes’ exfoliation with high tack tape,

on average 2-3 thin flakes (monolayer to 5 layers) of lateral size, 30-50um are obtained

but with low tack tapes, small size flakes (< 20 um) are obtained with tape residue.

Some of the images of flakes obtained through these tapes have been presented

below in figure 3.1.
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Figure 3.1: Flakes obtained with different Nitto tape. (a) is the graphene flake (b)
is h-BN flake (c) is MoSz flake and (d) is the graphene flake with tape residue. Scale
bar in (a-d) is 20 pm.

Good flakes with no tap residue and better yield are shown in figure 3.1 (a-c). Figure
3.1d is the image where tape residue is present on the substrate and the lateral size

of the flake is small as compared to graphene flake in figure 3.1a.

Before the exfoliation of 2D flakes on an oxidized silicon substrate, wafers are cut into
a suitable size (typically 2cm?) and subsequently cleaned with acetone and
isopropanol (IPA) in an ultrasonic bath for 10 minutes each, followed by blowing them
dry with filtered nitrogen. This cleaning step enables to remove the particles and
chemicals adsorbed on the wafer surface. Soon after cleaning the wafers, SiO2/Si
substrate is exposed to oxygen plasma at low pressure for plasma cleaning for 10
minutes. Oxygen plasma reacts with hydrocarbons and contaminants adsorbed on the
surface to clean and remove them. Sometimes heating is also done at 110 °C for 10
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minutes on a hot plate for better yield as heating also promotes the flake adhesion to

the substrate. The process of making flakes as described in figure 3.2 below.

Figure 3.2: Procedure of making graphene flakes. (a) Graphite on a sticky tape
pressed and repetitively peeled on the tape to separate the layers of graphite to get
thinner graphite flakes. (b) Thin graphite crystals are pressed on a cleaned and
plasma-treated substrate as soon as the substrate is removed from oxygen plasma
treatment. (c) Tape removed with low angle exfoliation to get the thinner flakes. (d)
After tape removal, graphite and thin graphene flakes on the substrate are ready to
search.

3.1.1 Images of 2D material flakes on SiO>

After tape removal, the SiO2 substrate has different flake thicknesses and is ready

(figure 3.2 d) for search and identification under an optical microscope.
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Figure 3.3: Optical images of mechanically exfoliated flakes. (a) Optical image of
mono, bi, tri and four-layer graphene thin flakes combined with few layers graphene.
(b) Monolayer flake to be used as nanochannels. (c) The same flake in (b) is seen
through an optical filter of wavelength 520 nm, for enhanced contrast. All flakes are on
290 nm SiOz2 substrate. The scale bar is 20um for all images.

Mechanically exfoliated graphene flakes on SiO2/Si substrate are presented in (figure
3.3) from monolayer to few layers giving different contrast (figure 3.3a) and monolayer
flake with the optical filter of 520 nm is also presented (figure 3.3c). Graphene

exfoliation was done using high tack tape.

Hexagonal boron nitride (h-BN) crystal was peeled on the tape (water-soluble or low
tack) and flakes were exfoliated on 90nm and 290 nm silicon oxide coated silicon
wafers. 90nm silicon dioxide gives the best contrast for thin layers of BN and hence
helps in searching the flake. MoS: flakes were prepared on the 290 nm SiO2/Si
substrate using both low tack and high tack tapes and gave good yield with low
residue. MoS: flakes were exfoliated the same way as for graphite and h-BN

exfoliation.

We have used the graphene flakes from monolayer to a few layers as spacers to define
channels through e-beam lithography and etching which will be discussed later in this
thesis. Graphite, MoS2 and h-BN flakes are used as bottom and top materials in this

thesis.

Identification of the thicknesses of graphene accurately is very important and usually
done by optical microscopy as it is a simple and quick method for the identification of

flakes.

63



3.1.2 Mechanical exfoliation of 2D materials on polymer

Graphene, h-BN and MoS: flakes are also prepared on the double-layer polymer
substrate with the PMMA/PMGI (Polymethyl methacrylate/ Polymethylglutarimide)
polymers. Thin flakes are easy to produce and observe with this method owing to
better reflection due to added polymer layer and the lateral size of single-layer MoS:2
produced on the resists substrate (typically 50 um) is generally larger than produced
on the SiO2/Si substrate.

PMMA used was (950 K molecular weight, 8% wi/v in anisole). For bilayer polymer
coating, PMGI is spin-coated on a plain silicon wafer or 290 nm SiO2/Si wafer. This
double layer polymer-coated flakes are used in a dry transfer technique which will be
discussed later in this chapter in the transfer of flake section 3.5.2. Typical spin-coating
speed is 4000 rpm and 7000 rpm with an acceleration of 1000m/s? for PMGI and
PMMA respectively. PMMA/PMGI dual layer is baked on a hotplate for 5 minutes at
130 °C after each spin coating. After PMGI coating and baking, the substrate is cooled
down before PMMA coating. A thin 2D crystal on a piece of adhesive tape is pressed
onto the polymer layer and subsequently peeled off with a low angle peeling method

to get the flakes (figure 3.4).
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Figure 3.4: Optical images of mechanically exfoliated flakes with bilayer
polymer. (a) Mos: flake serves as bottom (b) Mos2 flake more than 100 nm in
thickness serves as top. (c) h-BN bottom flake relatively thin as compared to top flakes
(d) Thick h-BN flake serves as top. Bottom flakes are thin as compared to top flakes.
All flakes are on PMGI/PMMA dual polymer layer.

3.2 ldentification of 2D materials-characterization
techniques

After the exfoliation and micromechanical cleavage, 2D flakes are searched and
identified using different identification instruments amongst which optical microscope,
atomic force microscope (AFM) and Raman spectroscopy are utilised for the work

done in this thesis.
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3.2.1 Optical microscope

An optical microscope is a primary technique for quick observation and identification

of 2D flakes of different materials (graphene, h-BN and MoS2).

By adjusting the exposure time and gain in the optical microscope, monolayer and thin
layer flakes can be distinguished (figure 3.3a). The variation in the flake colour in the
bright field help determine the thickness of the flakes. Different colour filters also aid
in determining the layers and quality of graphene flakes (figure 3.3c). Apart from the
thin graphene flakes, thick flakes of different thicknesses used for the bottom and tops
are also identified depending on the colour contrast. Figure 3.5 presents bottom and
top flakes used for making capillary devices of different materials (graphite, h-BN and
Mo0S2) on SiO2/Si substrate. Thick flakes more than 100 nm in thickness are selected
to serve as the top and bottom flakes are chosen to have thickness around 15-20nm.
Bottom flakes are relatively thin as compared to top flakes. An optical microscope
gives a different contrast for different flake thicknesses but exact thickness could be

determined by atomic force microscopy.

Figure 3. 5: Optical images of 2D materials used as bottom and top: (a-c) Flakes
of graphite, h-BN and MoS: respectively serves as bottom. (d-f) Relatively thick flakes
of graphite, h-BN and MoS:2 respectively more than 100 nm in thickness and serve as
top layers for capillary devices. Graphite and MoS:2 are exfoliated on 290nm SiO2/Si
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and hBN on a 90nm SiO2/Si nm silicon oxide wafer. Top and bottom flakes serve as
walls for graphene capillary devices.

As exposure time, illumination intensity is not constant amongst different microscopes,
this identification method is sometimes insensitive to determine the exact thickness of
graphene layers so other methods are also used for verification of layer thickness.

3.2.2 Atomic force microscopy (AFM)

AFM is a high-resolution microscope that generates images by mechanically scanning
a sharp tip (cantilever) over the sample surface. The sharp tip on the end of the
cantilever raster scans over the surface, bending the cantilever and changing the
amount of laser light reflected into the photodiode. The approach aims to measure the
electrostatic force between the surface and the tip by recording the level of sensitivity
of cantilever motion to present topographies in high resolution (176). AFM is capable

of imaging insulators as well as conductors on the atomic scale.
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Figure 3.6: AFM images of h-BN and graphite flake for thickness measurement.
AFM image and its respective height profile of thick (a) hBN and (b) graphite flake.
Thin edge is present in graphite flake shown in blue colour box giving 10 nm thickness.
Height profile is taken along the dotted line. Scale bar in (a) and (b) is equal to 5 um.

The clear identification of the graphene layers is very important and for this reason, an
atomic force microscope (AFM) was used to distinguish between graphene single
layer and its few layers. AFM was also done to measure the step height (figure 3.6) of
the flakes of different 2D materials from the substrate for the thicker flakes. Exact
flakes thickness measurement is very crucial for top flakes to avoid sagging of the thin
graphene flakes (called spacers) into nanochannels.
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Thick flakes usually have undesired thin edges (figure 3.6 b) which often block the
channels. Top flakes (less than 100nm) sag into the lithographically designed spacer
and channels and affect the efficiency of the device so AFM measurements are very
important to avoid the sagging and hence blocking of channels. AFM measurements
were also used regularly for checking the height and width of the spacer/channels
made with the electron beam lithography and etching and also for checking the

cleanliness of the channels which will be discussed in detail later in this thesis.

3.2.3 Raman spectroscopy

Apart from AFM, Raman spectroscopy is widely used as a quick characterization
technique to distinguish between single and few layers of graphene. Raman
spectroscopy of graphene and graphite consists of two main peaks for the

identification of graphene layers.

The G band appearing at 1580 cm originates from in-plane vibration of sp? carbon
atoms and the 2D or G’ band at 2670 cm™ originates from a two phonon double
resonance Raman process, it is closely related to the band structure of graphene
layers. The 2D band becomes broader and blue shifted when the graphene thickness
increases from single layer graphene to multilayer graphene. D band is appearing at
1350 cm? and is for disorder band which is not present here is evidence of clean
defect-free graphene flakes used for the devices. D-band is usually not present in

pristine graphene monolayer on SiO2 substrates (177).
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Figure 3. 7: Raman spectroscopy of graphene. Raman spectra of monolayer to few
layer graphene and bulk graphite. Evolution of the Raman spectra at 532 nm with the
number of layers. G peak appearing at 1580 cm™ and 2D or G’ band at 2670 cm™.

Raman spectroscopy of monolayer to few layer graphene and graphite (bulk) on SiO2
substrate is shown in figure 3.7. The relative height of G and 2D peaks is a way to
distinguish thin graphene flakes. Another feature from graphene Raman spectra is that
G-band intensity increases almost linearly as the layer increases, and the shape
(intensity) and position of 2D-band change from single to few layers. The position of
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bilayer and few layer graphene 2D peak is upshifted compared to a single layer, which
is illustrated nicely by Zhenhua et al; (177) Therefore, Raman spectroscopy can be
successfully used to quickly identify single layer graphene to its bilayer and a few

layers.

3.3 Techniques used for the fabrication of capillary
device

To investigate the transport of different nanofluidic species (gas and ions) we have
designed the structure with the possibility of the fluid going in and out through 2D
materials capillary device. Channels are designed on the 2D flakes of graphite
(ranging from monolayer to few layers graphene) through E-beam lithography and
etching and encapsulated between different walls of 2D materials through van der Wall
assembly to make capillaries. The final device has to have a substrate with a through-
hole so that capillaries can be accessed by the nanofluids to go in and out of the
capillaries for conductance or permeance measurements. The detailed procedure of

fabricating the device is presented below.

3.4 Making an aperture in SiNy membranes

For defining a hole through a substrate, photolithography with the combination of
reactive ion etching (RIE) and KOH wet etching was used. This process drills a hole
of specific size and shape which is usually a rectangular hole (3x25 um?) straight
through the substrate. This is done in two steps, in the first step photolithography and
a combination of etching is done to get the SiNx membrane. The second step involves
a similar procedure for defining an aperture in the SiNx membrane. Double-sided
polished 500 nm SiNx coated on a 500 um silicon substrate was used for this process.

A detailed description of the process is presented here.
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3.4.1 Photolithography

Photolithography is a patterning technique that is used to transfer a geometric pattern
from a photomask to a light-sensitive polymer which is called a photoresist. There are
two types of photolithographic resists: positive tone resists and negative tone resists.
Upon light exposure, photoresist reacts with light to change their chemical composition
by increasing or decreasing their solubility in an exposed area, which later dissolves
in a basic aqueous developer. Positive tone photoresist selectively exposed to light
through a mask, chemically reacts with the light to change its composition. The
exposed part then can be dissolved in a solvent (MF-319) to provide a pattern onto
the substrate (178).

Photolithography was earlier dependent on photomasks to transfer pre-designed
patterns. Now a days a focused laser beam is used to define patterns by shining laser
light directly onto photoresist with a software designed pattern and usually called
maskless photolithography. This photolithography technique provides quick and

accurate exposure with sub-micron resolution.

Microtech Laser Writer (LW405B+ with a 405nm GaN diode laser) was used for doing
photolithography of double-sided polished 500 nm SiNx/Si wafer. The resolution of the
LW405B+ is 500nm.

A layer of photoresist S1813 (positive photoresist) is spin coated on the SiN«/Si with a
spin speed of 3000 rpm using the acceleration of 1000 m/s? for 60 seconds and
subsequently heated for 1 minute at 110 °C on the hot plate. The photoresist is spin
coated on both sides of the wafer. On one side it serves the purpose to expose laser
light to define a pattern and on the other side resist is spin-coated to avoid any
scratches from spin coater, laser writer chuck or any other surface. This step is
important because after photolithography and KOH etching SiNx membrane will
appear on the other side which will then be used for stacking all the layers for

fabricating a device.

To start the process, a square pattern of 800x800 pm? is designed with the laser writer
compatible software (Clewin). The focused laser beam is aligned on the substrate to
expose the substrate with photoresist under conditions d-step 1, filter 3% and dose

254 mJ/cm to pattern the design to get the required membrane size (after RIE and
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KOH). After this exposure substrate is developed in MF-319 photoresist developer for
1 minute to remove the photoresist from the exposed region on the substrate as
described in figure 3.8. To stop further development, the substrate is thoroughly rinsed
in de-ionized water for 1 minute. Lithography is done in two steps first for making a
SiNx membrane (100x100 um?) in SiNx/Si substrate with successive etching (first dry
etching through reactive ion etching (RIE) and then wet KOH etching) and in the
second step, a rectangular aperture of (3x25um?) is drilled in the SiNx membrane
through second photolithography and etching step which will be discussed later in the

thesis.

Double side

SiN, - A .
polished SiN,/Si
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light on designed
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region after
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Figure 3.8: Process of photolithography. A detailed step by step process for
carrying out photolithography is explained. First, double side polished SiNx/Si is spin
coated with photoresist from both sides. Laser light is exposed on a predefined pattern
and developed for subsequent etching of SiNx and Si for making a SiNx membrane.
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3.4.2 Reactive ion etching (Dry etching)

Reactive ion etching (RIE) is an etching technique used frequently in micro-fabrication
processes using plasma of different gases to remove materials deposited on a target
wafer. It is a very useful technique and has been developed very rapidly because of
the etch directionality irrespective of crystal orientation which is lacking in wet etching.
It also transfers the lithographically defined patterns into the underlying layer and is a

clean process that is compatible with vacuum processes (179).

RIE of SiNx is a plasma-assisted etching technique that uses fluorine gas plasma to
etch the target substrate. Electromagnetic fields dissociate and ionise relatively stable
gas molecules to form chemically reactive molecular and ionic species which then
react with the solids to be etched and form the volatile products. Suitable feed gas
sulphur hexafluoride (SFs) is used in glow discharge to dissociate/ionise the gas phase
etching environment to neutrals, electrons, photons, radicals (F"), positive (SF*°) and
negative (F°) ions. Radicals diffuse through the bulk plasma and ions are driven by the

DC bias to the wafer surface for etching the SiNx which follows the reaction.

SisNa (s) + 3 SFs => 3 SiFa(g) +3 SF2 (g) + 2 N2 (g). (3.1)

Plasma lab 100-ICP 65 model RIE is used to etch the SiNx layer with the recipe
(mixture of and SFs and CHFs gases in the ratio of 60:15, RF 30 kHz and ICP 600 W).
The etching rate of the silicon nitride recipe using SFs and CHF3 chemistry which | had
used for this work is 3 nm per sec. It usually takes 2.5 to 3 minutes, to completely
remove a 500 nm thick silicon nitride layer. SiNx was etched using an unexposed
S1813 photoresist as an etching mask. Upon complete etching, Si was exposed from
underneath and the shiny silver colour square was visible which can be seen with the
eye without any microscope. After this etching step, the S1813 photoresist is removed
by dipping the samples in acetone and subsequently in IPA for 2-3 minutes. Substrates
should be cleaned and resist needed to be removed completely from both sides for
doing further KOH wet etching for etching of silicon. The whole procedure is illustrated
in figure 3.9 below.
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Reactive ion etching was also done for etching different 2D materials such as

graphene, h-BN and MoS:2 during fabrication.

Il

|

Plasma exposure
on photoresist
removed area in

RIE SiN, etched from

exposed region
and Si is exposed
underneath

Photoresist removed
and substrate ready
for Si etch in KOH

Figure 3.9: Process of etching of SiNx. Step by step process for etching SiNx in RIE
(reactive ion etching) is presented here. Plasma is exposed to etch away SiNx from
the laser exposed area with photoresist as mask. SiNx is etched away and bare Si is
exposed on plasma exposure. The photoresist is removed for subsequent etching of
Si in KOH for making a SiNx membrane.

3.4.3 KOH etching (wet etching)

KOH wet etching is used for etching Si, by dissolving it in an aqueous etching solution
to create the free-standing SiIN membranes. There are a lot of chemical reagents
available for etching, however, it is important to use the etchant which is etching
selectively and has a high selectivity ratio without affecting the mask and underlying
material. Selectivity is the ratio of the etching rate of target vs the etching rate of mask
in the same etchant.

Usually, the etch rate through KOH is higher as compared to RIE, however, it is
dependent on the concentration of the reactant diffusing to the target, surface reaction

and products diffusing away from the target surface. By increasing the reaction
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temperature or changing the concentration of the etchant these factors are influenced

and can speed up the process.

KOH in DI water is an alkaline solution and highly corrosive which is used for etching
of the silicon substrate following the chemical reaction below.

Si + 20H" + 2H20 => Si(OH)a 2 + 2H2(g). (3.2)

Silicon was etched in 30% weight percentage KOH water solution at 80 °C in this study
and etch rate along <100> was 1.2 ym/minute and took around 8 hours to etch away
525 um Si. All the silicon is etched through the exposed Si and a membrane of 500
nm SiNx is left behind on the other side of the substrate. This can be verified by passing
light through the hole and by looking under the microscope. Light can pass through
the thin SiNx membrane if all the silicon is etched away completely if not any silicon
remaining will absorb the light. The SiNx membrane after etching of Si appeared on
the backside of the wafer is approximately 100x100 um?. The detailed process of
etching of Si through SiNx mask is demonstrated in figure 3.10 below.

Si etching in KOH
solution through
exposed area

Si is etched
anisotropically in KOH
through SiN, mask

SiN, membrane
appeared on the
backside as Si
etched through

Figure 3.10: Process of etching of Siin KOH to get SiNx membrane. Step by step
procedure for making SiNx membrane through etching of Si in KOH. Si is etched
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anisotropically in KOH through SiNx mask, it is shown in cross-section for better view.
A free-standing SiNx membrane appears on the backside.

