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ABSTRACT

TWO-DIMENSIONAL NANOPORE AND NANOPOROUS DEVICES FOR

MOLECULAR SENSING AND ION SELECTIVITY

Gopinath Danda

Marija Drndić

Nanopore-based devices provide the ability to detect, analyze and manipulate

molecules by monitoring changes in ionic current and sieving molecules dissolved in

an electrolyte. While devices with single nanopores can be used as molecular sen-

sors and analyzers, including as a possible high-throughput DNA sequencer, devices

with multiple nanopores (nanoporous devices) can be used to filter out ions from

solutions, with possible use in water desalination. Sensitivity and molecular flux can

be enhanced by using two-dimensional (2D) materials, like graphene and transition

metal dichalcogenides (TMDs), as the nanopore membrane. However, these devices

face challenges yet to be solved, including (a) fast DNA translocation velocity through

2D nanopores that limits temporal resolution required to achieve DNA sequencing,

and (b) sensitive fabrication techniques that prevents large-scale commercialization

of such devices. Additionally, TMD nanoporous membranes have been predicted to

possess higher permeability of water molecules than their graphene counterparts, but

no related experiments have been presented. In this dissertation, we explore not only

ways to tackle the stated limitations, but also perform ion selectivity measurements
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through ion-irradiated TMD nanoporous devices.

First, we investigate ionic flow and associated leakage currents in voltage-gated

graphene nanopores predicted to help slow down DNA translocation velocity. We

extract important parameters that can help reduce leakage currents while enhancing

the signal strength and gating control.

Next, we report DNA detection with high sensitivity through monolayer tungsten

disulfide (WS2) nanopores fabricated via electron-beam drilling and observe laser ir-

radiation induced expansion of the pore, which we are able to control with nanometer

precision. Follow-up experiments are performed, wherein we characterize this tech-

nique by irradiating intact suspended WS2 membranes to fabricate nanoporous mem-

branes and measure dependence of the induced defect sizes and density on laser power

density. This process can be fine-tuned in future studies to enable facile creation of

both nanopores and nanoporous devices based on TMDs.

Additionally, we study and calibrate sub-nm defect formation in suspended molyb-

denum disulfide membranes using ion-beam irradiation. Ionic current characterization

of the devices exhibits selective ionic transport, thus laying experimental foundation

for future studies on TMD-based nanoporous devices for water desalination.
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Chapter 1

Introduction

1.1 Motivation

Atomically-thin two-dimensional (2D) materials have been studied since 1940s, [177]

but the first isolation of such a nanomaterial - graphene, which is a single layer of

carbon atoms arranged in a benzene-ring structure - was demonstrated by Novoselov

et al. in 2004. [131] This discovery led to renewed interest in these novel nanomaterials

eventually giving rise to further isolation and investigation of a family of 2D materials

(transition metal dichalcogenides or TMDs, boron nitride, phosphorene, etc.) and

development of devices based on these materials. Low dimensionality of 2D materials

results in unique effects which are otherwise not seen in their bulk counterparts -

like band splitting due to quantum confinement, [114, 156, 187] ballistic electronic

transport (in graphene), [44, 116] band gap transitions (in TMDs like MoS2, WS2,

etc.), [45, 114, 145] and increased strength and flexibility [4, 76, 90] among others.
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Such improvements in electrical, mechanical and chemical properties of 2D ma-

terials over bulk forms have led to their utilization in a range of applications in-

cluding batteries and supercapacitors, [102, 141, 198] field effect transistors (FETs),

[20, 36, 97, 100, 131, 154] flexible and transparent electronics, [7, 20, 74, 77, 89, 180]

solar cells and photodetectors, [60, 166, 171] catalysts, [5, 21, 170, 197] molecular

sensors, [34, 55, 56, 103, 105, 121, 152, 209] and filtration devices. [26, 69, 133, 134,

147, 165, 168, 204]

In our work, we utilize the atomic thickness and ionic impermeability of 2D sheets

to make transmembrane devices, [55] which can be modified to contain nanoscale

defects allowing only molecules of specific sizes to pass through, creating molecular

sensors [34, 121] and filters. [168] Using such atomically-thin 2D materials can provide

advantages over prevalent thicker 3D membrane materials such as stronger signals for

molecular detection [56] and larger flux for filtration purposes. [26]

In the following subsections, I will provide a brief introduction to the concepts of

nanopore sensors and nanoporous filters and the advantages of using 2D materials

in these devices, before moving to specific details of experiments and results in the

following chapters.

1.2 Nanopore Sensors

The concept of nanopore sensors is based on Coulter counters, [32] where a thin

membrane with a single pore in it divides two reservoirs of ionic electrolytes. When

a voltage is applied to the electrolyte across the membrane, ions flow through the
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pore constituting an ionic current. If a charged particle, smaller than the size of

the pore, is introduced in the solution, it can be driven through the pore due to

the electric field across it. As the particle passes through or translocates through

the pore, it will reduce (or in some cases enhance) the ionic concentration inside the

pore, resulting in a change in the ionic current (referred to as a translocation event),

which is dependent on the size and charge density of the particle. Usually Coulter

counter pores are in the micrometer regime and finds use in counting cells and other

micrometer-size particles. However, if these pores are fabricated in the nanometer

regime, they can be used to detect and analyze sub-micrometer molecules, including

biomolecules. Device schematic of such a nanopore device based on graphene and the

corresponding DNA translocation events are shown in Figure 1.1. [121] One of the

most common application of nanopore sensors is in DNA sequencing. [39, 126, 173]

Figure 1.1: Left: Device schematic of a few-layer graphene (1-5 nm thick) suspended
over a 1 µm diameter hole in a 40 nm thick silicon nitride (SiN) membrane. Right:
Time traces of ionic current showing DNA translocations for a 7.5 nm nanopore with
1 nM 15 kbp dsDNA at 100 mV applied bias, with the corresponding TEM image
of the nanopore on the bottom left and concatenated sequence of sample events on
the bottom right. Adapted with permission from [121]. Copyright 2010 American
Chemical Society.

Nanopore sensors should be able to sequence single stranded DNA by discrimi-

3



nating its four nucleotides (adenine, thymine, guanine, cytosine) due to their sub-

nanometer size difference which would result in different levels of ionic current block-

age. [47, 175] In fact, protein nanopores like α-hemolysin [25, 72] and MspA [41]

have been shown to successfully detect and sequence DNA. However, use of such

nanopores and associated membranes and enzymes require specific restrictive con-

ditions to be fulfilled like ionic concentration, temperature, solution pH values, and

so on, to function properly, and provide no control over nanopore size, [40] making

large scale commercialization and integration with current electronics difficult. This

motivated the development of solid-state nanopores.

1.2.1 Solid-State Nanopore Sensors

Solid-state nanopore sensors are generally based on silicon-based membranes like sil-

icon nitride, [94] silicon oxide [163] and amorphous silicon. [146] Lithographic tech-

niques common in the semiconductor industry can be adapted with relative ease

to fabricate suspended silicon membranes, in which nanopores can be drilled with

nanometer precision either using a focused electron beam [163] or using the recently

developed voltage-induced breakdown. [191] This enables the use of such sensors not

only for DNA sequencing applications, but also for detection and analysis of molecules

with variety of sizes and structures like RNA [183] and gold nanoparticles. [176] Sur-

face modification can also be performed to further customize the sensors for specific

purposes. [184]

While solid-state nanopores, when compared to their protein counterparts, are

relatively more robust to chemical and mechanical conditions, provides more control

4



over nanopore dimensions and can be integrated with ease to existing semiconductor

technologies, they have their own drawbacks:

Spatial Resolution Limit Silicon-based pores are unstable below 1 nm thickness.

[146] As the DNA nucleotides are thinner in comparison (∼ 0.3 nm), during

DNA translocation there would be at least 3 consecutive nucleotides inside a

1 nm pore at a single time thereby requiring discrimination of at least C(4, 3)

= (3+4−1)!
3!(4−1)!

= 20 different ionic current levels (allowing for base repetition), and

even then the nucleotides can be differently ordered for the same signal (i.e.,

{ATG} would give the same current drop as {AGT}, {TAG}, {TGA}, {GAT}

or {GTA} resulting in a total of P(4, 3) - C(4, 3) = 43 - 20 = 44 undetected

combinations).

Temporal Resolution Limit DNA translocates extremely fast (∼ 30x106 nt/s) [51]

and current electronics is not fast enough to detect signals at that frequency

(i.e., 30 MHz). It would require either high bandwidth, low noise signal de-

tection electronics [155] or manipulation of DNA velocity to get the required

temporal resolution for single-base discrimination.

Some of these discussed problems can be mitigated, if not eliminated, by the use

of 2D materials.

1.2.2 2D Nanopore Sensors

The ionic conductance of the pore is inversely proportional to the thickness of the

membrane as given by:

5



G =
I

V
= σ

( 4L

πd2
+

1

d

)−1

(1.1)

where G is the conductance of the nanopore, I is the ionic current signal, V is

the applied voltage, σ is the electrolyte conductivity, L is the membrane thickness

and d is the diameter of the pore. This would mean a thinner membrane will give

rise to a stronger signal. Atomically-thin 2D nanopores can as a result provide the

maximum available signal owing to the minimum thickness of a single atom. In fact,

the equation becomes simpler for 2D materials as the first term becomes negligibly

small and the signal becomes dependent only on the nanopore diameter and the

electrolyte concentration:

G = σd (1.2)

For the purpose of DNA sequencing, single base resolution is also predicted to be

possible by using 2D materials, as the thickness of such nanopores approach that of

a single base thickness (thickness of graphene ∼ 0.3 nm).

Limitations of 2D nanopore sensors

2D nanopores have been demonstrated not only to detect DNA translocations [34,

55, 56, 103, 105, 121, 152, 209] but also to differentiate between different nucleotides.

[47] However, to achieve DNA sequencing, the temporal resolution limit still needs

to be solved, as the DNA velocity through 2D materials is comparable to that of

silicon nanopores (∼ 20-100x106 nt/s [34, 56, 103, 105, 121, 152, 209]) as shown in

6



Figure 1.2: (a) Translocation velocity of 15 kbp dsDNA as a function on applied volt-
age bias through graphene nanopores. Adapted with permission from [121]. Copy-
right 2010 American Chemical Society. (b) Scatter plot of translocation events of 48
kbp λ-DNA through molybdenum disulfide (MoS2) nanopores. Adapted with per-
mission from [103]. Copyright 2014 American Chemical Society. (c) Translocation
event length for 10 kbp dsDNA as a function of applied voltage bias through boron
nitride (BN) and silicon nitride (SiNx) nanopores. Adapted with permission from
[105]. Copyright 2013 John Wiley and Sons.

Figure 1.2. While there is ongoing research to enable high bandwidth amplifiers,

[148, 155] slowing down of DNA is also being considered by utilizing pressure, [200]

temperature, [12, 51, 193] light [42] and voltage [174] as controls.

Another limitation of solid-state nanopores is the use of focused electron beam,

specifically, transmission electron microscopy (TEM), to drill nanopores (Figure 1.3a),

[163] which makes large-scale production of nanopore devices difficult. Recently,

voltage-induced breakdown of dielectric membranes [86, 191] has been shown to form

nanopores (Figure 1.3b) but the location of which is hard to predict. Voltage-induced

electrochemical reaction of 2D membranes have also shown a similar effect [49] al-

though the underlying mechanism is not yet well understood.

TMD membranes are also known to be electrochemically active under laser illu-

mination. [6, 19, 53, 111, 136] This property can possibly be engineered to not only

7



Figure 1.3: (a) Schematic of electron beam drilling of nanopores (top) and TEM
image of an e-beam drilled ∼ 10 nm silicon nanopore (bottom). Adapted with per-
mission from [163]. Copyright 2003 Springer Nature. (b) Voltage-induced dielectric
breakdown of SiN to fabricate nanopores (1-4), leakage current densities with varying
electric field (bottom-left), and ionic current monitoring during nanopore fabrication
(bottom-right). Adapted from [86].

fabricate nanopores in suspended TMD membranes but also to control their sizes.

Laser-induced damage and how to prevent such damage to preserve its optoelectronic

properties [2] have been studied in literature, but there has been no study on how to

control such damage and use it for nanopore applications.

In Chapter 3, we explore the above two limitations of 2D material-based nanopore

sensors in detail. Particularly, we study graphene nanopores and analyze leakage cur-

rent associated with voltage application to such nanopores necessary for voltage-

induced DNA velocity control. We also investigate the use of monolayer tung-
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sten disulfide (WS2) nanopore sensors for DNA detection and the effect of laser-

illumination on the nanopores in solution.

1.3 Nanoporous Membranes

Reverse osmosis (RO) is the most common method of desalinating water currently.

It involves transport of water molecules through the gaps in a porous media (usually

made up of a polymeric matrix) by applying high pressure, while filtering out hy-

drated salt ions by the small size of gaps (0.3-0.6 nm) in the matrix. [138] For a RO

membrane, optimization of the following properties is important:

Permeability High rate of water transport through the membranes or permeabil-

ity would result in faster filtration. For polymeric membranes, as the water

molecules have to travel through a micrometer-thick matrix, the permeability

tends to be quite low (< 1 L/cm2/day/MPa). [1] This results in much high

driving pressure requirement when compared to other filtration techniques (like

nanofiltration, ultrafiltration, etc.), which in turn results in relatively higher

energy usage. [172]

Selectivity or Rejection Ratio Membranes need to be highly selective (i.e., can

get rid of most of the dissolved salt) to enable high quality filtration. The

rejection ratio (R) is given by [172]:

R = 1− cp
cf

(1.3)
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where cp is the permeate (or collected water) ionic concentration and cf is

the feed ionic concentration. This is determined by the average pore size of

the membrane which needs to be < 0.7 nm to prevent hydrated salt ions from

passing through while allowing passage of water molecules unhindered (diameter

of water molecule ∼ 0.6 nm). [26, 28]

Mechanical Stability The membranes need to be able to withstand high pressures

(0.5-12 MPa) associated with the RO process. [172]

On top of these factors, cost and efficiency are also important aspects to consider

as they can limit large-scale adoption of the technology.

1.3.1 2D Nanoporous Membranes

2D materials have grown in popularity as possible RO membranes as they provide

advantages over traditional membranes. Due to their atomic thickness, the water

permeability for such membranes is expected to be high (> 10 L/cm2/day/MPa). [26]

2D membranes are also known to possess very high mechanical strength, graphene

being the strongest material reported yet. [14, 27, 90, 104] Techniques have been

developed to introduce sub-nm defects in intact 2D membranes using ion irradiation

[92, 109, 132] and chemical or plasma etching. [79, 133, 179, 188] All of these factors,

coupled with reproducible CVD growth techniques and large-scale transfer procedures

of 2D materials, [7, 75, 77, 97] have given rise to intense research in this field in recent

years.

Graphene membranes have been studied as desalination membranes both the-
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Figure 1.4: (a) Molecular dynamics (MD) simulation of water desalination through
graphene nanoporous membranes. Adapted with permission from [26]. Copyright
2012 American Chemical Society. (b) Experimental study of ion selectivity of
graphene nanoporous membranes fabricated using ion-beam irradiation and subse-
quent oxidative etching. Adapted with permission from [132]. Copyright 2014 Amer-
ican Chemical Society.

oretically and experimentally (Figure 1.4). It has been predicted using molecular

dynamics studies that pore size and functional group termination of defects affect

both permeability and ion selectivity, showing a minimum pore diameter of ∼ 0.4

nm to effectively block hydrated salt ions (K+, Na+, Cl−), [204] while functionalized

negatively charged pore diameters of ∼ 0.5-0.7 nm to selectively allow K+ ions com-

pared to Na+ and Cl− ions. [26, 158, 204] Ion selectivity have been demonstrated for

graphene membranes with nanometer size (< 2 nm) [69, 165] and sub-nm (∼ 0.4 nm)

defects [132] in previous experimental studies.

TMDs, on the other hand, haven’t been explored experimentally as desalination

membranes even though they can have a number of advantages over graphene mem-

branes. Firstly, TMD nanoporous membranes have been predicted to have ∼ 70%

better permeability when compared to graphene ones, which was attributed to the

presence of a combination of hydrophilic and hydrophobic atoms in the TMD de-
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Figure 1.5: MD simulation of water desalination through MoS2 nanoporous mem-
branes, showing 70% higher permeability than graphene counterparts. Adapted from
[66].

fects, giving it an effective hourglass structure, leading to better channeling of water

molecules than graphene defects (Figure 1.5). [63, 66] Secondly, while ion bom-

bardment is known to be an effective tool for fabrication of sub-nm defects in 2D

materials, it alone cannot easily create defects large enough for desalination pur-

poses in graphene due to possible defect migration [81] and carbon contamination,

[119] and hence, requires specialized post-irradiation etching steps for expansion of

the ion-irradiated defects. [132] However, such defect migration is expected to be

fundamentally different in TMDs due to the presence of two dissimilar atoms ar-

ranged in a three-layer sandwich structure, [196] while carbon contamination is ex-

pected to be relatively less obtrusive compared to graphene (as graphene is primarily

made up of carbon itself), as a result, requiring further investigation to understand

the suitability of nanoporous TMD as desalination membranes. Lastly, intrinsic de-

fects in TMD membranes are particularly susceptible to electrochemical reactivity,

[6, 19, 34, 53, 111, 136] which can possibly be tuned to fabricate nanoporous mem-

branes at low cost compared to other currently used techniques requiring high-vacuum
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environments. [79, 92, 109, 132, 133, 179, 188] Understanding of the underlying pro-

cess is required to better explore its applicability as nanoporous membrane fabrication

technique.

In Chapter 4, we develop procedures to fabricate and test nanoporous TMD

membranes. We observe the effect of laser illumination on intact suspended WS2

membranes in an aqueous environment and characterize the resulting porous mem-

branes. We also investigate ion-irradiated MoS2 membranes as possible selective

membranes via ionic measurements through the induced sub-nm defects.

Before we move onto the experimental details of the individual projects, I will

describe the fabrication steps of nanopore and nanoporous devices in the next chapter

(Chapter 2), some of which are common between devices.
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Chapter 2

Device Fabrication

A typical two-dimensional (2D) membrane device consists of a supporting window,

or free-standing membrane, with an opening or pore in it on which the 2D mem-

brane is suspended. Silicon nitride or silicon oxide windows are generally used as the

supporting window due to the availability of well established solid state lithography

techniques for silicon-based electronics. The pore in the window can be fabricated by

using a focused ion beam (FIB), on which the 2D material can be transferred using

either bubble transfer (for graphene), etch transfer or exfoliation. The nanopore in

the 2D membrane suspended over the FIB pore can then be fabricated using a trans-

mission electron microscope (TEM), while nanoporous membranes can be made by

FIB irradiation or, in the case of TMDs, laser irradiation. This chapter describes the

fabrication steps in more detail.
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2.1 Support Chip Fabrication

2.1.1 Lithography

To make 2D nanopore devices, silicon-based support chips in the form of free-standing

windows are first fabricated using standard solid state lithography. 4 inch diameter

silicon/silicon dioxide (Si/SiO2) wafers of thickness 525 µm/5 µm were ordered from

NOVA Electronic Materials, LLC (<100> lattice oriented, phosphorus-doped, 1-10 Ω-

cm resistivity). 50 nm or 100 nm thick low stress silicon nitride (SiNx) was deposited

on both sides by Cornell Nanofabrication Facility, which serves as the support layer

for subsequent 2D suspended membranes. The goal was to fabricate suspended SiNx

square windows with sides of 10-50 µm. It should be noted here that window refers to

a suspended thin membrane that is supported on all edges by the underlying thicker

Si. The underlying SiO2 plays an important role in reducing higher order device noise

during ionic measurements, the thickness of which is a major factor. [8]

The entire lithography process is shown in Figure 2.1a-i. The wafer is first spin-

coated with negative photoresist NR7 on one side and positive photoresist S1818 on

the other side. The NR7 side serves as the back side of the wafer which would be

patterned using a custom negative chrome mask designed using Heidelberg DWL 66+.

