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Abstract

In this thesis, I present a procedure by which to transfer greater than 25 mm 2 areas
of high-quality graphene synthesized via low-pressure chemical vapor deposition from
copper foil to porous support substrates. Large-area, high quality graphene on a
porous support would serve as a platform by which to create high efficiency porous
graphene membranes for use in liquid and gas-phase separation technologies. In this
procedure, we transfer greater than 25 mm 2 areas of graphene with few holes and
tears to both gold Quantifoil Holey Carbon transmission electron microscope grids
with 1.2 pm diameter pores and to Sterlitech polycarbonate track etch membranes
with 200 nm diameter pores by bonding the substrates to the graphene then wet-
etching the copper. The resulting membrane quality is characterized via Raman
spectroscopy, scanning electron microscopy, diffraction patterning, and aberration-
corrected scanning transmission electron microscopy.
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Chapter 1

Introduction

1.1 Motivation: water scarcity

The supply of fresh water in many parts of the world is reaching crisis levels. Cur-

rently, 2.3 billion people live in water-stressed areas of the globe. Population growth,

exploitation of existing resources, and pollution are expected to drive this number to

3.2 billion by 2025 [11]. These populations constitute over 26 nations, most of which

are located in North Africa, the Middle East, eastern Australia, parts of central and

south Asia, and southwestern North America (see Figure 1-1). In these regions, lack of

water has led to poor human health, hindered economic development, and encouraged

geopolitical conflict as the nations compete over limited water supplies [12].

A path to a sustainable freshwater supply must be developed if we wish to maintain

our current projection of worldwide development. Improving usage efficiency through

technological advances, encouraging conservation and reuse through political policy,

and educating the public on efficient water use can have significant impact on water

consumption [12]. Additionally, building dams and reservoirs can increase the supply

of available water by 10% over 30 years in certain localities [12]. Since 97.5% of

all the world's 1.4 billion km 3 of water is contained in the ocean, desalination of

seawater has immense potential to impact the water crisis. Contrary to the above

approaches that focus on efficient use of existing resources, thereby decreasing the

demand, desalination increases the supply. Desalination is already an important
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Figure 1-1: Worldwide map of physical and economic water scarcity. Adapted from
[1].

water-producing technology in many nations in the Middle East where 52% of all the

world's desalinated water is produced [13].

Unfortunately, high energy and capital costs continue to hinder seawater desali-

nation implementation. The minimum thermodynamic limit to produce 1 L of fresh

water from seawater is approximately 3-7 kJ, or an order of magnitude greater than

the energy required to purify ground or surface water. Additional system inefficiencies

increase the actual energy consumption to 10-61 kJ in reverse osmosis (RO) plants

and 100-300 kJ in multi-stage flash (MSF) or multi-effect distillation (MED) plants

[12]. Including infrastructure, maintenance, and feedwater pretreatment, the cost to

produce 1 m3 of desalinated seawater is between $0.53-$1.50 [14]. This makes desali-

nation cost-prohibitive for all but the most advanced nations. If desalination is to

be utilized to its fullest extent, including in developing nations, major technological

advances must be made to decrease this energy usage requirement.



1.2 Role of nanostructured materials

The increasing demand for fresh water will inevitably encourage the development

of new technologies that increase energy efficiency, minimize feedwater pretreatment

costs, and decrease capital costs associated with desalination plants. From a technical

standpoint, these technologies must focus on: 1) minimizing fouling and scaling on

membrane surfaces that decrease RO system performance, 2) minimizing scaling on

heat transfer surfaces that decrease MSF/MED system performance, 3) maximizing

output of RO membranes and MSF/MED chambers, 4) decreasing the required pres-

sure in RO plants and minimizing the thermal energy required in MSF/MED plants,

and 5) optimizing system-level operation of plants [13].

One of the more promising technological advancements that has the potential

to address these challenges has been the development of nanostructured materials.

Although these materials have been known for several decades, it was only in the

past decade that advances in imaging and fabrication have allowed the properties

of these materials to be fully understood and manipulated. These materials, which

exploit nanoscale phenomena for macroscopic effect, have already been utilized in

a variety of disciplines, including drug delivery, energy production, and biosensing

[15, 16, 17, 18, 19].

Recently, researchers have begun investigating the use of several different nanos-

tructured materials for water desalination. Carbon aerogels, activated carbon, acti-

vated carbon cloth, and carbon nanotubes make excellent electrodes for capacitive

deionization due to their intrinsic pores that provide high surface area for electric

double layer development. Nanopillars on the surface of MSF/MED condenser tubes

can potentially increase heat transfer rates due to dropwise condensation. Zeolite-

and carbon nanotubes-based membranes, with their well-ordered, subnanometer-sized

pores, have the potential to selectively permit the flow of water while rejecting the flow

of salt due to steric hinderance and electrostatic effects at the pore entrance. Each

of these are examples of how nanostructured materials could contribute to increasing

desalination efficiency [13].



1.3 Promise of graphene membranes with subnanome-

ter pores

Graphene membranes with subnanometer pores are promising nanostructured mate-

rials that could potentially have a significant impact on the water crisis. Graphene, a

single-layer of sp2-bonded carbon atoms arranged in a hexagonal lattice, has received

significant attention in both the physics field and the electrical engineering field due

to its high electron mobility. However, it is the remarkable mechanical properties of

graphene, including a breaking strength of 130 GPa [20], an impermeability to he-

lium in its pristine state [21], and the ability to maintain stable subnanometer pores

[22, 23], that make it of interest in water desalination. A porous graphene membrane

would make a superior desalination membrane because it could withstand the high

pressures required in RO plants, permit an extremely high convective flux of water

due to its thickness, and reject the flow of salt due to coup'led steric and electrostatic

effects at the entrance of the angstrom-sized pores. However, such a membrane has

yet to be created.