KOH etching is the anisotropic etching and has a preferred etching rate in one or some
other crystallographic orientation as a contrast to RIE which is isotropic. Silicon etching
rate of alkaline etchant (KOH or NaOH) strongly depends on the crystallographic
orientation (180) and has a much slower etching rate along <111> as compared to
<100> and <110> direction. The difference in the etch rate along crystal orientation is
due to lattice packing density in silicon and available bonds in different crystallographic

orientations however the mechanism of this dependence remains inconclusive (181).

Due to the slow etching rate at the silicon <111> surface, if considering plane <111>
as a non-etching plane, the final width of the membrane can be calculated as shown
in figure 3.11b.

2 Cotan(54.74) =2 Z (3.3)

W, =W, —V2Z (3.4)

Where W, is the size of pattern we use to write with the laser writer and W, is the size
of the SiNx membrane that we are getting after the KOH etching of Si. Z is the thickness
of the substrate that is equal to microns and tanv/2 is the angle between the planes
<111> and <100> (figure 3.11b).

(b) l
| <100> 1
| w,, 1
54.74°
Z=etch depth <111>
W,

Figure 3.11: KOH wet etching of silicon along crystallographic orientation. (a) Si
etching from the exposed silicon and Z, which is etch depth and is proportional to Wm.
Etching goes straight through the whole Si substrate. (b) Schematic illustration of the
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process along crystallographic planes. The etching stops with a sharp triangular
profile.

After KOH wet etching substrate was thoroughly rinsed and cleaned with de-ionized
water in repeated cycles to diminish or minimise KOH residues. 30% weight percent

acetic acid in water solution can also be used to remove any left behind residue.

3.4.4 Photolithography to define a large exit aperture for
nanochannels

Second photolithography is done for defining the rectangular hole (3x25 pum?) on the
SiNx membrane. For this purpose, a rectangle of size 3x25 um?is designed and
exposed on the photoresist coated membrane. The photolithography is done following
the same procedure described in section 3.4.1. After the photolithography step, the
hole is etched through the membrane with unexposed photoresist as a mask using the

same RIE recipe as in section 3.4.2. Step by step procedure of the process is shown

in figure 3.12.
Exposed area after
Photoresist spin Laser light exposed development and
coated on SiN, to defined a etched m RIE
membrane rectangular hole

Photoresist
3x25um?
aperture in
SiN,membrane

removed

Figure 3.12: Process of defining an aperture in SiNx membrane. A detailed step

by step procedure to define an aperture (3x25 um?) in SiNx membrane. Bottom right
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side image is the real-time aperture in SiNx membrane on 500nm SINx/Si substrate.

The scale bar is equal to 20pum.

There is an uncertainty of about +0.5 um in the dimensions of the aperture as the
lithography is done with a laser writer (optical lithography). From device to device
different dimensions of the aperture were used (i.e., 2x25, 3x25, 2x50 and 3x50)
depending on different applications and measured with the optical microscope with the

uncertainty of £0.5 pum.

3.5 Flake transfer

Flakes are originally prepared on SiO2/Si wafer and to transfer it to the target substrate
several transferring techniques are employed depending on the application. Flakes
are lifted from the substrate with a polymer and are aligned mechanically on the target
substrate with the help of a transfer machine, which is essentially a set of micro-
manipulators under an optical microscope. Two different transfer techniques are used

in this work which is described below, each of them has its benefits.

3.5.1 Wet transfer

Wet transfer (182, 183) involves the procedures where the flakes are in contact with
some liquid, typically a polymer and finally the polymer is removed by solvents. This
transfer process involves the potassium hydroxide as an etchant to etch away silicon
oxide from the substrate to lift out the flake which was originally exfoliated on the
SiO2/Si substrate. A sacrificial polymer (PMMA) layer is spin-coated on the desired
flake to be transferred at spin speed 3000rpm and acceleration of 1000 m/s? followed
by hotplate baking at 130 °C for 5 minutes (figure 3.13b).

On top of the flake covered with PMMA layer, a tape is stuck which has a small cut-
out window tape to visualize the flake (figure 3.13c). PMMA is scratched from the outer
side of the tape to help penetrate the KOH for etching. The wafer containing the flake
with spin-coated PMMA is then immersed into low concentration KOH solution
(0.1mol/L) which partially etches the SiO2 surface and releases the polymer from the

substrate (figure 3.13d). PMMA membrane containing the flake is usually etched away
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in four to five hours and after SiOz etching, the PMMA membrane floats in the water.
The floated membrane is then carefully transferred to DI water and washed to remove
away all KOH residue/contamination and is ready to transfer to the target substrate.
The reason this method is said to be ‘wet’ because solvents are involved during the

etching processes. (184).

(b)

(c) (d) Lifted flake with
PMMA membrane

Window tape

Figure 3.13: Procedure of polymer-based wet transfer. (a) Graphene flake on
SiO2/Si substrate. (b) PMMA is spun onto graphene flake. (c) Window tape is adhered
to flake and PMMA is scratched from outer side of the tape. SiO2/Si chip is immersed
into KOH solution to etch SiO2 underneath. (d) Freestanding graphene/PMMA layer
attach to window tape.

As this process involves solvents, adsorbents can be trapped so annealing is done

after every transfer step to minimize the contamination. Annealing is done in a H2/Ar
(10/90) atmosphere inside a furnace, which will be discussed later in the thesis.
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3.5.2 Dry transfer

As the name suggests, dry transfer (185) is a technique where the flake to be
transferred does not have contact with any solvent. This method uses the bilayer
polymer on the substrate, similar to that described in 3.1.2. The thickness of this
double layer is usually a few hundreds of nanometres. After spin coating and baking
of the bilayer polymer, exfoliated 2D crystals on the adhesive tape are pressed onto

double-layer polymer substrate to exfoliate thin flakes (figure 3.14b).

PMMA/PMGI double layer provides good optical contrast and acts as an extra layer to
reflect light, the same way as silicon oxide(186). Contrast can be adjusted by the
thicknesses of the resist layer which in turn can be adjusted and controlled by the spin

speed.

Flakes are searched under the microscope which needs to be transferred afterwards.
Bilayer polymer is scratched around 5 mm diameter outside the selected flake by
aiming the flake in the centre under the optical microscope in the view field of 5x
objective lens (figure 3.14c). Few drops of MF-319 (developer of PMGI) are added on
the edges of the scratched circle to dissolve the PMGI layer leaving the PMMA layer
unaffected (figure 3.14d). Flake and PMMA membrane is slipped from its place after
the development of PMGI film and carefully transferred to DI water (figure 3.14€). MF-
319 residue underneath PMMA can be cleaned away in DI water.

Flake/PMMA (figure 3.14f) membrane from DI water is carried on the circular metallic
plectrum and transferred on the desired substrate using a transfer machine. Different
concentrations of the PMMA will change the strength of the membrane due to the
thickness variation of the membrane. Here, 950 K molecular weight (8% wt/v in
anisole) PMMA has been used which provide stronger support during fishing and

drying the membrane.
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Figure 3.14: Procedures of dry transfer. (a) A double-layer PMMA/PMGI is spun on
to SiO2/Si substrate. (b)Tape with mechanically exfoliated 2D flakes (graphene, MoS2)
sticks on top of bilayer resist. After (c) Tape is removed at a low angle and flakes on
PMMA. PMMA is scratched around the flake (d) PMGI under PMMA is dissolved
around the scratched area with MF319 and flake is on PMMA. (e) Substrate
transferred to DI water and flake with PMMA is slipped from substrate and cleaned (f)
PMMA membrane with flake is ready to pick up on a plectrum for transfer with optical
alignment onto the target substrate.

3.5.3 Optical alignment

The flakes on the PMMA membrane from both wet and dry transfer techniques are
transferred to the target substrate with the help of a transfer machine. Flakes on the
PMMA membrane are dried after taking out of DI water and carefully placed on the
plectrum. The flake with a PMMA membrane is carefully stuck on to the transfer arm

which allows independent motion in X, y, and z directions.
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Figure 3.15: Flake transferring station. It includes an optical microscope, transfer
arm, vacuum pumping system, heating stage and temperature control panel.

The custom made flake transfer station is equipped with an optical microscope (Nikon
Eclipse LV100), micro-positioning heating stage with temperature controller, micro-
positioning transfer arm, vacuum pump and a computer is attached to it to see the
flakes during transfer (figure 3.15). The optical microscope is equipped with filters and
different objective lenses which helps to improve the workability by providing better
visibility and fine control on the alignment of flake position by drawing a contour. We
use a vacuum to hold the plectrum containing flake, transfer arm and heating stage to
avoid any misalignment. LabView PID controller is used to control the temperature of

the heating stage.

The heating stage holds the substrate on which flake needs to be transferred and can
move in all three directions and it can rotate as well for better alignment accuracy.
Temperature control on the heating stage enables smooth uniform landing of flake
without any wrinkles or folds. Increasing the temperature of the heating stage could
enhance the adhesion between the membrane (containing flake) and substrate. The

transfer arm has the micromanipulator to move in X, y, and z-direction. Flake is aligned
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on the target (substrate placed on the heating stage) by moving the arm and stage
with fine and coarse movements in all three x, y, and z directions while looking through
the microscope. After this alignment, the arm holding the plectrum with PMMA
membrane is moved down until PMMA and target substrate are in intimate contact.
Alignment is checked in regular intervals while going down the substrate by looking at
the flake and target substrate. Target substrate is heated up 75 °C which enhances
the PMMA/substrate adhesion.

3.6 Electron-beam lithography (EBL)

Electron beam (E-beam) lithography is a technique for writing fine patterns in thin films
of electron sensitive material by using a finely focused electron beam. E-beam
lithography is done inside a scanning electron microscope (SEM), and includes a
pattern generator that is Raith elphy quantum attached to SEM. An electron sensitive
resist film of PMMA, 950K molecular weight (3% wt/v in anisole) is first coated on the
substrate’s surface and the focussed electron beam exposure modifies the resist’s
chemical properties. Resist developer methyl isobutyl ketone mixed in IPA (MIBK/IPA
used in 1/3) remove the resist layer from irradiated/exposed part to get the desired
pattern upon resist removal. The patterned films act as a mask for subsequent

processes, such as etching and gold vapour deposition etc.(187).

EBL has several advantages such as high resolution, suitability for a variety of
materials and the ability to expose several fine patterns with a variety of materials.

The ultimate electron spatial resolution is in the range of a few nm.

The first EBL machine was developed in the 1960s and soon after
polymethylmethacrylate (PMMA) was used as a resist for this technique. PMMA acts
as a good e-beam resist because it has i.e., high contrast, good resolution, a
continuous and homogeneous film on the surface, high-etch resistance, good
thickness and high stability (188). The pattern is designed and then converted to a
format that is suitable for the EBL system. The digital data paths are automatically
converted and sent to the electron beam system. The electron beam scans the writing
field using electric or magnetic fields and by dipping the already exposed surface into

the developer the final shape pattern area is obtained.
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As PMMA is a positive resist, irradiated areas can then be removed chemically using
MIBK/IPA or water/IPA (cooled down to -5 °C) in (1/3) as a developer. IPA acts as a
stopper for development. By dipping the e-beam exposed surface into the developer,
the developer dissolve the exposed resist and the final shape of the designed pattern
is obtained (189).

Graphene spacer
for doing EBL

. E beam exposure to
EBL resist defined channels

/

Resist

spacers channels
developed P

Lithographically
defined & etched
channels separated
by spacers

Figure 3.16: E-beam lithography and etching process to define channels. Thin
graphene flake selected for making channels by E-beam lithography and etching.
PMMA (E-beam resist) is spin coated on the graphene flake. The electron beam scans
on the defined pattern on resist layer to change its chemical composition and wet
development process to dissolve the exposed film area. Space, where graphene is
etched away, is called channels (PMMA resist act as mask protection for etching). This
is a cross-sectional view of spacers and channels.

To locate the desired flake on the substrate for writing with EBL, alignment marks are
required. On a custom made stage coordinate system, stage coordinates are taken
by assigning two marks on the horizontal corners of the substrate and the centre of
these marks are set as SW (south-west) and SE (south-east). SW serves as origin
and SE as an angle correction or rotational displacement correction. Flake position is
recorded in the Cartesian coordinate system with reference to SW and SE. Images
of SW and SE and flake coordinates could be saved for future use for writing crosses

(alignment marks) in EBL. These marks (SW and SW) and flake position will be read
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out and recorded in the EBL system and used for writing alignment marks (crosses)

in the global of the stage coordinates (figure 3.17).

Custom made stage coordinate system is designed using a Matlab program coupled
with the microscope and used for accessing the flake position. To save the
coordinates of flakes as a reference to SW (origin) and SE (angle correction) exact
stage position is recorded by moving the stage of the microscope to that location
(figure 3.17a). Multiple flake position can be recorded on the same substrate with
reference to SW and SE for writing the alignment marks later in EBL.

Atomic-scale capillaries are patterned in EBL in two steps. In the first step alignment
marks (crosses) are designed and patterned (figure 3.17b) and in the second step
designed lines are patterned with reference to alignment marks. Crosses are
designed in such a way that it covers 1250 um in X and Y direction and each cross
is 200 um away from the centre of each cross ( figure 3.17b). It is important to note
that the design is made in GDSII format so that it can be stored, and modified for
subsequent patterning processes because the EBL system (Raith) read the file in
GDSII format. To write the crosses dose was set to 2.2, lines step 16 nm and 150
uC/cm? areal dose was used. After exposure, crosses were developed for 30 sec
using e-beam developer, dipped in IPA for 30 sec to stop further development and

then blow dry with nitrogen gas.

(@ (b)

Flake on the chip
A +£ A Alignment marks
+ + + + +
X + + 0+ + +
+ + +D+ + +
+ + + + + +
+ + 4+ + + + SW and SE are set as
global coordinates
X X
SW SE

y

Figure 3.17: Representation of the global coordinates and alignment marks
designed for EBL. (a) Schematic of global marks defined in Cartesian coordinates
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system to expose alignment marks in EBL. (b) Optical image of spacer flake after
exposing alignment marks in EBL. Four alignment marks which are 200 um apart can
be seen surrounding the spacers flake to write channels design. These marks are used
for aligning the flake on the substrate with respect to the designed pattern feed to the
EBL system. The scale bar is 25 um.

3.6.1 Patterning process of graphene channel by
nanolithography

To start patterning the channels and spacer design for making angstrom scale
capillaries, flakes are searched which were exfoliated using micromechanical
cleavage. Amongst flakes of different thicknesses, we chose certain layers of
graphene (from monolayer to few layers) flakes to serve as a spacer (we called it
spacer as this defines the space between the top and a bottom crystal. The thickness
of the spacer acts as the channel height. Electron beam lithography and plasma
etching were employed to pattern graphene crystal (spacer) to make parallel strips of
~110 (+10) nm spaced with a distance of 160 (+10) nm this will also refer to lines
design in the next sections. An AFM image of one such spacer is shown in the figure

below.

0.7 nm

0 250 500 750
Distance (nm)

Height (nm)
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Figure 3.18: AFM image of channels design on bilayer graphene spacer. AFM
image and its respective height profile of bi-layer graphene flake which act as spacer.
Channels are parallel strips of e-beam lithographically defined and etched on bilayer
spacer flake. Channels are 115 nm wide and spaced by 160 nm and step height is
0.7nm.
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To write the design of the lines, the dose was set to 1.4, lines step 8 nm and 150
uC/cm? areal dose was used. While developing the line patterns, care must be taken
not to exceed this development time of more than 30 sec otherwise all the lines would
get merged leaving a rectangular box, or they may be overdeveloped leaving behind

very wide channels after etching.
AFM checkpoints

Right after the nano-channel/lines exposure and development nano-channels are
checked under the AFM to ensure that lines are exposed properly and deep enough
through the resist. Through the proposed spin coating recipe PMMA thickness is 130-
150 nm. AFM is done to check the exact width of lines and height of the exposed
PMMA. If everything went well then the channel/spacer line width and depth of PMMA
appeared to be (100/160+20) nm and 120-150nm respectively (figure 3.18).

Influence of focus and dose

In case if the beam is not focused properly, the current is not stable during exposure
or the dose is not correct lines get underexposed or overexposed results in varying
widths and heights of PMMA which in turn will affect the graphene nanochannel widths
after etching. This step is very important because if the lines get overexposed they will
result in wider channels which will sag/collapse on transfer to bottom crystal or after

top transfer. Rightly exposed lines show PMMA thickness of 150 nm (figure 3.19)

150nm
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Figure 3.19: Lines design of exposed PMMA after EBL writing. AFM image of
lines written on graphene flake covered with PPMA. PMMA is dissolved from the area
designed and exposed in EBL depth of PMMA is 150 nm.

o
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Etching of graphene channels

Graphene channels were etched with soft O2/Ar plasma using a Moorefield plasma
etching system. Lines were etched from the exposed region and PMMA act as a mask
in the region where the flake was not exposed by the EBL. Oz 16 s.c.c.m., 20 mTorr,
2 W. recipe was used to etch graphene. The etching rate for the recipe used is usually
30 sec per graphene layer. Etching is carried out for 60-90s for 2-3 layers graphene
and this was broken into a step of 20 sec to avoid crosslinking of the PMMA which in

turn will not be easy to remove in the cleaning process.

b 190nm 80nm

00 02 04 0.6 0.8
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Figure 3.20: AFM images of under-etched and over-etched lines. (a) AFM image
showing cross stitching that could be due to various reasons (under exposure, less
etching time etc). (b) Over etching of the lines results into wider channels and narrower
spacers. All the lines are of tri layer graphene.

Etching time is very critical as it can under-etch or over-etch the lines. In the case of
over-etching, the channels appeared to be 180 nm and as a consequence of this
widening spacer became narrower 80 nm (figure 3.20b). When the lines are
underexposed/etched they are cross-stitched in between (figure 3.20a). This step is
very critical as the wider channels can sag, collapse and join together while transferring

or after the subsequent top transfer, under etched lines are also of no use.

Cleaning of the lines/channels

After the PMMA mask assisted etching, acetone cleaning with some mild sonication
was done to remove the polymer completely from the spacer lines. The cleanliness of

the lines is critical for nano-channel devices for many reasons: (i) The polymer
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residues locally increase the thickness and make the channel height different (i)
Greater thickness near the channel can decrease the molecular transport and affect
the conductance. Flexible polymer chains can disturb the flow of mass (water, gas and
ions) or even it can clog the channels. iii) Uneven thickness due to PMMA residue
sometimes leads to poor adhesion between top and spacer layer which thus leads to

removal of top flake on the application of small voltage during ion flow measurements.

The cleaning protocol is divided into two parts in the first part, the polymer chains are
broken by mild sonication under 10% power, 135 kHz frequency and in degas mode
for 1 minute by slowly moving the substrate in and out of acetone after every 5 sec. In
the second part majority of the polymer is removed with several iterations of dissolving
and diluting in hot acetone at 65 °C for 1-2 hours followed by rinsing in IPA and blow-

dry with nitrogen gas.