The chrome mask helps in patterning 5 mm x 5 mm chips with break lines at the

edges and a 660 nm x 660 nm square pattern in the middle, which would serve as the

backend etching window of the underlying wafer. The S1818 serves as a protective

coating for the top side SiNx layer for subsequent etching steps. The wafer is pre-

annealed at 115oC for 3 minutes, followed by patterning using Karl SUSS MA-4 or
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Karl SUSS MicroTec MA-6 mask aligner at 365 nm with a dose of 5 mW/cm2 for

3-4 seconds and post-annealing at 115oC for 3 minutes. 7 second immersion in RD6

developer is used to remove the developed pattern. The wafer is then cleaned using

DI water in an overflow bath.

Figure 2.1: (a-i) Lithography steps to fabricate free-standing silicon nitride support
windows. (j) Optical image of the trench side of a wafer with ∼ 100 chips. (k) SEM
image of a 50 µm x 50 µm square free-standing SiNx window on a SiO2/Si substrate.

The exposed SiNx is dry etched using Oxford PlasmaLab 80+ reactive ion etcher

with SF6 with a plasma power of 50 W and pressure of < 30 mT for 10 minutes. The
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underlying SiO2 is then isotropically etched using buffered oxide etch solution (BOE,

5:1 volume ratio of 40% NH4F in water to 49% HF in water) for 70 minutes, which also

causes some under etching. It should be noted here that this under etching is taken

into consideration during the chrome mask fabrication, to make sure the final SiNx

window has the desired dimensions. To verify that all of the SiO2 is etched away,

Filmetrics F40 film thickness meter is used to measure SiO2 thickness at multiple

patterned locations.

The residual photoresist is stripped off using acetone/isopropanol before the wafer

is immersed into a 40% by weight KOH solution. The solution is heated to 70C and

stirred using a magnetic stirrer. The KOH etches the exposed Si anisotropically at an

angle of 54.7o to the <100> top side to form tetrahedral pits which end into square

windows of SiO2/SiNx on the other side of the wafer. The process is run for ∼ 22

hours till the Si pits are terminated by the SiO2. This is verified by checking for the

square windows in an optical microscope every 30 minutes after the first 20 hours

of etching. The variability in the etching times give rise to a range of window sizes

between 10-50 µm. Finally, DI water is used to clean the wafer.

S1818 is drop coated on the SiNx side to protect it from the next etching step,

and left to dry overnight in a fume hood. The wafer is then immersed in the BOE

for 110 minutes, making sure there are no air bubbles trapped in the Si pits, to etch

the underlying SiO2 and release the SiNx windows, which bulge up to form the final

windows. Finally, the resist is removed using acetone/isopropanol. A finished wafer

containing ∼ 100 chips and a scanning electron microscope (SEM) image of an ideal

50 µm SiNx window are shown in Figure 2.1j and k, respectively.
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2.1.2 Focused Ion Beam (FIB)

Focused ion beam (FIB) is an instrument which scans a focused beam of ions, like

gallium (Ga+) or helium (He), over a sample and, by measuring the amount of ions

scattered, can construct an nanoscopic image of the sample. Due to the higher kinetic

energy of the ions compared to electrons (which is used in a similar fashion in a

scanning electron microscope or SEM to image samples), FIB can also be used to

ablate, deposit and pattern materials. For our purposes, we use a FIB to drill pores

in our free-standing windows by focusing the ion beam on single spots instead of

scanning it.

To suspend the 2D material, a pore is drilled near the center of the SiNx window

using Ga+ focused ion beam (FIB) FEI Strata DB235 instrument, shown in Figure

2.2a-b. An acceleration voltage of 30 kV and an ion beam current of 1-10 pA is used in

the spot mode to obtain a circular (if the ion beam is well aligned) or elliptical (if the

ion beam has astigmatism) pore with an effective diameter of 60-200 nm in a 100 nm

thick SiNx window. The beam was calibrated and it was observed that the minimum

pore size (effective diameter ∼ 60 nm) was obtained for 1 pA ion beam current and

a spot mode drilling time of ≥ 4 seconds for a perfectly aligned ion beam. A shorter

time would thin the window without actually drilling through (Figure 2.2f). Scanning

electron microscope (SEM) and transmission electron microscope (TEM) images of

various sized FIB pores obtained from different doses are shown in Figure 2.2c-d and

e, respectively.

The size of the suspended 2D material area, i.e., the FIB diameter, plays a role in

the noise of the device during ionic measurement, strength of the 2D membrane and
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Figure 2.2: (a) A FEI DB235 FIB instrument showing the FIB column, SEM column
and sample chamber. (b) As the FIB column and SEM column are aligned at an
angle of 54o to each other, the sample window is located using the SEM and then
rotated before the FIB drilling is performed. (c-d) SEM images of FIB drilled regions
for various ion beam currents and drilling times. SEM images are not enough to
determine whether the pore has formed due to its resolution limit. (e) TEM image of
the smallest FIB hole that can be drilled (effective diameter ∼ 60 nm) using the FEI
DB235 FIB instrument. (f) TEM image of a typical FIB thinned region obtained for
drilling times < 4 s at 1 pA ion beam current.

can also affect the ionic conductance of the pore (if the FIB diameter is comparable

to the actual 2D nanopore diameter). As a result, care should be taken when making

the FIB pores depending on the requirements of the device application.

Suspending 2D materials on large FIB pores can lead to tears and weak mem-

branes, or partial coverage. As a result, for applications requiring a large 2D sus-

pended area, like desalination, array of FIB pores can be used to make multiple

smaller 2D membranes which is more resilient than a single large membrane. This
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Figure 2.3: (a) SEM image of the smallest FIB pore of 400 nm achieved in patterning
mode with ion beam current of 100 pA and dwell time of 0.8 s. (b-c) SEM images of
the FIB array with individual pore diameters of 400 nm and inter-pore distance of 5
µm.

can be achieved by designing and loading a patterning mask for the FIB software

and running the FIB ion beam scan. As the patterning happens in scanning mode,

the drilling times are different when compared to spot mode, thus requiring fresh

calibration. It was found that for small beam currents (1-10 pA), very high beam

dwell times, i.e., time the beam spends at each spot of the pattern, are generally

required leading to either unfeasible total patterning time or drifting of beam during

patterning. After calibration, a beam current of 100 pA and beam dwell time of 0.8

s was found to give FIB pores with ∼ 400 nm diameter reproducibly. A typical FIB

array fabricated using the above parameters is shown in Figure 2.3.
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2.2 Graphene

2.2.1 Growth

Chemical vapor deposition (CVD) was used to grow graphene using copper as a

catalyst. 99.999% pure copper foil (Alfa Aesar) was cut into rectangular sheets and

cleaned using a 30% by volume HCl solution. The foil was then put on a quartz boat,

inserted in a 1-inch-diameter tube furnace and heated up to 1050oC in argon (Ar)

and hydrogen (H2) at flow rates 350 sccm and 20 sccm, respectively, at a ramp rate

of ∼ 50oC/min. It was followed by annealing at 1050oC in 500 sccm Ar and 20 sccm

H2 for 15 minutes, followed by cooling to the growth temperate of 1000oC at a ramp

rate of -10oC/min. 500 sccm Ar, 20 sccm H2 and 10 sccm methane (CH4) were flowed

through the tube for 15 minutes at 1000oC followed by turning off CH4 and rapid

cooling to facilitate graphene nucleation and growth on top of the copper catalyst.

This growth was used to obtain film of monolayer graphene. The growth schematic

is shown in Figure 2.4.

Figure 2.4: CVD growth of graphene.
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2.2.2 Characterization

The graphene obtained using the previously described growth method is generally

large continuous monolayers. To confirm the monolayer character and the quality of

the graphene, Raman spectra was obtained at multiple positions on the graphene.

The acquisition was done on a Raman NT-MDT Nova upright Raman system using a

532 nm laser as the excitation source with filtering such that the sample was exposed

to < 3 mW laser power to avoid sample heating and/or deterioration.

Figure 2.5: Raman spectra of monolayer graphene.

The background noise from the copper substrate was fitted by a polynomial func-

tion and subtracted. The remaining two distinct peaks at 1578 cm−1 (G peak) and

2685 cm−1 (2D peak) were fitted to single Lorentzians. The presence of a single,

narrow Lorenztian shape of the 2D peak, with a small full-width-half-maximum or

FWHM (∼ 28 cm−1) generally confirms monolayer characteristics, while the presence
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or absence of the defect peak, normally appearing at 1350 cm−1, gives an indication

of the quality of the graphene. Raman spectra obtained from our monolayer graphene

is shown in Figure 2.5.

2.2.3 Bubble Transfer

The use of a conducting growth catalyst (copper) allows the possibility of using an

ionic solution and voltage bias to delaminate the graphene from its copper growth

substrate without affecting the graphene.

The graphene-on-copper foil was cut into 5 mm x 5 mm individual pieces (same

as the chip dimensions), each of which was taped to cover slips by the edges. Each of

the cover slips were spin-coated with PMMA at 4000 rpm for 45 seconds, followed by

drying at room temperature (RT) for at least 5 minutes. The foil piece was carefully

untaped from the cover slip, ensuring minimum number of creases on the foil, and

straightened by pressing it between two cover slips lightly. A springy tweezer was

used to hold the foil by the edges, which were not coated with PMMA, and was

slowly immersed in a 1.2 M sodium hydroxide (NaOH) solution. An 8 V voltage was

applied between the copper/tweezer (-ve) and a graphite electrode (+ve) dipped in

the NaOH solution using a voltage source. This voltage bias results in formation

of H2 bubbles due to electrolysis of water at the copper-graphene interface, [37, 54]

thereby delaminating the PMMA-graphene layer off the foil. The transparent PMMA-

graphene layer was then scooped off from the NaOH solution with the help of a

small piece of hydrophobic polyethylene terepthelate (PET) and transferred to DI

water. This was repeated multiple times to remove the bubbles stuck underneath the
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graphene and also to remove any salt contamination from the NaOH solution. The

major steps of this process is illustrated in Figure 2.6.

Figure 2.6: Bubble transfer of graphene.

Prior to transfer, the silicon nitride chip was cleaned using Piranha solution (1:3

by volume H2O2:H2SO4) at 200oC for at least 20 minutes. This not only cleans the

chip from organic impurities but also makes it hydrophilic, which makes it easier

to scoop the PMMA-graphene layer from the water. After scooping the PMMA-

graphene layer onto the chip, the chip was allowed to dry overnight in the fume hood

at RT. The PMMA was then removed by immersing the chip in acetone for at least

30 minutes and subsequently cleaning it with isopropyl alcohol (IPA). The chip was

dried with a nitrogen gun and annealed in a rapid thermal annealer (RTA) at 350oC
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for 90 minutes in 95% Ar/5% H2 environment.

2.3 Tungsten Disulfide (WS2)

2.3.1 Growth

WS2 monolayers were synthesized by CVD through a method reported by Kim et

al. [75] First, a rectangular piece of silicon oxide (SiO2) substrate was cleaned using

Piranha solution and UV ozone. It was then spin-coated with solutions of 2% sodium

cholate and ammonia metatungstate (15 mM) at 4000 rpm for 15 seconds each. After

the substrate dried, it was positioned in the middle of a 1-inch-diameter one-zone

tube furnace in addition to ∼ 70-100 mg sulfur powder on a small silicon piece, which

was placed upstream at a certain position from the middle of the furnace such that

the sulfur temperature reached 150oC when the actual furnace temperature reached

800oC (the growth temperature). This temperature-position calibration was done

beforehand using a thermometer. After the tube was flushed with 1000 sccm Ar for

20 minutes, the furnace was heated up to 800oC with 100 sccm Ar at a ramp rate of

∼ 70oC/min and H2 was introduced at a flow rate of 15 sccm. After 10 minutes, the

H2 was turned off and the substrate was rapidly cooled to RT by pushing the tube

out of the furnace and turning the furnace off. Although this growth method gives

a range of flake densities, the percentage and size of the monolayer flakes are good

enough for our purposes. The growth schematic is shown in Figure 2.7.
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Figure 2.7: CVD growth of WS2.

2.3.2 Characterization

WS2 grown by the above methods produces triangular flakes ranging between mono-

layer and few-layers with a majority population of monolayers, and flake side length of

10-50 µm. Monolayers of WS2 can be easily distinguished by their almost transparent

appearance (compared to more opaque few-layer flakes) on the growth substrate in

an optical microscope. Figure 2.8 shows the material characterization of vapor-grown

WS2 triangular monolayers.

Atomic force microscope (AFM) scans were performed in a Bruker Dimension Icon

operating in tapping mode. A uniform thickness of ∼ 0.7 nm is the ideal thickness

for a monolayer flake. [164]

Raman spectroscopy was performed in a NT-MDT NTEGRA Spectra with an

excitation laser wavelength of 532 nm with spectral resolutions of 0.5 cm−1. The

Raman spectrum of monolayer WS2 consists of the four primary modes - first-order

in-plane acoustic mode, LA(M) (175 cm−1), second-order in-plane acoustic mode,
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Figure 2.8: (a) AFM scan of a monolayer WS2 flake. The line profile in white indicates
a thickness of 0.7 nm, which corresponds to a monolayer. (b) Raman spectra (λ = 532
nm) of a monolayer WS2 flake with indicated primary modes. (c) Photoluminescence
(PL) spectra of a pristine suspended monolayer WS2 membrane showing three spectral
components: neutral exciton (X0), trion (XT ), and defect (XD). (d) Gaussian blur-
filtered AC-HRSTEM lattice image taken at 80 kV. The inset is a SAED pattern with
expected (100) and (110) diffraction spots. Adapted from references [34] and [33].

2LA(M) (353 cm−1), first-order in-plane optical mode, E’ (Γ) (357 cm−1), and first-

order out-of-plane optical mode, A1’ (419 cm−1) - and their derivative peaks. [164]

The higher relative intensity of the 2LA(M) to A1’ mode and the absence of a peak

at ∼ 310 cm−1 can suggest high monolayer quality of a flake. [205]

Photoluminescence (PL) measurement can also be used to confirm whether the

flake is monolayer. An excitation wavelength of 532 nm (spot size = 940 nm) and

incident laser power of ∼ 50 µW were used to prevent unwanted laser-induced degra-

dation during measurements. [19] A very strong PL signal obtained near the direct

bandgap value of WS2 (∼ 2.05 eV) can verify the monolayer quality of a flake. [64] The

spectrum is curve-fitted to three Lorentzian components - namely the neutral exciton

(X0), the trion (XT ) and the defect-related (XD) peaks, which are centered around ∼

2.02, 1.99 and 1.88 eV, respectively. [24, 34] The average spectral weight percentages

of the X0, XT and XD peaks for our monolayer as-grown flake was observed to be ∼
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74%, 25% and 1%, respectively.

Transmission electron microscope (TEM) images and selected area electron diffrac-

tion (SAED) patterns taken in a JEOL JEM-2010F TEM operating at an accelerating

voltage of 200 kV provides information about the lattice orientation and quality of

the suspended regions. However, devices on which ionic measurements are performed

are not subjected to such high electron accelerating voltages, as 2D materials can

get easily damaged by the high energy electron beam. High-angle annular dark field

(HAADF) aberration corrected high resolution scanning transmission electron mi-

croscope (AC-HRSTEM) images obtained in FEI Titan G2 S/TEM operating at an

accelerating voltage of 80 kV causes less damage and was used to obtain atomic reso-

lution images of the suspended membranes. A Gaussian blur filter was applied to the

AC-HRSTEM images using ImageJ software in order to reduce contrast from carbon

contamination.

2.3.3 KOH-Etch Transfer

The WS2-SiO2 growth substrate was broken into ∼ 5 mm x 5mm or ∼ 10 mm x 5

mm pieces using a diamond cutter, and spin coated with PMMA at 4000 rpm for

45 seconds. The pieces were allowed to dry in the fume hood at RT for at least 5

minutes and then carefully dropped on the surface of 1M KOH solution being heated

at 75oC. For the 10 mm x 5 mm pieces, the PMMA coated substrate was first scratched

through the middle using a razor before putting it in KOH. This was done so that the

PMMA-WS2 layer separates into 5 mm x 5 mm chip-sized sections during the etch.

Once the underlying SiO2 etches away, the substrate sinks into the solution leaving
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the PMMA-WS2 layer afloat, which was transferred to DI water using a PET sheet to

clear off any bubbles and clean salt contamination. After being washed in DI water for

at least 1 hour, the flakes were then transferred using one of two methods described

next. For both the methods, the SiNx chip was subjected to Piranha cleaning before

the transfer.

Micropositioning

The first method is a micropositioning technique which is useful for growth with low

flake density and is illustrated in Figure 2.9. The PMMA-WS2 layer was scooped

from the DI water bath using a glass slide with the WS2 side down and allowed

to float on top of the glass slide. A glass slide with double-sided Kapton tape was

pressed over the PMMA to secure it to the tape being careful that no folds appeared

on the PMMA. The glass slide with the PMMA was aligned over the SiNx window,

which was secured to a separate glass slide, with a micromanipulator attached to an

optical microscope. Two Kapton tape pillars were attached to the substrate slide

edges to help achieve good contact between the flake slide and the substrate slide.

A monolayer flake was selected on the PMMA in the optical microscope and the

micromanipulator was used to position the flake over the SiNx window. The flake

was lowered onto the sample until it contacted with the substrate and pressure was

applied to secure the two slides together. The final SiNx assembly was detached from

the micromanipulator and immersed in an acetone bath overnight. The substrate

separates from the assembly in acetone and was cleaned with ispropanol and dried

with N2 before annealing at 300oC for 90 minutes in 95% Ar/5% H2. Annealing was
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a crucial step as it was found to prevent delamination of the flakes when the device

interacts in a liquid environment during ionic measurements.

Figure 2.9: (a-f) Major steps of the micropositioning procedure. (g) The desired flake
(red) during alignment is visible under the optical microscope through the glass, tape,
and PMMA and is positioned over the SiNx window. (h) The flake after being lowered
onto the sample showing good contact between the flake and the final substrate
surface, as evidenced by the substrate surface and flake being in the same focal plane.
(i) SiNx window with the transferred flake post overnight acetone bath. All scale bars
are 40 µm. Adapted from [124].

The flake quality was studied after transfer to verify that the transfer method did

not dramatically degrade the material. The flake was transferred from the original 300

nm SiO2/Si wafer growth substrate to a 150 nm SiO2/Si wafer substrate. In order

to check the quality of the transferred WS2, the flake was characterized optically,

with atomic force microscopy (AFM), and using Raman spectroscopy before transfer,
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after transfer, and post thermal annealing. The results of the flake characterization

is shown in Figure 2.10.