1.4 Scope of work

Realizing the potential of graphene membranes requires methods by which to fabri-

cate large areas of graphene with controlled pores through which molecular or ionic

transport can occur. Pores can be generated through a variety of methods [24, 22, 25],

but the study of transport through these pores requires large, defect-free areas on a

porous support substrate. The goal of this thesis is to develop a process whereby

large, defect-free areas of graphene on a porous support substrate can be obtained.

Chapter 2 provides a background on current graphene synthesis and transfer tech-

niques, while Chapter 3 outlines the procedure we developed to transfer graphene

synthesized via low-pressure chemical vapor deposition from copper foil to porous

support substrates.



Chapter 2

Background on graphene synthesis

and transfer

Graphene has existed ever since graphite has existed.

- Sean C. O'Hern

2.1 Graphene synthesis

2.1.1 Mechanical exfoliation

Although there is still debate amongst researchers as to when graphene was first

isolated, a seminal paper published by Novoselov et al. in 2004 prepared graphene

via mechanical exfoliation [2]. This method can then be considered the first graphene

synthesis technique. In mechanical exfoliation, scotch tape is pressed onto highly

oriented pyrolytic graphite (HOPG) and pulled away. Since the interlayer bonding

between graphitic layers is weak, tens to hundreds of graphitic layers pull off the

graphite and stick to the scotch tape. The removed layers are then pressed onto a

silicon wafer with an oxide layer multiple times. With each pressing, several of the

graphitic layers are removed and stick to the wafer. After several presses, few and

single-layer graphene eventually adhere to the wafer. Most of these areas are on the

order of microns in size or less (see Figure 2-1). Finding the graphene can be a very



Figure 2-1: (a) Optical microscope image of graphene on a silicon wafer with a 300
nm thick oxide layer. (b) Atomic force micrograph of single, double, and triple layer
graphene. From [2]. Reprinted with permission from AAAS.

tedious process. The entire silicon wafer must be scanned in an optical microscope

and areas of optical contrast discovered. If such an area exists, the wafer is then taken

to an atomic force microscope (AFM), where the number of layers can be determined

based on the thickness of the flake. Graphene isolated via mechanical exfoliation still

is of the highest quality and therefore very useful for studying the physics of graphene.

However, the small areas make it unreasonable for any engineering application.

2.1.2 Chemical methods

Various chemical methods also exist to synthesize graphene by reducing suspensions

of graphene oxide (see Figure 2-2). First, graphene oxide is synthesized from graphite

by the Brodie, Staudenmaier, or Hummers method [3]. In each of these procedures,

the graphite is exposed to strong acids and oxidants. The resulting chemical modi-

fication to the graphene structure, which involves the formation of hydroxyl groups,

increases the separation distance between the graphitic layers. Sonication following

the chemical modification releases the adhesive force between the flakes resulting in

a suspension of hydrophillic graphene oxide nanoplatelets. These graphene oxide

platelets can then be spincoated on a surface or mixed with a polymer to create thin

films or composites. If desired, the graphene oxide can later be reduced to graphene
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Figure 2-2: (a) SEM image of reduced graphene oxide. (b) Reduction and functional-
ization of intermediate sodium dodecylbenzenesulfonate (SDBS)-wrapped chemical-
modified graphene (CMG) with diazonium salts. (c) TiO2-graphene hybrid and its
proposed response under UV exitation. (d) Chemical route to produce aqueous sus-
pension of reduced graphene oxide. (1) Oxidation of graphite to synthesize graphite
oxide (2) Exfoliation of graphene oxide in water by sonication of graphite oxide. (3)
Controlled reduction of graphene oxide sheets by hydrazine yielding a colloidal sus-
pension of conductive CMG sheets, which are stabilized by electrostatic repulsion.
Reprinted with permission from Macmillian Publishers: Nature Nanotechnology [3],
2009.

via thermal, UV, or chemical methods. This process has been widely used to create

graphene "paper" and conductive polymers [3].

2.1.3 Epitaxial growth

Since graphene-based electronics are of considerable interest, the synthesis of graphene

on a semiconducting substrate is highly desirable. Epitaxial graphene (EG) grown on

a silicon carbide (SiC) wafer is one such method by which to do this and is furthermore

compatible with existing industrial wafer technologies. In EG growth, a SiC wafer

OH

H COOH

0O OH

SDBS-wapped GO0

N2Hg H2OvH 10
80 'C. 24 h

8.N2 R

1a-4a

RT, 1 h
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Figure 2-3: (a) Atomic force micrograph of epitaxial graphene (EG) on Si-face 6H-SiC.
Inset shows uniform growth over substrate ridges. Height scales are in nm. (b) and (c)
display transmission electron microscope image of the cross-section of (a) single-layer
and (b) double-layer of EG on Si-face 6H-SiC. First layer of growth is typically not
considered graphene since only subsequent growth layers exhibit the unique electronic
properties of graphene. Reproduced with permission from [4]. Copyright 2009, the
Electrochemical Society.

is heated in ultra-high vacuum to 1200-1700'C. Sublimation of the silicon at this

temperature results in a formation of graphene on the surface of the wafer. Figure

2-3a displays an atomic force micrograph of graphene grown over Si-face 6H-SiC. As

the inset shows, graphene uniformly coats the steps in the wafer. Figure 2-3b and

c show TEM images of single and double-layer EG on Si-face 6H-SiC, respectively.

The first layer of growth is typically not considered graphene because only subsequent

growth layers exhibit the unique electronic properties of graphene [4, 26, 27, 28, 29].