If PMMA has not been removed during this treatment completely then this two-step
protocol is repeated. If PMMA residue still does not go away completely then an
annealing process at temperatures 300-400 °C in an inert atmosphere (H2/Ar) for a
few (3-4) hours is carried out, in which any residual PMMA chains are thermally
degraded. This is not a part of the protocol but is another treatment to remove any left
out PMMA. After every cleaning procedure nano-channels are scanned under AFM to

check the cleaning quality of the nano-channels.
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Figure 3.21: AFM images of lines after etching and cleaning with their height
profile. (a) AFM image of cleaned lines with channel and spacer. (b) AFM image of
uncleaned lines with PMMA residues. All the lines are of a thickness of tri layer
graphene.

A comparative AFM image of cleaned and uncleaned lines with their respective height
profile is presented in figure 3.21. All of the lines are made with tri-layer graphene.
Cleaned lines (figure 3.21a) are giving around 1.1 nm thickness of spacer and
channel/spacer width is 120/150 nm. In contrast, uncleaned lines (figure 3.21b) are

more than double in thickness.

Under-etched, over-etched and uncleaned lines are not good to use as lines could
merge, collapse and sag while transfer that will block the devices or give very high flux
(gas, ion and water). Cross stitching and the over etched line could arise due to many
reasons i.e., unstable beam current during exposure, bad focusing, astigmatism,
overdose/underdose and due to long or short etching time. These all parameters need
to be optimized for good quality spacers which is crucial in defining the quality of

devices.
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Plasma etching with masks can be well controlled using the effects of gas chemistry
(190), mask selection, and plasma etching conditions (191). Control over the etch rates,
selectivity, sidewall profile, and etch roughness can be optimised through tuning

process parameters (192).

For a spacer width of 130 nm, wall edge roughness with £10 nm have been seen. For
the thickness as the spacer is over-etched to ensure complete removal this issue of
non-uniform etching is alleviated. For instance, for a monolayer graphene spacer
although it takes only 10 sec to etch a layer with the PMMA mask and narrow channels
it typically takes 20 sec to etch the channels completely. Several parameters i.e., e-
beam current to expose the channels, dose, development time and plasma power and
etching time affect the etching so is wall edge roughness. Distribution of plasma etching
does not have any impact on the height of the channels as that is defined with the
number of the layers of graphene crystal used spacer is made from a different crystal
and the bottom crystal is not etched. Plasma distribution only affects the width of the
channels from under etching to over-etching which has been explained and shown in
figure 3.20.

The number of channels designed on a spacer depends on the size of the flake selected
and on the larger side of the aperture in the SiNx membrane. Usually, the number of
channels that are contributing to the flow are measured from the silicon nitride aperture
size and also from the number of channel etches on the spacer crystal. Channel are
etched in a parallel array on the spacer flake which is calculated with the AFM for every
spacer flake after etching as shown in figures (3.18 and 3.21a). Number of channels on
each device are calculated after measuring the channels and spacer width which are
placed on the silicon nitride aperture. Usually, on a regular device with an aperture size
3x25 um? there are 200 channels but sometimes smaller or larger apertures were also

used which can be calculated accordingly.

The formula for calculating the number of channels on every device is presented here

in equation 3.5

(length of silicon nitride aperture) in nm

N fch Isin a device = 2
umerot chahnels in a device (width of spacer + width of channel) in nm

(3.5)
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The length of the spacer flake on which channels are designed and etched through
nanolithography must accommodate the entire nitride aperture. The top crystal is
transferred on the lines with its longer edge perpendicular to the lines, and parallel to
the longer side of the silicon nitride aperture as in figure 3.12. This will aid in the

counting of the number of channels as described in equation 3.5.

-
O~ OON

Height (nm)

1 2 3
Distance (pm)

0

Figure 3.22: AFM image of single channel with their height profile. AFM image of
single nanochannel defined in a multilayer graphene flake with the surrounding
perpendicular channels to entrap hydrocarbons. Channel height is 7.5 nm.

Figure 3.22 is the AFM image of a single nanochannel defined in a 7.5 nm graphite
flake. Single nanochannel is in the middle and perpendicular channels in sideways are
designed to entrap any hydrocarbons to make nanochannel clean and open. Single
channels are designed to check the reproducibility and quality of our fabricated
channels by measuring the gas flux through single channels and comparing that with
multi-channel devices.

3.7 Capillary device assembly

To construct atomic-scale capillaries with precisely controlled geometry, we need to
consider how the graphene sheets would be kept at nanometre separations while they
stay flat. The patterned graphene spacers need to be assembled on some substrate
that is flat and support the atomic scale capillaries. Commonly used substrates like
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silicon dioxide or silicon nitride have at least 1 nm surface roughness which is even
more than the graphene thickness (0.35 nm). If the spacers are assembled on these
surfaces they would sag into the nanochannels and take the contour of the surface
they are placed on. Hence, spacers made of graphene crystal are placed on multiple
layers of graphite crystal (which is called bottom) as it is far more rigid than graphene
due to the added height and its surface getting flattened with thickness. For measuring
the fluid flow in a constriction at the atomic scale, the capillaries are supported with
the thick top crystal. The function of the top crystal is to close channels from the top

and to maintain the channels opening from the side.

This assembly would make the channels as capillaries supported by top and bottom
crystals. Capillaries could be blocked due to the sagging of the top graphite into wider
channels, so it's important to choose the appropriate channel width and thickness of
top graphite. For example, we have chosen a channel width of w = 120-130 nm and
we found that > 100 nm thick top layer is always flat and can prevent sagging into the
channels. The channel width is chosen to obtain sufficiently narrow channels (to
prevent them from collapsing) and at the same time to ensure full reproducibility using
our lithography facilities. Care must be taken to ensure that top crystals have sharp
edges usually thick flakes have thin edges which consequently sag and block the
channels. Figure 3.23 shows SEM and STEM images for the spacer and channels

illustration in the real-time device.

STEM HAADF
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Figure 3.23: Spacers and channels illustration: (a) Top view of SEM image of the
tri-layer device. Spacers are clearly seen in the area not covered by the top graphite
and empty space in between spacers is channel spacer and channel are running to
the hole etched in the bottom graphite. Three of the spacers are indicated by dotted
lines. (b) High-angle annular dark-field (HAADF) image of the edge of the channel. (c)
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Cross-sectional SEM image of a device with an array of capillaries with
height h=15 nm. Image is taken from (193).

For final device assembly, all these 2D crystals are stacked back together after
exfoliating with no loss in atomic continuity in the perpendicular direction in such a way
that patterned spacers are sandwiched between two flat sheets of 2D materials (figure
3.24). Spacer thickness can be selected multiples of graphene layer thickness 0.35
nm and described as the number of layers of graphene N which will determine the
height (h) of the nanochannels (figure 3.23 b). After stacking the bottom and spacers
on the SiNx aperture, the assembly is etched from the backside through the hole and
SiNx as a mask to open the exit to the nanochannel before transferring the top flake
(figure 3.24 c).

The top graphite is then transferred over the stack to complete the nanochannel (figure

3.24 c). All of these layers are held together with van der Waals forces.
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Figure 3.24: Step by step transfer of 2D layers to fabricate nanochannel device.
(a) Bottom flake transferred on 3x25 um? aperture on SiNx membrane. (b) Spacer flake
with EBL defined and etched channels placed on top of bottom flake. (c) The bottom
and spacers are etched from the backside through-hole with SiNx as a mask. (d) The
top crystal is then transferred on top to fully cover the rectangular opening.

95




In general, the thick top crystal work well in stabilizing the capillaries without any
blockages but there are instances of a disconnected or blocked channel that happen
most likely due to the undesired thin edges of the top crystal. Step-like edges in the
thick top crystal are common, and a crystal edge thinner than 20 nm can sag into the
spacer and can block the channels. To solve this problem a gold patch layer above
the top crystal is deposited which defines the length of the channel. Typically, the gold
patch is designed in a strip on top of the aperture in the SiNx membrane and aligned
centring the aperture in middle to make the length of channels equal on both sides of
the device (figure 3.25 b,c).

Gold patch serves for many purposes not only to define the channel length but also to
prevent the top layer crystal from sagging into the channel, to open the channels

entries and to mechanically support the device by protecting it from the structural

damage when measured in the liquids.

(c) (d)
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Figure 3.25: Gold Patch deposition and etching on nanochannel device to define
length. (a) Schematic of a gold patch deposition on nanochannel stack of the bottom,
spacer and top graphite placed on an aperture in a centimetre scale silicon nitride
mount. (b) The length of the channel is represented with a gold patch on the tri-layer
assembly which can be finely tuned by gold patch design variation. (c) Top graphite is
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etched with a gold patch as a mask. The area around the aperture is zoomed in and
the arrow in both (b) and (c) shows the direction of fluid (gas and ions) flow from inlet
to outlet of the channels. For better visibility top graphite and a gold patch were made
slightly transparent. (d) All crystals are etched with gold as a mask to open the
channels entry.

The back of the SiNx membrane through the aperture is the outlet to the nanochannels,
while the top side of the substrate is the inlet. Fluid molecules enter from the top side,
pass through the capillaries move through the aperture in the SiNx membrane and go

to the measuring system leaving behind the exit (figure 3.25 b,c).

The length of the nanochannel is the distance from the inlet i.e. the edge of the top
graphite to the outlet at the aperture in the nitride membrane and denoted as L (figure
3.25 b) capillaries are stacked on either side of the aperture (figure 3.25 c) which is

the zoomed-in version of the aperture containing capillaries.

The angle between the spacer and the aperture is important, which if misaligned leads
to fewer channels contributing to flux. If such inadvertent misalignment happens during
spacer transfer a possible number of channels are calculated geometrically. Care is
taken as much as possible to optically align it perpendicular (close to 90 degrees) with
the spacer guided by the edges to have the maximum flux during nanofluidic transport
through the inlet to the outlet as shown in the figure (3.25 c). Channel length can also
be defined even after this stage, by using a gold patch as a mask to etch away top
graphite at the required length. Top graphite and the gold patch is made opaque to
make the aperture in the SiNx membrane visible underneath for a better understanding
of mass flow through capillaries (figure 3.25 b,c). To open the channel entries, all
crystals are etched through a gold mask (figure 3.25 d) and the direction of fluid flow

is shown with a red arrow.

In most cases, post-lithography is used to define the length of the channels using a
gold mask, this avoids the problem of the angle and help define the length precisely.
It can be changed from 1 micron to a few microns depending on the application. The
final length after etching through the gold mask is measured optically with the

uncertainty of £0.5 pum.

Devices are annealed after each transfer and etching of the top through the gold mask.

Annealing is essential to maintain the cleanliness of the surfaces and to remove
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contamination (e.g. hydrocarbon adsorbates from the air) or polymer residue left
behind through the transfer procedures. Annealing was done at an elevated
temperature in a H2/Ar (1/9) atmosphere for a few hours. The annealing temperature
is determined by the thermal stability of the selected 2D materials. For instance, we
used 400 °C to anneal the devices made of graphite or h-BN crystals while the
annealing temperature was decreased to 350 °C in the case of the MoS2-based
devices. For graphite and hBN devices, the annealing was performed following the
recipe 300 °C for 3 hours and 400 °C for 4 hours, whereas for MoS2-containing
devices, a heat treatment recipe i.e. 300 °C for 2 hours, followed by heat treatment of
350 °C for 3 more hours was done. At this temperature, hydrogen can decompose big
polymer chains to smaller hydrocarbons that escape as gases or are light enough to
be flushed out in the gas stream.

The devices with graphite and hBN walls are annealed at 400 °C and MoS: at 350 °C
showed no thermal expansion. Devices were annealed repeatedly over time and
showed no unexpected higher leaks or any other changes (194). MoS:2 devices if
annealed to 400 °C and showed a bulge in the flake after annealing which was due to

the thermal effect. So MoS2 devices were annealed at 350 °C.

The gold patch can be made using photolithography or e-beam lithography to write the
design. The design is carefully made as it determines the place and amount of channel
opening. For making gold patch design single layer or double layer resist can be used

both in the case of photolithography and e-beam lithography.

Following the writing of the gold patch design, a deposition of a layer of Au/Cr (50 nm/5
nm) was employed via an electron beam evaporator or thermal evaporator. The
developed gold strip, later on, can act as a mask in the RIE etching procedure to define

the channel length and to open the channel entries shown in figure 3.26.
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Figure 3.26: Capillary device with and without gold patch (a) Optical image of
device with bottom, spacer and top flakes. Hole is inside the dotted rectangle. (b) Gold
patch fabricated on the device (c) surrounding graphite etched to open the channel
entries. All scale bars are equal to 25 pm.

Deposited metal on the device was lifted off in a hot acetone solution by keeping it on
the hot plate (60 °C) for 2 hours. The metal lift-off process was then proceeded with
blowing the substrate surface with the pipette. If all the gold is not lifted then the device
was transferred to another fresh hot acetone solution (60 °C). For checking the lift-off
process under microscope device is placed into an IPA filled petri dish and while
transferring, an IPA wash bottle was used to wet the device surface. Metal lift-off
condition (i.e., continuous Au strip with clear boundaries, no disturbed Au layer
residue) under the optical microscope was closely checked with different objectives.
After lift-off, a clear gold strip design will be left and the rest of the gold will be removed.
Optical images of the capillary device before and after the gold patch deposition are

shown in figure 3.26a and figure 3.26b respectively.



After this step, the device was etched using the reactive ion etcher. For bottom
graphite, graphene spacer and top graphite device etching was done with the recipe
with O2 50 s.c.c.m., 10 mTorr, 2000 W for 1 minute. For bottom hBN, graphene spacer
and top hBN device, top hBN layer was first etched with BN etch recipe using SFs 60
s.c.c.m., Oz 15 s.c.c.m., 10 mTorr, 300W. This recipe gives an etching rate of 3 nm
hBN per second. After etching top BN, graphene spacer was etched using O2 recipe
and then in the end bottom hBN was etched using BN etch recipe. To this point, device
is ready (figure 3.25 c) and annealed before use under the Ar/H2 (9/1) environment

using the recipes discussed earlier in section capillary device assembly.

As graphite is hydrophobic it adsorbs hydrocarbons from the environment.
Nanochannels adsorb the hydrocarbons from the air over time these hydrocarbons
could even enter the nanochannels and block them. In fact, most of our channels start
getting blocked within a few days, to prevent this, we store our devices in charcoal that
absorbs the hydrocarbons before they reach the device and prevent our devices from
clogging. Storing the devices in water also prevents clogging over a long time as water
fills the channel due to the capillary effect and keep the hydrocarbons out. Annealing

also desorbs the hydrocarbons and helps in opening the clogged nanochannels (194).

This method takes the advantage of self-cleansing property of van-der Waals
assembly over the other nanofluidic structures. When one crystal is stacked over
another by van-der Waal interaction, contamination (normally hydrocarbons) is
squeezed into bubbles (195), permitting cleaner interfaces and we get atomically flat

and clean channels.

To ensure the functionality of the devices few parameters i.e., channel to spacers
width, the thickness of the top crystal, cleanliness of the channels are checked
regularly through the fabrication process. As a check for the reproducibility of devices
with atomic-scale capillaries, about 50 to 60% of devices show the measurable flow
corresponding with the number of channels. Other devices did not conduct gas or
showed much lower or higher gas flow. For those devices which do not show any leak
or small leaks, annealing has been done and the annealing step helps conduct the

gas.
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3.8 Controls for 2D channels and 0D apertures

Before doing the permeation experiments through the 0D apertures and 2D channels
devices control experiments were done to ensure that the nanofluidic flow is through
the apertures and channels only. Silicon nitride membrane without any hole was
checked with the device holder for a longer time exposure to helium to ensure there
was no helium leak from the device holder or the silicon membrane. Negligible helium
flow (=107 mol s™* mbar™!) below our detection limit has been detected for these
membranes. A large set of bare holes (30 nm, 100 nm, 1 um, 2 pm, 5 um and 20um)
on the silicon nitride membranes were drilled to compare the gas leak rate with the

theoretical Knudsen equation to validate our experimental values.

3.8.1 Control for 2D channels — Devices without channels

In the case of 2D channels devices, controls were designed in such a way that the top
and bottom crystal is stacked on top of each other with no spacer crystal leaving no
space for the fluid flow. This assembly of the top and bottom crystal with no spacer
crystal between two graphite flakes create a well-sealed cross-section with no loss in
atomic continuity in the perpendicular direction because of the van der wall forces
amongst the two crystals. This assembly is placed on the rectangular aperture on the
silicon nitride membrane to check the flow through this control device with the helium
leak detector setup as of figure 4.2. All the protocols for device fabrication and
annealing steps were followed for this control device. Gas flow has been tested
through the helium leak detector through this control and no flow has been detected

giving no leak which is also shown in figure 4.4.

3.8.2 Control for OD apertures

As control samples for the OD apertures devices presented in chapter 5, three different

control were designed and tested to check the validity of gas flux experiments. The

first control was a pristine silicon nitride membrane without any hole, the second was

with a nanometre-sized hole in the silicon nitride membrane without WS2 membrane

and the third control was a non-irradiated WS2 membrane suspended over the silicon

nitride hole. The control samples were used to establish baseline flow are a different
101



set of membranes than those used for gas transport; however, they all come from the
same fabrication procedures and chemical vapor deposition (CVD) growth. Silicon
nitride membrane without any hole was checked with the device holder for a longer
time exposure to confirm there was no helium leak from the device holder or the silicon
membrane. A bare hole without the WSz layer exhibits large gas flow, as expected,
and has been used as a standard leak for validation of the experimental setup (figure
4.2). A freestanding pristine WSz monolayer covering nine holes each with diameters
of ~250 nm, without any irradiated defects, exhibited negligible helium flow below our
detection limit (~107'® mol s™! mbar™). WSz monolayer grown by CVD methods
employed in chapter five has such low intrinsic defect density that it is practically

impermeable over a suspended area of a few square micrometres.

Impermeability emphasizes the excellent sealing of the WS:2layer on the
SiNx membrane in our devices, which is even attained by repeated annealing of the
samples in the Hz/Ar atmosphere at 350 °C, both right after the WS2 monolayer

transfer and also before the gas flow measurements.

Detailed gas measurements were done on the 2D capillaries and 0D aperture devices

have been presented in chapter 4 and chapter 5 of this thesis.
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Chapter 4

Gas transport Measurements

Gas flows in angstrom-scale constrictions are of significant importance for gas
extraction and separation processes. Membranes based gas permeation and
separation are well known for materials likes zeolites, carbon sieves and carbon
nanotubes which provide insight into molecular separation based on size exclusion. In
this chapter, | will discuss gas transport using inert helium gas molecules for the
permeation of gas molecules through the capillaries. The flow rate of other gases has
also been explored using a mass spectrometer to check the permeation and selectivity
of these gases as compared to helium. The gases used were hydrogen, helium,
deuterium, oxygen, argon, nitrogen, carbon dioxide, methane, butane, Isobutane and
xenon. (Hz, He, D2, Oz, Ar, N2, CO2, CH4, C4H10 and Xe).