Figure 2.10: (a) Optical image of flake, pre-transfer, on growth substrate. (b) AFM
image of flake in (a) before transfer. (c) Raman spectrum of flake in (a) showing
the characteristic WS2 peaks at 351, 356, and 417 cm−1. (d) Optical image of flake
post transfer, on the silicon oxide substrate. (e) AFM of flake in (d). (f) Raman
spectrum of the transferred flake in (d) showing the same characteristics peaks as in
(c). Adapted from [124].

Optically, there was no change observed in the flake throughout the transfer pro-

cess. Inspection of the flakes by AFM indicated that some creases form in the flake

post transfer and that the edges get damaged by the KOH etching, but the flake

remained otherwise intact. From the AFM scan, it was also observed that the an-

nealing step decreases the leftover PMMA on the surface. The changes in the Raman

spectra of the flakes before, after transfer, and post annealing show the existence of

in-plane strain from the growth process, the release of this strain after transfer, and

the conforming of the flakes to their new substrate after the annealing process.

Detailed results, including effect of substrate and annealing on transferred flakes,
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of this micropositioning technique has been published in the article "Transfer of Mono-

layer TMD WS2 and Raman Study of Substrate Effects" by Mlack, J.T., Das, P.M.,

Danda, G., Chou, Y.C., Naylor, C.H., Lin, Z., López, N.P., Zhang, T., Terrones, M.,

Johnson, A.C. and Drndić, M., Scientific Reports, 7, pp. 43037 (2017).

Wet Transfer

The second method is used for growths with high flake density. In this method, the

PMMA-WS2 layer is scooped out of the DI water using the SiNx chip and is checked

for any flakes on the window in the optical microscope. If no flakes get positioned on

the window, the flake is floated back in the DI water and the process is repeated. For

most of our chips and high density growth we grew, it took a maximum of 15 attempts

(∼ 20 minutes) to get a flake on the top of our windows. The chip is finally cleaned

in acetone for at least 24 hours, followed by isopropanol and RTA. This method is

facile, quicker and cleaner compared to the micropositioning method, but it requires

a higher flake density which is not consistently achievable. Optical images of some of

the successful transfers are shown in Figure 2.11.

Figure 2.11: Transferred WS2 flakes on windows with FIB holes.
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2.4 Nanopore Fabrication

2.4.1 Transmission Electron Microscope (TEM) Drilling

Fabricating solid-state nanopores using focused electron beam has been around for

almost 15 years. [40, 163] In this process the thin suspended membrane is loaded into

a transmission electron microscope (TEM) and the electron beam is focused to ablate

atoms to form nanopores. While SiNx nanopores can be fabricated quite easily using

this method, 2D materials face a number of challenges due to its intrinsic atomic

thinness - (i) damage at high electron accelerating voltages common in TEM even

during viewing of the sample, and (ii) carbon contamination during electron beam

scanning. But recent advances in the nanopore fabrication process have been able to

overcome these problems reasonably well.

Figure 2.12: (a) JEOL JEM-2010F TEM setup and TEM image of a 10-nm-diameter
pore (outlined in red) drilled with it in the STEM mode. (b) FEI Titan G2 S/TEM
setup and AC-STEM image of a pore with an effective diameter of ∼ 1.1 nm drilled
with it in the STEM mode. Adapted from [168].

It has been previously demonstrated that the TEM can be used in the scanning

mode (STEM mode) to reduce the damage of 2D materials while viewing the sample

even at high accelerating voltages. [144] Using this technique, nanopores were drilled
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in our suspended 2D membranes using a 200 kV JEOL JEM-2010F TEM operating

in STEM mode with a spot size of 1 nm, drilling time of 3-5 s and an electron beam

dose of ∼ 104 e−/nm2. Nanopore diameters of 3-10 nm were achieved consistently

using this method (Figure 2.12a).

Lower electron beam damage of the membrane and smaller nanopores with atomic

precision (diameters < 2 nm) can be obtained by using high resolution aberration

corrected scanning TEM (AC-STEM) operated at low accelerating voltages (Figure

2.12b). For our experiments, we used FEI Titan G2 S/TEM operated at 80 kV. [168]

To reduce carbon contamination in our membranes, the chips were subjected to

RTA at 300oC for 90 mins before TEM processing. After putting the sample inside

the TEM, the electron beam was allowed to scan near the suspended membrane on

the thick SiNx support region to facilitate deposition of any carbon contamination

away from the membrane before the actual drilling was performed.

2.5 Nanoporous Membrane Fabrication

2.5.1 FIB Irradiation

Ion-induced damage of suspended 2D membranes can be used to fabricate nanoporous

membranes with sub-nm defects. [18, 122, 168] Suspended 2D flakes were irradiated

with Ga+ ions using the ion gun of a FEI Helios dual beam instrument. To perform

the Ga+ ion irradiation, the acceleration voltage was set to 30 kV and the current

intensity to 230 pA. The beam incidence was normal to the surface and followed

a raster path over a rectangular area, 410 µm long and 274 µm wide. The beam
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impinges the sample in imaging mode, in this condition the beam dwelled 50 ns in

each step; the spacing between steps was approximately 260 nm. Finally, the different

doses on the single-layer 2D flakes were achieved by manually varying the irradiation

time. The population distribution of defects and the properties of such nanoporous

membranes thus formed are further elaborated upon later in Section 4.3.

Figure 2.13: (a) FIB irradiation schematic and (b) AC-STEM image of the corre-
sponding nanoporous membrane for a FIB irradiation does of 2.50x103 ions/cm2 with
zoomed-in images of individual defects. Adapted from [168].

2.5.2 Laser Irradiation

TMDs are known to undergo photo-oxidation, accelerated by the use of lasers and

highly oxidizing environments. [6, 19, 34, 111, 136] While studies have been performed

on how to prevent this damage by encapsulation, [2] these photo-induced damage, if

controlled, can be useful in the fabrication of nanoporous TMD membranes.

A custom setup was built to enable laser irradiation of suspended TMD mem-

branes as shown in Figure 2.14. Suspended membranes were immersed in deionized

(DI) water and located optically using a 60X water immersion objective lens and an

35



Figure 2.14: Laser irradiation setup.

integrated CMOS camera. A green laser (λ = 532 nm, P = 5 mW) was then fo-

cused on selected membranes for a specific irradiation time with different laser power

densities or irradiation doses modulated using a step variable neutral density (ND)

filter (Thorlabs). DI water serves a dual purpose in reducing the spot size of the

incident laser (540 nm) by allowing for a higher numerical aperture (NA) objective

lens, while also providing the necessary oxidizing environment for the photo-oxidation

reaction. [2, 6, 136] All cables were kept electrically isolated or grounded to reduce

any cross-talk. Alignment was performed by first focusing the laser on a white piece

of paper and observing it using the CMOS camera. The laser spot was then centered

and digitally marked in the image capture software window by changing the mirror

orientations. This spot was then aligned to the nanopore device windows mounted

on the micromanipulator stage with the laser beam turned off.

Besides the ND filter, another power control that was available was the laser

driving current, which, in our case, could be varied from 0.18 mA to 0.28 mA without

harming the laser. Calibration of the laser irradiation dose was performed by varying

both these values (i.e., ND value and laser driving current), as shown in Figure 2.15.
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Figure 2.15: Laser power density calibration.

It should be noted that use of the dichroic mirror in the setup is required for image

capture by the camera and reduces the laser power reaching the sample. As a result,

laser irradiation dose calculations were performed using power values measured at

the sample stage using a power meter. In our experiments, the laser irradiation dose

was varied between ∼ 102 and 105 W/cm2, which is lower than the dose required for

laser-induced thermal ablation of TMDs (MoS2). [19] Further analysis of the defects

and their dependence on the laser power density is explained in Section 3.3.

2.6 Experimental Setup

2.6.1 Ionic Measurements

Ionic measurements of nanopore membranes are performed by enhancing the ionic

current signal through the nanopore with a low-noise, current amplifier. Due to the

hydrophobicity and low chemical resistance of 2D materials, the devices need to be
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made hydrophilic using chemically softer pre-measurement treatments than Piranha,

which is most commonly used for silicon-based nanopore devices.

The 2D nanopore or nanoporous devices were mounted on a PDMS platform us-

ing Kwikcast sealant over an underlying channel for ionic fluid, and were placed in a

beaker containing ethanol:water (v/v 1:1) solution for at least 30 minutes. Bubbles

were removed using a pipette every 10-minute interval. The platform was removed

and the solution was carefully replaced with water, followed by the desired ionic solu-

tion in the channel underneath (trans reservoir) and a drop on the top (cis reservoir).

Ag/AgCl electrodes were used to perform ionic measurements with EPC-10 HEKA

(sample rate = 50 kHz) amplifier. 1 M KCl (with 10 mM EDTA and 1 mM Tris;

measured solution conductivity = 11.8 S/m, pH = 8.7) and 3 M KCl (with 30 mM

EDTA and 3 mM Tris; measured solution conductivity = 30.2 S/m, pH = 7.8) solu-

tions were prepared using DI water and the conductivity and pH were measured with

Accumet XL-20 pH conductivity meter. DNA translocation data obtained from sin-

gle nanopore devices was analyzed using Pypore (https://github.com/parkin/pypore)

and custom Python scripts.
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Chapter 3

2D Nanopore Devices

3.1 Introduction

Two-dimensional nanopore sensors are promising for a range of applications, as well

as testbeds for probing the physics of low-dimensional systems. Number of challenges

still exist in commercialization of such sensors due to the use of traditional low-

yield nanopore fabrication method involving TEM electron beams. In addition, high

DNA translocation speeds through such nanopores results in low temporal resolution

making it difficult to achieve DNA sequencing - one of the main applications of

nanopore sensors.

Graphene nanopores were the first 2D material demonstrated to be able to detect

DNA translocation with very high sensitivity. [121, 152] However, the DNA translo-

cation speed was found to be ∼ 20-100x106 nucleotides/s, requiring a much higher

detection bandwidth (> 10 MHz) for single-base resolution than that of commercially
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available signal recorders (bandwidth < 1 MHz). Attempts have been made on trying

to slow down DNA translocation by applying a voltage to the graphene nanopores,

sandwiched between insulating layers of aluminium oxide [174] but the use of thick

oxide layers (∼ 20 nm) defeats the purpose of using atomically-thin 2D nanopores.

For thinner insulating membranes, leakage current from the graphene membrane be-

comes an important factor to consider. In the second section of this chapter, we

fabricate graphene nanopores, insulated on both side with 3 nm TiO2, and measure

the leakage current for various electrical configurations. We determine a voltage range

for which the graphene and potassium chloride electrolyte seem to interact the least,

and attempt gating of the ionic channel through the nanopore. We find that leakage

current can be further reduced by shrinking the area of graphene exposure to the

ionic solution, and predict that the gating control can be enhanced by reducing the

molarity of the electrolyte.

Tungsten disulfide (WS2) monolayers exhibit a direct bandgap and strong pho-

toluminescence (PL) in the visible range, [11, 137, 199] and is known to undergo

laser-induced electrochemical reactions in an oxidizing environment giving rise to de-

fects. [2, 53] Understanding the mechanism behind the formation of such defects can

provide us with the tools to help fabricate and dynamically control them using optical

excitation for a nanopore oriented scenario. In the first section of this chapter, we

fabricate nanopore devices based on WS2 and determine their suitability in detect-

ing DNA translocations. We also investigate the effect of laser illumination on the

nanopore size and find that the nanopore size expands in solution, the rate of which

is controllable by modulating the laser power density.
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3.2 Voltage-Controlled Graphene Nanopores

3.2.1 Background

Monitoring field-driven ionic flow through nanopores is one approach proposed to

realize ultrafast DNA sequencing. [16, 120, 129, 151, 173] A nanopore device separates

two chambers containing electrolyte solution and voltage is typically applied across

the nanopore to drive ions and DNA molecules through the nanopore while recording

ionic current. Nanopore-based sequencing could be achieved by measuring the distinct

current reductions from individual DNA bases, [47, 175] as demonstrated by using

solid-state nanopores. Among solid-state nanopores, nanopores in two-dimensional

(2D) materials such as graphene, [121, 152] transition metal dichalcogenides (TMDs)

[34, 103] and boron nitride [209] have attracted attention recently because of their

potential to realize single-base resolution.

In addition to requiring thin nanopores for DNA sequencing, high bandwidth

electronics (> 10 MHz) [148, 155] is also needed because of high DNA translocation

velocities in typical measurements, which is ∼ 1 Mbases/s for silicon nitride mem-

branes [175] and ∼ 25-100 Mbases/s for 2D membranes. [34, 56, 103, 121, 152, 209]

In the absence of such electronics, a possible approach is to decrease translocation

speed, although this also decreases the sequencing speed. Numerous efforts to slow

down DNA translocation have been explored over the last decade using biological

enzymes, [22], nanoparticles, [73] different electrolytes, [38, 47, 83, 201] tempera-

ture, [12, 51, 193] pressure [200] and by manipulating interactions between DNA and

nanopore/membrane. [10, 84, 88]
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Controlling the voltage profile inside of a nanopore is another idea put forth to-

wards achieving control over translocation speed by electrically gating the flow of ions

[61, 127] and DNA molecules. [3, 65, 108] In the case of 2D membranes, realizing

such proposals may be feasible with graphene nanopores [204] because of the excellent

electrical conductivity of graphene, in addition to its single-atom thickness. While

most of the predictions of slowing down DNA via voltage gating are from a theoretical

standpoint, [3, 65, 108] limited experimental investigation exist regarding this aspect

till now. [174] This is because leakage current between the graphene and the ionic

solution comes into play in such a system and can lead to high noise in the system.

[9]

To explore the feasibility of controlling the voltage profile inside graphene nanopores,

in this section, we study the ionic current characteristics of graphene nanopore devices

when voltage is applied to graphene, investigating the electrochemical leakage effects.

We obtain leakage current curves for intact graphene membranes in KCl solution and

extract a voltage range in which leakage is minimal. We next investigate the effects

of voltage sweep rate, thin oxide insulation (3 nm TiO2) and the area of membrane

exposed to the ionic current on the leakage current. TiO2 coated graphene nanopores

were fabricated and gating of ionic current through the nanopore was performed by

applying a graphene voltage such that the relative voltage bias between the graphene

and the electrodes remained within the previously determined low leakage range.
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Figure 3.1: (a) Raman spectra of CVD graphene grown on copper, with copper
background subtracted. Device schematic of suspended intact (a) bare and (b) TiO2

coated graphene membranes.

3.2.2 Device Fabrication

Graphene was grown on a copper (Cu) substrate by chemical vapor deposition (CVD)

developed previously [121] and characterized using Raman spectroscopy (Figure 3.1a).

To verify the monolayer character and the good quality of our graphene layers, Raman

spectra was obtained at multiple positions on the grown graphene. Acquisition was

done with a Raman NT-MDT Nova upright Raman system using a λ = 532 nm laser

as the excitation source with filtering such that the sample is exposed to < 3 mW of

power to avoid sample heating and/or deterioration. The background noise from the
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copper substrate was fitted by a polynomial function and subtracted. The remaining

two distinct peaks at 1578 cm−1 (graphene G peak) and 2685 cm−1 (2D peak) were

best fitted with single Lorentzians. The single Lorenztian shape of the 2D peak,

with a full width at half maximum (FWHM) of 28 cm−1 confirms the single layer

characteristic of our sample. The absence of the defect peak, normally appearing at

1350 cm−1, confirms the good quality of our graphene monolayer. [62]

50-nm-thick suspended SiNx windows on 5 µm SiO2/500 µm Si wafer was fabri-

cated using photolithography. [34, 121] A ∼ 600 nm diameter hole (area ∼ 0.3 µm2)

was drilled in the membrane using a focused ion beam (FIB) instrument (FEI Strata

DB235) with a 30 kV Ga+ source (Figure 3.1b(inset)). The graphene was transferred

onto the membrane using bubble transfer [37, 54] followed by rapid thermal anneal-

ing (RTA) at 350oC for 1.5 hours (Figure 3.1b). Silver paste was then used to paint

electrical connection pads on two far sides of the graphene layer.

Two different types of nanopore samples were investigated for leakage measure-

ments. One contained bare suspended graphene and the other contained suspended

graphene coated with thin, 3-nm-thick TiO2 layers, thermally evaporated on both

sides of the membrane, as shown in Figure 3.1b and c, respectively.

TiO2 was previously shown to be a good protective coating for graphene mem-

branes that becomes hydrophilic after exposure to UV-ozone, making the formation

of ionic channels (i.e., wetting) through hydrophobic graphene nanopores much eas-

ier. [121] The thickness of TiO2 is kept small so that the total thickness of nanopores

is limited to 7 nm or less, to achieve high ionic current signals required for DNA de-

tection [34, 47, 56, 103, 121, 152, 209] while also protecting the underlying graphene
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during the UV-ozone treatment.

In the case of TiO2 covered graphene, the thickness of the TiO2 coating (∼ 3

nm) is too small to uniformly cover the macroscopic roughness of the silver pads on

the graphene and prevent electrical connection. Proper connection between the silver

electrodes and the graphene was verified by applying voltage across the two silver

pads using Keithley 2400 SourceMeter and calculating the graphene sheet resistance

between the silver electrodes. The sheet resistance value was obtained to be in range of

2-11 kΩ/sq, which matches well with literature values for sheet resistance of monolayer

undoped graphene. [9, 15, 59, 130, 202]

It should be noted that we refer to the two sides of chips as the top and bottom

sides, where the bottom side refers to the trench face of the device.

Current measurements were performed using HEKA EPC 10 USB Triple patch

clamp amplifier with signal filtering at 10 kHz. Voltage sweeps for leakage measure-

ments were performed by maintaining the voltage at a constant value for a specific

time interval before ramping up to the next voltage step. We define the sweep rate

(dV/dt) to be the ratio of the unit step voltage to the unit step time. Thus dV/dt

= 100mV/10s would mean the current was measured at 100mV intervals with each

voltage level held constant for 10s. All measurements were performed in 1M KCl,

10mM Tris, 1mM EDTA solution (pH = 9.5, σ = 11.11 S/m).

3.2.3 Leakage Current in Intact Membranes

Figure 3.2 shows the experimental setup and the current schematic to measure the

leakage current between the top electrode and the top side of the device (ITG) as a
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Figure 3.2: Measurement setup schematic for leakage measurement between the elec-
trode and top side of intact membranes. Only TiO2 covered device is shown here, but
bare graphene devices were also measured using the same setup.

function of graphene voltage relative to the top electrode or top-to-graphene voltage

(VTG). ITG vs. VTG was measured for bare graphene devices and TiO2-covered

graphene devices with intact membranes in 1M KCl solution to study the dependence

of the ITG on VTG sweep rate, and the presence of TiO2 coating.