2.1.4 Chemical vapor deposition

The last graphene synthesis method is graphene synthesized via chemical vapor de-

position on a metal catalyst. In 2009, Kim et al. [30] developed a procedure to grow
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Figure 2-4: (a) Temperature and gas flow parameters to synthesize graphene on
copper foil via low-pressure chemical vapor deposition. (b) Picture of bare copper foil
versus copper foil with synthesized graphene. From [5]. Reprinted with permission
from AAAS.

graphene on a 300 nm-thick nickel film deposited on silicon wafer with an oxide layer

by heating the substrate to 1000'C, then flowing methane, argon, and hydrogen over

the sample. They were successful in creating few-layer graphene and demonstrating

the ability to transfer the graphene to other substrates. Control of the number of

layers was listed as one of the primary difficulties with this procedure. Li et al. [5]

addressed this issue by growing graphene on another metal catalyst, 25 pm copper

foil, at the same temperature of 1000 C but under low pressure (~40 mTorr). Since

carbon has low solubility in copper, the growth of the graphene is a self-limiting sur-

face reaction, as opposed to a precipitation process, as it is in nickel. This results

in primarily single-layer graphene. Figure 2-4 outlines the temperature and gas flow

parameters developed to synthesize graphene via low pressure chemical vapor deposi-

tion (LPCVD) and displays an image of the bare copper versus the graphene-coated

copper.



2.2 Graphene transfer

For the outstanding properties of graphene to be fully utilized, the synthesized graphene

must be able to be transferred to a variety of desirable substrates. This need has led

to a host of literature on the transfer of graphene to various substrates for different

applications.

2.2.1 Mechanically exfoliated graphene transfer

The transfer of mechanically exfoliated graphene has several unique challenges due

to the size of the flake involved in the process. Two separate techniques have shown

to be effective in selectively placing mechanically exfoliated graphene on a substrate.

In the first method developed by Liang et al. [6], a patterned stamp is fabricated

from a silicon wafer with an oxide layer using standard photolithographic techniques.

Then a thin polymer layer with controllable adhesion properties is coated over the

stamp to act as an adhering layer. When this stamp is pressed on the HOPG, only

the patterned area bonds top layer of graphite. When the stamp is removed, only the

patterned portion of the stamp brings graphene with it. Then, the stamp-supported

graphene is pressed onto the target substrate covered with another adhesive polymer

layer. When pulled away, the graphene sticks to the substrate in the desired pattern

(see Figure 2-5a).

In another technique, Liu et al. [7] used perfluorophenylazide (PFPA) to chemi-

cally modify the surface of a silicon wafer to covalently bond it to graphene. In this

process, a silicon wafer with a 300 nm oxide layer is thoroughly cleaned then modi-

fied with PFPA, a chemical known to covalently bond to CNTs and fullerenes. The

HOPG graphite is then pressed on the PFPA-coated wafer. The PFPA covalently

attaches to the top layer of graphite, and when pulled away, removes a single layer

of graphene. The covalent bond gives the transferred graphene much more stability.

Whereas mechanically exfoliated graphene can be easily removed by rinsing the wafer

with a solvent, this graphene can withstand rinsing followed by sonication (see Figure

2-5b).
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Figure 2-5: (a) Stamping procedure to transfer pristine graphene to a silicon wafer
by using controlled adhesion of polymer layer: (i) Press the patterned stamp onto the
highly oriented pyrolytic graphite (HOPG). (ii) The stamp cuts and attaches graphene
only the desired pattern. (iii) Inspect the quality of the graphene using microscope.
(iii) If the graphene is good, transfer the graphene to the target substrate. Reprinted
with permission from [6]. Copyright 2007 American Chemical Society. (b) Stamping
procedure to transfer pristine graphene by chemically modifying the surface of the
silicon: (i) Modify surface of silicon wafer with perifluorophenylazide (PFPA). (ii)
Press HOPG onto surface under 10 psi for 40 mi at 140NC. (iii) PFPA covalently
bonds to top layer of HOPG, resulting in a covalently-bonded graphene layer on
the silicon surface once the HOPG is removed. Reprinted with permission from [7].
Copyright 2009 American Chemical Society.
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Figure 2-6: Polydimethylsiloxane (PDMS) stamping procedure to transfer chemically-
modified graphene (CMG) to a silicon wafer. (a) Patterned PDMS stamp is pressed
onto a thin layer of CMG. The pressing bonds the CMG to the PDMS stamp and
remains on the PDMS stamp when it is pulled away (b). (c) The CMG on the
PDMS stamp is then pressed onto the target substrate while heating. The heating
releases the PDMS-graphene bond, resulting in a transfer to the target substrate (d).
Reprinted with permission from [8].

2.2.2 Chemically-modified graphene transfer

The transfer of reduced graphene oxide is similar to that of pristine graphene. Allen

et al. [8] developed procedure to transfer selected areas of CMG spincoated into a

thin film on a glass slide to a silicon wafer using a patterned polydimethylsiloxane

(PDMS) stamp. After synthesizing the CMG and suspending it in solution, the CMG

is spincoated into a thin film on a glass slide. The speed of operation determines the

thickness of the CMG layer. After drying, a patterned PDMS stamp is pressed onto

the dried CMG layer. The CMG adheres more strongly to the PDMS than it does to

the glass slide, and therefore transfers to the PDMS when the stamp is lifted. The

PDMS stamp can then be pressed onto a silicon wafer and heated for 30 min at 75 C.

The heating releases the adhesion between the PDMS and the graphene due to the

dissociation of low molecular weight oligomers on the surface. When the PDMS is

lifted, the graphene remains (see Figure 2-6).