4.1 Gas transport through atomic scale capillaries

The dynamics of gases flowing through nanostructures are significantly different from
larger dimension systems. At room temperature and ambient pressure, most gases
have their mean free path around 100 nm. Depending on the exact value of the mean
free path and the dimension of the structure, the transport of the gas molecules could
be governed by their collisions with the walls of the structure or that with each other.
The flow rate (Q) of gases in conduits where the cross-sectional radius is much smaller
than the mean free path (A) of the gases lies in the molecular flow regime (196, 197).
In our fabricated capillary devices height of the channel is within 5 nm, gas flux lies
completely in the molecular flow regime. Molecular flow regime is attributed to the
dependence of flow on the properties of the nanostructure walls, molecules are not
colliding with each other but the gas wall interaction is important (196-198)., In 1909
Knudsen put forward a molecular theory to describe the mass flow rate in
nanostructures (197).

0=« [A (L)l/z P] (4.1)

2WRT
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Where a is the transmission coefficient, A is the cross-sectional area of the
nanochannel, M is the molecular mass of the gaseous molecule, R is the gas
constant, T is the temperature in kelvin and P is the pressure. A is characterized as
w.h, w being width and h is the height of the channels. For our 2D-capillary devices
described in chapter 3, the width of the channel is 120 nm and the height of the
channels is determined from the thickness of the chosen spacer flake. The part in the
square brackets is the flow rate of molecules into the channel and a is the
transmission coefficient of the channel that describes the fraction of molecules that
pass through the channel without loss in energy and momentum. Knudsen derived
this transmission coefficient for different channel geometries and assumed diffuse
reflections at the channel walls. In the flow equation, the parameter related to specific
gas is only the mass of the gas molecules. Channel sizes dealt with in this thesis are
in a few angstroms to a few nm range, hence the flow is governed by the kinetic

diameter which can physically block these molecules or lead to steric effects.

For long and narrow rectangular channels, the transmission coefficient a can be
approximated by(196, 198).

a =~ %ln (4—W) (4.2)

Helium leak detector has been used to study the helium flow rate through the channels.
Capillary devices once fabricated, are checked for reliable flow rate values to ensure
that the capillaries device is leak-tight and that there are no leaky paths other than the

nanochannels for the discernible helium permeation.

4.2 Gas transport measurement using a leak
detector

Leybold Vacuum's (INFICON UL200) helium (He) leak detector has been used for the
gas transport measurements. The helium leak detector is a mass spectrometer tuned
to detect the absolute leak rate of He into it. It detects the amount of gas in the

connected chamber with a processing time of less than a second and act as a mass
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spectrometer selective for gases up to mass 4 amu. Gases other than helium i.e.

hydrogen and deuterium can also be detected with this system.

4.2.1 Helium leak detection setup

To connect the capillary device to the helium leak detector, device on the SiNx chip is
mounted on a sample holder which connects the inlet of the device to purge the gases
from the top and outlet of the device to the leak detector at the bottom with help of

vacuum parts.

A custom-made device holder is designed in such a way that two conical chambers
having O-rings are fastened together with the nano-channel device in between. Both
chambers are hollow from inside, connecting the inlet and outlet of the sample to the
Helium input and leak detector respectively. The device holder is fastened with screws
to keep the sample tightly in place. The sample holder is an adaptor that connects the
two chambers to support the device with O-rings in place to avoid mechanical strain
and breakage of the SiNx chip as well as to pass the gas from the device to the

spectrometer to detect it (figure 4.1).
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Figure 4.1: Device holder for gas flow measurements. (a) Image of the device
holder that connects the input to the source of gas (balloon) and output of the device
to the spectrometer to detect the amount of gas passed through the capillaries. (b)
Real-time device holder used for the gas flow measurements.
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Gases are introduced from the balloon connected to the upper chamber. Gases
purged through the top side, entering from the inlet of the device to flow through the
channels and exit from the output end below at the bottom of the setup, where it is
connected to a leak detector to detect the helium leak rate. Inside the helium leak
detector, helium gas flows through the turbo pump into a mass spectrometer, which

has been calibrated using a known flow rate.

Voltage
controlled
Gas balloon valve

®* Gas molecule

Pressure
Gauge

Scroll ®
Pump

Mass
Spectrometer

Figure 4.2: Schematic diagram of the setup used for gas flow measurements.

Before each measurement, both ends of the sample holder are connected to the
vacuum pump to evacuate the setup from all other atmospheric gases. The pressure
of the gases from the input is controlled by a voltage controlled valve that is connected
to the input of the sample holder. The pressure in the input chamber is monitored using

a pressure gauge attached to this chamber. Helium flow rate is measured through the
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leak detector attached at the output end. These pressure change and leak rate values

are continuously transmitted to a computer and recorded using a LabVIEW program.

Helium leak detector maintains a vacuum of the order of 10 mbar, so we apply a
regulated high pressure (P) at the other end of the capillary device to cause the flow
of helium atoms from the top of the device through the nanochannels into the leak
detector. So, the pressure difference, AP = P. The devices can withstand pressure up
to 1 bar but usually flow rate is measured until 300 mbar pressure. The helium leak
detector is sensitive to any small amount of gas and can detect any gas on this system
in the range of 5x10-12 mbarL/s.

4.3 Gas permeation through capillary devices

Helium flow measurements through monolayer graphene capillaries i.e., channels
made with a monolayer graphene spacer flake are shown below. Helium kinetic
diameter is about 2.6 A which is flowing here through a 3.4 A tall 2D-slit like channel.
Figure 4.3 shows the helium leak detector measurement from a capillary device with
700 graphene slit-like channels each 2 um long, with increasing pressure difference

across it.
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Figure 4.3: Flow rate of helium gas through monolayer capillaries. Helium gas
flows through the monolayer graphene capillary device with increasing pressure
difference across it. Red line represents the best fit.

For increasing pressure differences across the channels, the flow rate increases
linearly. Linear fit extrapolates to zero flow for zero pressure difference. A linear flow
rate with pressure indicates a flow conductance, which is independent of pressure
difference. From the slope of the linear region, conductance = 2.5x10° L/s for 700
channels. This corresponds to a conductance of = 3.5x10°13 mbar L/s per mbar per
channel. The helium leak detector measures the flow rate in mbarL/s which can be

converted to molar mass or atomic flow rate using the ideal gas equation:
PV = nRT (4.3)

Where P is the pressure, V is the volume, n is the number of moles and T is the
temperature of the gas and R is the gas constant. To convert between flow rates from
mbar L/s to mol/s, a conversion factor can be calculated as 1 mbar.l = 1.6x107*g

using ideal gas law for helium gas conversion.
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Gas flow measurements were done through capillaries with different layers to find out
the relationship of gas flow with respect to varying height (by changing layers of

graphene) of the channels.
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Figure 4.4: Comparison of helium gas permeation by varying height. Helium gas
permeation for different capillary devices plotted with respect to channel height and a
control device without graphene spacers.

Figure 4.4 plots the helium permeation through capillary devices with varying channel
height. The flow rates at room temperature are normalized per single-channel and per
channel length. Gas flow rate increases for increasing channels height i.e. from bilayer
to 4 layers. The helium leak rate was also measured through a control device i.e.,
without graphene spacers. No leak rate was found for the control device which is an
indication that the fabricated capillaries are the only conduits for the detectable gas
flows. It also indicates that 2D layers are restacked through van der Waals

heterostructures with no loss in atomic continuity.
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Figure 4.5: Enhancement of helium permeation through graphene capillaries
over Knudsen theory. Helium permeation for different capillary devices plotted with
respect to channel height is compared with Knudsen theory. A 2 um aperture is also
presented as a comparison.

Enhancement in flow rate is observed for graphene capillaries with the height of the
channels. For graphene capillaries (1-4 layers) the enhancement is increasing from
monolayer to 4 layers graphene capillary device giving maximum enhancement of
more than 2 orders difference for 4 layer device. This observation is also reported in
(30, 35, 80) and is attributed to the atomic smoothness of the walls. Helium molecules
give specular reflections on colliding with smooth graphene surfaces and give

enhanced flow rates as compared to Knudsen theory.

When the channel height is increased to a few nanometres (5 nm device i.e. capillaries
made from 5 nm thick spacers) there is no enhancement and flow rates fit well with
the Knudsen calculated flow thus following the standard behaviour. As a comparison,
gas flow through an aperture (diameter, 2 um) was also measured which follows the
Knudsen diffusion mechanism and validates our measurement setup. The

enhancement in narrow channels is attributed to the specular scattering of the helium
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molecules on the atomically smooth walls of the nanochannels. For the sub-2 nm
channels, self-cleansing and stronger confinement lead to polymer and hydrocarbon
contamination being pushed out, whereas larger channels suffer lower confinement
energy which keeps the contamination molecules within the channels (35). Thus larger
channels with their relatively rough surfaces due to contamination pinning points, show
the diffuse scattering as assumed in the Knudsen equation. The self-cleansing
phenomenon is well known in between van der Waals crystals and is attributed to a
larger van der Waals force between them than the force of interaction between the
crystals and hydrocarbon residue. Due to this self-cleansing atomically clean regions
are formed between van der Waals heterostructures separated by bubbles of
accumulated hydrocarbon residue (121, 199) which are the reason for enhanced
permeation through the graphene capillaries. These results were elaborated in the
manuscript by Keerthi et al., Nature 558, 420—424 (2018) where | am one of the co-
authors.

4.4 Gas transport and selectivity using a residual
gas analyser

To explore the transport of gases through capillaries beyond the helium mass residual
gas analyser, a spectrometer capable of detecting a wide range of atomic masses was
used. A residual gas analyser (RGA) is a mass spectrometer that can detect small
traces of gases in high vacuum systems. The gases used were Hz, He, D2, Oz, Ar, N2,
CO2, CH4, Cs4H10 and Xe.

The RGA setup used to measure the flux of gases is similar to the leak detector setup
shown in figure 4.2, except that the RGA does not have an in-built pump, and so
requires an external pump to create the high vacuum. This pump maintains a pressure
of 10" mbar in the lower half of the system. In this high vacuum, the RGA can detect

any small traces of gas flowing in through the sample.

To achieve the selectivity of different gases the kinetic diameter of the gases should
be comparable to or larger than the smallest dimension of the system which is the
height of the channels in our capillary devices. The kinetic diameter of the gases used

was in the range of 2.6- 5.2 A presented in table 4.1. Kinetic diameters for selected
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gases are well in the range or above the height of the monolayer graphene device i.e.,

3.4 A which is the thinnest channel we can achieve.

Gases Molecular weight | Kinetic diameter
(g/mol) (A)
He 4 2.6
H2 2 2.89
Co2 44 3.3
O2 32 3.46
N2 28 3.64
CHa4 16 3.8
Ar 40 3.43
Xe 131 4
Butane 58 4.69
Isobutane 58 5.2

Table 4.1: Gases and their kinetic diameter. Gases used for the permeation
experiment along with their molecular weight and kinetic diameter (200, 201).

Unfortunately, through various measurements performed on different devices of height
3.4 A (monolayer graphene capillary), no detectable permeation was observed due to
the flows being below the limit of detection of RGA (gas permeation system used).
There could be two options to detect the gas flux to check the selectivity of different
gases i) flux through the capillaries increased to surpass the detection limit of our
system, few experiments could be designed to have more flux (increasing the number

of channels in a device) ii) using some other more sensitive instrument.

Permeation of gases through capillary devices containing larger channel height
(bilayer to 4-layers) has been measured and compared with helium for the selectivity

analysis presented in figure 4.6.
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Figure 4.6: Selectivity of gases relative to helium. Selectivity of gases relative to
helium for different capillary devices plotted with respect to channel height (varying
with a number of graphene layers) (a) for bilayer device, (b) for tri-layer and (c) for 4
layer channel height. The red colour line is Knudsen diffusion model scaling which is
presented for comparison.

For larger channel height devices (from 2-layer to 4-layer) all the gases permeated
without any specific selectivity, as the Kinetic diameter of most of the gases is well
below the channel height. Selectivity of the gases follows the expected inverse-
square-root scaling of molecular mass (84, 202) as expected from Knudsen equation
4.1. Permeance and selectivity can depend on differences in molecule size, mass,
surface adsorption, and usually permeance decreases as the kinetic diameter
increases (203-206). Owing to the height of the channels being large, no direct

relationship was found for gas permeation with the kinetic diameter. The permeance

113



of He through atomic-scale pores are measured and analysed using the same
measurement setup used in this chapter 5 “Atomic-scale pores are created in WSz
membrane knocking out the W atoms and creating atomic vacancies with a controlled
localization of defect sites using FIB. The helium molecules permeated through these

pores and gave fast flow, detailed results will be discussed in chapter 5.
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Chapter 5

Gas flow through atomic-scale apertures

The results are from a paper published in Science Advances in 2020.

Jothi Priyanka Thiruraman, Sidra Abbas Dar, Paul Masih Das, Nasim Hassani, Mehdi
Neek-Amal, Ashok Keerthi, Marija Drndi¢, Boya Radha, Gas flow through atomic-scale
apertures. Science Advances 6, eabc7927 (2020).

My contribution to the work includes the measurements of the samples and their
analysis. Annealing of the samples was also done by me before any gas
measurement. | also did substrate inspection of the samples in AFM and SEM to make

sure the pores and membranes are intact.

Author contributions: B.R., M.D., and A.K. designed and directed the project. J.P.T.
and P.M.D. grew TMD materials and fabricated and characterized the devices.
Specifically, J.P.T. carried out sample fabrication, FIB irradiation, and TEM image
analysis. P.M.D. conducted AC-STEM imaging and Raman/PL measurements
/analysis. S.A.D., A.K., and B.R. performed the measurements and their analysis. N.H.
and M.N.A. performed the DFT calculations. B.R., A.K., and M.D. wrote the manuscript
with the inputs from J.P.T., P.M.D., and M.N.A. All authors contributed to discussions.

Importance of the study

The molecular permeability of helium through the atomic-scale aperture made in
monolayer tungsten disulphide (WS2) membranes is studied to validate Knudsen
descriptions and to quantify the relation between atomic-scale vacancies and gas flow.
Vacancies are created in a freestanding monolayer (WS2) by focused ion beam
irradiation. Gas flows through these atomic-scale vacancies proved these apertures
mechanically robust and showed fast helium flow. A quantified relation amongst
atomic-scale vacancies and gas flux over a large area confirming the formation of
pores has been established using gas flows. Pristine monolayer WS2 membranes

proved to be atomically thin barriers to gas transport. This method proved to be simple
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and robust for the quantification of pores through gas flows and can be used for

molecular separation, sensing and monitoring gases.

Introduction: The rise of graphene and other atomically thin materials has opened
new possibilities in membrane technology. The atomic thinness of these materials has
made these membranes the thinnest possible barrier (207) to gases which has
remarkable mechanical strength, chemical robustness. These membranes can sustain
selective, nanometre-scale pores (68) and suggested the realization of inducing an
ideal nanoporous atomically thin membrane that can be tailored to a range of
applications. Membranes are widely used for gas separation and production
technology. Understanding confined gas flow in membranes is the key criteria to
design gas extraction techniques(92). Permeability and selectivity play a major role in

designing a gas extraction technique.

The membranes exhibit a compromise between permeability and selectivity of the
molecules. Separation based on size difference is common but the understanding of
the pores at molecular size i.e., size of the pores, the volume of the pore and pore size
distribution is desirable and key criteria for measuring the permeability and selectivity.
Extremely small nanopores in thinner membranes have emerged as an ideal
candidate for gases permeation with high permeation (33). The permeability and
selectivity of the membranes depend on the physical and chemical characteristics of

the membrane materials (208).

In such small scale pores the gas dynamics is dominated by the molecular collisions
with the wall of the pore instead of collision amongst each other. The mean free path
of the gas molecules is much larger than the pore size so there is very little chance of
molecules interacting with each other consequently molecule wall interactions are
dominated and gas dynamics are following the free molecular regime. Gas flux in the
free molecular regime is due to small pore size and is characterised using the Knudsen
equation(93), which is adapted and has been modified for the gas flows through

various confined systems (62, 94, 95, 197).

With the recent advances in nanofluidics, various nanofluidic system has been
developed for the gas flow such as nanopores (62, 69, 209) nanotubes (80, 95) and
nanolaminates (33, 94, 208) etc. gas flows in such small scale lies in the free molecular

regime and is governed by the Knudsen equation. There have been few systems (68,
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69, 209, 210) where the Knudsen equation is not valid and these systems challenge

the applicability of the Knudsen flow on the molecular scale conduits.

Atomic vacancies produced in monolayers of 2D materials are the membranes with
ultimately narrow quasi—zero-dimensional (0D) apertures with atomic-scale
dimensions and are best studied for gas flows and a lot of work has been done through
simulation and modelling (211-214). Nanopores are not studied well experimentally
and lack the connection between pores and gas flows experimentally. In this work inert
gas i.e., helium flow has been investigated through atomic vacancies in freestanding
monolayer tungsten disulfide (WS2) membranes. Atomic vacancies in these
membranes are produced using a focussed ion beam to knock out tungsten atoms
and studied the gas flow to validate the Knudsen description in the ultimate atomic
aperture limit. Because of the thinness and ultimate narrow aperture size, they provide

rapid permeation of gas that can be used for separation applications.
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Gas flows are often analyzed with the theoretical descriptions formulated over
a century ago and constantly challenged 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 monolayers with atomic apertures are
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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 techniques but also in gas
separation and production (1). In extremely narrow pores, the mean free path of gas
is much larger than that of the dimensions of the pore itself, which leads to gas
dynamics dominated 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., the 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), nanotubes (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 directions, which challenge the applicability of the Knudsen
equation for gas flows, have been limited (5, 8, 9, 19). Although atomic vacancies in
monolayer 2D materials have been ideal candidates for theoretical simulations
modelling 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.
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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 electron 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 localization of defect

sites at comparatively high densities (>10'! cm™).

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 various suspended monolayer TMDs and
established that defects with areas down to 8 A2 (single transition metal vacancy) can
be produced in WS2 with a specific low irradiation dose (increasing dose produces
larger vacancies in the membrane). Therefore, we choose monolayer WSz as an
optimal base support for hosting single-atom defects. Apart from being mechanically
stable with Young’s modulus of 270 GPa and a thickness of ~0.7 nm (30), our detailed
investigation of the controlled ion irradiation mechanism minimizes the possibility of
undesired damage or tears. The FIB irradiation mechanism used here allows for
exclusively hosting single atomic apertures on a freestanding monolayer WS2
membrane, enabling a high density of uniform defects in the range of 9 x 10! + 3.5 x
10%° cm™? (see sections S1 to S3). These defect densities are comparable to those

achieved in graphene membranes (9).