Figure 3.3a shows the ITG-VTG characteristics of a TiO2 covered graphene mem-

brane measured at a voltage sweep rate (dV/dt) of 5 mV/s. We observe a nonlinear

trend showing high leakage currents of > 6 nA for VTG < -0.2 V and VTG > +0.6 V

(high leakage region). For -0.2 V < VTG < +0.6 V (low leakage range), ITG is almost

constant with change in VTG and average |ITG| < 6 nA. This diode like behavior

suggests that some form of charge transfer must be happening between the graphene

and the electrolyte. As the threshold graphene voltage for large leakage current is

negative (∼ -0.2 V), charge transfer should be happening with relative ease between

graphene and potassium (K+) ions [110, 141] than between graphene and chloride

(Cl−) ions, which are the corresponding ion species dominating the electric double
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Figure 3.3: (a) Leakage current-voltage measurement of a TiO2 coated intact graphene
membrane showing a non-linear curve with a current peak at ∼ 0 V during the
forward sweep. (b) Current trace during the current peak when the graphene voltage
is switched from -0.1 V to +0.1 V.

layer (EDL) at the graphene-electrolyte interface for negative and positive graphene

voltages, respectively.

Hysteresis was observed in the measured leakage current for the whole voltage

range with a leakage current peak at ∼ 0 V only in the forward sweep (Ipeak). Ipeak

was consistently seen for all devices, though the magnitude varied from sample to

sample. The peak only appeared when graphene voltage switched from negative to

positive with respect to the Ag/AgCl electrode.

To investigate the origin of Ipeak, VTG was switched from -0.1V to +0.1V and

kept constant at +0.1 V, and the corresponding ITG trace was obtained as a function

of time (Figure 3.3b). The leakage current was seen to decay exponentially with

time, resembling discharging of an RC circuit. This suggests that the observed Ipeak

might be related to discharging and charging of the EDL at the graphene-electrolyte

interface. The origin of the Ipeak might be from the accumulation and strong binding
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of K+ ions to the graphene at negative graphene voltage (leading to continued charge

transfer), [110, 141] thereby making it harder for Cl− to replace them when the voltage

is switched.

Figure 3.4: (a) Leakage current dependence on voltage sweep rate showing higher
leakage currents at slower sweep rate. (b) Leakage current comparison between bare
and 3 nm TiO2 coated intact graphene membranes, showing similar leakage currents.

To study the dependence of the leakage current on the voltage sweep rate, we

measured ITG for different sweep rate of the same device, as shown in Figure 3.4a.

It was seen that the ITG value decreased in the high leakage regions for faster sweep

rate (i.e., lesser time at each voltage). Such a trend is possible if the interaction

between the electrolyte and graphene is reduced at a faster sweep rate. K+ ions

cannot accumulate fast enough at the interface at faster sweep rate due to the finite

speed of ions, which can give rise to smaller leakage currents. This suggests that the

concentration of ions at the graphene-electrolyte interface also plays an important

role in the leakage current.

It should be noted that this experiment was repeated for different devices at same
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sweep rates and the average ITG at VTG = -0.5 V was seen to vary considerably. This

can be attributed to the variation in the number of defects (or active sites) exposed to

the electrolyte for different devices. The overall leakage trend and low leakage region

range (-0.2 V < VTG < +0.6 V), however, remained the same.

Since graphene is hydrophobic, graphene nanopores need to be processed to allow

formation of an ionic channel through the nanopore (or wet the pore). As seen

previously, [121] although UV ozone helps wetting of the nanopore, it damages the

graphene membrane and results in graphene having more reactive sites, which can

increase leakage current. In order to protect graphene from UV damage, we coat the

graphene layer with 3 nm TiO2 layer. This provides us a medium to wet the nanopore

in nanopore devices while also protecting the graphene from UV ozone. To check the

efficiency of the 3 nm coating, the sheet resistance of graphene (Rs) was measured

before and after 15 minutes UV-ozone treatment and was found to be similar (before

UV: Rs ∼ 12 kΩ/sq & after UV: Rs ∼ 9 kΩ/sq).

The leakage characteristics for bare and 3 nm TiO2 covered intact graphene mem-

branes was compared for the same sweep rate (50 mV/s) as shown in Figure 3.4b.

It was observed that the thin TiO2 coating did not affect the leakage current in the

low leakage range a lot. More specifically, the average ITG of the TiO2-coated and

bare graphene devices shown in Figure 3.4b were found to be ∼ 2.18nA and 11nA,

respectively, at VTG = +0.2V. The defect density of the graphene and the coverage

of TiO2 affects the leakage current considerably, and as a result, the difference in

ITG for bare and TiO2-coated graphene in the low leakage range had a high variance,

sometimes being almost same for both devices. Thus it can be concluded that such
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a thin layer of TiO2 (3 nm) does not affect leakage current significantly in graphene

devices.

3.2.4 Leakage Current in Membranes with Nanopores

Figure 3.5: (a) TEM image of a 3.3 nm nanopore in a 3 nm TiO2 covered graphene
membrane. (b) Device and circuit schematic of gating setup to measure leakage
current in a nanopore device. Red and blue arrows show current directions for a
relative positive and negative driving bias voltages, respectively, between bottom
electrode and graphene.

Nanopores were drilled in the TiO2-coated suspended graphene membrane with

transmission electron beam ablation lithography (TEBAL) [50] in JEOL 2010F TEM

ranging in diameter from 3 nm to 10 nm (Figure 3.5a). 15 minutes UV-ozone treat-

ment was performed on the nanopores to help wet the pore using NovaScan PSD-UV

Ozone Cleaner. [121]

Gating setup for the device and the corresponding simplified current schematic are

shown in Figure 3.5b. The graphene voltage (Vgr) acts as the gate voltage for the ionic
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current flowing through the nanopore (Ipore) due to the driving bias voltage between

the top and bottom electrodes (VTB). But application of a voltage to graphene also

introduces leakage currents between the graphene and the top (ITG) and bottom

(IBG) electrodes. Ipore can be considered to be a linear combination of total measured

current between the top and bottom electrode (ITB) and the leakage currents during

relative positive driving bias voltage with respect to graphene:

Ipore = ITB − IBG (3.1)

and relative negative driving bias voltage with respect to graphene:

Ipore = ITB − ITG (3.2)

To be able to see gating effect of Vgr on Ipore, the leakage currents should be such

that:

IBG, ITG � Ipore (3.3)

for the total voltage range of the gating measurement.

A 5.1 nm nanopore (Figure 3.6b(inset)) was drilled in a graphene membrane coated

on both sides with 3 nm TiO2 and was subjected to 15 min UV-ozone irradiation to

wet the pore. The graphene sheet resistance was measured before and after UV-ozone

treatment and found to be the ∼ 2.5 kΩ/sq for both cases. The ionic conductance

curve of the pore was obtained for 1M KCl for Vpore = ±0.5 V and no graphene bias

(Figure 3.6a). The open pore conductance (G) was found from the slope of the curve
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Figure 3.6: (a) Device schematic for measurement of open pore conductance of a TiO2

coated graphene nanopore. (b) Open pore conductance of the a 5.1 nm diameter
nanopore in 1M KCl. (inset) TEM image of the nanopore.

to be ∼ 67 nS (Figure 3.6b). The pore conductance (G) was calculated from the

geometric pore equation [82]:

G = σ
( 4L

πd2
+

1

d

)−1

(3.4)

using measured pore diameter (d) = 5.1 nm, solution conductivity (σ) = 11.11

S/m and assumed pore thickness (L) = 7 nm (considering ∼ 1 nm thick graphene

membrane sandwiched between two 3 nm thick TiO2 layers) and found to be ∼ 21

nS, nearly 0.3 times the measured conductance value. This mismatch in pore conduc-

tance can arise due to a variety of factors. Formation of pinholes is possible during

TEBAL and UV-irradiation step leading to parallel ion channels through the mem-

brane, thereby increasing open pore conductance. [121] Thinning of the membrane in

the vicinity of the nanopore while TEM drilling [146] and the presence of an intrin-
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sic surface charge density in the nanopore [160] can also contribute towards higher

measured conductance.

Figure 3.7: (a) Device schematic for measurement of leakage current between
graphene and bottom electrode of a TiO2 coated graphene nanopore. (b) Bottom
leakage current measurement and (inset) comparison with the top leakage current for
the same device.

Bottom side leakage current (IBG) was measured on the wet nanopore for 1M KCl

by sweeping bottom-to-graphene voltage (VBG) from -0.3 V to +0.5 V at dV/dt =

20 mV/s, the setup of which is shown in Figure 3.7a. The leakage trend (IBG vs.

VBG) obtained (Figure 3.7b) was similar to top-side leakage curve at the same sweep

rate (20 mV/s) but the average IBG in the low leakage range and Ipeak for bottom

leakage were comparatively smaller than the ITG measured for the same device (Figure

3.7b(inset)), suggesting higher reaction resistance and lower capacitance for bottom

side. The average ITG and IBG were 6.36 nA and 0.96 nA, respectively, at graphene

voltage of +0.2V and dV/dt = 20 mV/s, which corresponds to a nearly 6-fold decrease

in leakage current magnitude.
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This suggests that the area of interaction between the graphene and the electrolyte

plays a major role in leakage. As the area of the graphene membrane in contact with

KCl solution is smaller for bottom side leakage setup (which is equal to the region

suspended over the FIB hole ∼ 0.3 µm2), it is expected that both the number of

active sites interacting with the electrolyte and the EDL capacitance area is much

lower when compared to the total exposed graphene area on the top side (∼ 0.2 mm2).

We define the low bottom leakage region for our device in the voltage range -0.18

V < VBG < +0.36 V such that average |IBG| < 2 nA. We would expect to see linear

trend for top-to-bottom ionic curve (ITB vs. VTB) in this graphene gate voltage range,

as the leakage current will be comparatively less than the pore current (Figure 3.6).

3.2.5 Gating Measurements

Figure 3.8: (a) Current-voltage measurement of total ionic current (ITB) with
nanopore driving bias voltage (VTB) through a TiO2 covered graphene nanopore for
different graphene gate voltages (Vgr). (b) Extracted conductance graphs in nanopore
driving bias voltage range with least leakage current. (inset) Change in conductance
as a function of graphene voltage.
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Gating measurements were performed on the device by applying a fixed graphene

gate voltage (Vgr) and sweeping the top-to-bottom driving bias voltage (VTB) across

the membrane (Figure 3.8a). As mentioned before, the current obtained through the

nanopore as a result (ITB) is a linear combination of the Ipore and leakage currents

(IBG & ITG). VTB was varied from -0.5V to +0.5V while Vgr was kept constant at

-0.2V, -0.1V and +0.1V. It must be noted that the graphene voltage (Vgr) is different

from bottom-to-graphene voltage (VBG). For this setup, the top electrode is kept at

ground (Figure 3.5b) while a constant Vgr is applied to the graphene and VTB sweep

is applied to the bottom electrode. The difference of these two voltages gives us VBG:

VBG = Vgr − VTB (3.5)

As Vgr remains constant during a sweep, the top-to-graphene voltage (VTG) on

the other hand is given simply by:

VTG = Vgr (3.6)

It can be seen from Figure 3.8a that when VBG approaches high leakage region

(+0.36 V < (Vgr - VTB) < -0.18 V), IBG dominates Ipore and non-linear trend is seen

in the ITB vs. VTB for all Vgr. It should be noted here that VTG (= Vgr) was kept

< -0.2 V to maintain a constant low leakage current between the top electrode and

graphene, as determined previously.

To observe gating effects of Vgr, we extract ITB for VBG in the range of -0.18 V

and +0.36 V for all measured Vgr curves (Figure 3.8b). The corresponding portion
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for Vgr = +0.1 V is shown with green cut lines in Figure 3.8a. The conductance for

each curve was measured and plotted as a function of Vgr (Figure 3.8b(inset)). The

trend obtained was that of a linearly decreasing open pore conductance with increase

in graphene voltage.

To understand this trend we have to understand the role of EDL at the graphene-

electrolyte interface in gating of the nanopore. The ionic channel in the nanopore

has two regions - one central bulk ionic region and a Debye layer on the nanopore

walls/edges due to the surface charge density of the pore. Taking into consideration

both the geometrical factor and the surface charge density factor for a nanopore, the

pore conductance is given by [160]:

G = σ
( 4L

πd2
+

1

d

)−1

+
πd|σsurf |

L
µcti (3.7)

where σsurf is the surface charge density of the pore walls and µcti is the elec-

trophoretic mobility of the counterions in the EDL. When a potential is applied to

the graphene membrane, the counterion density around the pore changes in order to

nullify the change in the surface charge of the pore. This changes the second term in

the above equation, thereby changing the overall pore conductance. [153]

Decreasing pore conductance with increasing graphene voltage could mean that

the graphene pore has an intrinsic negative surface charge density. Application of

a negative bias increases the counterion (K+ ion) concentration further, thereby in-

creasing ionic current through the pore, whereas increase in graphene voltage reduces

the number of counterions and bring its concentration closer to bulk and decrease in

ionic current. This also explains why we see a higher open pore conductance than
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expected for a pore size seen in TEM. Presence of hanging bonds at the graphene

defect sites (introduced during growth [134] and by UV-ozone oxidation [121]) can

lead to formation of -H and -OH groups in solution, thereby introducing an overall

negative surface charge density to the graphene membrane. [26, 57, 190]

As the Debye length (λD) for 1M KCl at room temperature is only 0.3 nm thick

(∼ 6% the diameter of the pore), application of voltage to graphene is not expected to

significantly modulate Ipore. [127, 174] Indeed, little change in open pore conductance

(slope of IV curve ∼ 75 nS/V) was seen in the safe region. At high pore biases the

graphene starts to operate in the high leakage region and high Ipore was seen. To

observe significant gating effects, the molarity of the solution should be reduced such

that the λD increases and Ipore has higher contribution from the ions in the Debye

layer.

3.2.6 Conclusion

In conclusion, we investigated the various factors that influence gating control in thin

graphene nanopores. It was determined that Vgr should be applied such that the

potential difference between graphene and either electrodes remains within the low

leakage range, which was found out to be in the range -0.2 V to +0.4 V for graphene

and Ag/AgCl electrodes in 1M KCl. To further reduce the effect of leakage on ionic

current, the area of graphene exposed to the electrolyte should be kept at a minimum.

Gating was observed in TiO2 covered graphene nanopore, but as the Debye length

was too small (∼ 6% of our nanopore diameter) for 1M KCl, gating effect was not

signficant (∼ 75 nS/V). Future studies may focus on investigating gating and local
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control of DNA by tuning these parameters in graphene nanopores to reduce leakage

current while increasing ionic signal strength and gating control.
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3.3 Laser-Induced Modulation of WS2 Nanopores

The results presented here were published in the article "Monolayer WS2 Nanopores

for DNA Translocation with Light-Adjustable Sizes" by Danda, G., Masih Das, P.,

Chou, Y.C., Mlack, J.T., Parkin, W.M., Naylor, C.H., Fujisawa, K., Zhang, T.,

Fulton, L.B., Terrones, M., Johnson, A.T.C., and Drndić, M., ACS nano, 11(2),

pp.1937-1945 (2017).

3.3.1 Background

Nanopore sensors based on two-dimensional (2D) materials such as graphene, molyb-

denum disulfide (MoS2) and boron nitride (BN) have been used to demonstrate

biomolecule detection and analysis. [47, 56, 103, 121, 152, 209] In these experi-

ments, the molecules, suspended in an ionic solution, are driven by an electric field

through a nanopore within a thin membrane while the ionic current is monitored to

detect the translocation of molecules across the nanopore, which typically appears as

reductions in current. Atomically thin 2D membranes are ideal for nanopore devices

as they exhibit larger ionic currents compared to thicker silicon-based membranes

[47, 56, 103, 121, 152, 209] and potential spatial sensitivity at the sub-nanometer

scale for translocating molecules as only a small section of the molecule resides in the

nanopore at a given time. [56] Furthermore, monolayers of semiconducting transition

metal dichalcogenides (TMDs) possess enhanced optical properties, [64, 75, 137] a fea-

ture which could be further exploited for electrical and optical control of nanopores.

Among TMDs, monolayer tungsten disulfide (WS2) has a direct band gap of 2.1 eV
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[11] and its photoluminescence (PL) emission is stronger than the well-studied MoS2,

[137, 199] which enables application of WS2 monolayers in optoelectronic devices. [70]

It is also noteworthy that defects have been shown to modulate the PL signal of WS2

monolayer flakes [24, 169] and can hence be used as a means to fine tune their optical

response. One related property is the photo-oxidation of TMD monolayers in an

oxidizing environment, like air and water. [2, 53] Introducing defects in the material

can provide sites for light-facilitated oxidation and can be used to dynamically control

defect size using optical excitation.

In this section, a class of optically active 2D nanopores in monolayer WS2 mem-

branes is demonstrated. WS2 nanopore drilling using a focused electron beam and

subsequent effects on PL spectra are reported. High ionic conductance and DNA

translocations through these nanopores are also obtained. Furthermore, during laser

excitation of these nanopores at low power densities (λ = 532 nm, power density

= 3 W/cm2), nanopore expansion at a rate of ∼ 0.2-0.4 nm/s is seen, potentially

providing means to dynamically control nanopore dimensions with short light pulses.

3.3.2 Flake Characterization

Figure 3.9 shows the material characterization of WS2 triangular monolayers grown

using chemical vapor deposition by our collaborators at University of Pennsylvania

and Pennsylvania State University. Atomic force microscopy (AFM) of the flake

(Figure 3.9b) shown in Figure 3.9a reveals a thickness of ∼ 0.7 nm, which agrees with

the reported thickness of monolayer WS2. [164] Using Raman spectroscopy, the E’

(353 cm−1) and A1’ (418 cm−1) modes of monolayer WS2 as well as the Si peak from
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Figure 3.9: (a) Optical micrograph and (b) AFM scan of a monolayer WS2 flake. The
line profile in white indicates a thickness of 0.7 nm, which corresponds to a monolayer.
(c) Raman spectrum of monolayer WS2 flake with corresponding E’ (356 cm−1), A1’
(418 cm−1), and Si (521 cm−1) peaks. (d) Gaussian blur-filtered AC-HRSTEM lattice
image taken at 80 kV. The inset is a SAED pattern with expected (100) and (110)
diffraction spots.

the substrate centered at 521 cm−1 were observed (Figure 3.9c). [164] The peak at

311 cm−1 that is typically associated with multilayer flakes is notably absent, [205]

thus confirming the presence of monolayers. Figure 3.9d is an aberration-corrected

high-resolution scanning transmission electron microscope (AC-HRSTEM) image of

a freestanding WS2 monolayer suspended on a perforated carbon grid. The tungsten

(bright white) and sulfur (gray) atoms are clearly visible. Selected-area electron

diffraction (SAED) patterns (inset) also confirmed the expected hexagonal lattice of

the 1H phase of WS2 monolayers.