I Ilel-



2.2.3 Epitaxial graphene transfer

Epitaxial graphene is especially difficult to transfer due to the resistance of SiC to

chemical etching. Caldwell et al. [31], however, developed a dry transfer technique

using thermal release tape purchased commercially from Nikko Dento. In their pro-

cedure, the graphene is synthesized on SiC as described above. Then, thermal re-

lease tape is pressed onto the graphene. When removed, the tape brings with it

the graphene layer. The tape-supported graphene is then pressed on a silicon wafer,

bonding the graphene to the wafer. After heating the device to a few degrees above

the 120'C release temperature, the tape can be easily removed while the graphene

remains on the wafer. Lastly, to clean the polymer residue from the graphene surface,

the sample is dipped in a toluene, acetone, methanol solution for several minutes at

room temperature. The result is a large area transfer with few defects. The process

can be repeated for a second, third, and fourth time to increase the coverage of the

graphene and the number of layers of graphene.

2.2.4 CVD graphene transfer

The primary technique to transfer CVD graphene to an arbitrary substrate was de-

veloped by Reina et al. in 2009 [32]. Reina et al. first spincoated and cured a 1 pm

layer of polymethyl(methyl) acrylate (PMMA) on the as-synthesized graphene to use

a sacrificial support layer before etching the nickel in a ~3% vol. HCl bath. After

etching, the PMMA-supported graphene was then placed on the arbitrary support

and permitted to air dry. After drying, the PMMA was dissolved in an acetone bath.

This method has been used to fabricate graphene areas greater than 1 cm2 on a

variety of substrates. However, residual PMMA on the surface of the graphene after

PMMA removal degrades the quality of the graphene. To address this issue, several

groups began using polycarbonate (PC) as a sacrificial support layer as opposed to

the PMMA. PC dissolves much cleaner in chloroform than PMMA in acetone, thereby

leaving very little residue [33].



2.2.5 Suspended graphene transfer

Because graphene is a two dimensional material, its properties can be greatly in-

fluenced by the supporting substrate. Consequently, it is highly desirable to create

suspended graphene sheets. Some of the most useful porous substrates for suspension

are TEM grids. A TEM grid-supported graphene film can be placed directly in a TEM

and investigated through high resolution imaging, diffraction patterning, and electron

energy loss spectroscopy. Additionally, a graphene-based TEM grid is beneficial as a

standalone commercial product due to its low background noise. Therefore, several

different groups have created TEM-supported graphene sheets by various methods.

The first transfer of graphene to a TEM grid was performed by Regan et al. in

2010 [9]. Regan et al. directly transferred graphene to a Quantifoil Holey Carbon

TEM grid with 1.2 pm holes by placing the TEM grid on the as-synthesized LPCVD

graphene and placing on it a drop of isopropanol (IPA). The IPA fills in the gaps

between the TEM grid and the graphene and as it evaporates, draws the two into

contact. Then they placed the the sample in a 0.1 g/mL FeCl3 bath for 2 h to etch

away the copper. After rinsing, the TEM-supported transfer was complete (see Figure

2-7). Pantelic et al. [34] developed a similar procedure, except they used chloroform as

the bonding solvent and applied formvar as an additional support during the removal

of the copper (later dissolved in chloroform). They displayed the benefit of a graphene

TEM grid by imaging DNA deposited on their graphene TEM grid.

Commercially-available graphene TEM grids are now available for purchase from

Graphene Supermarket. Although the technology is not disclosed, the method by

which Graphene Supermarket creates their membranes appears to be similar to the

method described by Aleman et al. [10]. In this process, the supporting substrate

is the copper itself. After synthesizing the graphene on copper, a photoresist is

spincoated onto the graphene. Selected areas of the resist are exposed to UV light

via masking, then developed. After rinsing away the developed resist, the exposed

copper is etched in a 0.1 g/mL FeCl3 bath. The result is graphene suspended over

copper (see Figure 2-8).
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Figure 2-7: (a)LPCVD graphene transfer to Quantifoil Holey Carbon TEM grid. (b)
SEM image and TEM image (inset) of transferred graphene on TEM grid. Scale bar
is 10 pm. Scale bar in inset is 0.5 pm. Reprinted with permission from [9]. Copyright
2010, American Institute of Physics.
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Figure 2-8: Fabrication of suspended graphene from low-pressure CVD graphene by
selective etching of the copper. The top and bottom of each image corresponds to the
plan view and side view of the substrate, respectively. (1) CVD synthesized graphene
grown on Cu. (2) Graphene from one side of Cu is removed with an oxygen plasma
etch, and (3) both sides of the substrate are coated in photoresist. Conventional pho-
tolithography is used to pattern the resist on the Cu side of the substrate to (4) expose
the mask-defined regions of the Cu. (5) A ferric chloride solution etches the Cu down
to the underlying graphene/resist. The remaining photoresist is stripped resulting
in (6) a patterned, suspended graphene membrane. Reprinted with permission from
[10]. Copyright 2010, American Chemical Society.



Chapter 3

Graphene transfer process

Building upon the foundation of the transfer processes listed in Chapter 2, we de-

veloped a procedure to transfer graphene to two different porous support substrates:

Quantifoil Holey Carbon transmission electron microscope (TEM) grids and Sterlitech

polycarbonate track etch membranes (PCTEM).