The WS2 membranes incorporating atomic vacancies are supported on silicon chips
(SiNx/Si) with a size of 11 mm by 11 mm (Fig. 1A and fig. S1). In the centre of each
chip, one or more sub-micrometre holes were drilled in a freestanding silicon nitride
(SiNx) membrane (Fig. 1B). A monolayer WS: flake was suspended on submicrometer
holes present on these silicon chips (see fig. S1). The suspended flake was irradiated
with 30-kV gallium—sourced FIB under specific 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 x 10*2 ion/cm? and obtained a defect
density of 0.08 + 0.03%, with an average defect area of 0.12 nm? and a median defect
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area of 0.09 nm?2. Figure 1C is a representative image of atomic-scale defects
produced through this method. We observe single atomic apertures where 1W atom
vacancies can be seen, as included in Fig. 1D. Itis often challenging to locate S atoms
in AC-STEM images because of their weaker contrast compared to heavier W atoms.
The creation of atomic defects possibly leads to the 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 a few

thousand per one device depending on the supported membrane area.
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Fig. 1. Atomic apertures were fabricated using a FIB scanning technique. (A)
Optical microscope of a monolayer WS> flake suspended in the centre of a silicon
nitride (SiNx) membrane (~50-nm thickness, 50 pm by 50 pum) using position-control
transfer technique. The inset shows a scanning electron microscopy image of a hole
of 250 nm in diameter drilled in the centre of the SiNx membrane. (B) Schematics of
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the irradiation technique on the suspended WS: flake, and the inset shows a
photograph of a SiNx/Si chip (11 mm by 11 mm). (C) Aberration-corrected high-angle
annular dark-field (AC-HAADF) image of irradiated monolayer WS: flake at a dose of
~5.1 x 10® ions/cm?. Bright spots indicate W atoms. (D) Histogram of apertures
produced 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,
respectively. Inset: A high-magnification AC-HAADF STEM image of one such
aperture.

The relatively large number of atomic apertures (up to ~2000) in our samples enables
gas flows detectable by conventional mass spectrometers, such as helium leak
detector. Our membranes are mechanically robust and sustain 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 vacuum 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 WSz 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 membranes with and without holes and
nonirradiated WSz membrane suspended over the silicon nitride hole. The control
samples used to establish baseline flow are a different set of membranes than those
used for gas transport; however, they all come from the same fabrication procedures
and chemical vapor deposition (CVD) growth. A bare hole without WS: layer exhibits
large gas flow, as expected, and has been used as a standard leak for validation 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 below our
detection limit (~107*8 mol s* mbar™?). 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 micrometres. Let us recall the
ultralow permeability, ranging from 10722 mol s™* mbar™ to only few gas molecules per
hour (31, 32), of intrinsic defects in 2D materials with high crystal quality such as

mechanically exfoliated graphene, studied extensively with specialized device
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architectures and atomic force microscopy measurements done over several days.
Apart from the high crystal quality of our WSz monolayer, the impermeability
emphasizes the excellent sealing of the WS: layer on the SiNx membrane in our
devices, which is achieved by repeated annealing of the samples in Hz/Ar atmosphere
at 350°C, both right after the WS2 monolayer transfer and also before the gas flow

measurements (see section S3).
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Fig. 2. Gas flow through atomic apertures. (A) Helium gas permeation measured
through atomic apertures in WSz made with the same irradiation dose (5.1 x 10%
ions/cm?) but with different WSz 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.

Next, we did helium (He) gas flow measurements on FIB-irradiated samples containing
atomic vacancy defects in suspended WSz membranes. Three typical irradiated
samples along with controls are shown in Fig. 2A, in which sample no. 1 has WSz
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%),
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and 3W (~9%) defects, respectively. Here, the pore configuration 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 sample
no. 2 was WSz on a single hole with a diameter of 250 nm to yield total defects N ~
440 + 170; the sample no. 3 was WSz 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 increase in N. The additional
sources of error include the variation in the substrate hole area leading to an overall
WS:2 suspended membrane area variation and errors in the ion irradiation dose, in total
amounting to about ~40% error. At the experimental working pressure P ranges from
few to 200 mbar, the mean free path of helium is >0.5 um, 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 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 example, the 1W (+6S) defect has a pore with
characteristic size, ~3.15 A, and an area of 0.08 nm?2, whereas the 3W (+6S) defect
has a pore size of ~5.25 A and an area of 0.216 nm2. To represent the size of the He,
we use the kinetic diameter (~2.6 A), 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)

2nM RT
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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™ for helium), R = 8.314 J mol™
K™lis 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 x A1 + N2 x A2 + N3 x A3 (in our samples, N can be varied
from 300 to 2000 for an individual sample by increasing the membrane area; Al, A2,
and A3 are the accessible aperture areas for 1W, 2W, and 3W vacancies, i.e., ~0.08,
~0.13, and ~0.23 nm?, 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 ACSTEM 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 the size of the molecule, then there can be a finite energy batrrier,
which is expressed as an exponential term in the Eq. 1, exp(-E/RT), where E is the
energy barrier that substantially reduces the transmission coefficient of the gas even
for small E (14, 22).

The 2D membranes with atomic apertures show measurable helium flux ~107% to
1071 mol s™* mbar™, 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 10* 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 resulting
from its noninteracting nature (14, 20). As a check for the reproducibility 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
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area A, which does not correlate with the defect density statistics attained from AC-
STEM, hinting that these samples 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 suspended WS; fig.
S6).

The measured He flow values are within an order of magnitude of the values predicted
by the Knudsen estimates, despite the uncertainties in our defect densities and the
distribution of the type of defects. Equation 1 is based on the kinetic theory and has
been applied to describe the flows through apertures using effusion mechanism 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 decrease 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 heating 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
exponential dependence is expected if an energy barrier is present). As per Eq. 1, a
T-12 dependence would lead to variation of flux by <10% within the temperature range

tested, and this is beyond our experimental measurement error.
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Fig. 3. Atomic apertures and electron density isosurfaces. Typical aperture sizes
with the irradiation dose (~5.1 x 10%2 ions/cm?) are shown. The top panel shows the
density functional theory (DFT) results for electron density isosurfaces of atomic
apertures in a WSz membrane (isovalue of 0.2 e/A3). 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
A;2w+6S,a~2.1A, 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 nm?, respectively. The bottom
row includes the AC-STEM images of the defect, while the top row illustrates the
observed atomic configuration.

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 estimated using vdW radii (section S2). The surface transport contributions can
be negligible as He does not adsorb sufficiently on the WSz basal plane, similar to that
observed on graphene (typical adsorption layer thickness, ~4 to 6 A) (35). Ideal atomic
apertures with only 1W missing and with no missing sulfurs on the pore edge would
likely, theoretically, be nonconducting. 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).
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The accessible pore areas from EDI closely match with those estimated using vdW
radii (section S2). The surface transport contributions 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 A) (35). Ideal atomic apertures with only
1W missing and with no missing sulfurs on the pore edge would likely, theoretically,

be nonconducting.

On the other hand, 1W defects with six sulfur vacancies with an accessible pore
diameter of ~3.2 A, which is larger than the kinetic diameter of helium (2.6 A), 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 nm?, which corresponds to
the defects with 1W and 6S missing (~0.08 nm?), whereas the 1W defects with no
sulfurs missing would be of significantly lower area (~0.002 nm?). As the characteristic
pore size decreases, the electron overlap between He and membrane significantly
increases, thereby increasing the energy barriers for the flow. However, the theoretical
calculation of energy barriers might not necessarily capture all the favourable
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 results
do not imply a significant energy barrier compared to theoretical 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
membrane) 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 ambient 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 apertures
in our case. However, upon reannealing at 350°C, He flow was regained to the
previously observed value within a factor of 2. Storage 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
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apertures do not expand or propagate rapidly. Those samples that have been
irradiated but did not conduct gas remained nonconductive even after repetitive
annealing. We speculate that these samples could have contained a majority 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 KCI; 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 exhibited only a small ionic conductance,
<1 nSin 0.1 M KClI for total membrane area ~0.4 to 0.6 mm?, as shown in fig. S7. This
is expected as the atomic apertures with sizes <6 A exclude ions (27), but the

presence 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 SiNy
membranes is leak proof, leaving no gaps, and hence, only irradiated defects

contribute to the observed gas flow.
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 major 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 A), 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
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exclusion. Because of this, an accurate comparison 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™? s™* Pa™! 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 Hz permeance of about 10~ mol m™2 s™* Pa™ (9), which
is only one order higher than the permeability of graphene membrane, 1078 mol m2
s™ Pa™! 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 conducting apertures.
In our WSz 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™ Pa™l. From theoretical studies on
graphene pores with sizes 3.6 to 4.8 A, for defect densities up to ~10'* cm=2, large
permeance of ~0.1 mol m™2 s™* Pa™! 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 ~1076to 1077 mol m™2 s™! PaL. Large permeance values are
obtained through our WS2 apertures, even when normalized with the area of the
membrane, i.e., ~10™*to 10~ mol m~? s! Pa™!, which indicates that most of the atomic

apertures are in the predicted size range and hence conductive to gases.

In conclusion, we demonstrate the fast He transport through quasi-OD 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 theoretical 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 corroborating atomic pore formation and their density

over large areas via a simple bulk measurement technique of measuring gas flow
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through them. This is analogous to using nanoholes (few hundred nanometers 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 limited to relatively small areas. Conventional ionic transport
measurements 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 dimensions 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 measurements 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 WS: flakes

Monolayer WS: flakes were grown using CVD processes similar to previously reported
methods (27, 29). Solutions of 2% sodium cholate growth promoter and 15 x 1073 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 cubic centimeters per minute (sccm)] at a
rate of 65 °C min~t and held at 800 °C for 10 min, during which time 15 sccm of H>

was also added. Approximately 100 mg of sulfur precursor placed 22 cm from the
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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 WSz flakes

With WS: flakes grown on Si/SiO2 wafer pieces, we cut smaller pieces with areas
about 3 x 3 mm? that contain good WS: 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 thickness of the SiO2 wafer, the time for

etching away the SiO:2 layer varies.

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. Position 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 challenging 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 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 fabricated by manually “fishing” (moving) the PMMA +
TMD flake onto the SiNx FIB hole. After we transfer the flake and optically verify 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
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nm was irradiated with the dwell time (16 us) and current (10 pA). Pixel resolution
(1024 x 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 instrument, 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/SiOz2 substrates, respectively.

AC-STEM imaging

AC-STEM images of WSz 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 collection angle of 54 to 220 mrad and 10-cm
camera length. Probe current (22 pA), focusing time (<2 s), and electron dose (=6.0 x

10° e” nm~2) were kept low to minimize beam-induced knock-on damage.
First-principles calculations

The DFT was performed with the generalized gradient approximations (41) form with
exchange-correlation potential parametrization of Perdew-Burke-Ernzerhof (42). The
calculations were carried out by the Quantum ESPRESSO package (43) and have
been performed on the basis of the plane-wave basis sets and ultrasoft nonlocal
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 expansion and the convergence threshold for the self-consistent field

calculations were chosen as 280.0 and 1076 eV per atom, respectively.

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 x 16.579 A2 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 A 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/A3,
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Supplementary Materials

S1. Characterization of Pristine WS>

The quality of as-grown monolayer WS: flakes was extensively characterized using
electron and optical microscopy. Selected area electron diffraction (SAED) of
suspended flakes confirmed the monocrystallinity and 2H phase of the pristine
material (see Supplementary Figure S2). Atomic-resolution images were used to
guantify intrinsic defect densities, which can result from imperfections and dopants
during the CVD growth and/or transfer process. Multiple (> 50) AC-HAADF STEM
images of monolayer WS flakes transferred onto holey carbon TEM grids were
sampled over to obtain an intrinsic transition metal defect density of 0.013%. During
imaging, electron knock-on and radiolysis damage was minimized with a low electron
acceleration voltage (80 kV) and beam current (20 pA). No discernible defect creation
during STEM imaging was observed. Due to their strong optoelectronic absorption and
direct visible-range band gap, monolayer TMDs can also be characterized through
photoluminescence (PL) spectroscopy. Obtained PL spectra for monolayer flakes
indicate spectral weight percentages that are consistent with previously reported

values for high quality WSz (46).
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Figure S1. Schematic of fabrication process for WSz single atom aperture
devices. (i) CVD-grown monolayer WS: flakes on Si/SiO2 substrates are (ii) spin-
coated with PMMA and (iii) etched in KOH solution. (iv)The PMMA/WS: stack is then
positioned on top of a 200-300 nm diameter hole in a Si/SiNx substrate. (v) The PMMA
is subsequently removed in acetone and annealed in Ar/Hz. (vi-vii) Single atom defects
in the WS2 membrane are formed using Ga* FIB irradiation (Supplementary Section
1.3). (vii) Samples are annealed again prior to gas transport measurements
(Supplementary Section S3). Top insets, left to right - Optical images of CVD-grown
WS2 material and a PMMA/WS: stack after positioning onto a sub-micron hole. Bottom
insets, left to right - Atomic resolution STEM image of single atom apertures in
monolayer WSz, optical image of final FIB-irradiated WS: (outlined in black) on a SiNx
membrane, and optical image of the square, 11-mm-large, Si/SiNx substrate.

S2. Characterization of Pristine and Irradiated WS>

Monolayer WS? membranes were exposed to energetic 30 keV Ga* ions in a focused

ion beam (FIB) as outlined in Supplementary Figure S1. The 30 keV energy of

impinging Ga* ions is above the displacement threshold of W atoms (~ 20-25 eV),

resulting in atomic defects. Afterwards, defects in the monolayer WS: flakes were

characterized again wusing aberration-corrected STEM (AC-STEM) imaging.
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Quantitative statistics for average defect size and density were obtained by averaging
over multiple STEM images. For an irradiation dose of 5.07x10%2 ions/cm?, an average
defect density of 7.9x102 % (+ 2.2x102 %) and size of 1.2x10! nm? (+ 5.5x102 nm?)
are observed. Since AC-STEM images also contain mass contrast information, the
atomic configurations of various defects were analysed. Based on the contouring
bright metal atoms in the image, their relative frequencies for each defect site were
assessed from several TEM images for the histogram in Figure 1d. However, the
accessible pore areas for transport of He atoms is expected to be much lower than
pure geometric area (see below, Effective pore size calculations). Additionally, the
uncertainty with TEM imaging in finding the S atoms on the defect edge would largely
influence the effective area. While no changes in the Raman spectra of irradiated
membranes were seen under a 532 nm excitation, photoluminescence spectroscopy

revealed an increase in defect induced midgap states (XP).
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Figure S2. Characterization of CVD-grown pristine WS:2 flakes. (a) Aberration-
corrected STEM image of as-grown monolayer WS: flakes on a holey carbon TEM
grid. W and Sz atomic sites appear as bright and dim atoms, respectively, in a trigonal
prismatic (2H) coordination due to the mass-contrast behavior of high-angle annular
dark-field (HAADF) imaging. Multiple atomic-resolution STEM images were sampled
over to obtain quantitative defect statistics (see also Supplementary Figure S3). (b)
SAED pattern of suspended monolayer WS2. The presence of a single set of six-fold
symmetric (100) and (110) diffraction spots indicates monocrystalline 2H-phase WSa.
(c) PL spectrum of a pristine flake on a 150 nm SiO2/Si wafer taken at room
temperature with a laser excitation wavelength of 532 nm (i.e., green). Spectra were
fit to the defect (XD), charged trion (XT), and neutral exciton (XO) peaks at 1.88, 1.96,
and 2.02 eV, respectively (46). Pristine WSz was found to have XD, XT, and XO
spectral weight percentages of 0.6%, 44, and 55%, respectively.
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Effective pore size calculations:

The accessible effective area of the aperture for a gas molecule (in our case, He gas
with kinetic diameter ~ 0.26 nm) is calculated based on the van der Waals radii of the
terminal atoms on the WS: defect edges. For example, in 1W+6S site, the center-to-
center distance between opposite W sites on the pore, Dw-w = 0.63 nm. The van der
waals diameter of W atom, dvaw = 0.42 nm. The effective pore size between W atoms

excluding the collision cross section is calculated using the formula (14)

(dvaw)
Dyaw = Dw-w — \/% ,

which gives Dvaw for (1IW+6S) = 0.33 nm. We have also simulated electron density
isosurfaces using density functional theory and calculated edge-to-edge distance
between two adjacent W atoms of the aperture. Both values are almost equal and
indicate that the effective area is lower than the geometric area and that the He

transport is in the steric regime.
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Figure S3. Characterization of FIB-irradiated WS: flakes. (a,b) Aberration-
corrected HAADF STEM images of monolayer WS2 flakes after exposure to 5.1x10%3
ions/cm? of 30 keV Ga* focused ion beam irradiation. Single defects appear as the
absence of contrast at transition metal lattice sites. Multiple atomic-resolution STEM
images were sampled over to obtain quantitative defect statistics (see also
Supplementary Figure S2). (c) PL spectrum of a monolayer WS: flake suspended on
a holey carbon film after exposure to 5.07x10*3 ions/cm? of FIB irradiation. The 1.6%
spectral weight percentage of the defect peak (XP) to 1.6% suggests that FIB
irradiation causes a slight increase in the PL midgap states localized at transition metal
defect sites.
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Figure S4. Atomic apertures. Typical apertures created on WSz monolayer upon the
irradiation dose (~5.1 x 10'% ions/cm?) with FIB are shown here with simulated
isosurfaces. The aperture sizes were calculated using DFT based on accessible area
after the electron density contours from iso-surfaces (a and b indicate the width and
length of the defect respectively as depicted on images). Effective areas of the defect
sites, one tungsten defect sites (1W with area, A1* and 1W+6S with area, Al), two
tungsten defect sites (2W+2S with area, A2* and 2W+6S with area, A2), and three
tungsten defect sites (3W+6S with area, A3* and 3W+12S with area, A3) were

143



approximated based on their close match with regular shapes and values were
presented in Table S1. Single W vacancy with no sulfur vacancies is likely non-
conducting due to its extremely small accessible pore size (~1 A) compared to Helium
size (2.6 A).

S3. Annealing before Gas Measurements

All the devices including controls are annealed at 350 °C for four hours in 10% Hz/
90% Ar atmosphere. Gas measurements are performed soon after the annealing of
devices. Annealing helps in unclogging of devices from atmospheric hydrocarbons
and other adsorbing gases. However, this annealing step has not increased the gas
flux by further widening the atomic apertures or damaging the WS2 membranes in

control samples.

Helium

Membrane with
angstrom-scale -

pores

(]

@
Mass
spectrometer

Figure S5. Helium flow measurement. Schematic representation of gas permeation

measurement setup using mass spectrometer (Leybold phoenix L300i). In this setup,
the only pathway between the top and bottom chambers is through the one-atom

defects in WS2 membranes i.e. atomic apertures.
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S4. Gas Flow Measurements

Helium (He) gas permeation was measured using a mass spectrometer (helium-leak
detector, Leybold phoenix L300i). The SiNx/Si wafer with monolayer WS2 membrane
was clamped between O-rings (Kalrez) to separate two chambers (Figure S5). At first,
both the chambers were evacuated using a bypass loop connected to a vacuum pump.
Then, He gas was released into one of the chambers with controlled pressure P, and
detected from the other chamber connected to the mass spectrometer as it flows
through membrane with atomic defects. It was found that the gas flux detected by the
mass spectrometer increased linearly with He gas pressure (main Figure 2). Since the
diameter of the pores in the membrane are much smaller than the mean free path of
He atoms (~140 nm at room temperature), the flux (QK) through these angstropores
can be described by equation (1). For temperature variation experiments, we used a
heating tape (Hemiheating AB) wound around the two chambers. A PID temperature
controller (HTC-5500) interfaced with the tape, controlled the temperature with an
accuracy of = 2 °C. At each temperature, we waited ~5 min for stabilization before

measuring the gas flow.