We further characterize the WS2 monolayers using PL spectroscopy. WS2 flakes

were suspended onto a perforated silicon nitride grid (DuraSiN DTM-25231) using a

standard PMMA-based wet transfer procedure (Figure 3.10a) and PL spectral maps

were obtained using a 532 nm laser excitation (Figure 3.10b). The PL spectra from

various regions of the flake - suspended, supported edge and supported center - are
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Figure 3.10: (a) Optical image of monolayer WS2 flake on a perforated silicon nitride
grid, outlined in red, and (b) corresponding PL map with a 532 nm laser. PL spectra
for suspended (black dot), supported edge (red dot), and supported center (blue dot)
are plotted in (c). The neutral exciton peak, X0, at ∼ 2.02 eV, trion peak, XT , at ∼
1.98 eV, and defect peak, XD, at ∼ 1.88 eV are shown with dotted lines. The edge
(red) and center (blue) spectra are multiplied by a factor of 4 for better illustration.

plotted in Figure 3.10c. The PL signal exhibited 3 peaks: (i) the neutral exciton peak

(X0), which arises due to the radiative recombination of excitons across the bandgap,

[24, 182, 206] (ii) the charged trion peak (XT ), which comes from the recombination

process requiring three charge carriers and as a result can arise due to charge doping

[23, 75, 143] or strain, [181] and (iii) defect peaks (XD), which arise due to defect-

induced midgap states that allow excitons to recombine at an energy lower than the

bandgap. [24, 169] Lorentzian functions were used to fit the spectra for X0, XT and

XD peaks. It was observed that the X0 peak centered at ∼ 2.02 eV red shifts (i.e.,

PL wavelength increases) and decreases in intensity (or peak area) from the flake

edge inwards until it becomes completely non-existent at the center of the flake. On
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the other hand, the XT peak shifts from 1.98 eV to 1.94 eV (i.e., red shifts) and the

peak intensity decreases by 3 times from edge of the flake to inner region. [75] The

presence of the XT peak lends the low energy tail in the spectra and likely appears due

to the substrate-induced strain in the transferred flake. [30] The enhancement of the

PL spectral intensity was observed between the suspended and the nearby supported

region, which was measured as the ratio of the X0 peak intensity (Isus/Isup), to be ∼

10-15 times, irrespective of the position of the suspended region on the monolayer (i.e.,

edge or center). This effect has previously been observed and quantified in suspended

MoS2 monolayers where the enhancement was ∼ 2-4 times [150] and was attributed

to PL quenching caused by charge doping of the substrate in the supported regions.

Similar effects have been observed in suspended WS2 [75] but were not quantified, to

the best of our knowledge.

3.3.3 Effect of Electron-Beam Damage on PL

Before drilling a nanopore in a suspended region of a WS2 flake, the position of

the suspended region must first be located in the TEM, and as a result the entire

suspended region is exposed to electron beam (e-beam) doses on the order of ∼ 104-

105 e−/nm2. It has been established that high energy e-beams can introduce lattice

defects in TMDs (such as sulfur vacancies in MoS2 [135]) and in other 2D materials.

[144] These defects can in turn cause changes in PL peak intensities due to trapped

charge carriers, or introduce additional peaks as a result of the creation of midgap

states. [24, 75, 137, 169] Thus, it is advantageous to study the effects of e-beam

exposure on the PL of suspended WS2 monolayers during nanopore drilling.
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Figure 3.11: PL intensity maps of flakes (a,d) before and (b,e) after STEM drilling
with dose = 2.6x105 and 5.5x104 e−/nm2, respectively. (c,f) PL of the suspended
regions, marked with blue arrows in (a,b) and (d,e), respectively, before and after
STEM drilling. (Insets) STEM images of the drilled nanopores. Yellow dotted lines
in (b, e) show regions damaged during STEM imaging. Both suspended regions have
2-3 nanopores (diameter ≤ 10 nm).

We observe a change in the intensity of PL signals and formation of additional

defect peaks due to imaging and nanopore drilling in STEM mode with different e-

beam doses. Prior to imaging, the samples were subjected to rapid thermal annealing

at 300oC for 90 mins in H2/Ar in order to reduce any carbon contamination during

drilling. [144] PL maps of two different WS2 flakes were obtained before (Figures

3.11a, 3.11d) and after e-beam drilling (Figure 3.11b - dose A = 2.6x105 e−/nm2,
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Figure 3.11e - dose B = 5.5x104 e−/nm2) in the suspended region marked with a

blue arrow. After undergoing 3-4 minutes of e-beam exposure (STEM imaging), 2-3

nanopores with diameters ∼ 10 nm each were drilled in focused-spot mode in both

membranes in close vicinity, as shown in the insets of Figures 3.11c and 3.11f. The

nanopores were drilled close to each other (< 0.5 µm apart) to roughly differentiate

between effects arising from beam exposure versus nanopore drilling, as we were

limited by lateral PL resolution of 0.5 µm. As can be seen from Figures 3.11b and

3.11e, the beam exposure is clearly visible in the PL map as a darker region around

the suspended region (outlined in yellow), with more widespread damage from dose

A rather than from dose B.

The PL spectrum of the suspended membrane shown in Figure 3.11c reveals that

imaging with dose A resulted in the quenching of the X0 (neutral exciton) peak, a

∼ 26-fold decrease of the XT (charged trion) peak and a ∼ 2-fold increase of the XD

(defect) peak at ∼ 1.85 eV. On the other hand, dose B (Figure 3.11f) led to almost no

change of the X0 and XT peak intensities in addition to the formation of an additional

XD peak located at ∼ 1.87 eV, which was initially absent for this flake. It should

be noted that these spectra are obtained from the suspended region exposed only to

the e-beam (RBE) and not subjected to drilling (RNP ), which is studied next. These

changes take place due to the e-beam bombardment damage that occurs during STEM

imaging, which leads to sulfur vacancies and other defects with densities proportional

to the e-beam dose. [135, 144]

To differentiate the effects due to beam exposure from those of nanopore drilling,

we recorded PL maps of the suspended membrane near the nanopores, before (Figure
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Figure 3.12: PL intensity maps of the zoomed-in suspended region of the flake shown
in 3.11(d,e) before (a) and after (b) drilling, showing nanopore-induced PL change in
the area outlined in blue (RNP ). (c) PL of the RNP , marked with a blue dot in (a,b)
before and after drilling.

3.12a) and after (Figure 3.12b) drilling and found variations in the PL intensity

across the monolayer membrane. Although the entire suspended region was exposed

to the scanning beam during imaging in STEM mode, a darker region to the right of

the membrane (RNP ; outlined in blue; diameter ∼ 0.6 µm) was observed where the

nanopores were drilled while the left side of the membrane was relatively unaffected

(RBE). RNP showed a 2-fold decrease in both the X0 and XT peak intensities and the

formation of the XD peak at ∼ 1.88 eV (Figure 3.12c). The spectral weight percentage

(i.e., intensity percentage) of XD differed in the two regions, with 10% for RBE and

47% for RNP , thus showing higher density of defects occurring near the nanopore. It

was also observed that while the enhancement factor (Isus/Isup) remained ∼ 12 for

RBE, RNP had a reduced enhancement factor of ∼ 6. The defects introduced due

to the nanopore drilling in the vicinity of RNP can provide sites for oxidation, which
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we investigate later in our report. It should be noted that the laser exposure from

PL and Raman measurements was not seen to introduce additional defects. This

was verified by letting the focused laser beam (power density = 4.4x104 W/cm2)

illuminate suspended WS2 regions (both with and without a nanopore) for at least

5 minutes. Raman measurements, from before and after exposure, also indicated no

measurable change or shift in the WS2 spectrum.

3.3.4 Nanopore Device Characterization

Figure 3.13: (a) Schematic of the nanopore device setup. (b) Optical image of a
triangular WS2 flake on a SiNx window with a FIB hole. (Inset) Scanning electron
microscopy image of a 300 nm FIB hole. (c) AC-HRSTEM image of (i) an undamaged
suspended WS2 membrane, (ii) a 0.3 nm nanopore, and (iii) a 1.3 nm nanopore
drilled with accelerating voltage of 80 kV. (d) Plot of open pore conductance of WS2

nanopores with the corresponding nanopore diameter. Inset shows the plot over a
larger dTEM range.

A schematic of a typical WS2 nanopore device is shown in Figure 3.13a. 50-nm-

thick suspended silicon nitride (SiNx) membranes with dimension 50 µm x 50 µm were

fabricated on 5 µm/500 µm SiO2/Si wafers using optical lithography. [121, 176] A 200-

500 nm diameter hole (area = 0.03 - 0.2 µm2) was drilled in the SiNx membrane using

a focused ion beam (FIB) with a 10 pA, 30 kV Ga+ source, as illustrated in Figure
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3.13b (inset). Monolayers of WS2 were transferred onto the SiNx membrane using

either a Kapton tape-based micromanipulation positioning technique or a PMMA-

based wet transfer procedure. A successful transfer is shown in Figure 3.13b. Using

the focused STEM probe with dose B, nanopores of diameters ranging from 2 to 8 nm

were then drilled in the WS2 membranes suspended over the FIB holes. AC-HRSTEM

images of similarly drilled nanopores are illustrated in Figure 3.13c.

After loading onto a PDMS measurement cell, the nanopore device was wet using

an ethanol:water (v/v 1:1) solution, [103] after which the electrolyte solution was

introduced on both sides of the device. A bias voltage sweep (VB) was applied across

the membrane and the ionic current (IB) through the nanopore was monitored using

a current amplifier in order to obtain the open pore conductance (G0 = IB/VB).

1 M KCl solution was used as the electrolyte for most of our experiments, unless

otherwise noted. G0 was plotted with the measured nanopore diameter (dTEM) for

several nanopore devices (see Figure 3.13d). By fitting the graph to a linear function,

solution conductivity was calculated to be 13.5 ± 0.3 S/m, in good agreement with the

measured conductivity of 11.8 S/m, using the conductance formula for 2D nanopores:

G0 = σdTEM (3.8)

where G0 is the open pore conductance, σ is the calculated solution conductivity

and dTEM is the diameter of the nanopore measured from the corresponding STEM

image. [152]
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3.3.5 DNA Translocation Experiments

Figure 3.14: (a) Current-voltage measurement of WS2 nanopores with diameters
(dTEM) of (i) 4.4 ± 0.9 nm (pore A in red) and (ii) 7.1 ± 0.5 nm (pore B in black),
yielding open pore conductances of 61.01 nS and 69.86 nS, respectively. (b) Ionic
conductance time trace of DNA translocation events through the nanopore devices
shown in (a) with 10 ng/µL of 15 kbp dsDNA at VB = 400 mV for pore A and VB

= 200 mV for pore B filtered at 10 kHz. (c) Zoomed-in events illustrating unfolded,
partially folded, and folded (left to right) DNA translocation events with the open
pore conductance subtracted for pore A.

Open pore conductances for WS2 nanopores with (i) dTEM = 4.4 ± 0.9 nm (pore

A - red) and (ii) dTEM = 7.1 ± 0.5 nm (pore B - black) were obtained by cycling

VB between ± 200 mV (Figure 3.14a). It should be noted that 3 M and 1 M KCl

solutions were used for pore A and pore B, respectively. The G0 values thus obtained

were 61.01 nS for pore A and 69.86 nS for pore B.

15 kbp double stranded DNA (10 ng/µl, random sequence) in buffered KCl solu-

tion was then introduced into the cis chamber and a constant VB (400 mV for pore

A and 200 mV for pore B) was applied to electrophoretically drive the DNA through
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the nanopore. The current traces hence obtained show DNA translocation events

(see Figure 3.14b). We use the change in conductance (∆G = ∆IB/VB) instead of

change in ionic current to normalize our results. As pore diameters here are ∼ 2-3

times larger than the diameter of dsDNA (∼ 2.1 nm), we observe events that can

be interpreted as DNA translocating in 3 possible orientations - unfolded, partially

folded, and folded - each resulting in different current blockage levels (Figure 3.14c).

[123] We note that folded DNA translocation events in 3 M KCl have been reported

in graphene and silicon nitride nanopores down to ∼ 4.0 nm. [56, 123]

Figure 3.15: Scatter plots of change in conductance vs event duration for 1890 events
(pore A). The histogram on the right shows the change in conductance fitted with
two Gaussian curves for unfolded (∆Gu, yellow) and folded events (∆Gf , cyan).
The histogram on the top shows the event duration or dwell time fitted with two
exponential decay curves for unfolded (τu) and folded (τf ) events.
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Scatter plots of (i) 1890 events and (ii) 2030 events were obtained from pores A

and B, respectively, and the corresponding histograms of the event depths (change in

conductance or ∆G) and dwell time (duration of events) are plotted in Figures 3.15

and 3.16, respectively. As partially folded events may have various degrees of folding

depending on the percentage of overlap, one distinct Gaussian distribution might not

be representative of all the possible partially folded translocations. As a result, the

event depth histograms were fitted to only two Gaussian curves which correspond

to unfolded events (∆Gu represented by the yellow curve) and folded events (∆Gf

represented by the cyan curve). Average change in conductances of (i) ∆Gu = 13.26

nS and ∆Gf = 25.44 nS for pore A, and (ii) ∆Gu = 2.62 nS and ∆Gf = 4.41

nS for pore B were obtained, yielding unfolded translocation blockage percentages

(∆Gu/G0) of ∼ 22% and ∼ 4% for pores A and B, respectively. These compare well

with previously reported 2D nanopores. [103, 121, 209]

It is also common to fit the dwell time histogram to two exponential decay func-

tions, one for unfolded events (τu) and one for folded events (τf ). [121] In this case, we

obtain time constants of (i) τu ∼ 620 µs and τf ∼ 100 µs for pore A and (ii) τu ∼ 80

µs for pore B. τf was not obtained for pore B due to limitations in the sampling rate

(50 kHz) of our current amplifier. High KCl concentration has been shown to reduce

DNA-graphene interactions [55] and lead to shorter dwell times for folded ds-DNA

translocation events. [56] It is likely that a similar mechanism is happening in pore

A.
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Figure 3.16: Scatter plots of change in conductance vs event duration for 2030 events
(pore B). The histogram on the right shows the change in conductance fitted with
two Gaussian curves for unfolded (∆Gu, yellow) and folded events (∆Gf , cyan).
The histogram on the top shows the event duration or dwell time fitted with one
exponential decay curve for unfolded (τu) events.

3.3.6 Laser Irradiation of TMD Nanopores

Samples were illuminated using a 532 nm (green) excitation laser (Laserglow Tech-

nologies) with a 5 mW power output. Power density was controlled by changing the

laser driving current and via a variable neutral density filter (Thorlabs), and cali-

brated with a PHIR power meter located at the sample stage. All cables were kept

electrically isolated or grounded to reduce any cross-talk. Alignment was performed

by first focusing the laser on a white piece of paper and observing it using the CMOS

camera. The laser spot was then centered and digitally marked in the image capture
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software window by changing the mirror orientations. This spot was then aligned to

the nanopore device windows mounted on the micromanipulator stage with the laser

beam turned off.

Figure 3.17: (a) Schematic of the optical measurement setup. (b) Change in ionic
current through WS2 and SiNx nanopores with laser exposure. Ionic current measure-
ments at VB = 100 mV were obtained for two WS2 nanopores of effective diameters
of (i) 11.1 nm (pore C) and (ii) 43.2 nm (pore D) and a SiNx nanopore with (iii) deff
= 4.8 nm. Periods when the laser is turned on (light) and off (dark) are represented
in green and black, respectively.

In addition to ionic current measurements in the dark, we also applied light to the

nanopores to quantify the ionic current under illumination and explore the optical

response of monolayer WS2 nanopores in a biased ionic environment. The measure-

ment setup is illustrated in Figure 3.17a. By means of a CMOS camera and a 4X

objective lens (NA = 0.1), a 532 nm wavelength laser was monitored and focused

on WS2 nanopore devices mounted on a 3-axis micromanipulator stage. The power
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density of the laser was changed via a variable neutral density filter and by varying

the laser driving current, both of which were calibrated using a power meter.

In order to understand the effect of light on a WS2 nanopore in an ionic solution,

the pore conductance of multiple devices was measured as a function of laser exposure

time. Here, we show results for a WS2 nanopore (pore C) with an effective diameter

(deff = G/σ) of 11.5 nm. As illustrated in Figure 3.17b (i), IB was monitored at

a constant VB = 100 mV while the laser was turned on and off alternately with a

constant power density of 3 W/cm2. Before exposure, the pore conductance in the

dark was stable over a period of 1 hour. However, during laser exposure, the IB

was seen to increase (green) and remained constant when the laser was turned off

(black). This seemed to be an irreversible effect, resulting in ionic current time-traces

consisting of a series of constant current periods (in the dark) connected by periods

of increasing current (under laser illumination).

Membrane charging cannot explain these observations, which would otherwise ex-

hibit a return to the original conductance upon dissipation. [42] We instead attribute

it to a permanent physical expansion of the nanopore, confirmed by STEM imaging of

nanopores, as discussed later on. A similar result was obtained for (ii) another WS2

nanopore (pore D - deff = 43.2 nm) under the same voltage and power density condi-

tions. However, this was not the case for (iii) a SiNx nanopore (deff = 4.8 nm), which

showed no change in ionic current as a function of laser exposure at the same power

density. This important control measurement demonstrates that solution evaporation

and/or solution heating is also not the responsible mechanism for our observation,

as either or both could cause a variation in ionic current regardless of the nanopore
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membrane material. It should be noted that enhancement of ionic current through

a SiNx nanopore has been reported previously, but at power densities ∼ 6 orders of

magnitude higher than what is used here. [42]

Figure 3.18: (a) Change in effective diameter of pore C with time. The regions with
the laser on (green) were extracted and concatenated into a single plot (inset) as a
function of exposure time, tL. An illustration of the expansion of the pore is shown
on the top left. (b) STEM observation of the laser-induced expansion of nanopores
with initial diameters (dTEM) of (i) 4.6, (iii) 4.0, and (v) 4.0 nm at power densities
of (ii) 5400, (iv) 90, and (vi) 3 W/cm2 and VB = 0 V.

The observed nanopore expansion was further characterized by calculating the

change in the effective nanopore diameter throughout the experiment for pore C

(Figure 3.18a). The regions when the pore was exposed to light (green) were extracted

and concatenated (Figure 3.18a inset) to help understand how deff changes with
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the laser exposure time (tL). The deff vs. tL plot was best fit empirically to an

exponential trend:

deff (tL) ∼ α− βe(−tL/γ) (3.9)

where α = 55.1 nm, β = 43.6 nm and γ = 249.5 s. The rate of expansion of the

nanopore can then be calculated as:

δ[deff (tL)]

δtL
∼ β/γe(−tL/γ) (3.10)

where β/γ is the initial rate of expansion of pore. For pore C, this value was

calculated to be 0.2 nm/s while for pore D it was 0.4 nm/s. The approximate initial

expansion rate was also calculated for other power densities by measuring the con-

ductance change due to exposure of tL = 5 s. It was seen that the expansion rate

increased as the laser power density increased. It should be noted here that to ensure

that the low VB = 100 mV did not affect the nanopore, conductance was measured

and seen to be constant for an hour in the dark. Nanopore illumination was also re-

peated with VB = 0 V and conductance was measured in the dark after illumination,

resulting in similar outcomes to those presented here.

To gain a better understanding of how nanopore expansion varies with power

density, three nanopores were subjected to different power densities for tL = 5 s

and observed under STEM. In all cases, we measured the conductance before and

after exposure. After the ionic measurement, the membrane was rinsed from the salt

solution with water and annealed to allow for subsequent STEM imaging. Figure
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3.18b shows STEM images of WS2 nanopores with dTEM = 4.6 nm (i) before and (ii)

after being exposed to a power density 5400 W/cm2, dTEM = 4.0 nm (iii) before and

(iv) after being exposed to a power density of 90 W/cm2, and dTEM = 4.0 nm (v)

before and (vi) after being exposed to power density of 3 W/cm2. While the highest

power density physically breaks the suspended membrane completely, the lower power

densities gradually increases the pore size. This is also evident from the measured

change in pore conductances, which increased by ∼ 1275 nS for a power density of

5400 W/cm2, by ∼ 592 nS for 90 W/cm2, and by ∼ 39 nS for 3 W/cm2. It is possible

in some cases to find other pre-existing pores in the membranes that can further grow

due to e-beam exposure during STEM imaging.