3.1 Selection of graphene source

In order to optimize membrane area, an estimate of the expected flow rate of water

through subnanometer pores in graphene had to be calculated. Suk et al. [35] per-

formed molecular dynamic simulations of water flow through both 0.75 nm pores

and 2.75 nm pores in graphene. The group reported a molecular velocity of 10

molecules/ns through the 0.75 nm pore under 100 MPa. Assuming linear depen-

dence of flow rate on pressure, the resistance of water through graphene is then

AP _100MPa

R Q - = 5.6 x 105 um2 * min * bar/pL
Q 10molecules/ns

assuming 1 x 1012 pores/cm 2 in the graphene and a substrate porosity of 10%. If

the minimum expected flow measurement capability is 0.01 pL/min, and the applied



pressure is 0.5 bar, then the area required is

A - Q * R _ 0.01pL/min * 0.5bar * 5.6 x 10%pm 2 * min * bar/yL = 1.12mm 2  1mm 2

AP 0.5bar

Therefore, the required graphene area must be on the order of 1 mm 2. This constraint

immediately discards mechanically exfoilated graphene as a source, as the largest ar-

eas are on the order of square microns. Although epitaxial graphene is of very high

quality, it is difficult to synthesize and transfer. Therefore LPCVD graphene was

selected as the optimum graphene source. In order to secure this graphene source,

we collaborated with Prof. Jing Kong (MIT Electrical Engineering and Computer

Science Department) and Dr. Sreekar Bhaviripudi (MIT Materials Science and Engi-

neering Department), who graciously provided us with LPCVD graphene synthesized

in their lab.

3.2 Transfer of graphene to TEM grids

3.2.1 Process

Graphene preparation

Graphene coats both sides of the copper foil when synthesized via LPCVD. To reduce

the occurrence of defects during the transfer process, the graphene on one side of the

copper foil must be removed. This was accomplished by first etching the backside

of the copper for 10 min then rinsing in DI water for 10 min. After the rinse, the

copper-supported graphene was submerged fully in the DI water. The surface tension

from the dipping procedure pulls loose graphene from the backside of the copper. An

additional 5 min etch further dislodges the unwanted graphene, followed by another

DI water rinse. The remaining copper is approximately 5 tm thick with very little

graphene on the backside.



PMMA transfer process

As discussed in Chapter 2, graphene transferred to a porous TEM grid is easy to

characterize via TEM imaging, electron energy loss spectroscopy, diffraction pattern-

ing, and Raman spectroscopy. Therefore, we selected a gold Quantifoil Holey Carbon

TEM grid with 1.2 pm holes as the first substrate upon which to transfer LPCVD

graphene and did so via a modified version of the PMMA transfer method devel-

oped by Reina et al. [32]. Briefly, after preparing the graphene as described above,

the as-synthesized graphene on copper was spincoated with a thin layer of poly-

methyl(methyl) acrylate (PMMA) (1 min at 2500 RPM to produce a -2 pm layer).

Afterwards, the sample was baked in an oven at 120 C for 5 min to cure the polymer

support. To ensure proper etching of the copper, after curing, the backside of the

copper was cleaned with acetone and the edges of the copper removed. The sample

was then floated on the surface of CE-100 copper etchant (active etchant is FeCl3,

commercially available from Transene) and etched for 60 min. To rinse the graphene

after etching, the sample was removed from the etchant and placed in two subsequent

DI water baths for 10 min each. Lastly, the now PMMA-supported graphene was

scooped onto the TEM grid, air-dried, then heated in a quartz-tube furnace under

700 sccm hydrogen and 300 sccm argon at 450 C under atmospheric pressure for 90

min to remove the PMMA. The results of the transfer are shown in Figure 3-1.

As shown in Figure 3-1, the transferred graphene was of very low quality. First,

it had many tears and holes which we attributed to the heating of the TEM and

graphene sample to during the annealing process. Second, pyrolysis of PMMA leaves

significant residue on the surface, thereby decreasing the quality of the graphene.

Direct transfer procedure

To improve the quality of the transfer, we next followed the "Direct Transfer" proce-

dure developed by Regan et al. [9]. Briefly, a TEM grid was positioned on top of the

as-synthesized and prepared graphene. Then, a drop of isopropyl alcohol (IPA) was

placed on top of the TEM grid and the as-synthesized graphene. The IPA wets the



Figure 3-1: LPCVD graphene transferred to Quantifoil Holey Carbon TEM grid via
PMMA method imaged in (a) TEM and (b) SEM. (a) TEM image shows defect
created in the graphene during transfer process, along with residue from PMMA. (b)
SEM image shows large tears in the graphene created during the process.

gap between the amorphous carbon thin film on the TEM grid and the graphene. As

the IPA exits this gap through evaporation, the flexible amorphous thin film draws

into conformal contact with the graphene. This contact results in significant adhe-

sion force between the TEM grid and the graphene. After air drying, the sample

was heated in an oven at 140 C for 10 min to enhance adhesion, then floated on the

surface of CE-100 copper etchant and etched for 60 min as before (later, we switched

to using APS-100 for reasons discussed in 3.3.2). Lastly, the TEM grid was scooped

from the etchant and rinsed in two subsequent DI water baths then air-dried. Figure

3-2 displays the results of the transfer. As shown, we were able to transfer over 2500

pm2 of clean graphene with a coverage quality greater than 99%.

Unfortunately, this transfer technique had very low yield; about 1 in 20 resulted

in a high-quality transfer (see Figure 3-3). We hypothesized that the defects were

being generated because the amorphous carbon film on the TEM grid did not conform

to all the ridges in the as-synthesized graphene. After the copper was etched, any

unsupported graphene floated free. As it dried, surface tension from the water pulled

on loose portion of the graphene and created the tears. To test this theory, we dried

the sample using a critical point dryer (CPD). The CPD dries the sample without

the graphene experiencing the surface of a liquid as it dries. As seen from Figure 3-4,



Figure 3-2: LPCVD graphene transferred to Quantifoil Holey Carbon TEM grid via
direct transfer method imaged in (a) TEM and (b) SEM. (a) TEM image shows clean
transfer. (b) SEM image large area coverage with minimal defects.

the graphene coverage quality was much higher than previously reported, supporting

our hypothesis.