Figure S6. Tears in SEM analysis. (a) Optical image of the device after WSz transfer
with PMMA. The image shows nine large pre-drilled holes in the centre of the chip,
onto which the WS2 monolayers are deposited. (b) Scanning Electron Microscope
image of sub-micron tears within the WSz monolayer membranes, indicated by dashed
yellow markers in five out of the nine holes.
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S5. lonic current measurements:

lonic current measurements and experimental details are performed with parameters
as in reference (26). Briefly, Ag/AgCI electrodes and a patch-clamped amplifier are
used to monitor ionic current as voltage is applied across the irradiated WS:2
suspended membranes. The data in this figure correspond to 0.1 M KCl and 1 M KCI
solutions with a buffer (10 mM EDTA and 1 mM Tris). The pH was 8.7. Irradiated
membranes were first annealed at 300 °C in an Ar-Hz (10% Hz in argon) for 90 minutes,
then they were immersed in 50% water-ethanol for 30 minutes or longer to aid in
wetting of membranes in KCI solutions. Wetting of sub-nm pores is a well-
acknowledged problem in nanopore measurements, and therefore some pores may
not contribute to ionic conductance. Maximum applied voltage was + 0.1 V to minimize
the possibility of membrane dielectric breakdown and pore enlargement during
repeated measurements. We observed several faulty devices with tears in our
fabrication process (Figure S6). These devices result in excessive flow (in both ionic
current measurements and gas flow) and therefore are included as failed/leaky
devices. Another signature of these leaky devices, after annealing, they have showed

much increased flux compared to their initial flux.
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Figure S7. Current-voltage (I-V) analysis. (a) I-V of device showing negligible ionic
currents (< 100 pA) up to £ 0.1 V applied voltage (conductance ~ 0.65 nS), in 0.1 M
KCI. This device had nine FIB-drilled holes (with diameters in the range of 250 to 300
nm) onto which the 2D membrane was suspended. The atomic apertures were created
with Ga ion irradiation dose = 5.1 x 10% ions/cm?. The defects with size of about < 0.6
nm are not expected to conduct ions based on MD simulations, and the observed small
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conductance could be due to one or two pores of the size < 1 nm. One single pore of
the size, ~1 nm in a TMD membrane showed a conductance of ~1 nSin 1 M KCI (27),
which can further indicate upper limit on pore sizes in this sample. (b) Device showing
high conductance ~ 443 nS in 1 M KCl indicative of membrane tears.

S6. Gas flow through apertures — analysis

Equation (1) is derived from the kinetic theory, and described by Knudsen as a solution
for gas flow through infinitely thin apertures (22,34). For apertures with diameters far
less than the mean free path A, the probability of intermolecular collisions near the
vicinity of the aperture goes down drastically, and the free molecular transport can be
described by effusion.

There are several models (e.g., BKT model, dual region model) for rarefied gas flows
with Knudsen numbers 0.1 < Kn < 10 taking the slip, adsorption of the molecules to the
walls, drag etc., into account. Previous studies on carbon nanotubes, cylindrical, and
slit-like pores with finite length, showed enhanced flow compared to Knudsen
estimates, which was attributed to specular reflection of gas molecules off the
atomically smooth graphite walls or pore surfaces (47,48). In graphene slit-pores,
ballistic flow of He was observed due to specular reflections, while MoS: slit-pores
showed diffusive reflections (15). However, here our atomic-scale apertures are within
essentially infinitesimally thin membranes and these can be approximated as orifices,
hence effusion-based mechanism seems the most suitable to describe the flow (4-6).
The effusion mechanism depends on the impingement of gas molecule, and can be
guantified as Q = v An/4, where v = sqrt(8RT/mTM) is the mean velocity of the molecule,

An is the gas number density. Combining with ideal gas law,

Q = P A sqgrt(1/2mMRT) (eq. 1)

As the gas traverses through the aperture, the main hindrance to the flow is the
probability of the gas hitting the aperture at a critical angle so as to be able to pass

through the pore. As per Sun et al. article (4), the critical angle of incidence,

0 = cos}(Rm/Rp), where radius of the helium molecule Rm = 1.3 A and radius of the

pore R, ~1.6 A to 3.1 A in our case. Therefore, 8 will be in the range of 35° to 65° for
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1W to 3W defect pores. However, from our experiments, we observe that the He
permeation/flux is within the expected estimates of equation (1) which indicates that
the steric hindrance is likely not significantly reducing the flux. The steric hindrance
can lead to a reduction factor of “Rp/Rm” (< 1) from ideal flux (4). This factor “Rp/Rm”
will be >1 for 1W+6S pores and ~0.8 for 2W defects, which have pore sizes of ~3.1 A
and ~2 A respectively. For 2W pores, there can be slight reduction of the flow,
however, as the number of such pores are relatively small (~22%), the reduction of

flow if any is not captured well in our measurements.

Let us note that although it is the area of the aperture that is in the equation (1), the
shape of the defect is also known to influence the resulting Knudsen flux as shown by
the unified model for slit-like pores with finite length (49). For our aperture case, we
neglect the variations if any, due to the shape of the defect, as the dimensions of the
aperture are quite close to the He kinetic diameter, and hence the corners of the
aperture remain inaccessible. New models need to be developed in this new
experimental regime to explain the shape and end effects and/or the phase transitions

of the fluid while passing through such thin membranes (48).

For flux estimates, we have considered their area by approximating the pore as
circular (1W defect) or rectangular shape (2W defects) or truncated triangular shape
(BW defect). The accessible pore sizes and their effective areas are summarized in
Figure S4 and Table S1.

Defect Width of the Height of the Area (nm?),

type pore pore (b, nm) approximated shape
(a, nm)

1w 0.105 0.105 0.009 (A1*, circle)

1W+6S 0.315 0.315 0.079 (A1, circle)

2W+2S 0.36 0.21 0.075 (A2*, rectangle)

2W+6S 0.62 0.21 0.129 (A2, rectangle)

3W+6S 0.525 0.525 0.216 (A3*, circle)

3W+12S) 0.62 0.58 0.23(A3, truncated

triangle

Table S1. Effective areas of atomic-scale apertures in WSz monolayer membrane for
transport of He.
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Chapter 6

Molecular streaming and its voltage
control in angstrom-scale channels

The results are from a paper published in Nature in 2019.

T. Mouterde, A. Keerthi, A. R. Poggioli, S. A. Dar, A. Siria, A. K. Geim, L. Bocquet &
B. Radha “Molecular streaming and voltage gated response in Angstrom scale
channels”, Nature (2019), 567, 87.

My contribution to the work includes device fabrication which involve flake preparation,
fabrication of graphene/hBN heterostructures, patterning the graphene flake with
nanolithography, AFM studies of the capillaries, gold evaporation for defining channel

length. Optical lithography for making the microfluidic structure.

Author contributions: B.R., L.B. and A.S. designed and directed the project. A.K.,
B.R. and S.A.D. fabricated the devices. T.M. performed the measurements and their
analysis. A.R.P., T.M. and L.B. provided theoretical support. T.M., L.B., B.R., A.K. and
A.R.P. wrote the manuscript with inputs from A.K.G. All authors contributed to

discussions.
Importance of the study

lonic motion in confined channels is affected by direct interactions between channel
walls and the hydration shells of ions. Here we demonstrate graphene channels with
height down to one atomic plane with atomically smooth walls (graphite and hexagonal
boron nitride) for pressure and voltage driven ionic transport to explore water and ion-
interactions. lons transport is markedly enhanced by an applied bias of fractions of volts.
This gating effect observed for both wall materials but also rely on material dependent
differences. Water transport strongly depends on channel wall material. Transport

through these channels indicates transistor like electro hydrodynamic behavior where
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small voltages induce strong responses which is similar to mechanosensitive ion

channels.

Introduction: lons and molecules are the building blocks of matter and their

interaction provide more insights into the bases of physics, chemistry, materials and
life sciences. lons and molecules behave dramatically differently from bulk systems to
nanoscale configurations. In confinement down to the nanoscale, the surfaces and
interfaces can exert vital influence on the transport and interactive behaviours of ions

and molecules.

Nanofluidics is a field studying the transport of fluids (ion and molecules of water and
gas) at the nanoscale, has developed recently to a point where unexpected novel

properties i.e., selective transport of ions (215, 216), ultra-rapid water transport (217)

strongly nonlinear ionic transport (218, 219), ultrafast ion sieving (37, 220) and
increased ion mobility(221) are observed. These properties are expected to emerge
due to water- and ion-transport (14, 222) phenomena arising from the combination of
strong confinement i.e., due to high surface to volume ratios that amplifies the
interaction of the interfaces, thus aggravating the van der Waals forces and
electrostatic forces. The influence of surface charge and surface-induced effects
occurring on the nanoscale (4) are due to exaggerated repulsive and attractive forces
in nanoscales which induce anomalous ionic/molecular behaviours compared with
bulk systems(223). Surface-induced effects including hydrodynamic slippage (224)
and electro-kinetic (225) phenomena arise from the couplings between

hydrodynamics and electrostatics.

In the case of confinement down to sub-nano (<1 nm), or even monatomic spaces, the
short-range steric forces become stronger for ions/molecules. Channel surface and
the hydration shells of the ions have a strong impact on the ionic motion and their
interaction in such confined channels (171) and water transport has shown strong
dependence on the different surfaces in this scale range (226). Under the interactions
of short-range steric/hydration forces, the classical mechanics, and thermodynamic

equations, such as the Navier-Stokes and Hertz—Knudsen are challenged (4, 227).

Interactions of water and ions with the confining structure and generation of electrical
voltage due to phenomenon such as electrokinetics have a long history for its use and
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exploration for energy conversion. Streaming current is produced in the electrolyte
solution under hydrostatic pressure difference, this induces current corresponds to an
electrical potential between the ends of the channels which is called streaming
potential. Streaming current provides a useful technique for studying the electric
properties of the solid-liquid interface as it results from the transport of ions in the
electrolyte by an applied pressure gradient. Streaming currents in fluidic channels may
provide a simple and effective means of converting hydrostatic pressure differences
into electrical energy (228) and nanofluidic transistors (89) which appears due to

electrokinetics.

There has been increasing interest in developing nanofluidic systems to manipulate
ion transport to mimic the function of biological cells. The pressure-sensitive response
has been observed for biological mechanosensitive ion channels (101, 102) which is
very essential for understanding the cellular mechanisms which are linked to
intracellular signalling and in regulating the mechanism of biochemical signalling in
biological systems. Mechanically activated currents through channels (90) has been
reported in protein channels which are produced due to electrical and mechanical
forces and have an important role in physiology due to their impressive but complex
biological ionic processes. Reproducing such an advanced response in artificial
systems has not been achieved so far because of the ultra-small channel size and
complex nature of forces. To observe such response in artificial channels most
experimental studies done are in carbon nanotubes which have been restricted to
electric forces (44, 104, 105). Carbon nanotubes with radii of ~2 nm in (106) have been
explored with ionic transport in these channels using mechanical pressure and
electrical voltage forces to mimic the exotic behaviour of biological channels and

observed an ionic conductance that depends quadratically on applied pressure.

In the present work, we aimed at exploring the water and ion transport in atomic-scale
capillaries under three different electrokinetic driving forces i.e., electrical field,
concentration gradient and pressure difference along the length of the channels to
come close to the sophistication of biological channels. Such a transmembrane
geometry allows the detailed study of fluidic transport through the channels and their
interaction with the channel wall surface. A modified continuum framework has been
used to explain the material-dependent frictional interaction of water molecules, ions

and the confining surfaces of channels made with different 2D materials.
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Over the past decade, the ability to reduce the dimensions of fluidic devices to
the nanometre scale (by using nanotubes'=°or nanopores®1, for example) has
led to the discovery of unexpected water- and ion-transport phenomena?-4,
More recently, van der Waals assembly of two-dimensional materials® has
allowed the creation of artificial channels with angstrom-scale precision®, Such
channels push fluid confinement to the molecular scale, wherein the limits of
continuum transport equations'’ are challenged. Water films on this scale can
rearrange into one or two layers with strongly suppressed dielectric
permittivity'®19 or form a room-temperature ice phase?. lonic motion in such
confined channels?! is affected by direct interactions between the channel walls
and the hydration shells of the ions, and water transport becomes strongly
dependent on the channel wall material?>. We explore how water and ionic
transport are coupled in such confinement. Here we report measurements of
ionic fluid transport through molecular sized slit-like channels. The transport,
driven by pressure and by an applied electric field, reveals a transistor-like
electrohydrodynamic effect. An applied bias of a fraction of a volt increases the
measured pressure-driven ionic transport (characterized by streaming
mobilities) by up to 20 times. This gating effect is observed in both graphite and

hexagonal boron nitride channels but exhibits marked material-dependent
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differences. We use a modified continuum framework accounting for the
material-dependent frictional interaction of water molecules, ions and the
confining surfaces to explain the differences observed between channels made
of graphene and hexagonal boron nitride. This highly nonlinear gating of fluid
transport under molecular-scale confinement may offer new routes to control
molecular and ion transport, and to explore electromechanical couplings that

may have arole in recently discovered mechanosensitive ionic channels?,

Our devices (Fig. 1) were angstrom-scale channels on a Si/SiN substrate, fabricated
as previously described!®2! through van der Waals assembly of two (approximately 10
nm and 150 nm) thin crystals of graphite separated by strips of bilayer graphene. Each
device had N = 200 channels of height ho = 6.8 A, width w = 130 nm and length L of a
few micrometres (see Methods section ‘Device fabrication’ and Extended Data Fig. 1).
The channels were assembled on top of a micrometre opening etched in the Si/SIiN
wafer that served as entry to the fluidic channels, with the exit on the other side of the
wafer (Fig. 1). The channels connected two macroscopic reservoirs filled with KCI
solutions of concentration ¢ and containing chlorinated Ag/AgCl electrodes for
electrical current measurements. As previously reported??, the net current | at high salt
concentration is typically of the order of a few picoamps per channel for applied
voltages of a few tens of millivolts and varies linearly with voltage and concentration
as expected for this ultra-confined system with small surface charge?!. In this study,
we focus on the ionic current driven by the pressure drop AP and the effect of the
additional potential difference AV applied along the channel. For this, AV was
controlled by a patch-clamp amplifier (ground electrode is on the top side) with a
current resolution of 0.1 pA; and pressure by a pump connected to the reservoir
(Methods section ‘Streaming current measurements’). We applied the pressure in both
directions across the channel and found no influence on the reported results (see
Extended Data Fig. 2; pressure applied from the bottom side in Fig. 1 is denoted as
positive). Control experiments used similar devices but without channels and yielded
no current upon application of AP or AV, confirming that our devices were structurally
stable and, for example, did not delaminate under pressure (see Methods section
‘Streaming current measurements’ and Extended Data Fig. 3). This setup (Fig. 1)
allows us to measure the pressure driven component of the ionic current, referred to

as the streaming current lst = I(AP, AV) = 1(0, AV), which provides an indirect measure
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of water flow under confinement. Figure 2 illustrates the behaviour in the absence of
applied bias (AV = 0), with Fig. 2a showing the time response of Istx when stepping AP
up to 125 mbar in 25 mbar increments. Each step lasts 20 s, and the delay between
successive steps is 20 s. After an initial overshoot, Isy rapidly reaches a steady state
and, once the pressure is released, quickly returns to zero. The measured current is
positive for positive applied pressures, which corresponds to a flow conveying a net
positive charge that gradually increases with the pressure gradient, AP/L. This is
consistent with the reduction in chloride mobility as compared to that of potassium

under strong confinement?? (right panel of Fig. 1).

Ground electrode © Anion
. Cation

: Top layer

2 Bottom layer 3

SiN layer

Ag/AgCl electrode

Water flow

Fig. 1 | Experimental setup for pressure- and voltage-driven current. Schematic:
angstrom channels (fabricated on a Si/SiN wafer) separate two reservoirs containing
KClI solutions. The entry and exit of the channel are on either side of the wafer. We set
the voltage AV and the pressure AP along the channels and monitored the resulting
current I. Right panel, illustration of ions moving in water under strong confinement
(only one layer of top and bottom graphite walls is shown for clarity). Positive streaming
currents indicate that potassium ions move faster than chloride ions inside the
channel.

We find that, for concentrations between 1 mM and 300 mM, the steady-state current
reached after each pressure increment (Fig. 2a) increases linearly with the driving
force, that is, the pressure gradient (Fig. 2b). From the measured slopes, we calculate
the streaming (electroosmotic) mobility y = Ist/(NAAP/L), where A = who is the slit
cross-sectional area. The streaming mobility weakly depends on salt concentration
(Fig. 2c), varying by less than 50% if c is increased by a factor of 300. However, the
absolute value of y is surprisingly high: it is of the order of 107" m? V-1 s7, which is in

the range of the bulk potassium electrophoretic mobility pk+ = 7.6 x 108 m? V1 s71
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and an order of magnitude larger than streaming mobilities reported in the literature

(for example, the streaming mobility for SiO2 channels is about 0.1uk+).
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Fig. 2 | Pressure-driven current without applying bias. a, Isr as a function of time
for graphite channels; ¢ = 1 mM; L = 5.7 £ 0.1 ym. Current overshoots once the
pressure is applied, and we consider only the steady-state regime in this study. b,
Streaming current per channel, Is«/N, as a function of the pressure gradient AP/L for
channels in a, and with different KCI concentrations c. For each c, the line corresponds
to the best linear fit. ¢, Electro-osmotic mobility p as a function of the KCI concentration
(linear logarithmic coordinates; dashed line is a guide to the eye). Error bars represent:
a, error in the currents measured during temporal evolution (£ 0.1 pA); b, standard
error; ¢, uncertainty in the fit value. Three devices were measured and showed the
same behaviour.

As a comparison, we consider the measured streaming mobility in terms of the
corresponding zeta potential, which has the dimension of an electrostatic potential.
Using bulk water properties (viscosity n = 1 mPa s and dielectric permittivity € = 80)
gives us an apparent zeta potential, { = —un/e¢o, of roughly - 0.4 V, at least ten times
the typical values in the literature®242> which are of the order of kT/e = 25 mV. Recent
studies of confined water indicate that its out of-plane relative permittivity can be
markedly suppressed®® to greduced = 2 Whereas n remains close to the bulk value?®,
which would translate into an even larger apparent { of =16 V. However, in our opinion,
such a large apparent zeta potential does not reflect an anomalously high surface
potential of the graphite but instead the high streaming mobility arising from the
unusually fast transport of water, and hence hydrated ions, at molecular distances

from the channel surfaces.