Even though we see irregular pore shape growth for large light intensities (90

W/cm2), we see steadier and more controlled expansion at lower light intensities (3

W/cm2) as shown in Figure 3.18b. By further optimization of this process, the use of

controlled light pulses with controlled intensity and duration, it may be possible to

make this process highly controllable and usable for applications. This is somewhat

analogous to recently developed membrane electroporation protocols using voltage

pulses. [85, 86, 191] While these voltage pulses can break the membrane at high

voltage and long durations, the procedure have been optimized for nanopore formation

by fine control of the magnitude and duration of the pulses.

We also explored the impact of laser exposure on intact suspended WS2 mem-

branes containing no e-beam drilled nanopores. A rectifying curve is obtained initially

with G0 = 2 nS (corresponding to deff = 0.2 nm) possibly indicating the presence

of intrinsic sub-nm pinholes in the membrane (Figure 3.19). Upon laser exposure
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Figure 3.19: IV curves were obtained before and after laser exposure (power density
of 90 W/cm2, tL = 15 s) on an intact WS2 membrane containing no nanopores.
The observed increase in conductance, G0, from 2 to 9 nS suggests that the laser
aids in creating ionic channels through existing defects. Under additional exposure
with a higher power density (power density ∼ 5400 W/cm2, tL = 6 s), no increase
in conductance was observed, indicating that exposed edges, such as those formed
during e-beam nanopore drilling, are necessary to form larger channels.

(power density of 90 W/cm2, tL = 15 s), the conductance increased to 9 nS (deff =

0.8 nm). A further increase in power density (power density of 5400 W/cm2, tL = 6

s) did not increase the conductance or break the membrane. This seems to indicate

that laser exposure might help form additional pathways for ionic flow if there are

existing defects in the membranes. However, intentional e-beam damage used to cre-

ate nanopores with exposed edges plays the dominant role in the further expansion

of the nanopores upon illumination, and the ionic current through it is the major
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contribution to the measured ionic current in nanopore devices.

Experiments were also conducted wherein suspended WS2 membranes were ex-

posed to STEM damage (dose = 1.1x104 e−/nm2) without nanopore drilling, and

laser illumination (power density of 90 W/cm2, tL ∼ 3 mins) was applied to see if

nanopores can be formed. No appreciable change in conductance was observed, sug-

gesting no perceptible expansion of e-beam induced defects from the applied dose

ranges. Further experiments are required to investigate the relation between e-beam

dose, defect density and size, and the rate of defect formation and expansion in an

ionic solution.

Based on our observations, we propose that e-beam induced defects of optimal

size provide sites for photo-oxidation to take place in WS2 membranes in an ionic

solution, which generally occur at grain boundaries, [2, 53] leading to expansion of

nanopores under laser illumination in KCl solution. Further studies are needed to

explore the pore formation and expansion process in more detail and at the atomic

scale using AC-HRSTEM characterization.

3.3.7 Conclusion

In this section, we presented the demonstration of optically responsive WS2 nanopore

sensors for biomolecule analysis. We characterized our vapor grown WS2 monolayers

using Raman spectroscopy, AFM, TEM imaging, and PL spectroscopy. We showed

that imaging and drilling of nanopores using a focused e-beam can introduce defects

in suspended WS2 membranes, which appear as changes in the PL spectra. We de-

termined a dose of 5.5x104 e−/nm2 in STEM mode to be sufficient to drill a nanopore

79



while adequately preserving the optical properties of WS2 monolayers. Fabricated

nanopore devices were then used to detect double-stranded DNA translocations. In

contrast to SiNx pores, the diameter of the WS2 nanopore was optically expanded

using a focused 532 nm laser, varying the rate of expansion as a function of incident

optical power density. A rate of ∼ 0.2-0.4 nm/s was obtained for a power density of 3

W/cm2. We attribute this phenomenon to the photo-oxidation of nanopore edges in

the ionic solution. We believe this initial study of WS2 demonstrating electron beam

induced effects on PL, DNA translocations through nanopores, and light-enabled

pore expansion will aid future optoelectronic experiments on other optically-active

TMD materials. Further studies may focus on understanding the detailed atomic

mechanisms behind nanopore expansion in solution and using short laser pulses to

potentially control nanopore edges at atomic scales.

3.4 Summary

In this chapter, we realized nanopores in suspended graphene and monolayer WS2

membranes, allowing for electrical and optical response in ionic current measurements.

For the case of graphene nanopores, we observe that voltage application to graphene

nanopores yield high leakage current at relative negative voltages suggesting high

charge transfer between K+ ions and graphene. From this, we were able to extract a

low leakage graphene voltage range and performed gating measurements in that range,

observing a gating effect of ∼ 75 nS/V. We also found that graphene exposure area

plays an important role in leakage currents, and predict that using a low concentration
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of electrolyte can increase gating control of ions.

For the case of WS2 nanopores, we demonstrate their ability to detect DNA

translocations with high sensitivity and also show that under low-power laser illu-

mination in solution, the pores diameters can be controllably grown at an effective

rate of ∼ 0.2-0.4 nm/s, thus allowing for future development of possible atomic-

resolution pore size control using short light pulses. We follow-up on these results in

our next set of experiments by studying the effect of laser irradiation on intact WS2

membranes, as we will discuss in the next chapter.
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Chapter 4

2D Nanoporous Membranes

4.1 Introduction

Two-dimensional nanoporous membranes are being studied as possible candidates for

molecular filtration [1] applications due to predictions of high permeability and better

ion selectivity. [26, 28] While graphene nanoporous devices have been demonstrated

ion selectivity experimentally, [55, 69, 132, 165] no similar experiments using TMDs

exist.

High vacuum techniques like ion irradiation and chemical/plasma etching are cur-

rently used to fabricate nanoporous 2D membranes, resulting in issues concerning

scalability. As TMDs are known to be optochemically active, laser irradiation maybe

used to fabricate nanoporous TMD membranes. In the first section of this chap-

ter, we explore a new method for the fabrication of micron-scale, atomically-thin

nanoporous tungsten disulfide (WS2) membranes by utilizing water-assisted laser ir-
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radiation,. The electronic properties of the porous membranes are characterized with

photoluminescence (PL) spectroscopy and the structural properties of defects are

analyzed using aberration-corrected scanning transmission electron microscopy (AC-

STEM), respectively. We also present a possible mechanism behind the observed

laser-induced defects.

Nanoporous TMD membranes are predicted to have better permeability com-

pared to graphene based on molecular dynamics (MD) studies, [66] but it has not

been demonstrated experimentally as yet. In the second section of this chapter, we

fabricate ion-irradiation induced Ångström size defects in intact, suspended molybde-

num disulfide (MoS2) membranes and demonstrate ion-selective transport via voltage

driven ionic current through such pores. We also use MD modeling to find the min-

imum pore size for transport of K+ and Cl− ions and compare the values to our

experimentally obtained results.
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4.2 Laser-Induced Fabrication of WS2 Nanoporous

Membranes

The results presented here were published in the article "Laser-Induced Fabrication of

Nanoporous Monolayer WS2 Membranes" by Danda, G., Masih Das, P., and Drndić,

M., 2D materials (2018).

4.2.1 Background

Among the family of 2D materials, transition metal dichalcogenides (TMDs) have

attracted a lot of attention as potential candidates for photodetection,[111, 166] pu-

rification, [159, 168] energy storage, [31, 162] and catalysis applications. [87, 203]

Building upon the successful paradigm established by porous carbide-derived carbon

(CDC) compounds in the latter application, porous TMDs and TMD-CDC hybrids

have been heavily explored as possible electrocatalysts, [43] photocatalysts, [111, 210]

and purification catalysts. [87, 203, 207] Despite their favorable performance, current

fabrication techniques for porous TMDs based on solution-phase synthesis and sol-

gel methods are primarily limited to relatively slow and energy-intensive recipes that

either offer little to no tunability over sample porosity or fail to produce pore sizes

below ∼ 100 nm and fully utilize the 2D characteristics of the material. [87, 95, 210]

Similarly, recently-reported methods for fabricating nanoporous molybdenum disul-

fide (MoS2) based on ion beam patterning [52] and bottom-up molecular beam epitaxy

(MBE) [207] seem promising but require a number of time-consuming processes, often

under high-vacuum conditions that raise concerns over scalability. This necessitates
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the development of a process for the fabrication of TMDs with tunable porosity that

is both rapid and scalable.

Owing to their direct semiconducting band gap and strong photoluminescence

(PL) signature, monolayer TMDs have been probed for various optoelectronic appli-

cations such as phototransistors,[135, 194] light-emitting diodes, [149] and solar cells.

[71, 157] Due to their strong optical absorption, the controlled layer-by-layer thinning

of MoS2 as well as the patterning of micron-scale holes in tungsten disulfide (WS2)

have also been achieved through laser-induced ablation. [19, 111] While the basal

plane of monolayer flakes is known to be highly stable, intrinsic defects and edge sites

have been shown to provide nucleation sites for this degradation process, [34, 136]

which is accelerated in the presence of water. [2, 6, 136] These laser-induced defects,

however, have not been observed at the atomic level and their study can provide more

insight into the degradation process.

In this section, we demonstrate the controlled water-assisted photo-oxidation of

pristine monolayer WS2 membranes as a new method for producing nanopores and

nanoporous TMDs with tunable porosity on the time scale of a few seconds. We

analyze changes in the material’s electronic structure through PL spectroscopy in

addition to quantitatively and qualitatively characterizing the nature of the resulting

porous structure using transmission electron microscopy (TEM) and electron energy

loss spectroscopy (EELS).
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Figure 4.1: (a) Optical image of CVD-grown monolayer WS2 flakes on SiO2. (b)
Raman spectra of monolayer WS2 flake with indicated primary modes. (c) SEM
image of a WS2 flake suspended on a holey carbon grid. (d) HAADF AC-STEM
image of a monolayer WS2 lattice taken at 80 kV. (inset) SAED pattern along the
high-symmetry [001] zone axis showing the (100) and (110) diffraction spots.

4.2.2 Laser-Induced Defect Fabrication

Monolayer triangular WS2 flakes are grown using a chemical vapor deposition (CVD)

technique similar to that demonstrated by Kim et al. (2016). [75] We note here that

the use of monolayer WS2 arises from a combination of its highly-developed CVD

growth techniques and exceptional room temperature PL properties in comparison

to other TMDs. [64] Figure 4.1a shows an optical image of resulting triangular flakes
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on a 150 nm-thick SiO2 substrate. The monolayer nature of the flakes was confirmed

via Raman spectroscopy (Figure 4.1b) with an excitation wavelength of 532 nm. The

Raman spectrum consists of the four primary modes - first-order in-plane acoustic

mode, LA(M) (175 cm−1), second-order in-plane acoustic mode, 2LA(M) (353 cm−1),

first-order in-plane optical mode, E’ (Γ) (357 cm−1), and first-order out-of-plane op-

tical mode, A1’ (419 cm−1) - and their derivative peaks. [13, 124, 139] The higher

relative intensity of the 2LA(M) to A1’ mode and the absence of a prominent peak at

∼ 310 cm−1 suggests the monolayer quality of the flake. [13, 205] However, to further

verify that our flakes are in fact monolayer, we obtain PL spectra, as described later

in the text. The flakes are transferred onto perforated carbon grids (perforation diam-

eter ∼ 2.5 µm) using a standard PMMA-based KOH wet etch technique. A scanning

electron microscope (SEM) image of a WS2 flake suspended over multiple holes is

shown in Figure 4.1c. Figure 4.1d shows a high-angle annular dark-field (HAADF)

lattice image of a suspended region that was obtained in an aberration-corrected scan-

ning transmission electron microscope (AC-STEM) along with (Figure 4.1d inset) a

selected area electron diffraction (SAED) pattern.

Samples were irradiated with a laser using a custom-built illumination setup,

as shown in Figure 4.2. Suspended WS2 membranes were immersed in deionized

(DI) water and located optically using a 60X water immersion objective lens and an

integrated CMOS camera. A green laser (λ = 532 nm, P = 5 mW) was then focused on

selected membranes for an irradiation time (t) ∼ 5 seconds with different laser power

densities (i.e., irradiation doses) modulated using a step variable neutral density (ND)

filter. It should be noted here that no rastering of the laser was performed in this
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Figure 4.2: Schematic of the laser irradiation setup.

study. DI water provides the necessary oxidizing environment for the photo-oxidation

reaction. [2, 6, 136] Due to its higher refractive index in comparison to air, DI water

also allows for a higher numerical aperture (NA) objective lens (spot size = 540 nm),

which localizes the effects of photo-oxidation, thus making it easier to analyze the

entire affected area within the field of view of the TEM. It should be noted that

use of the dichroic mirror in the setup is required for image capture by the camera

and reduces the laser power reaching the sample. As a result, laser irradiation dose

calculations were performed using power values measured at the sample stage using

a power meter.

In our experiments, the laser irradiation dose (D) was varied from ∼ 102 to 105

W/cm2, which is lower than the dose required for laser-induced thermal ablation

of TMDs (MoS2). [19] Multiple membranes (n ≥ 3) were irradiated for each dose.

Immediately after irradiation, samples were annealed at 250oC for 90 minutes in a
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Ar/H2 environment to reduce hydrocarbon contamination during SEM, STEM, and

PL analysis. Based on HAADF STEM images and previous reports of annealed

nanopores and nanoporous membranes, [34, 168] annealing at these temperatures,

well below the decomposition temperatures of TMDs (∼ 600-700oC), [107] does not

change the size of defects.

Figure 4.3: SEM images of monolayer WS2 flakes suspended over a holey carbon grid
showing photo-oxidation induced damage of suspended membranes before and after
laser irradiation with different doses. Scale bars are 2 µm.

A comparison of SEM images of the samples obtained before and after irradia-

tion revealed varying degrees of photo-degradation of the membranes dependent on

laser dose (Figure 4.3) and served as a quick check before further spectroscopic and

AC-STEM analysis were performed. Control experiments in air did not show the
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formation or expansion of defects in membranes upon laser irradiation, regardless of

the presence of initial defects, even for irradiation times, t > 4 minutes and doses,

D ∼ 105 W/cm2, strongly suggesting the need of a conducive oxidizing environment

and illumination condition for defect expansion at the given dose. [34, 136]

4.2.3 PL Study of Defects

Figure 4.4: (a) PL spectra of a pristine suspended monolayer WS2 membrane be-
fore laser irradiation showing three spectral components: neutral exciton, X0, trion,
XT , and defect, XD. (b) PL spectra of suspended WS2 membranes after exposure
(green) at different irradiation doses, each showing the corresponding spectra before
the experiment (black). (c) PL peak shift and intensity ratio change before and after
irradiation as a function of irradiation dose. (d) Spectral weight percentage in the
post-experiment PL spectra as a function of irradiation dose.

To study the effect of laser-induced damage on suspended membranes, we char-

acterize changes in the electronic and physical structure of WS2 using a combination

of PL spectroscopy and AC-STEM imaging, respectively. Figure 4.4a shows the PL

spectrum of a pristine suspended monolayer WS2 membrane. An excitation wave-

length of 532 nm (spot size = 940 nm) and incident laser power of ∼ 50 µW were

used to prevent unwanted laser-induced degradation during measurements. [19] A
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strong PL signal is obtained near the direct bandgap value of WS2 (∼ 2.05 eV),

which verifies the monolayer quality of our flake. [64] The spectrum is curve-fitted to

three Lorentzian components - namely the neutral exciton (X0), the trion (XT ) and

the defect-related (XD) peaks, which are centered around ∼ 2.02, 1.99 and 1.88 eV,

respectively. [24, 34] The average spectral weight percentages of the X0, XT and XD

peaks were calculated from multiple pristine samples and found to be ∼ 74%, 25%

and 1%, respectively.

Figure 4.4b shows the normalized PL spectra of the WS2 membranes before and

after laser irradiation at different doses. The before spectra were taken on pristine

WS2 membranes in air prior to immersion and laser irradiation in DI water. The

spectra indicated as after were also obtained in air, but after the experiment was

completed, i.e., the membranes were immersed in DI water and exposed to laser

irradiation. For the non-laser irradiated case (P = 0 W/cm2), samples were immersed

in DI water but not exposed to any laser light. The PL peak shift and intensity

changes before and after irradiation are plotted for several irradiation doses in Figure

4.4c. The spectral weight percentages of post-irradiation spectra were also calculated

and are plotted in Figure 4.4d.

It was observed that the PL peak redshifts for all irradiation doses and the shift

increases with increasing dose, while the PL intensity decays with higher laser irra-

diation doses. The PL shift was calculated at different laser doses averaged over > 5

samples for each dose. Specifically, the PL redshift was found to be 5.6 ± 5.0 meV

and 5.6 ± 3.6 meV for P = 0 W/cm2 and P = 4.80 x 103 W/cm2, respectively, which

are both smaller than the PL shift for P = 6.33 x 104 W/cm2 (10.6 ± 6.2 meV). We
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note that the non-zero PL redshift for P = 0 W/cm2 is likely due to the formation

of a small number of defects due to water exposure under ambient light, which we

verify later using AC-STEM analysis (Figure 4.5a). Similar averaged PL shifts for P

= 0 W/cm2 and P = 4.80 x 103 W/cm2 means that PL shifts are not sensitive to the

difference in the density of defects in non-irradiated samples after water exposure and

samples irradiated at low doses (< 104 W/cm2) (Figures 4.5a-b). Furthermore, the

relatively large error bars in the PL shift also imply that the variation in the density

of defects at low doses across different samples is large enough such that the aver-

aged PL shifts are indistinguishable between zero-dose and low-dose (< 104 W/cm2)

irradiated samples. As the irradiation dose increases (P = 6.33 x 104 W/cm2), the

defect density increases as expected, leading to a larger PL redshift.

For doses from 0 (pristine) to 104 W/cm2, the XT contribution increases while

the X0 peak contribution diminishes. While both peaks decay with increasing laser

irradiation dose, a conversion from neutral to charged exciton emission (i.e., n-type

doping) is also seen via a redshift and broadening of the PL spectra. We note that

this is opposite to what was observed in plasma-irradiated WS2 in which the XT

contribution decreased. [24] The XD contribution remains negligible (< 10%) for

all laser doses, suggesting a different kind of defect formation compared to electron

beam-induced or plasma-induced defects. [24, 34] For higher doses (D ∼ 105 W/cm2),

the majority of the membranes were seen to break (Figures 4.3 and 4.5d) and the

PL spectra obtained after irradiation are extremely weak compared to those obtained

before irradiation (> 800-fold decay). The direct dependence of laser-induced effects

on the laser power we observe (decay of X0 and XT ) is similar to what has been
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observed for WSe2 [2] but contrary to the power independence in the case of MoS2.