Improved direct transfer procedure

Since surface tension during the drying process was a determining step in the quality

of the transfer, we selected to rinse the graphene in ethanol after the DI water baths,

since at room temperature the surface tension of ethanol is about 33% that of DI

water (0.022 N/m for ethanol to 0.072 N/m for DI water). The reduced surface

tension also means that the sample will no longer float on the surface, so the TEM

grid must be manually held at the surface. If a portion of the TEM grid dips into

the ethanol, then the ethanol will wet the surface of the amorphous carbon film and

dislodge the film from the gold TEM grid. Figure 3-5 is an example of a TEM-grid

supported graphene in which a portion of the TEM grid was dipped in the ethanol.

The dipped portion is clearly distinguishable from the portion not dipped.

3.2.2 Graphene characterization

After transfer to the TEM grid, the graphene quality was characterized via diffraction

patterning, aberration-corrected scanning transmission electron microscope (STEM)



Figure 3-3: Four examples of low-quality graphene transfers to TEM grids via Direct
Transfer method.
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Figure 3-4: (a) Hypothesis of defect generation in graphene. Nonconformal substrate
does not support graphene at all points. This leads to cracks during transfer due to
surface tension pulling on unsupported portions of graphene. (b) Graphene dried in
critical point drier. Much lower density of cracks as compared to other samples (see
Figure 3-3).



Figure 3-5: Graphene transferred to a TEM grid after final ethanol rinse. Left side
of TEM grid in this image was dipped under ethanol, while right side was not. The
ethanol wetting the topside of the TEM grid dislodges the amorphous carbon film
from the gold grid, resulting in a poor transfer.
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imaging, and Raman spectroscopy (see Figure 3-6).

The diffraction pattern of a typical TEM-supported graphene sample was imaged

in a JEOL 2010F high-resolution TEM (HRTEM) at the Center for Materials Science

and Engineering Electron Microscopy facility at MIT. The HRTEM was operated

at 200 kV and a camera length of 200 cm. The hexagonal diffraction pattern of

single-layer graphene is clearly displayed in Figure 3-6a. With this instrument, it was

difficult to acquire reasonable images of the graphene because it had to be operated

at 200 kV which damages the graphene lattice within a few seconds.

In order to acquire dark-field images, we collaborated with Juan-Carlos Idrobo

in the Scanning Transmission Electron Microscopy Group at Oak Ridge National

Laboratory through the Shared Research Equipment (SHaRE) User Facility Program

and imaged our graphene in a Nion UltraSTEM 200 aberration-corrected STEM.

This instrument has an point-to-point resolution of 0.8 A when operated at 60 kV, a

potential well below the knock-on energy for carbon atoms in graphene [36]. Before

imaging the sample, the graphene was heated for 20 h at 160 C under vacuum to

reduce the occurrence of volatile hydrocarbons on the surface of the graphene. After

heating, the sample was cooled to room temperature. An image of the honeycomb

graphene lattice is displayed in Figure 3-6b.

Even with heating to remove the volatile hydrocarbons a great deal of contamina-

tion was still present on our graphene (see Figure 3-6c and d). This is most likely due

to volatile polymers in the oven used during the transfer process. This contamination

made it difficult to determine the quality of the graphene over a large scale.

Additionally, the contamination affected the Raman spectrum of the sample. Fig-

ure 3-7a displays the Raman spectrum of our graphene sample, acquired from a

WiTEC Conformal Raman Microscope, laser wavelength of 532 nm, at the Center

for Nanoscale Systems at Harvard University. As shown, the graphene appears to be

single layer, but with a very large D-band. The D-band is associated with defects in

the graphene lattice. However, it is also associated with polymer contamination [37].

The high level of surface contamination is most likely the cause of the high D-band.

To verify this assumption, another graphene sample was transferred using the above



Figure 3-6: (a) Diffraction pattern of sample shows single-layer graphene. (b) Dark
field scanning transmission electron microscope (STEM) image of graphene lattice.
(c) Dark field STEM image of graphene suspended over pore in Quantifoil Holey
Carbon TEM grid. (d) STEM dark field image showing polymer contamination on
the surface of the graphene.

procedure, but without heating in the oven. The Raman spectrum for this sample

is displayed Figure 3-7b. As shown, the sample has a much lower D-band signal,

supporting our hypothesis.

3.3 Transfer of graphene to polycarbonate track

etch membranes

Graphene on a TEM grid provides an excellent substrate for characterization. How-

ever, due to the rough topography of the TEM surface, the graphene typically has
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Figure 3-7: (a) Raman spectrum of suspended graphene on TEM grid. High D-band
attributed to polymer contamination on the sample. Laser wavelenth was 532 nm. (b)
Raman spectrum of suspended graphene on TEM grid transferred without placing in
oven. Decreased D-band suggests polymer contamination occurred on the first sample
during heating step.

many tears. Additionally, the size and structure of the TEM grid make it difficult to

integrate it into a flow cell. Therefore, we chose a different substrate upon which to

transfer the graphene in order to measure transport.

Since the lack conformality of the TEM substrate was producing tears in the

graphene, the primary required characteristic of the new membrane was conformality.

A conformal substrate would mitigate the effect of rough copper. Additionally, the

membrane must have monodisperse and easily definable pores. This would reduce

the effect of cracks on transport measurement by increasing the effective resistance

of the supporting substrate.

The supporting substrate we selected was the Sterlitech polycarbonate track etch

membrane with 200 nm pores. These membranes are 10 ptm thick with a pore den-

sity of 3 x 108 pores/cm 2. Additionally, they have been successfully integrated into

microfluidic devices in recent literature [38, 39].