Figure 3 shows pressure-driven streaming currents measured under different applied
voltage biases, allowing us to explore how the pressure- induced current couples to

electric forces at these molecular scales. Figure 3a shows the time response of Istr
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when applying pressure and AV simultaneously, revealing a considerable coupling
between them in that st increases by more than 100% for AV = 50 mV as compared
with its value at zero AV. As illustrated in Fig. 3b, the effects of AP and AV do not
simply add: although the current always remains proportional to the pressure gradient,
independent of applied bias, the slope of this linear dependence—the streaming
mobility p(AV)—varies with AV according to Isv = py(AV) x A x N x AP/L. The linear
dependence of streaming current on pressure highlights that it originates from the
hydrodynamic transport of ions, while its voltage dependence indicates an unexpected
interplay between mechanical and electric driving forces. To disentangle these effects
further, we plot in Fig. 3d mobilities measured in graphite channels and normalized by

U+ as a function of AV and c.
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Fig. 3 | Streaming current for different biases and channel materials. a, Pressure-
driven Isr for a graphite device at different AV. L = 5.7 £ 0.1 ym; KCI concentration,
100 mM. The pressure applied for 20 s intervals is gradually increased to 125 mbar in
25 mbar steps. b, Streaming current per channel for the same device as a function of
AP/L (bias AV ranges from -75 to 75 mV; colour coded). c, Streaming current for
similar devices but with hBN walls; same experiments and colour coding as in a and
b. d, Streaming mobility (normalized by the K* electrophoretic mobility) as a function
of AV for different KCI concentration for the graphite devices. Curves are the quadratic
fits. e, Same as d but with hBN channels. Linear fits; L = 16 + 0.1 ym. f, Extended
PNP prediction for the streaming mobility using different friction coefficients between
the water, ions and wall, with a factor of 100 between low and high friction. Low friction
reproduces the quadratic gating observed for graphite (d), while high friction leads to
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the linear gating observed for hBN (e). Detailed parameters and geometry used in the
model are given in the Methods section ‘Extended Poisson—Nernst—Planck theory’ and
Extended Data Figs. 6—10. Error bars represent: a—c, measurement uncertainty; d, e,
uncertainty in the fit value.

We also compare the streaming effects in graphite channels with those of similar
channels made from hexagonal boron nitride (hBN). In terms of crystal structure and
atomic flatness, hBN is an analogue of graphite?® but electrically insulating. Our hBN
devices were fabricated using the same procedures as before and had the same
parameters including ho, and their behaviour was similar to that of graphite devices in
that Isi varied linearly with AP (see Fig. 3c, Extended Data Figs. 2 and 4) and with a
slope (streaming mobility u) that was tuneable by applied bias. But the dependence of
U(AV) differs greatly between the two materials: y shows a quadratic response to
electric bias for graphite (Fig. 3d), whereas it is essentially linear over the entire
measurement range for hBN (Fig. 3e). The data can be described for graphite by

here eq 1 and 2 will come

WAV) = [1+ a(=-2m)?] (2)

and for hBN by

w(AV) = o[l + B -—] 2

AV
Vrer
where Vret = kT/e = 25 mV is the thermal voltage, po is a mobility, and a and B are
dimensionless parameters accounting for the voltage response. Typically, Vmin is
found to be of the order of Vit and decreases with c; the voltage susceptibility a
increases linearly with concentration (Extended Data Figs. 5a,b), reaching a value
close to unity for high ¢ = 300 mM. The characteristic mobility o is typically of the
order of uk+ for both systems. However, similar to a in graphite, the bias susceptibility
B for hBN increases linearly with ¢ (Extended Data Fig. 5¢). Owing to the linear voltage
coupling, the sign of the streaming current for hBN can be inverted for negative biases
(Extended Data Fig. 4). For both materials, the sensitivity of Ist to voltage bias is very
large, in contrast to other known control or gating mechanisms?’-3%, For graphite
channels, a relatively small voltage (AV = 75 mV) yields streaming mobilities which
are up to about 20 times as large as the bulk potassium mobility, taken as a reference.
This corresponds to zeta potentials up to 2 V assuming the bulk water properties, and
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about 100 V if using the confined-water relative permittivity &reduced. Although the effect

is still large for hBN, it is substantially smaller than that in graphite channels.

This observation echoes the smaller slip length for water on hBN as compared with
graphite*2232, Taken together, our findings indicate that the applied bias voltage acts
as a gate for pressure-driven streaming currents. Although it is tempting to rationalize
this behaviour in terms of capacitive gating, as assumed, for example, for flow FET-
type devices (fluidic analogues of field-effect transistors)?’, such an explanation fails
to capture key experimental observations such as the contrasting voltage dependence
of the gating for graphite and hBN. Any capacitive gating explanation also neglects the
electrohydrodynamic coupling between ion and water transport under &ngstrom-scale
confinement, which is usually described in terms of the Poisson—Nernst—Planck—
Stokes (PNPS) framework commonly used to describe ionic transport in biological or
artificial channels. But this PNPS model is also unable to account for all our
observations, in particular the qualitatively different bias dependence of y seen for
graphite versus hBN as summarized in equations (1) and (2). We attribute this to the
strong confinement encountered in our devices, which renders the Stokes equation
irrelevant when describing flow within the water/ion layer, owing to strong and direct

interactions of the moving ions and water molecules with the confining walls.

We account for this effect by considering friction between water, ions and the walls,
which we capture by an effective water—wall friction that depends on ion
concentrations. This may be described as Aw(p+,0-) = Ao + ho(k+p+ + K-p-), where Ao is
the bare (ion-free) friction coefficient for water, k: are coefficients characterizing the
ions’ contribution to the friction, and p: are the ion concentrations. (The full model for
our channel geometry is detailed in the Methods section ‘Extended Poisson—Nernst—
Planck theory’, and in Extended Data Figs. 6 to 10.) The resultant extended Poisson—
Nernst—Planck (PNP) model qualitatively reproduces most of the experimental
observations, leading to streaming currents that are linear in AP (Extended Data Fig.
7) and reproducing the large increase in streaming mobility under applied bias (Fig.
3f) that is in contrast to the standard consequences of concentration polarization. As
illustrated in Fig. 3f, the model also yields different functional dependences u(AV)
according to the friction behaviour of both water and ions on the different materials:
low friction between water molecules and ions and the channel wall leads to a

guadratic gating of the streaming mobility as observed for graphite, whereas large
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friction results in an essentially linear dependence as observed for hBN. The model
and underlying theory indicate that this behaviour results from a subtle and intertwined
effect of concentration dependent flow and ion concentration profile across the
channels in the presence of voltage. Accordingly, the different material response
observed in Fig. 3 for channels made from hBN and graphite can be traced back to
the difference of molecular friction of water and ions on these two materials. This is in

agreement with expectations for the friction of water on these two materials*2232,

A remarkable feature of this framework is that the observed nonlinear bias response
thus has its roots in the fundamental nature of interactions between confining walls,
water molecules and ions. For instance, the minimum mobility seen in Fig. 3d arises
from the slight asymmetry in device geometry which is at the origin of different frictions
(induced by the confinement) and modifies locally the transport rates of ions on each
side. Although the simple model reproduced our experimental results qualitatively
(Extended Data Figs. 8 to 10), it cannot account for the large amplitude of the bias
voltage effect seen with graphite channels. Better agreement will require more
comprehensive evaluation of the effects of strong confinement (including the
suppressed dielectric constant), which are expected to modify not only water and ion
dynamics but also the adsorption of the ions33. Furthermore, the metallicity of graphite
can substantially modify ionic interactions and thereby ion concentrations. We
anticipate that extending ab initio molecular simulations of water friction??, to include

the effect of ions, will provide further insight beyond the simple picture proposed here.

Our experimental system allows us to probe purely two-dimensional flow of water and
ions, a configuration very different from the one-dimensional transport through
nanotubes. Thanks to the lateral extension of the angstrom channels, streaming
currents under molecular confinement become measurable. Hence, such devices are
an interesting platform in which to mimic the behaviour of biological channels in terms
of stimuli responsive behaviour such as voltage gating, where ions are driven through
angstrom-scale confinement by coupled osmotic pressure and electric forcing. This is
of relevance for gaining new insights into the electromechanical coupling at the root of
the mechanosensitivity observed in recently discovered biological ionic channels??
(TRAAK, TREK, PIEZO). Furthermore, the observed friction-based electric gating

opens a new route to achieve flow-control under extreme confinement where small
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voltages induce strong responses, which would constitute an important step towards

building nanofluidic circuits responding to external stimuli.
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Methods

Device fabrication. Our devices were fabricated following previously reported
procedures®?L, In brief, a free-standing silicon nitride (SiN) membrane of around 500

nm in thickness provided mechanical support and served to separate the two
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reservoirs connected by the channels. On the membrane, a rectangular hole of
approximately 3 ym x 26 ym was defined by lithography and plasma etching. The
channels were made by van der Waals assembly of three layers—bottom, spacer,
top—of 2D crystals such as graphite or hBN. First, a bottom layer of around 10- to 50-
nm-thick graphite or hBN was transferred onto the hole in the SIN membrane and
etched from the back side, which projected the hole into the bottom layer. Following
this, pre-patterned bilayer graphene spacers (about 6.8 A thick) in the form of parallel
ribbons about 130 nm wide and separated also by about 130 nm were transferred onto
the bottom crystal and aligned perpendicular to the long axis of the rectangular hole.
Finally, a thick (about 200 nm to 150 nm) top crystal of graphite or hBN was transferred
onto the spacers covering the hole (Extended Data Fig. 1). The top crystal defined the
length of the channels that formed on both sides of the hole.
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Extended Data Fig. 1 | Angstrom-scale channel devices. a, Optical image of a
device with angstrom channels. The square in light pink colour is the silicon nitride
membrane which has a rectangular hole shown by the red dotted line. Covering the
hole, the bottom graphite layer, spacer and top graphite layer are placed. Bottom and
top graphite are visible in the image in light and bright yellow colours. b, Atomic force
microscopy (AFM) image of the bilayer graphene spacer lines on the device. The
histogram of the heights (below the AFM image) shows that the spacer is about 0.7
0.1 nm thick.
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Extended Data Fig. 2 | Gated pressure-driven current. Streaming current per
channel plotted as a function of AP/L with AV ranging between -100 mV and 100 mV
(colour coded from blue to red with increasing voltage difference), KCI concentration
of 100 mM and hBN channels of length L = 16 + 0.1 pm.

Streaming current measurements. Extended Data Fig. 3a—c shows the streaming
current measurements as a function of the applied pressure for a sample containing
no channels (varying from 0 to 250 mbar). The pressure is applied via a pressure pump
(AF1, Elveflow) (we denote a positive AP for a pressure applied through the hole on
SiN) and AV is controlled via a patch-clamp amplifier (Axopatch 200B, Molecular
Devices) with the ground electrode on the top side. For a sample containing no
channels, we did not detect any significant current. Extended Data Fig. 3d—f compares
the streaming current measured for the control sample and a graphite device
containing 200 channels. In the case of graphite channels, the streaming current is

four orders of magnitude larger than the noise measured in the control sample.
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Extended Data Fig. 3 | Control sample test. a—c, Streaming current measured in a
control sample without any channels as a function of the pressure. We varied the
applied voltage from —-100 to 100 mV (colour coded from blue to red). d-f, Same
measurements as for a—c (coloured symbols) but compared with the streaming current
measured with 200 graphite channels (black symbols). The streaming current is
around 4 orders of magnitude larger, which confirms that channels remain
mechanically stable and are not delaminated under pressure.

To investigate the pressure dependence of the streaming current, we performed the
streaming current measurements applying the pressure successively on each side of
the membrane. The inversion of the pressure gradient fully reverts the streaming
current sign as presented in Extended Data Fig. 2; this confirms the linear dependence
of the streaming current on the mechanical forcing. The molecular streaming current
Istr as a function of the pressure gradient AP/L is shown in Extended Data Fig. 4 for
both graphite and hBN devices and for different KCI concentrations and applied

voltages. The streaming current varies linearly with the driving force AP/L.
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Extended Data Fig. 4 | Gated pressure-driven current and material dependency.
Streaming current per channel plotted as a function of AP/L for a KCI concentration
varying from 1 mM to 300 mM and with AV ranging between —-100 mV and 100 mV
(colour coded from blue to red with increasing voltage difference). a—d, The channel
length L for graphite is 5.7 £ 0.1 ym. e=h, For hBN, L =16 £ 0.1 um.

Extended Poisson—-Nernst—Planck theory. Governing equations. At scales greater
than about 1 nm, the influence of water motion on the ionic fluxes is accounted for by
(1) appending Stokes’ equation for the solvent velocity to the typical PNP description
of the ionic transport and (2) including an ionic drift velocity set by the balance of forces
between the electric force on the individual ion and the frictional force between the ion
and water in the Nernst—Planck parameterization of the solute fluxes. Both
assumptions are inapplicable here owing to the extreme confinement scale of the
channels considered, which approaches the diameter of the water molecules and
hydrated ions themselves. In particular, application of the Stokes equation to predict
the hydrodynamic velocity relies on the assumption of a spatially homogeneous and
isotropic scalar viscosity, an assumption that cannot be valid when a single layer of
water molecules is present. A priori, we would expect strong interaction between the
ions and walls, and the water molecules and walls. The former supposition is
supported by the results of ref.?!, where the chloride mobility in both graphite and hBN
devices of the type examined here was observed to be reduced by approximately 65%
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compared with bulk. The latter is supported by the present results when combined with

the simple, first-principles model detailed below.

As noted above, the traditional ionic and hydrodynamic force balances, leading to the
typical parameterization of the drift velocity and the Stokes equation, respectively, can
no longer be sufficient to describe the coupled ion— water transport in one-to-two
layers confinement owing to the substantial interaction with the confining material. As
a simple first-principles approach, we consider the force balances on the individual
ions and on a control volume of infinitesimal length along the slit containing both ions
and water molecules. We include three phenomenological forces, the frictional
interactions of (1) water with walls, (2) ions with walls and (3) ions with water. We
emphasize that this is the simplest possible coherent approach to capture the
modification in the qualitative behaviour of the ion dynamics owing to the extreme
confinement. Quantifying the friction to achieve a more quantitatively accurate
treatment would probably necessitate more in-depth modelling (such as ab initio

molecular dynamics).

Including the ion—wall interaction, a force balance on an individual ion gives:

0=de(=0,d)— & (Ve —vy) — 4104 3)

where v: is the velocity of the positive or negative ion species, vw is the water velocity
and ¢ is the electrostatic potential. From left to right, the terms represent (1) the electric
body force on the positive or negative ion, (2) the frictional force of the water on the
ion, parameterized by friction coefficients é: for the cation and anion species and the
frictional force of the wall on the ions, parameterized by friction coefficients A+ Note
that we have assumed that all of the ions interact appreciably with the walls, a
reasonable assumption here given the extreme confinement. We solve for the ion

velocity vz to obtain:

Vy = + H+ (_ p (l)) - 0+ Uy (4)

We have introduced the ionic mobilities u+ = e/( é: + A+)and the normalized water—ion
friction coefficients a: = &+ /(é++A+) € (0, 1). The former parameters are constrained by

the experimental results of ref.?!; the latter parameters characterize how effectively
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the drag of the water flow is able to overcome frictional resistance on the ions from the
wall and engender ionic transport. We note that the definition of a: may be rearranged
to give A+/é: = (1—ax)/ax. This indicates that a value a:<<1 corresponds to stronger ion—
wall than ion—water friction, while values of a+ approaching 1 indicate relatively weaker

ion—wall than ion— water interaction.

From the above definitions, we see that the sums of the ion—water and ion—wall friction
coefficients are constrained by the experimentally measured mobilities reported in
ref.?l, & + A = ep:"%, while the relative importance of the ion—wall and ion—-water

interactions, characterized by the ratios A+/é: = (1—-a+)/as, is not.

Graphite hexagonal Boron Nitride |
a 40 b 1 c !
30% 0.8 R 0.8 %

0 100 200 300 0 100 200 300 0 100 200 300
¢ (mM) ¢ (mM) ¢ (mM)

Extended Data Fig. 5 | Concentration dependence of the fit parameters of the
gate-controlled mobility. We report the fitting parameters of the voltage-gated
streaming current. a, b, The quadratic dependence of the gated streaming current
observed in graphite channels (Fig. 3d, main text) and described by equation (1): a,
Vmin plotted as a function of the concentration; b, a as a function of the concentration.
¢, We report the fitting parameter 8 as a function of the concentration for hBN slits: 8
describes the linear dependence of the streaming current observed for hBN channels
(Fig. 3e, main text) as given by equation (2). The dashed lines in b and ¢ are linear
fits.

We next consider the force balance on a control volume of width and height equal to
the channel width w and height h, respectively, and of infinitesimal length 6 in the
along-slit direction. The total volume of the control volume is then 6V=wh6x. The total
electric body force is given by e(o+ — p-) x (-dx ¢ x6V , and the net pressure force is
given by whx (-dxP) x 6x«. In the preceding, p: are the ionic densities (per unit volume)
at the position x coincident with the centre of the control volume (so that in the
reservoirs p+ = Nac with Na the Avogadro number), and P is the pressure. The total
frictional force due to ion—wall interactions is — (o+ A+ v+ — p- A- v.) 6V. Finally, we
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introduce a coefficient Ao characterizing the frictional interaction of water molecules
with the walls such that —Aovw is the force per unit wall area acting on the water
molecules, and —Aovw x WOX is the total frictional force on the control volume due to

water—wall interaction. The force balance on the control volume thus gives:

0= e(ps —p-) (=0, D)V + (=0, P)6V — (py A1 vy — p_A_v_ )6V — ATOUW V. (5)

Before solving the above for the water velocity vw, we use equation (4) and the
definitions of u+ and axto rewrite the total ion—wall friction force per unit volume 3V,
P+A+V+ — p AV, as:

e(pr —p-) (=0, d) —eoy py —a_p_)(= 0, ) + (kypr —K_p)IVyy (6)
where we have defined k: = ea: (1-ax)/u: and made use of the identities A:u:= e (1-ax)
and A:a:= k+. We insert this result into equation (5) and solve for vw to obtain:

Vw = Kapp (P4, p=) [(=0,P) +e(oy pr —a_p_)(=0,P)] (7)
Where Kapp (0+, p-) is a concentration-dependent apparent hydraulic permeance, given
by:
1

Kam? (,0+; p—) = AO (8)
T + K+p+ + K_p_

To better interpret the significance of the parameter a: and the non-intuitive form in
which the electric field appears in equation (7), we use the above results to calculate
the difference of the electric force fe* and the ion—wall friction force f * ion-wai ON a given

ionic species:
fi e _-fi ion-wall ieaipi(_ Ox Cl)) — K+P+Vy 9)

Let us discuss two extreme limits. When a: =0, ¢+ /A+ = 0, indicating that only ion—wall
(rather than ion—water) friction is relevant. Further, from the above definition, k: xax
(1-a+) =0, and the net (electric less ion—wall friction) force vanishes. Thus, in this case,
all of the electric force on the given ionic species in the control volume is balanced by
the strong ion—wall interaction such that the given ionic species does not communicate
any electric force to the water molecules. (See equation (7) with a+ and/or a- set to

zero.) On the other hand, when a:=1, A+/§:=0, indicating that only ion—water friction is
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relevant, and all of the electric force on the ions is communicated to the water

molecules such that f* - f* ion-wall =t €p=+ (—dx @). (Again, k+ < a: (1-ax) =0.)

We emphasize that the behaviour described in equations (7) and (8) is in strong
contrast to what is observed for conduits with confinement scale (radius or height)
greater than about 1 nm, in which the Hagen—Poiseuille equation holds?’. In this case,
we would have a concentration-independent permeance Kup=ho/Ao and a net electric
driving force equal to the total electric driving force e(o+ — p-) (=9« ). Kup is recovered
in the high water friction limit, Ao /h >> k+p++ K-p- , and both Kuxp and the total electric
driving force are recovered outside of confinement where a:=1 (equivalent to no ion—

wall friction: A+=0).