[136]

Defects, substrate effects and chemical doping are known to induce n-type doping

of TMDs. [113, 186, 192] We can rule out any substrate effects for our case as we

are analyzing only suspended membranes. Since membranes are annealed after laser

irradiation, we also preclude any doping due to O2/H2O adsorption. [112, 128] While

we do observe oxide formation on our flakes due to DI water exposure (from our AC-

STEM analysis as shown in Figures 4.5 and 4.7a), we do not see a net PL blueshift

or X0 peak contribution enhancement expected from oxide-induced p-type doping,

shown previously by several studies. [117, 189, 208] Defect-induced doping is also

known to reduce exciton lifetime in TMDs which can in turn decrease the PL intensity.

[185] This suggests that while laser-induced defects degrade the membrane, they also

introduce defect-induced n-type doping, which is the dominant doping mechanism, in

the membrane. It should be noted that the relatively large error bars (∼ 60-70%) for

dose = 6.33x104 W/cm2 in Figure 4.4c-d indicate a wider distribution in defect sizes

and large defect density in the regime of higher irradiation doses, which we confirm

later using AC-STEM analysis (Figure 4.7).

4.2.4 AC-STEM Study of Defects

Bulk properties of laser-irradiated TMD flakes have been studied previously using

spectroscopy, optical microscopy and atomic force microscopy. [2, 6, 53, 93, 136] While

monolayer TMDs are known to be more resistant to laser degradation than their few-

layer counterparts, the former was still seen to undergo decay, which was attributed
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Figure 4.5: (Top row) Low-magnification HAADF AC-STEM images of suspended
nanoporous WS2 membranes after exposure to laser irradiation doses of (a) 0,
(b) 4.80x103, (c) 6.33x104, and (d) 6.31x105 W/cm2 with (bottom row) high-
magnification images of selected defects. The defect shown for 0 W/cm2 (green)
represents a defect that formed due to photo-oxidation under ambient conditions.
The low-magnification image shown for 6.31x105 W/cm2 (row (d), top) is one of the
few membranes that did not become structurally weakened and (row (d), bottom)
one which collapsed at this dose.

to the presence of intrinsic lattice defects in the monolayer basal plane. [2, 136]

Indeed, the introduction of defects in the form of nanopores in suspended monolay-

ers and subsequent laser irradiation was demonstrated to expand the nanopore at

a controllable rate as a function of laser dose. [34] However, to our knowledge, the

effects of laser irradiation on intact monolayers and the fabrication of laser-induced

defects have not yet been explored at the atomic level. A better understanding of the

laser-induced defect creation would allow for not only better control of the process
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for scalable applications but also the manipulation of the properties of TMDs.

To observe the effects of laser irradiation on our WS2 membranes, we character-

ize the exposed samples using AC-STEM, which enables structural observations of

micron-scale membranes as well as atomic-scale damage. Representative membranes

for laser irradiation doses of 0, 4.80x103, 6.33x104, and 6.31x105 W/cm2 are shown

in Figure 4.5a-d, with corresponding AC-STEM images of a single defect outlined

in yellow shown underneath. We note that the term defect is taken here to mean

any region of the membrane which does not contain an intact WS2 lattice. All the

membranes shown were part of the same carbon grid and, as a result, were subjected

to the same pre- and post-processing procedures. Regardless of laser irradiation dose,

all flakes demonstrate the formation of white islands visible in the TEM images not

present initially, which, as discussed later, were determined to be tungsten oxide

(WO3) through EELS analysis (Figure 4.7a). Most of the pristine (D = 0 W/cm2)

samples are intact with a few photo-induced triangular defects over a suspended area

of ∼ 5 µm2. This suggests that tungsten oxide islands and a small number of defects

form even during water exposure under ambient light. With increasing laser irradia-

tion dose, the observed defects have larger areas with a noticeably higher density. At

the highest dose (D ∼ 105 W/cm2), the defected area is large enough such that the

membrane is structurally weakened and therefore collapses. Two such membranes

irradiated at 6.31x105 W/cm2, one of which did not collapse, are shown in Figure

4.5d.

In order to better understand both the composition and structure of individual

defects in the nanoporous membranes, we obtain atomic resolution AC-STEM images.
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Figure 4.6: (a-b) AC-STEM image of typical photo-oxidation induced defects showing
a number of features - (i) defect area (outlined in yellow in a), (ii) nanopore(s) inside
the defect, (iii) amorphous carbon-filled part of the defect, (iv) tungsten-oxide-filled
part of the defect, and (v) tungsten oxide island in the vicinity of the defect. (c)
AC-STEM image of a defect that is fully clogged by amorphous carbon and oxide
and (d) a closer view of the edge of the defect showing an intact WS2 lattice and
amorphous nature of the oxide.

Figure 4.6a shows the morphology of a typical laser-induced defect (D ∼ 103 W/cm2),

outlined in yellow. EELS analysis of the bright islands visible on the irradiated

membrane reveals a peak at an energy loss of 532 eV that corresponds to the oxygen

K-edge (Figure 4.7a). This peak is only observed in the bright clustered features and

not elsewhere on the membrane. The oxide is also seen to deposit irregularly inside

the expanded defect, held together by an amorphous, carbon-based matrix. Closer

observation of defect edges shows the clear demarcation of the intact WS2 lattice

and the amorphous carbon inside the defect, while no clear lattice structure is seen

in the oxide (Figure 4.6c-d). We note that unlike molybdenum-based TMDs, where

the absence of molybdenum oxide (MoO3) after photo-oxidation experiments was

attributed to dissolution of the oxide in water, [19, 136] previous reports on tungsten-

based TMDs using X-ray photoelectron spectroscopy and scanning photoemission
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Figure 4.7: (a) EELS spectra of the suspended region (orange) and oxide region
(blue) from Figure 4.6a, exhibiting the oxygen K-edge only in the oxide region. The
carbon peak is from hydrocarbon contamination. (b) Effective nanopore diameter
distribution and (c) percentage of the total nanoporous region as a function of laser
irradiation dose.

microscopy have indicated the appearance of tungsten oxide oxidation states after

laser exposure. [2, 6, 106, 111] This agrees with our direct observations of oxide

islands on the laser-irradiated WS2 membranes. The amorphous carbon, which is seen

to clog part of the defects, shows up in the EELS background spectrum (Figure 4.7a)

and is likely the result of the polymer-based transfer process and/or the underlying

perforated carbon film. [98, 118, 124, 142] Under prolonged electron beam (AC-

STEM) exposure, the carbon contamination is seen to expand until it ultimately

clogs the defect entirely. Although the carbon contamination decreases the total

nanoporous area of the membrane, it also reduces the minimum effective hole size

to the nanometer scale and gives strength to the suspended membranes, which can

facilitate catalysis applications.

We classify regions of the laser-induced defects into two distinct parts: an amor-

phous carbon-clogged region and a nanoporous region (Figure 4.6a). For very large

defects (Figure 4.6b), multiple disjointed nanopores are present due to interspersed
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oxide clusters held together by the amorphous carbon, thus giving a perforated ap-

pearance to a single defect (Figure 4.6b). We quantify the dimensions of the nanopores

in the suspended membranes using a thresholding function in ImageJ and obtain a

distribution of the effective nanopore diameter as a function of laser irradiation dose

(Figure 4.7b). Effective nanopore diameter is taken here to be the diameter of a

single circular nanopore with the same area as the irregularly-shaped nanopore inside

the defect. The smallest defect observed in our samples has an area of ∼ 300 nm2

while the minimum effective nanopore diameter was found to be ∼ 15 nm. With

increasing laser irradiation dose, an increase in both the average and maximum effec-

tive nanopore diameter is seen. Calculating the nanoporous area percentage of the

exposed membranes results in a linear dependence on the laser irradiation dose given

by the empirical formula:

Nanoporous area (%) = a ∗D + b (4.1)

where a = 1.2x10−4 cm2/W and b = 0.42 are the fitting parameters (Figure 4.7c).

From our observations, the photo-oxidation mechanism seems to occur in two

ways: (i) formation of oxide islands via reaction of water or dissolved oxygen with

the WS2 lattice and possible replacement or dislocation of sulfur atoms, [6] and (ii)

oxidation and expansion of intrinsic defects into triangular defect clusters via reaction

of dissolved oxygen with the dangling bonds of the defects. [34, 136] The oxide that is

formed by the latter process clogs the defect held together by amorphous carbon that

is present from the transfer process. If the expanded defect becomes large enough

(> 300 nm2), the carbon-clogged region collapses and gives rise to nanopores inside
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the defect. It should be noted here that based on previous studies using higher

laser powers the observed defects are not expected to be thermally-induced as the

maximum power reaching the membrane was measured and limited to below 2 mW

(P ∼ 1.44 mW) during our irradiation experiments. [2, 125, 167]

4.2.5 Conclusion

In this section, we demonstrated the fabrication of atomically-thin WS2 membranes

with tunable porosity via a photo-oxidation-induced process that avoids many of the

sensitive processing conditions required of other techniques. While no laser-induced

defects were seen in air, an aqueous environment produced defects for laser irradia-

tion doses in the range 102-105 W/cm2. We found that the creation of defects leads

to the relative lowering of the concentration of neutral excitons compared to trions

(i.e., n-type doping), combined with a decrease in PL peak intensity with increase

in irradiation dose due to defect-related degradation. AC-STEM images of the irra-

diated membranes show triangular clustered defects, which contain a combination of

nanopores and tungsten oxide islands held together by an amorphous carbon matrix,

which arises due to the PMMA-based sample preparation. The smallest defect size

obtained was ∼ 300 nm2, while the minimum effective diameter of nanopores inside

the defect was ∼ 15 nm. Tunable membrane porosity was also realized through a

linear dependence of nanoporous area percentage on the laser irradiation dose, with

mechanical collapse of most of the membranes at doses ∼ 105 W/cm2. Combined

with computer-controlled, time-resolved laser rastering in a desired pattern (not used

in this study), these observations lay the foundation for facile and scalable fabrication
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of TMD nanopores and nanoporous membranes.
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4.3 Ion Transport Through MoS2 Nanoporous Mem-

branes

The results presented here were published in the article "Angstrom-Size Defect Cre-

ation and Ionic Transport through Pores in Single-Layer MoS2" by Thiruraman, J.P.,

Fujisawa, K., Danda, G., Das, P.M., Zhang, T., Bolotsky, A., Perea-López, N., Nico-

laï, A., Senet, P., Terrones, M. and Drndić, M., Nano letters, 18(3), pp. 1651-1659

(2018).

4.3.1 Background

Ionic and molecular transport through individual solid-state nanopores has been stud-

ied thanks to the ability to fabricate nanometer scale holes in thin membranes. [16]

In contrast, ionic transport through smaller, sub-nanometer pores and nanoporous

two-dimensional (2D) membranes has not yet been explored in detail, although these

systems present fascinating opportunities to study phenomena at the atomic scale.

Most studies infer the conductance and sub-nanometer pore diameters indirectly from

modeling. [69, 147] With the recent availability of 2D materials [101] that can be sus-

pended as membranes [124] and the ability to image atomic-scale defects, [135] it

is now possible to study the fundamental principles behind ion flow through sub-

nanometer pores. [69] A few recent papers have reported transport measurements in

individual molybdenum disulfide (MoS2) sub-nanometer pores. [46, 48]

Thin nanoporous membranes containing a large number of pores provide oppor-

tunities for fluid filtration, molecular analysis, and energy generation. In water-
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desalination applications, there is a demand for high-throughput, where atomic-scale

pores (atomic vacancies in the material) provide unique benefits. This is because

(i) water transport scales inversely with membrane thickness allowing for high wa-

ter fluxes and (ii) membranes with sub-nanometer pores are highly selective. [26,

29, 165, 178] Previous experiments explored ionic transport in nanoporous graphene

membranes. [133, 134, 178] Heiranian et al. indicated the benefits of MoS2 pores

compared to graphene. [66] To the best of our knowledge, there have been no studies

of transport in nanoporous MoS2 membranes.

In this section, ionic transport measurements through MoS2 membranes with a

population of sub-nanometer pores introduced by controlled Ga+ ion irradiation at

30 kV are reported. We study the vacancy defects and the resulting properties of

the suspended MoS2 lattices using AC-STEM, Raman spectroscopy, and photolumi-

nescence (PL) spectroscopy. We observe the longitudinal acoustic (LA) band and

defect-related PL and determine the vacancy-defect size distribution as a function of

Ga+ ion irradiation dose, showing the median defect diameter in the range of 0.3-0.4

nm.

4.3.2 Ion-Induced Defect Fabrication

Single-layer MoS2 triangular-flakes were synthesized via a halide-assisted powder va-

porization method (Figure 4.8a) by our collaborators at Pennsylvania State Univer-

sity. [96] The presence of single-layer material was confirmed by fluorescence mi-

croscopy (Figure 4.8b, 673 nm bandpass filtered). While single-layer MoS2 shows

strong photoluminescence, the signal is quenched in multilayered MoS2. [161] Similar
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Figure 4.8: (a) Optical image and (b) fluorescence image (673 nm centered bandpass
filtered) of as-grown single-layer MoS2. (c) Schematic illustration of focused Ga+ ion
beam based irradiation process. (d) Raman and (e) photoluminescence (PL) spectra
of the pristine and the Ga+ ion irradiated MoS2.

to graphene, [68] polycrystalline MoS2 fractures at grain boundaries under strain.

[35] To maintain the rigidness of the material, single crystal MoS2 was focused on.

Single-layer MoS2 flakes were transferred onto carbon grids [99] or SiNx [124] using a

polymethyl methacrylate-assisted transfer. Atomic vacancy-defects were introduced

by rastering the Ga+ ion probe over a certain area (Figure 4.8c) using a focused ion

beam (FIB). [18, 122] The degree of defectiveness was controlled by varying the Ga+

ion dose from 6.25 x 1012 ions/cm2 until the PL signal of the irradiated MoS2 fell

into noise level (2.50 x 1013 ions/cm2). After prolonged irradiation, the fluorescence

signal was suppressed regardless of dose.

The effect of Ga+ ion irradiation on MoS2 flakes was investigated by Raman

spectroscopy and PL spectroscopy (panels d and e of Figure 4.8, respectively). After

Ga+ ion irradiation of the MoS2, several Raman peaks located around 200 cm−1, in

103



the vicinity of the longitudinal acoustic (LA) band emerged, whereas the first-order

in-plane (E’) and out-of-plane (A1’) modes remained unaffected. [122] The LA band

consists of several peaks including LA (∼ M), LA (∼ K), and a van Hove singularity

at the saddle point between the K- and M-points in the Brillouin zone. [18] Because

these LA (∼ M) and LA (∼ K) modes far from the Γ-point are only activated when

defects are introduced into the MoS2 lattice, their relative intensity with respect to

the A1’ mode (I(LA)/I(A1’)) can be used as an indicator of the degree of crystallinity.

[18, 122] The relative intensity, I(LA)/I(A1’) increased with higher Ga+ ion doses (see

the inset of Figure 4.8d), as expected.

The PL of the MoS2 flakes was found to be sensitive to ion irradiation. [169]

For pristine MoS2, there were two peaks at 1.88 and 2.03 eV in the PL spectra,

corresponding to the A and B exciton peaks. The A exciton peak was composed

of two subpeaks with energy at 1.88 eV (neutral exciton: A0) and 1.82 eV (trion:

A−). [113] After Ga+ ion irradiation, the neutral exciton A0 was suppressed and a

new peak, a bound exciton (D) located at ∼ 1.72 eV, emerged. This newly emerged

photoemission peak can be correlated to defect-mediated radiative recombination

processes. [17, 24, 169] The bound exciton peak is also observed when the MoS2

is irradiated by α-particles [169] and energetic plasma. [24] The spectral weight of

the bound exciton peak becomes higher with increasing Ga+ ion dose, similar to

the relative intensity of the LA band, and at a dose of 2.5 x 1013 ions/cm2, the PL

intensity becomes close to the noise level. The enhancement of the LA band and

the suppression of the neutral exciton reflect a qualitative increase of defectiveness

(e.g., number and size of vacancies), within MoS2 monocrystals after the Ga+ ion
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irradiation. However, upon the collision between an ion and an atom, several different

types of defects including topological defects, atomic vacancies, holes, and amorphous

regions can form [101] depending on the ion species and their kinetic energy. [58] A

quantitative study of vacancy-defects; such as type, density and edge termination of

defects, is required but cannot be completed using only the techniques above. In this

context, Surwade et al. mentioned that even when similar optical signatures were

observed in differently prepared defective graphene membrane, the water-transport

properties of the membranes varied. [165]

In 2D systems, the type of vacancy-defects introduced by ion irradiation changes

depending on the ion characteristics and kinetic energy. [91, 195] For the electron

irradiation of MoS2 using a parallel beam, monosulfur vacancies (VS) and disulfur

vacancies (V2S) are predominant. [58, 135] With increased electron irradiation time,

sulfur vacancies migrate and aggregate into line defects. [80] In contrast to electrons,

the mass of an ion is larger and varies, resulting in ion-species-dependent effects.

Molecular dynamics (MD) simulations suggest that higher mass causes more dis-

placement and sputtering of atoms. [91, 195] Direct observation of vacancy-defects

created by Ga+ ion irradiation is needed to fully understand their characteristics.

Ion-irradiated MoS2 membranes were investigated by aberration-corrected scan-

ning transmission election microscopy (AC-STEM). Figure 4.9a shows high-angle an-

nular dark-field (HAADF) images of MoS2 before and after Ga+ ion irradiation for

different doses: 0 (pristine), 6.25 x 1012, 8.16 x 1012, 1.11 x 1013, 1.60 x 1013, and 2.50

x 1013 ions/cm2. HAADF intensity changes depending on ∼ Z2 (Z: atomic number),

allowing us to roughly distinguish elements (Mo or S) and, therefore, the atomic con-
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Figure 4.9: (a) AC-STEM image of the pristine and the Ga+ ion irradiated MoS2

with different ion doses. (b) High-magnification AC-STEM image of atomic vacancies
with different atomic configuration. These images were used to perform the statistical
analysis of defects shown in Figure 4.10 and are described in the text.

figuration of vacancy-defects. Figure 4.9b shows magnified STEM-HAADF images

of several atomic vacancies. Metal atomic vacancies with several sulfur vacancies

(VxMo+yS) are formed rather than sulfur vacancies (VS), topological defects (bond

changing), or amorphous regions. This is consistent with expected sputtering behav-

ior due to the relatively higher mass of Ga+ in comparison to electrons and leads to

disulfur or monosulfur termination-rich edge structures.