3.3.1 Process

Glass slide preparation

One of the primary concerns of the transfer is keeping the PCTEM from adhering

to any surface except the graphene. Adherence to other surfaces might possible pull

the PCTEM away from the graphene and generate defects. Consequently, the glass

slides used in this procedure were silanated for 10 min with chlorotrimethylsilane to

decrease the surface energy of the glass. The resulting slide tended to increase the

efficacy of the transfer by ensuring little adherence between the PCTEM and the glass

slides during the pressing procedure.

Bonding procedure

After preparing the graphene and the glass slides, the graphene was bonded to the

PCTEM by a simple pressing procedure. First, a -5 mm x 5 mm copper foil with

graphene was placed on a piece of weigh paper which was in turn sitting on a glass

slide. A PCTEM was then placed smooth-side-down on top of the graphene. Next,

another glass slide was placed on top of the PCTEM. To conform the PCTEM to the

graphene, a glass pipet tube was rolled back and forth over the top glass slide under

moderate finger pressure. The pressing conforms the PCTEM to the contours of the

graphene, adhering it to the graphene surface. After pressing, the top glass slide was

carefully removed, carrying with it the PCTEM and copper foil with graphene. To

remove the PCTEM with the graphene from the glass slide, the PCTEM with the

graphene was lightly placed over the top of a thin film of DI water sitting atop a third

glass slide. The surface tension from the DI water gently pulls the PCTEM with the

graphene off the silanated glass slide and permits it to float on the surface. Finally,

the PCTEM with the graphene was transferred to the copper etchant (either CE-100

or APS-100), where the copper was etched for 1.5 h. After etching, the PCTEM-

supported graphene was transferred to two subsequent DI water baths to rinse the

etchant, then air-dried. Figure 3-8 displays a schematic of the transfer procedure.
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3.3.2 Parameters of transfer and impact on results

Hydrophobicity of substrate

Polycarbonate is naturally hydrophobic. Therefore, in order to ease the filling of

the pores, many PCTEM manufacturers coat the surface with the wetting agent

polyvinylpyrrolidone (PVP). To determine which membrane would provide the best

results, we followed the above prescribed procedure and attempted to transfer graphene

to both types.

The PVP-coated and PVP-free membranes behaved very differently once placed

on the DI water surface. The DI water wetted the interface between the PVP-coated

membrane and the graphene almost instantaneously, while the interface between the

PVP-free membrane and the graphene remained dry (see Figure 3-9). This resulted

in the graphene separating from the PVP-coated PCTEM surface. Therefore, the

PVP-coated PCTEM was eliminated as an option as a porous support.

The PVP-free PCTEM with the copper-supported graphene was transferred from

the DI water bath to the copper etchant CE-100 and etched for 1 h at room temper-

ature and pressure, then was rinsed in two DI water baths and air dried. Figure 3-10

displays the results of the transfer. As shown, the graphene had many cracks in the

surface.

Graphene topography

These cracks could have existed before the transfer or could have been generated

during the transfer. To determine if these cracks existed before the transfer, we

captured an SEM image of the as-synthesized graphene on copper. As Figure 3-11

shows, wrinkles in the graphene exist on the copper. This is due to the differing

thermal expansion coefficients of copper and graphene, copper being 17 pm/m-K

and graphene being -7 pm/m.K. During the cooling process after the graphene is

synthesized, the graphene expands while the copper contracts. This leads to these

wrinkles, or raised areas of graphene. Li et al. showed that these wrinkles transfer

with the graphene to silicon wafers [5]. Although these wrinkles are not cracks, they



Figure 3-9: (a) Attempted transfer of graphene to polycarbonate track etch membrane
(PCTEM) coated with the wetting agent PVP. Water wets surface between graphene
and PCTEM completely within 5 s. (b) Transfer of graphene to PCTEM without
PVP. Water does not wet surface between graphene and PCTEM. 1" x 3" glass slide
is visible in images for reference.
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Figure 3-10: Initial graphene transfer to hydrophobic polycarbonate track etch mem-
brane with 200 nm pores.
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Figure 3-11: Graphene wrinkles on copper created during the contraction of the
copper during cooling after graphene synthesis.

may generate cracks during transfer process.

Copper etchant

To determine the effect of the etchant on the graphene, we placed a small drop of CE-

100 on the as-synthesized graphene on copper and let it etch for a few seconds. We

then rinsed the membrane several times with DI water and imaged in an SEM. The

results are displayed in Figure 3-12. From the image, it is clear that the products of

the etching reaction, copper(I) and copper(II) chloride, are less dense than the copper



Figure 3-12: Graphene on copper after being exposed to CE-100 copper etchant.
Product of reaction is less dense than copper, creating lines of reacted areas with
the copper under the graphene. Inset displays crack in graphene formed from strain
introduced by the crystals formed from the etching reaction.

itself. This density difference leads to strain, and ultimately tears, in the graphene as

shown in the inset. Additionally, CE-100 appears to etch the copper under the grain

boundaries before etching the copper under the basal plane. This may be due to the

presence of defects at the grain boundaries, which initiates the crack, and possibly

the reduced strength of the graphene at the grain boundaries, which provides a line

of weakness for the crack to propagate [40].

One way to decrease the occurrence of cracks due to this reaction is to increase

the rate of diffusion of the products of the reaction by diluting the etching solution.