It is necessary to use equation (7), instead of Hagen Poiseuille, to capture the full
range of qualitative behaviour observed in the experimental y (AV) curves. This
emphasizes the importance of the two-dimensionality of the flow, resulting in a strong
frictional interaction between the channel walls, water and ions. We insert equation (7)
into the general Nernst—Planck parameterization for the ionic fluxes, j+ = D+ (=dx pz) +
Vs P+, t0 obtain:

. kgT

=R | (= 0xp+) £ p+ (= 0x D) |+ aymryps (10)
where we have made use of the Einstein relation, D:= ks T us/e , D+ being the diffusion

coefficients.

At steady state, the conservation equations become:

dx dx

Finally, the electrostatic potential ¢ is related to the total charge density e(o+- p-) via

the Poisson equation:

Ox [E€oh(=0x d)] = he (py, p-) (12)
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Extended Data Fig. 6 | Geometry and effect of the asymmetry of the system. A
slit of uniform height ho=7 A and length L=5 um connects two asymmetric, divergent
reservoirs of variable height h x (). The asymmetry in the rate of divergence of the
reservoir heights qualitatively mimics the asymmetry of the experimental geometry. A
voltage ¢ = AV and pressure P = AP are applied in the left reservoir (at x = —=); the
voltage and pressure are held fixed at ¢=0, P=0 in the right reservoir (x = +«). The
density in both reservoirs is held fixed at p = pres.

Model geometry and boundary conditions. As we are mainly interested in capturing
the qualitative features of the ionic current response, we adopt a simplified one-
dimensional geometry. The model geometry adopted here is sketched in Extended
Data Fig. 6. A slit of uniform height ho = 7 A and length L = 5 um connects two
reservoirs of divergent geometry. It is necessary to include the reservoirs in some
capacity in our calculations to capture the entrance/exit effects associated with the
discontinuous change in ionic mobility as the ions enter/ exit the channel. The rate of
divergence of the reservoir heights is asymmetric, qualitatively mimicking the

asymmetry of the experimental geometry. The height profile h(x) is given by:

0 il +nefo

g L
L L
1, xe|l—=+= 13
ve[-2+l (13)
X 1712 L L
R|G)-3] +rxeltz+el
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" is the rate of divergence of the confinement: the larger I" is, the more abrupt is the
transition to the open reservoir. We take [ =5 and I+ = 20. Although the magnitudes
of I and I+ influence the quantitative predictions of the model, the qualitative behaviour
of the mobilities is similar so long as /i < . We impose the reservoir conditions at X =

+ ., In the left reservoir, we apply a voltage and pressure:

$(x = —o0) = AV (14)

P(x = —0) = AP (15)

In the right reservoir, the voltage and pressures are held fixed at reference values

arbitrarily set to zero:

d(x = +0) =0, P(x = +00) = 0 (16)

The total ionic density in both reservoirs is held fixed at pres =2Nac, and both reservoirs

are assumed to be electroneutral, such that:

(17)

Variation of ion mobilities py+ and normalized water—ion friction coefficients a:. We

impose the following profiles for the ionic mobilities:

x+£ x+%
tanh i — tanh i
bl | adj adj
we = (e = Hiconf) 1- ) T Hiconf (18)

with an adjustment length Aagi=0.3 nm. To qualitatively account for the reduction in
chloride mobility, we take p-¢°"f = 0.5 y-Puk, Similarly, we impose for the normalized

water—ion friction coefficients:
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I
ay = (1—aoM) | 1-— + .V (19)

Results. Calculations were performed using the finite element method (COMSOL).
Extended Data Fig. 7a—c shows the results of the above model for low water—wall
(Ao/ho=10%1 kg m~3 s71) and water—ion (a+ = 1 <> A+ /& = 0; a-= 0.7 < A-/&- = 0.43)
friction, and Extended Data Fig. 7d—f those for high water—wall (Ao/ho=10%2 kg m=3 s71)
and water—ion (a+ = a- = 0.01 equivalent to A+/é+=A-/¢&-=99) friction. We first note that
in both cases we reproduce the linear dependence of the streaming current on the
pressure gradient for both zero and non-zero applied voltages (Extended Data Fig. 7b,

e), in agreement with experiments (Fig. 3b, ¢, main text).

Low friction
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Extended Data Fig. 7 | Prediction of the streaming current from extended
Poisson—-Nernst—Planck modelling. a, Mobility without applied voltage as a function
of KCI concentration in linear—logarithmic coordinates for low water—wall friction and
a+ > a-. b, Streaming current per channel Isy for 300 mM as a function of the pressure
gradient AP/L for AV varying from =75 mV (blue data) to +75 mV (red data). For each
voltage, the dashed line corresponds to the linear fit of the data made to extract the
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mobility. ¢, Streaming mobility y normalized by the K+ electrophoretic mobility uK+
and plotted as a function of the applied voltage for KCI concentration varying from 100
mM (blue data) to 1 M (red data). d—f, Same as in a—c but with high water—wall friction
and a+ = a-. Parameters: a—c, Ao/ho= 10 kg m3 s, a+ = 1, a- = 0.7; d—f, Ao/ho =
10 kg m™3 s7%, a+ = 0.01, a- = 0.01. Dashed lines in a and d are guides to the eye
corresponding to a constant value of y and a linear variation with concentration,
respectively.

The low-friction results produce a quadratic dependence of the streaming mobility on
the applied voltage with a minimum mobility occurring for AV = Vmin< 0 (Extended Data
Fig. 7c). This qualitative behaviour is in agreement with the experimental results
obtained for graphite (Fig. 3d, main text). Likewise, the high-friction results reproduce
the linear dependence of the streaming mobility on AV (Extended Data Fig. 7f) that is
observed experimentally in hBN (Fig. 3e, main text). The frictional characteristics of
these results are consistent with the typically much lower friction (larger slip lengths)
observed on graphite than in hBN32232, We note that, in addition to taking low to
moderate values of A+ /é: = 0—1, it is necessary to take a+ > a- to recover the qualitative
behaviour of graphite. On the other hand, it is necessary to take a+= a- < ~ 0.1 to
recover the qualitative behaviour of hBN. This suggests that frictional interaction of the
wall with the ions is weaker generally in graphite, and that it is stronger for chloride
than potassium. In hBN, on the other hand, our results suggest that the frictional

interaction of the wall with the ions is fairly strong for both species.

The numerical results presented here for the low-friction (graphite-like) configuration
indicate that y(AV = 0) is independent of concentration, roughly consistent with the
minimal variation observed in the experiments (Fig. 2c, main text). However, the linear
dependence of the mobility on concentration for non-zero applied voltages (Fig. 3d, e,

main text) is not observed in the model (Extended

Data Fig. 7c). Conversely, at higher friction (Extended Data Fig. 7d—f), u(AV = 0) varies
strongly with the concentration, as well as the gated mobility (Extended Data Fig. 7f).
This suggests the possibility that the concentration, applied voltage and friction are

coupled in ways not accounted for in our simple model.
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Extended Data Fig. 8 | Total ionic concentration profiles from extended Poisson-
Nernst-Planck modelling. a—d, Total ionic concentration profiles as a function of the
normalized position x/L along the channel without (a, b) and with (c, d) applied
pressure for ¢ = 300 mM. The dashed vertical lines segregate the channel interior, x/L
€ (0.5, 0.5), from the left (x/L < —0.5) and right (x/L > 0.5) reservoirs. The curves are
coloured according to the applied voltage from =50 mV (blue) to 50 mV (orange). a,
The high-friction (hBN-like) configuration with AP/L = 0. b, The low-friction (graphite-
like) behaviour with AP/L = 0. ¢, The high-friction (hBN-like) configuration with AP/L =
30 mbar ym™. d, The low-friction (graphite like) behaviour with AP/L = 30 mbar yum™.

The numerical results depend crucially on the difference in water flow characteristics
between the two materials through the concentration-dependent permeance given in
equation (8). However, the nature of this dependence is intricate. Our numerical
results indicate that, in addition to the advective current engendered by the applied
pressure, the streaming current characteristics depend crucially on the modification of
the electrophoretic current lep < pE (figure not shown) via the modification of the
concentration and electrostatic fields by coupled voltage and pressure effects. An
example of the influence of voltage on the evolution of the concentration fields in the

presence of a fixed applied pressure gradient AP/L = 30 mbar um™ and a reservoir
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concentration ¢ = 300 mM is shown in Extended Data Fig. 8c, d. We see that both the
applied pressure and voltage induce modification of the concentration profile across
the channel (as well as inducing charge separation, not shown). The modification of
the concentration profile due to pressure is much stronger in hBN (Extended Data Fig.
8a, c), and it is also much more sensitive to applied pressure and voltage in hBN than
in graphite. This latter characteristic is consistent with the smaller streaming mobilities
observed in the graphite-like configuration observed in our numerical results
(Extended Data Fig. 7c, f). Additionally, we see that the evolution of the concentrations
under coupled AP-AV forcing is different in the two materials; it is this difference, and
the corresponding difference in the response of the advective and electrophoretic

currents, that determines the difference between the two material behaviours.

There are several aspects of the observations in graphite that we are not able to
reproduce: (1) the non-monotonicity of the dependence of u(AV = 0) on concentration,
(2) the linear dependence of the mobility on concentration when a voltage is applied
and (3) the magnitude of the mobilities measured at high concentration under an
applied voltage. Indeed, the model consistently predicts mobilities in the quadratic
(graphite-like) regime that are smaller than those observed in the linear (hBN-like)
regime (Extended Data Fig. 7c, f). This is not an issue of the voltage range examined,
as the mobilities are found to saturate or even reduce at much higher voltages.
Likewise, there is much that we have not included in our model: in particular, steric
effects and ionic correlations generally, as well as the ‘granular’ nature of water, which
might be important at this length scale. Nonetheless, the model does reproduce much
of the key qualitative behaviour, and its success depends on the strong differences in
the frictional characteristics of hBN and graphite, and further on the incorporation of
the retarding influence of the ions on the water transport, an effect that is exclusively
two-dimensional. Thus, these results illustrate the two-dimensional character of the

flow and the limit of the continuum description of matter.
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Graphite hexagonal Boron Nitride
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Extended Data Fig. 9 | Effect of the asymmetry of the system. a, b, Plots show
U(AV) versus AV as a function of asymmetry. a, Low-friction (graphite-like) behaviour.
In this plot we take ¢ = 100 mM, a+=1, a-=0.7, y =u+ + bulk, gy = . y- = 0.5 bulk and
Ao/ho=10% kg m=2 s71, as in the main text, while varying the geometric parameters I
and I, as indicated in the legend. b, High-friction (hBN-like) behaviour, ¢ = 100 mM,
a+=0.01, a-=0.01, y =y + + bulk, gy = p - - 0.5 bulk and Ao/ho=10 3 kg m=3 s7, as in the
main text, while varying the geometric parameters /1 and I'r, as indicated in a.

Geometric sensitivity. The effect of the reservoir geometry on the numerical model
predictions is illustrated in Extended Data Fig. 9. In this plot we show the influence of
both the relative and absolute magnitudes of /1 and [+ on the predicted u(AV)
responses for both the low-friction (graphite-like) and high-friction (hBN-like)
configurations. Between the blue and yellow curves, we vary the absolute magnitudes

of [ and I+ by an order of magnitude while keeping the ratio I/ fixed. We see that
the magnitudes of i and I+ have no influence on the qualitative (linear or quadratic)
behaviour of the mobility curves and have only a slight quantitative influence on the
graphite configuration. We also vary the ratio I/l (red and purple versus blue and
yellow curves). In the graphite response, we see that the minima in the red and purple
(Nl = 1/8) and the blue and yellow (I/l = 1/4) curves are coincident, even as we
vary the absolute magnitudes of [ and I+ by an order of magnitude. This indicates that
in our model, for fixed values of the friction coefficients, the asymmetry determines the
location of the minimum mobility in graphite. Likewise, in the hBN curves, we see that
the asymmetry is the only geometric characteristic that determines the slope of the

U(AV) curve.
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As a final note on the model geometry, a one-dimensional model of the type that we
have applied here is strictly valid only if the slope verifies |9xh| << 1. Formally, this
condition is not satisfied deep in the reservoirs. However, variations of the various
profiles in the reservoir occur over length scales that are found to be at most of order
the channel length L, so that |oxh| < [ho/L, which remains very small. Note furthermore
that reservoirs are included merely to qualitatively capture the influence of (1) the
device asymmetry and (2) the entrance/exit effects associated with the abrupt change
in anion mobility at the entrance and exit of the slit. Previous work using this approach
to include the reservoirs within a one-dimensional PNPS model was successful in
capturing the nontrivial qualitative behaviour of the ionic current under applied
pressures and voltages3“.
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Extended Data Fig. 10 | Influence of the friction parameters on the model
predictions. a—c, Plots show u(AV) versus AV for different concentrations (c = 100
mM, 300 mM and 1,000 mM) and frictional parameters. a, Lowfriction (graphite-like)
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behaviour. In this plot, we take a+=1, a-=0.7, y =u+ + bulk, y = . y- = 0.5 bulk and
Ao/ho=10'' kg m=3 s, b, Intermediatefriction behaviour, a+=0.02, a-=0.01, y =u+ + bulk,
U= p--0.5bulk and Ao/ho=5.10%*? kg m~2 s™L. ¢, High-friction (hBN-like) behaviour, a
= + 0.01, a-=0.01, y =u+ + bulk, g = y- = 0.5 bulk and Ao/ho=10*% kg m=2 s, d-f,
Pressure-induced variation of the normalized electric potential A = @(AV, AP = 30
mbar um™) - @(AV, AP = 0) plotted as a function of the normalized channel coordinate
x/L axis for AV = -50 mV, 0 mV and 50 mV. The dashed vertical lines segregate the
channel interior, x/L € (-0.5, 0.5), from the left (x/L < -0.5) and right (x/L > 0.5)
reservoirs. The curves are coloured according to the applied voltage from -50 mV
(blue) to 50 mV (orange). Panels d—f correspond to the parameters of a-c,
respectively. g, Table of the friction parameters corresponding to the data shown in a—
c. The table also shows the decomposition of Aw(C) into its three components for the
concentrations considered here.

Transition behaviour. In Extended Data Fig. 10a—c, we show the influence of the
friction parameters for high, low and intermediate friction on the gated mobilities, and
in Extended Data Fig. 10d—f we show the relative pressure dependence of the
normalized potential eA@/kT along the channel axis. Ag is defined as the potential
variation with an applied pressure Ag = @(AV, AP = 30 mbar ym™) — @(AV, AP = 0).
The modification of the electrostatic potential, and hence the electric field, under
coupled pressure—voltage forcing contributes—along with the modification of the
concentration field (Extended Data Fig. 8)—to the modification of the electrophoretic
current under an applied pressure. Extended Data Figs. 8 and 10 illustrate the complex
interplay of competing interactions that contribute to the surprisingly simple linear
streaming response observed in the model.

34. Jubin, L., Poggioli, A., Siria, A. & Bocquet, L. Dramatic pressure-sensitive ion
conduction in conical nanopores. Proc. Natl Acad. Sci. USA 115, 4063-4068 (2018).
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Chapter 7

Conclusions and Future work

7.1 Summary

This thesis presented experimental study of molecular transport through atomic-scale
apertures and capillaries made by graphene and other 2D materials using
nanofabrication methods. The structure and accurate geometric control of our
fabrication technique have showed great potential and proved itself a reliable
technique for the fabrication of integrated micro/nanofluidic devices. Based on our 2D
graphene nanofluidic capillaries, the proposed channel scheme quantitatively

measure mass transport in single to multiple of graphene capillaries.

We have explored how capillary device structure can be employed to experimentally
understand the physical interaction of molecules on different surfaces for gas
permeation and selectivity (chapter 4). lonic flows under such confinement has also
been discovered under pressure and voltage gradient to explore ion-water coupling
under such forcing (chapter 6). Gas permeation through atomic scale pores in WSz

membranes provide a quantitative relation of pores and gas flux (chapter 5)

This final chapter provides a perspective on the implications of these properties and
prospects for future work using these device structures and measurement systems. |
start by discussing the heterostructures made to create atomic scale spaces with van
der Waals materials, afterwards prospective future work that can build on these
fundamental explorations and to conclude some technological implications of this work

will be discussed.
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7.2 Properties explored in atomic scale spaces in 2D
materials

Van der Waals materials are known for their ability to detach into thinner layers and
stacked back together with no loss in atomic continuity. We exploited this property to
make ultra clean well-sealed atomic scale spaces for nanofluidic applications and took
it one step ahead in already developed technology. Atomic scale spaces created using
this method are like carbon nanotubes that possess similarly well-defined nanospaces

however, with precise control on dimensions and channel opening during fabrication.

The fabrication process of assembling a stack of three layers with the middle layer
being nanopatterned using electron beam lithography also allows for multiple
duplicates of the capillaries to be built in the same stack with sub-angstrom uniformity.
Micro spaces introduced in these heterostructures also have advantages over micro-
spaces in other materials like silicon dioxide, as they are perfectly sealed compared

to the porous and leaky nature of silicon dioxide.

In these structures helium atoms on impinging on a graphite surface reflect specularly
by giving enhanced flux 2-3 orders higher (<2 nm capillaries) than expected, as
demonstrated by Keerthi et al., Nature 558, 420-424 (2018). Selectivity of gases

relative to helium has remained unsettled.

In case of atomic vacancy defects the only way to inspect and confirm the atomic pore
formation is by AC-STEM, which is limited to relatively small areas. A quick method is
established to quantify the atomic vacancies created in monolayer WS2 membranes

validating the more than a century old Knudsen equation.

lon transport under mechanical and electrical forces in atomic scale capillaries
revealed transistor-like electro-hydrodynamic effect. Non-linear gating effect has been

observed under such forcing with pronounced material dependence.
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7.3 Future work

The idea of well-defined atomic scale capillaries produced by van der Waals
heterostructure has been exploited to study several other surface properties of fluids
and their interaction under such confinements (170, 171, 229). The interaction of a
range of liquid and gas molecules on the surface of any 2D material can be
understood. These structures come as a potential setup to study centuries old
guestions on properties like conductivity, capacitance, interfacial elasticity, interfacial
viscosity, contact angle, slip, permeability etc. at the molecular scale.

The enhanced helium transport through atomic scale capillaries shows potential for
ultrafast separation of different particles whose transport is impeded in these channels.
The monolayer nanochannels with 0.35 nm high spaces are particularly interesting to
check for filltration and separation applications, by size exclusion. However more
careful and sensitive measurement system is needed for separating molecules.
Capillary devices can be a good candidate for separation of gases i.e. volatile organic
compounds (VOCs) such as cyclohexane, toluene, benzene and xylene which have
the kinetic diameter above 6 A

The angstrom scale capillaries structure provides a good device to probe the material
properties further under such confinement. Properties of light waves, shock waves,
magnetic fields inside these spaces and along the edges of the graphene walls can
also be studied.

We expect that by engineering the fabrication methods, we can build nanofluidic
circuits responding to external stimuli which will enable investigation of water transport
like in biological channels such as aquaporins if more sensitive approaches of applying

stimulus (e.g. voltage) and precise measurement methods are implemented.
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