To investigate the effect of the Ga+ ion dose on pore (i.e., vacancy-defect) area and

density, statistical analysis was performed on AC-STEM images, as shown in Figure

4.10. Within the irradiation dose ranges used, the pore density increases with larger

doses, whereas the pore area remains roughly constant. For the lowest dose (6.25

x 1012 ions/cm2), the majority of the atomic pores were single-molybdenum-based

vacancies (V1Mo+yS), while the number of missing sulfur atoms varied. With increas-
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Figure 4.10: (a) Nanopore density, (b) nanopore area and (c) total pore area per-
centage were calculated from binary images created from AC-STEM image. (d)
Distribution of nanopore diameter for defects produced by Ga+ ion irradiation, for
different Ga+ ion doses. The red (blue)-colored box corresponds to diameter ranges
for V1Mo+yS (V2Mo+yS) nanopores which is calculated from simulated STEM-HAADF
images by QSTEM (inset, scale bar is 500 pm).

ing Ga+ ion dose, the number of double-molybdenum-based vacancies (V2Mo+yS)

increased, and some triple-molybdenum-based vacancies were also found (V3Mo+yS;

Figure 4.9b), exhibiting low-intensity STEM-HAADF signals inside the defect. Be-

cause these defects were observed far from carbon contamination caused by the trans-

fer process and the STEM-HAADF intensity was close to VS, the structure inside the

defect was assigned to sulfur. When the Ga+ ion dose reached 2.50 x 1013 ion/cm2,

the density of pores with size >0.8 nm in diameter increased (Figure 4.10).
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4.3.3 Nanoporous Device Characterization

Figure 4.11: (a) Experimental setup to measure the conductance of nanoporous MoS2

membranes. (b) Current-voltage plot of a MoS2 device irradiated with a dose of
1.60 x 1013 ions/cm2 showing a nonlinear trend in the voltage range of VB = ±
0.8 V (orange, device P). (bottom inset) Current-voltage curves for a pristine MoS2

membrane (black) and the same irradiated MoS2 device for VB = ± 0.1 V. (top inset)
STEM image of a suspended MoS2 membrane exposed to a Ga+ ion dose of 2.50 x
1013 ions/cm2.

To observe the ionic transport characteristics of the Ångström-size defects in the

MoS2 membranes, we implement the device setup shown in Figure 4.11a. A MoS2 flake

was selected under an optical microscope and then transferred over a SiNx window

with a ∼ 200 nm diameter FIB hole. [34, 121] The membrane was then irradiated

with doses ranging from 6.25 x 1012 to 2.50 x 1013 ions/cm2 to create atomic vacancies

with average single defect diameters between 0.4 and 0.5 nm. The top inset of Figure

4.11b shows a STEM image of a suspended MoS2 membrane over a FIB hole exposed

with a dose of 2.50 x 1013 ions/cm2. A resultant nonlinear current-voltage (I-V) curve

is shown in Figure 4.11b for an irradiated MoS2 membrane (device P, dose of 1.60 x

1013 ions/cm2). For comparison, a similar trace is shown in the bottom inset for a

pristine sample demonstrating a baseline ionic conductance (G = dI/dV) of ∼ 10 pS.
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Figure 4.12: (a) Current vs time traces at an applied voltage of VB = 0.1 V and (b)
the corresponding power spectral density for two devices (device P and Q, dose of
1.60 x 1013 ions/cm2). (c) Current vs time trace for device Q at an applied voltage
of VB = 1 V showing an increase in conductance in steps, suggesting membrane
damage. (inset) Noise at an initial conductance of 20 nS before the high-voltage
induced damage (zeroth point) is obtained from panel b.

Figure 4.12 show ionic current traces at VB = 0.1 V and the corresponding current

noise for two devices (dose of 1.60 x 1013 ions/cm2). It should be noted that only

those devices are shown here that have an ionic conductance of G > 5 nS in the

range of ±0.1 V. For devices exhibiting G < 5 nS, the defects are too small to allow

significant ionic flow below a certain threshold voltage (discussed below), thus making

ionic noise extraction difficult. The power spectral density was extracted from the

current traces and fit to the following equation:
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PSD = (I2A)/fα (4.2)

where PSD is the power spectral density, I is the corresponding ionic current, f is

the frequency, A is the noise coefficient, and α is the low-frequency noise exponent.

All of the devices showed a noise exponent value of α ≈ 1 and noise coefficient of

A ≈ 10−4-10−5, suggesting dominant low-frequency noise as has been demonstrated

previously in 2D nanopore devices. [103, 121, 209]

To further investigate the stability of our devices, we applied a constant VB = 1

V and monitored the change in ionic current for another device with the same dose

(device Q, dose = 1.60 x 1013 ions/cm2), as shown in Figure 4.12c. The current

increased in jumps from 20 nA (from Figure Figure 4.12a) to 250 nA, suggesting

incremental damage of the membrane as opposed to gradual increase of defect sizes.

[49] The noise coefficients extracted from each section and plotted in the inset (zeroth

point is from Figure Figure 4.12a) reveal that the low-frequency noise decreases with

increasing conductance, in accordance with a power law:

A = 0.48G−2 (4.3)

A similar trend of increasing conductance was also observed in other devices when

VB exceeded ±0.8 V. To ensure that we did not damage our devices during ionic

experiments, VB was kept in the range of ±0.5 V for most of our devices.
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Figure 4.13: (a) Ionic current vs voltage (I-V) curves measured for pristine and ir-
radiated MoS2 membranes with dose 1 (6.25 x 1012 ions/cm2), dose 2 (1.11 x 1013
ions/cm2), and dose 3 (2.5 x 1013 ions/cm2). The applied sweep rate was between 5
and 20 mV per second. (b) Corresponding dI/dV with respect to voltage for nonlinear
I-V curves in panel a.

4.3.4 Ionic Transport Through Sub-nm Defects

Figure 4.13a presents the I-V curves for a pristine membrane and 15 devices irradiated

at three different doses (dose 1 = 6.25 x 1012, dose 2 = 1.11 x 1013, and dose 3 =

2.50 x 1013 ions/cm2). We note that while a total of 25 devices were irradiated and

tested, 10 of these yielded negligible ionic conductance (G ≈ 10 pS) comparable to

non-irradiated, i.e., pristine samples, close to our detection limit, and are not shown

here. In Figure 4.13a, several of the 15 I-V curves plotted overlap (6 red, dose 1;

4 green, dose 2; 5 blue, dose 3; 1 black, pristine). A total of six representative

differential conductances (dI/dV) for doses 1-3 are shown in Figure 4.13b. Collective

current passing through multiple Ångström-size pores in a MoS2 membrane resulting

in nonlinear I-V curves at voltages VB ≥ 0.1 V are displayed by ∼ 80% of the devices.
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At lower voltages (VB < 0.1 V), the I-V curves are linear (Figure 4.13a inset). Such

nonlinear trends have been observed previously for sub-nanometer 2D pores and were

attributed to stripping of the ionic solvation shell at higher driving voltages. [48, 69]

About 20% of devices showed higher conductance (G > 5 nS) and a linear trend, even

up to 1 V. This may be due to the merging of individual Ångström-size pores or their

enlargement over time, resulting in higher conductance values and linear I-V curve

behavior that is typically observed in nanometer-size pores that are well-described by

the continuum model. [48]

Using the previously stated AC-STEM analysis (Figure 4.10), we estimate the

number of pores, N, and their diameters, D, within the nanoporous membranes for

the various doses. The mean and maximum diameters of pores are 0.4 and 0.8 nm

for dose 1, 0.5 and 0.9 nm for dose 2, and 0.5 and 1.3 nm for dose 3, respectively.

The number of pores ranges from N ≈ 300 for dose 1, N ≈ 700 for dose 2, and N ≈

1200 for dose 3. This is estimated using the results from Figure 4.10a and calculating

how many pores of average diameter are contained in the suspended area ∼ 3 x 104

nm2. From the defect size distributions, we also estimate the number of pores with

diameters larger than the hydrated K+ ion diameter (the smaller ion compared to

Cl−), [115] where D > 0.6 nm: ∼ 30, ∼ 120 and ∼ 240 for doses 1-3, respectively.

Similarly, the estimated number of pores with D ≥ 1 nm are zero for doses 1 and

2 and ∼ 34 for dose 3. Doses 1-3 were chosen because they produce well-separated,

Ångström-size defects. For higher doses, defects start to merge resulting in larger,

irregularly shaped pores.

Despite a large number of defects, most of them are very small, below ∼ 5 Å.
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Figure 4.14: Conductance G is shown as a function of the pore diameter for both
the continuum (black, yellow, orange, and pink) and molecular dynamics (MD) sim-
ulated (blue) models. Plotted are also G values from the MD model discussed in
the text for five pores shown in Figure 4.15, the experimentally obtained G values
for MoS2 nanoporous membranes and single nanopores, and reported values from
previous works on SiN, [175] a-Si, [146, 155] and MoS2 nanopores. [46, 48]

Based on molecular dynamics simulations, [66] such pores are expected to be too

small for ions to flow through but should allow water molecules to pass. We therefore

expect the measured conductance in the range of VB = ± 0.1 V of the irradiated

MoS2 membranes to be low, and indeed, it was found to be ∼ 1 nS in 80% of the

devices shown in Figure 4.13a. The average conductances of the irradiated devices

were ∼ 1 nS for doses 1 and 2, increasing to ∼ 10 nS for dose 3. We compare and

contrast the irradiated membranes to single nanopore devices in Figure 4.14, which

plots the conductances of the nanoporous membranes as a function of the effective

defect diameter (including the mean G for each dose), as well as the conductances of

two single MoS2 nanopore devices that were drilled using AC-STEM with effective D

values of ∼ 1.4 and ∼ 1.1 nm (shown in Figure 4.15(i),(ii)). Effective D is defined
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as D of a circle with the same area as the pore (calculated using ImageJ software).

We also compare our results with previously published literature on single pores (less

than 2 nm in diameter) in MoS2, [46, 48] thinned silicon nitride, [175] and amorphous

silicon membranes with D ≈ 0.3 to 2 nm. [146, 155]

The average conductance measured for dose 1 is ∼ 1.4 nS, slightly higher than

that of dose 2 (1.11 x 1013 ions/cm2), where the measured average conductance is 0.9

nS. While the larger dose 2 is expected to give larger mean conductance than dose 1,

the averaged experimental results can be explained by the following two factors: (i)

the mean vacancy sizes obtained from these two doses are very close to each other,

i.e., 0.4 and 0.5 nm for dose 1 and dose 2, respectively, as shown in Figure 4.10; and

(ii) the spread in the conductance values for different samples, irradiated at each dose,

is larger than the difference between the averages of the two doses. Dose 3 (2.5 x 1013

ions/cm2), which is the highest dose used, yielded the largest mean conductance (∼

10 nS), consistent with expectations that samples irradiated with larger doses yield

higher ionic conductance.

We observe variation of 2 orders of magnitude in the experimental conductance

values corresponding to single pores and nanoporous membranes, from G ≈ 0.1 to 10

nS for single pores with D ≈ 0.3 to 2 nm, and G ≈ 1 to 100 nS for nanoporous devices

with an average D of ≈ 0.5 nm. This enhancement in conductance is expected due to

the presence of multiple nanopores. However, the scatter among devices could come

from several reasons, including the variations in atomic structure and edge termina-

tions that can result in different properties of the pores when they are introduced

in the salt solutions. This has not yet been explored experimentally. It is also chal-
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lenging to determine the diameter accurately. The effective D used on the x-axis is

measured from AC-TEM images with pores in vacuum before ionic measurements,

and it can change later (for example, due to expansion or contamination in solution).

[34]

4.3.5 MD Simulation of Sub-nm Defects

Figure 4.15: AC-STEM images of individual MoS2 pores: (i) pore 1 and (ii) pore
2 with effective diameters of ∼ 1.4 and 1.1 nm, respectively. Corresponding all-
atom structures used in non-equilibrium molecular dynamics (NEMD) simulations
are presented aside. Mo, S2, and S atoms are shown in blue, yellow, and purple
spheres, respectively. (iii) Atomic structure of an equivalent circular pore of diameter
of ∼ 0.9 nm. QSTEM simulations [78] for vacancy-defects caused by (iv) 1Mo and
1S (V1Mo+1S) missing and (v) 3Mo and 5S atoms (V5Mo+3S).

To estimate the conductance of the pores with precise and stable diameters, molec-

ular dynamics simulations were performed by our collaborators at Laboratoire Inter-

disciplinaire Carnot de Bourgogne. [140] Figure 4.15i-v shows the five configurations

that were tested, where pores 1 and 2 (the same as in Figure 4.16b) correspond to AC-
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STEM drilled MoS2 pores with effective diameters of ∼ 1.4 and 1.1 nm, respectively

(see Figure S9), and pore 3 corresponds to a perfectly circular pore of effective diam-

eter 0.9 nm, and finally, V1Mo+1S and V3Mo+5S, which represent the defect vacancies

with one of the smallest and largest diameters, respectively (Figure 4.10). The con-

ductances of these five pores are plotted in Figure 4.14. As shown in Figure 4.16a, I-V

curves were computed for each system via MD simulations, and conductances G were

obtained by the linear fitting of I-V curves with 0.15 V < VB < 0.6 V. Figure 4.16b

presents the conductance obtained for all the simulated pores, showing a variation of

3 orders of magnitude depending on the pore size. Pores 1 and 2 are characterized by

conductance values of 3.3 and 3.5 nS, respectively, which agree within a factor of 2-3

with the experimental values (∼ 10 and 1.5 nS in Figure 4.14), while pore 3 shows a

conductance of 0.4 nS. The conductance G drops drastically for pore 3 because of its

smaller diameter in comparison with pore 1 and 2 and because its diameter is close

to the limiting diameter value for zero conductance. Finally, pores made of defects

V1Mo+1S (D ≈ 0.4 nm) and V3Mo+5S (D ≈ 0.6 nm) exhibited a negligible conductance

of G ≈ 0.02-0.03 nS, confirming the fact that pores made of defects smaller than ∼

0.6 nm do not conduct ions in our experiments.

In this size range (< 1 nm), small changes in D by ∼ 0.1 nm result in conduc-

tance changes by 1 order of magnitude or more (notice the sharp drop of the blue

line in Figure 4.14). Using the MD simulations, an empirical linear model of open

conductance for MoS2 pores less than 3 nm was obtained and plotted as the blue line

in Figure 4.14:
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Figure 4.16: (a) I-V characteristics and (b) conductance G panel computed from
NEMD simulations for the five pores shown in Figure 4.15. Error bars represent the
standard deviation from the ionic current computed from NEMD runs.

GMD = C(D −Dmin) (4.4)

where GMD is the pore conductance derived from MD, C = 8.92 S/m is the

conductivity of KCl ions through single-layer MoS2 nanopores less than 3 nm, and

Dmin = 0.73 nm is the minimum pore diameter for ionic flow. Furthermore, in Figure

4.14, this model derived from MD simulations [140] is featured as a blue line along

with the black, yellow, pink, and orange fit lines G (L and D), which represent the

continuum model for the conductance for different values of pore thickness, L.

Ionic measurements have validated the continuummodel for pores with nanometer-

scale diameters and shown that an effective pore thickness, L ≈ 1.6 nm is a good

approximation for MoS2. [103] This corresponds to the black line in Figure 4.14.

Here, the pore is modeled as a system of three resistors in series. The interior of the

nanopore is modeled as a cylindrical resistor,
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Rp =
1

σ

4L

πD2
(4.5)

where σ is the conductivity of the electrolyte, L is the thickness of the nanopore,

and D is its diameter. Additionally, there is an access resistance in series on each side

where current paths converge from the bulk electrolyte into the pore, [67]

Ra =
1

σ

1

2D
(4.6)

The total resistance of the single nanopore, R1, is given by the sum of the three

resistances, the interior of the nanopore and two access resistances:

R1 = Rp + 2Ra =
1

σ

( 4L

πD2
+

1

D

)
(4.7)

This gives us an equation for conductance through a single nanopore of diameter

D and thickness L:

G1 =
σπD2

4L+ πD
(4.8)

We stress that G (L = 1.6 nm, D) does not fit the conductance measured in single

MoS2 sub-nanometer pores plotted in Figure 4.14, in contrast to the agreement found

in pores with larger diameters (D > 1 nm). In fact, the data clearly show that small

pores conduct less than expected from this model, and a better fit can be obtained

by assuming a larger pore thickness (the pink line in Figure 4.14 where L = 13 nm)

or by assuming an effectively smaller diameter. The orange line, G (L = 1.6 nm,
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D - 0.6 nm) corresponds to a continuum model, assuming that the pore diameter is

smaller than the actual diameter by 0.6 nm, meaning that a pore with D = 0.6 nm

would give zero current. This best fit is also consistent with the assumption that

for a KCl ionic solution, K+ is the smallest hydrated ion with a diameter of 0.6 nm,

such that a pore diameter, D = 0.6 nm, will effectively resist the transport of ions.

[69, 115] This model closely resembles the linear model of conductance obtained from

MD simulations for pores smaller than 2 nm. For large D, G (L = 1.6 nm, D = 0.6

nm) ≈ G (L = 1.6 nm, D), and the two models converge (orange and black lines).

To our knowledge, besides these data points, the only comparable pores that have

been measured in the diameter range of less than 2 nm are Si/SiO2 pores [175] and

ultrathin Si3N4. [49, 103] The corresponding fit G (L = 3 nm, D) is shown in yellow

for comparison to G ≈ 3 to 10 nS for D ≈ 0.8 to 2 nm.

4.3.6 Conclusion

In summary, we demonstrated the creation of nanoporous MoS2 membranes contain-

ing ∼ 100-1000 Ångström-size pores with a mean diameter of ∼ 0.5 nm using Ga+

ion irradiation, and characterization of the devices by atomic-resolution imaging and

Raman and PL spectroscopy. The measured conductance in 80% of the devices was

of the order of 1 nS. We also fabricated two single ∼ 1 nm diameter MoS2 pores with

corresponding AC-STEM images, and G was found to be ∼ 1 and 10 nS. Our ex-

periments and comparison with single-pore data demonstrate that conductance must

occur only through the few larger pores within the distribution and that the ma-

jority of the defects do not allow ions to pass through. These results have a direct
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application for water desalination. Our MD simulations reveal that the defects with

diameters less than ∼ 0.6 nm are too small for ions to go through and result in

negligible conductance < 20 pS. This conductance is comparable to the conductance

obtained in a controlled experiment using a pristine membrane. Future studies may

use atomic-resolution imaging to correlate the ionic transport measurements with the

detailed information on the atomic structure of the individual conducting defects.

Furthermore, there is a need for the modeling of nanoporous membranes contain-

ing a large distribution of Ångström-size pores that can now be fulfilled using the

AC-STEM insights provided by this work.

4.4 Summary

In this chapter, we fabricated TMD nanoporous membranes and characterized the

fabrication techniques and ion selectivity of MoS2 membranes. In intact suspended

WS22 membranes, we induced defects using laser irradiation, observed as a decay

of PL signal, and a relative increase in the trion contribution compared to that of

the neutral exciton, suggesting defect-related n-type doping and degradation of the

membrane. AC-STEM images show the nucleation of tungsten oxide islands on the

membrane, and the formation of triangular defect clusters containing a combination

of nanopores and oxide-filled regions, providing insight at the atomic level into the

photo-oxidation process in TMDs. A linear dependence of the nanoporous area per-

centage on the laser irradiation dose over the range of 102-105 W/cm2 is observed. We

also fabricated sub-nanometer vacancies in suspended MoS2 via Ga+ ion irradiation,
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producing membranes containing ∼ 300 to 1200 pores with average and maximum

diameters of ∼ 0.5 and ∼ 1 nm, respectively. Ionic current versus voltage was ob-

served to be nonlinear and conductance is comparable to that of ∼ 1 nm diameter

single MoS2 pores, proving that the smaller pores in the distribution display negligible

conductance. Consistently, MD simulations showed that pores with diameters < 0.6

nm are almost impermeable to ionic flow.
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