In this diluted solution, the products of the reaction diffuse away from the surface

before they induce strain on the graphene. To accomplish this, we used a diluted



Figure 3-13: Polycarbonate track etch membrane transfer of graphene etched using
(a) standard CE-100 etchant (-250 mg/mL FeCl 3) concentration at 250C and (b)
dilute, 0.01 g/mL, FeCl3 -6H 20 at 45'C.

ferric chloride-based etchant, 0.01 g/mL FeCl3 -6H 20, compared to the original CE-

100 FeCl 3 concentration of 0.25-0.35 g/mL, and stirred and etched at 45 C. As shown

in Figure 3-13, use of a diluted etchant reduced the occurrence of cracks in the

transferred graphene.

Another way to mitigate this effect is to switch etchants, thereby changing the

chemical reaction occurring at the surface. We switched etchants to APS-100 (active

ingredient of ammonium peroxydisulfate). This etchant oxidizes the copper to cop-

per(II) sulfate [41], leading to a much gentler etching procedure, and thereby higher

quality transfers.

Copper topography

Although switching etchants reduced the occurrence of cracks, significant cracking

events were still apparent in the transferred graphene (see Figure 3-14). Many of

these cracks occurred in lines in the graphene spaced approximately the same distance

apart as the troughs in the copper surface. Therefore, we hypothesized that the lines

in the transferred graphene were a direct result of the surface roughness of the copper,

measured to have an RMS mean value of 500 nm. In an attempt to acquire smoother



b

100 pM 100 pM

RSRoughness 500 nm

Figure 3-14: (a) Graphene on rough copper. (b) Defective lines in the graphene are
easily distinguishable on PCTEM.

graphene, we switched graphene suppliers to Graphene Supermarket. After repeating

the transfer using this graphene, the occurrence of the defect lines were reduced.

Etching pressure

The final defect encountered in the PCTEM transfer were single-pore defects (see

Figure 3-15. We hypothesized that these were being created by hydrogen nanobubbles

formed from the reaction between the APS-100 and the copper. The pressure inside

these nanobubbles can reach several MPa due to their size [42], and if attached to the

surface of the graphene can puncture the graphene surface. To overcome this problem,

we etched the copper at 7 psi. The increased pressure increases the solubility of the

hydrogen in APS-100 by ~50%, resulting in a lower occurrence of nanobubbles and

the single pore defects.

3.3.3 Second-layer graphene transfer

In order to increase the transfer coverage, a second layer of graphene can be placed

on the first. After allowing to air dry, the PCTEM-supported graphene was placed

on a second graphene sample with the backside pre-etched. After pressing using the



Figure 3-15: (a) Arrows point to single pore defects in graphene etched in APS-100 at
atmospheric pressure. These result from insolubility of hydrogen nanobubbles created
during the etching reaction. (b) Graphene etched in APS-100 under 7 psi increases
solubility of hydrogen gas, resulting in few single pore defects.

same procedure as described above, the sample was placed in an oven at 140 C for

10 min to allow the pi bonds to interact, thus bonding the two layers of graphene

together [43]. After cooling at room temperature, the transfer procedure was carried

out as before, resulting in a double layer transfer of graphene. Figure 3-16 displays a

picture of a single layer transfer and a double transfer.

3.3.4 Polycarbonate track etch membrane transfer results

Figure 3-17 is an SEM image of a typical double-layer LPCVD graphene transfer

from copper foil to a PCTEM using the above procedure. The area exceeds 25 mm 2

and has no large-scale defects. In order to characterize quality of this double-layer

transfer and that of a single-layer transfer, we acquired SEM images of the transferred

graphene in a Helios Nanolab Dualbeam 600 at the Center for Materials Science and

Engineering Electron Microscopy facility at MIT. Fifteen images were taken of the

single-layer transfer and ten images were taken of the double-layer transfer and the

number of broken pores counted using the particle analyzer in ImageJ64. With a

median pixel value of 3 in broken pores, a cutoff threshold of 10 was used to detect

broken sections. Additionally, the minimum size of the thresholded area had to be

greater than 0.006 p m2, or 20% of the total area of a pore.



Figure 3-16: (a) Single transfer of graphene to polycarbonate track etch membrane.
(b) Double transfer of graphene to polycarbonate track etch membranes.

Figure 3-17: SEM image of double-layer transfer of LPCVD graphene to polycarbon-
ate track etch membrane (PCTEM). Image confirms no large defects exist over entire
1 mm2 area. Inset shows graphene suspended over PCTEM pores.



Figure 3-18: Sample thresholded image with two defects circled for clarity. Scale bar
is 5 pm. Inset is zoomed in image of defect. Scale bar is 1 pm.

In the single-layer transfer, a total of 287 broken pores were counted over an

area of 17257 pm 2 . The PCTEM has a pore density of 3 pores/pm 2 for a total of

51772 pores. Therefore, the ratio of broken pores to covered pores is 0.0166, or a

membrane quality of 98.3%. In the double-layer transfer, a total of 52 defective pores

of 34392 pores were counted over an area of 11464 pm2. The ratio of broken pores to

covered pores is then 0.00454, or a membrane quality of 99.55%. Figure 3-18 displays

an example thresholded image with the defects circled in the double-layer graphene

transfer.
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Chapter 4

Conclusions

To address the impending water crisis, new technology must be developed that in-

creases the efficiency of desalination processes. New nanostructured materials, such

as porous graphene membranes, have the potential to this meet this need by selec-

tively permitting a high flux of water while still rejecting the transport of salt ions.

To produce such membranes, a process needs to be developed to transfer large areas

of graphene to a porous support in order to study the transport properties of water

and ions through these membranes.

The graphene transfer method presented in this work fulfills this need. Through

our procedure, it is possible to transfer areas of LPCVD graphene exceeding 25 mm 2

of greater than 99.5% defect-free coverage to polycarbonate track etch membranes.

This transfer procedure will permit the study of the passage of water and ions through

pores in graphene in the coming months, thereby providing a foundation for the

development of future membrane materials.
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